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La Facultad de Ingeniería, por conducto del Centro de Educación Continua, otorga consten-

cia de asistencia a quienes cumplan con los requisitos establecidos para cada curso. Las pe!:. 

sones que deseen que aparezca su título profesional precediendo a su nombre en el diploma, 

deber6n entregar copia del mismo o de su cédula profesional a más tardar el Segundo Día de 

Clases, en las oficinas del Centro, con la Señorita Barraza, de lo contrcrio ~será posible. 

El control ,de asistencia se efectuará a través de la persona encargada de entregar notas, en 

la mesa de entrega de material, mediante listas especiales. Las ausencias serán computadas 

por las autoridades del Centro. 

Se recomienda a los asistentes participar activn•nente con sus ideas y experiencias, pues 

los cursos que ofrece el Centro están planeados para que los profesare~ expongan una tésis, 

pero sobre todo para que coordinen las opiniones de todos los interesados corustituyendo ver-

daderos seminarios. 

Al finalizar el curso se hará una evaluación del mismo a través de un cuestionario diseñado 

para emitir juicios anónimos por parte de los asistentes. Las personas comisionadas por al-

guna institución deberán pasar a inscribirse en las oficinas del Centro en la misma forma que 

los demás asistentes. 

Con objeto de mejo~r los servicios que el Centro de Educación Continua ofrece, es impor-

tante que todos los asistentes llenen y entreguen su hoja de inscripción con los datos que se 

les solicitan al iniciarse el curso. 

ATENTAMENTE 

ING. SALVADOR MEDINA RIVERO 
COORDINADOR DE CURSOS. Tacuba 5, primer piso. México 1, o· F. 

'eds. Teléfonos: 521-30-95 y 513-27-95 
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INTROQUCTION 

The number of areas in our modern society where digital computers· are 
now employed is truly remarkable. Computers are used in our banks; a.r­
lines and train companies .u:m lhcm to make rcservations. in schools the 
bookkeeping and sometimes even class scheduling are done by computer. 
They are used in the control systems for large fac:ories and lo navigate 
and guide everything from space vehrclcs lo submarines Computcrs 
help design and then control the operation of nuclear reactors. help man­
age hospitals and monitor patrcnts' recovery. record our births and deaths 
on governmenl records. · 

The widespread use of cornputers appcars even more remarkablc whcn 
the life-span of the computer rndustry is considcrcd In lcss lhnn 30 years 
the digital computer industry has grown fronr a fcw experimental machmes 
toa 50-lo-100-billion-dollar-a-year rn:ernational mdustry. wrth a growtt1 ra:e 

-cstunated al over 15 percent a year. Further. as the pricc of individu::tl con)­
paJicrs comes down. lhc nunrbt:r of applicatron arcas whcrc lhe use o! a 
r.'"1 'nu!er rs cconorn,cally a:t·étclive seerns ro rise correspondingiy. so lhJl 
:•w; :''l(:r.orncn<~l grovvlh ratc Jppcars duc lo continuo 

.. 



1.1 THE STORED PROGRAM 
The h1story of mcch~H11Cal and elcctron1c a1ds lo computat1on 1s long, 
datmg back lo thc abacus and progrcssmg through the early mr;chan1cal 
calculators and e¿¡rlt punchcd-card data process1ng equ1pment The 
modern d1gital computcr has one charactens!IC, howevcr. wh1ch really 
d1stmgU1shes 1! from earl1er devices. Th1s characterisllc, from wh1ch the 
d1g1tal computer"s advantages are largely denved. l1es in !he computer's 
ab1l1ty to perform long sequences of calculatlons without human interven­
tion Whereas, for mstance. a convent1onal desk calculator requires that 
numbers be individually mserted and that operations on the numbers be 
sequenced by an opcrator. the digital computer has a memory in which 
res1des a sequence of instructions detailtng exactly what operations are to 
be performed. mcludmg alternate paths through the instructlans 1f deci­
sions are to be made 

The computer executes this sequence of instructions. called a program, 
at its own speed. performing mstructions at a rate of a few hundred thou­
sand to m1ll1ons per second, dependmg on the computer. 

The existence of a stored program consisting of mstructions to the com­
puter implles. of course, that humans have prepared these mstructions, and 
it 1s the way such programs are prepared that occup1es most of th1s book. 

Befare a computer can be used to "salve a problem" in sc1ence or to 
"process data" in busmess. someone must prepare a program detailing 
exactly how the computer is to procecd. The prcparation of this program is 
called programming.' and !he amount of effort and expense currently 
gomg mto programmmg exceeds the amount currently expended on hard­
ware. (The computer industry calls the actual physical electronic machine 
and its assoc1ated peripheral devices, such as printers or card readers, 
hardware Computer programs are then called software. In computer jar­
gon, software costs now exceed hardware costs) 

Other d1gital computer attributes are less obvious, and perhaps more 
matters of degree, but contribute considembly to the computcr's worth. 
These lie 1n the computer's abil1ty to store large volumes of data. mcluding 
names. addresses. sentences. and other nonnumeric data. as well as 
numeric data and programs The computer is able to find specific data in 
short periods of time. ranging from less than a millionth of a second to 
perhaps seconds. depcnclmg on the amount of data and the types of com­

puter memory uscd 
Still other importan! computcr attributes include the abil1ties toread d<Jta 

and write results qUickly and to communicate complicated results to users 
in various forms. mcluding m sorne cases graphical devices which display 
curves or "p1ctures" of various kmds. 

, 'To use a compulcr. 11 •s neccss:~ry to leam how to prepare computar programs. Ío use a computer 
'wc/1, 1! 1s necessary to learn someth.ng more Th1s •11-dehned "someth1ng more" hes .n !he area called 

"computer scocnce .. 

.. , i. '( • r. T ("'• 3 

1 2 THE STRUCTURE OF GE~H?AL-PURPOSE CO~/.PUTERS 
BefrJrc study1ng actual pro yz¡•o~mm~. 1! 1s us•:fui to cxan1inc the overall 
strur:ture of cornputers. Par!ISIII<.r ótlcn!lon will be pntd to the mput and 
output dev1ces. for 1! IS by :nr:t~ns of these th¿¡t "'"' r.'1mrn•.•r.;c¿J!~ w.th tt.c 
cornputcr. Later chaptcrs ·mil extlmme computer memor~es and archl­
tecture! 

A general-purpose dig1tal computer can be divided into f1ve mapr 
parts: input devices, output devtces, memory, arithmetic --tJtement, and 
control section. Figure 1.1 shows a block diagram of a general-purpose 
computer with system block d1agram symbols for sorne of the typical de­
vices used. 

lnpuroevices 
The most used input device is doubtless the punched-card reader. an 
electromechanical device that accepts a deck of punched cards. separa! es 
single cards from the deck in arder, and senses the presence or absence of 
a hole in each of the positions on the card wher9 a hole can be punched 

A similar device is the perforated-tape reader. which senses the pres­
ence or absence of holes m a strip of tape (commonly made of a reason­
ably sturdy paper or plastlc) Readmg devices use (1) metal "pms" which 
either enter or do not enter punching positions. thereby ind1catmg the 

'Computer archrteclure conccrns overall organrzalron wrlh emphasrs on the arrlhmctrc elernent. 
control ol and onleractron bctwcen secloons. and tire onstrucloon rcpertorrc 

Input 
dev1ces 

Anlhm•·t•c 
clt•n¡,·nt 

Figuro U Block dlogrom of o dlgllol compu:er 
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e preS•.]n(e or Jhscnr:·~ of i1 hoic Hl ;:¡ 9''.'Cn POSifiOn or (2¡ ptloto(·:cc::r,:_ ce::s 
and a J¡c¡ht source Jrrt~nged so thJI the lighi p;:¡sses or does not pass 
through tt1e holes acf1v;¡fmg or no! aC!IVél!mg the cclls Rcadcrs us1ng 
photoclcctnc ce:Is tcnd ro be m,.ch fJstm 

OttlCr mputs to diQIIJI cornputors rnclude rnagncl1c tape: phótugfaj)fliC 
frlrn. m1crophones tind keybo~Hds suc:h as t11e Teletype kcyboard m F1g i 2 
wh1ch 1s often used tó enter typ~d chafacters directly into á cbmpuícr by 
means oí electricál connecrións ~1ost Telétypes can also be useél to pré-

. pare punched paper tapes ahd tó read tápes lnt6 a computer Input devicés 
also rhclude the push bultoris oh the cóiíiputér éónsbie. useél to start ánél 
stop the maéhine and sometimes to eníer diitá. 

Special types óf rnput aevíees afé usea in réal-tlirié control systertis 
which proéess dáta in a dynáriild systefri átíd usé infórriiation suppiiea óy 
sensbrs to máke deeis1ons and to cóntrdl tfie systéins' epi:Hat16ris tfié 
inputs to real-tiriíe systems iriclu.Je accelerométefs 6r gyrostópés ,¡; mis~ 
sdes. radar seis rn aif"iráff16 éontról er álr"eefense systems. ánd théfmóm" 
eters or btood ítow measuru'19 eévicés in tíosPilaí equipméñf Tt\ese ae~ 
v1ces áre liRely ió be anátog 1ñ nalure: áno iñ ofdér ior informatión tó be 
entered into a digital é::ohiputer systeril, thé áná10g aátá musll)e éóñverted 
into digital forrñ. Oévióes ttiát cbnv.érl analóg si§náls tó aigitai fófm aré 
called ahaibg-io-dig'ilal éóHverte;s. 

Output Dévlc::es 
For humán rntefpretatión. there IS no substiluté fór the prihíea víora. bigital 
cbrilputers therefore come equipped wittí pfintlng aéviée§ fá.ngiñ~ ffbril 
typewritets to large tiigh-speed (trrie-at"á-titné and i.ódo trnés pef minute) 
printers, t~ese make up the rhajority of 6utput oévioes. The 'feíetypé iíi Fig. 
1.2 can. fdr instáhce: bé l:isea tó type éómpuíer~generaléa aaia vía the 
typing mecháfiism Prlntiñg aev:ces also iAciude §pecíai prlniéfs fór pay­
roíl checks arid label~rig rñach:nes. The éríiphásís is álmost alw&ys óñ 
speed (wrth cost vérsus speeél always a fáctdf) bécause íhé computer can 
usually supply óutput faster tflan prrnters éáh reí'Hódu8e il THis hás léd to 
widespread use of "ófftme" priiiÍtng systerns. whére the oómputer wrltés 
its resui!S OlÍ inagne!IC tápe ánd the tape IS later reáEf afld fepfbéluced by 
6ne or more relat1vely ietharg•c printers Tne speed atta1r1able by tne cóm­
puter m writmg on magnet1c tap-e rs much greáter than that of the printéf, 
and thc télpe inecnan,srñ 1s m0re reliable than are the phniíng devices 
Other output déVIC8S include 0SC1IIoscope dlsplays; lights. and ioua­
speakers 

Memory 
A computer has the abi!1ty to store its prbgram. the input data. and the 
interrnul1áte and fmal results of its dllculatlons. The corhputer'$ ability 
to óperale In áh au!onomOL:~ m<.~nner, áÍtér the program aríd lñput daiá havé 
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béén feád. is fnadé péssibie oy a mefnory thát córitai~s thése data during 
tHe pf6éessing 

Lar_ge general:purpóse cómputers tomé equlppéd wítti sevétal kinds of 
memofy. the mosi ifhpónant ís thé high-spéca rríérilóry, whieh is ir.tegral 
to the Coñtr61 ánéÍ arlthmeirc seC!IOnS ahd with whiéh !hese sections can 
cófnmunicáté direttly High-speed meníóriés are generaily magnetic-core 
or integrated:circuit deVices t They can be réad ffom ór wntten mto at 
relativély h1gh spéeds. but are fa1rly expensivé rn tetms of inlt1al cost nnd 
als? beéausé óf spaéé requ•rements. cornpleloty. and power consump::on 

Slówéf backup inemóries are usually magne:t1c tapes ór élrsl<. storaoc 
devrces. which use magnetic d1sks resemblmg phonograph recórds {The 
disk reading and writing dév1ce looks somewhat l1ké a ¡ukcbox) Pl1ótó­
gfaphic film and magnet1c cards are also uscd The characterist;cs of thesé 
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and other mass or bockup rncmory dev1ces are low cost per diQI! stored, · 
S1mpi1CIIY of !he mechaniSí;-·s reqUlred toread frorn and ":mle on tne storage 
media, and, generally, t>-;e 2bil1ty to store mformat1on for 'long penods of 
time w1thout rcgcncra!IO'i "ír.ere are no hard-and-fast rules that de:ermme 
what is a backup memor¡ ce /ICe and what is to be used as part of the com­
puter's h1gh-spced mernor¡ Speed and cost are relat1ve magnet•C drums 
once served as h1gh-speed memory dev1ces for low-pnced computers and 
are now used pnmarily for buffering or bulk memory in the most expens1ve, 
larger computers. · 

Arilhmetic Element 
Th1s sect1on of the digital computer performs the arithmetic and other 
operat1ons on the opera:.ds (data) s:ored m the memory These operands 
are del1vered to the antnmet1c elernent from the memory at tr.e d1rect1on of 
the control elernen:. wh.ch sequences the opera!lons performed 

Most anthmet1c un1ts can perform the operat1ons of add1tion. subtraction, 
mult1pl1cation. and diVISIOn. and some can do such operat1ons as fmdmg 
square roots 1t 1s 1mportant to noté' that the anthmet1c un1t can perform not 
only arithmet1c but also log1cal operations and can help the control unit 
make deCISIOnS 

Control Element 
The control elernent óbtams the sequence of instructions wh1ch direct the 
computer in arder from the memory and then controls the operations of the 
other parts of the computer The control sect1on mterprets the mstructions 
and converts them into act1ons. directmg the operat1on of the arithmetic 
unlt, input-output devices. and memory. An 1mportant attribute of the com­
puter is its ab1l1ty to change the sequence of calculations it performs as a 
result of its calculations The control un1t provides this facility. 

1.3 INPUT DEVICES 
This section describes severa! of the more popular input devices in more 
detall. Sorne consideration is also given to the preparation of data for entry 
into the computer. 

Perforoted Tope 
When the f1rst computers were des1gned. telcuraph systems had been 
usmg pcrforated paper tapes for sorne t1me. and as a resuit. dev1ces for 
punchmg and read1ng p2.pcr tapes had already been fairly well developed, 
lcading to w1dc use of tape Today. min1computers make considerable use 
of punched tape lt 1s an c::onomical input med1um 

The tape used 1s of rr.any types and s1zes. A med1um-thickness paper 
tape has bec :cd e:. ~~.:<:t ceal. and oilcd tapes and plast1c tapes are 
also uscd. Thc w1dtlls of the tapes use_d have vaned from ~ to 3 inches 
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Figure 1 3 A seclion ol punchod-poper tope 

lnformation is punched mto the tape a !me ata time F1gure 1 3 illustrates a 
scct1on of a perforatcd tape Mult1plc channcls are used -(a channel runs 
lengthv11se along the tape). and thc cocle for a smqiP. char ~r 1S pL'lCr.cd 
as a p;:¡ttern of b1t~ m each lutcral lmc 
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Thc prcrarJtlon of 1nput tapes 1s oencr;JIIy rcfcrrecl toas koy1Joardm9 A 
typ1cal pa¡:cr-!J[)f: puncllmg rfcviC'C was shawnm F1g 1 2 Thc tape-punch­
mg dcv1cc uscd rnay be onc of a number of type:s. however. lhe more 
popular dcv1ces rcsemble a lypcwnler. nnd t11e keybo3rds of these tape 
punches contam convent1onal symbols, s1m1lar to those on an ordmary 
typewnter The keyboards of many tape-punch machmes are ident1cal w1th 
the keyboards of manual typewnters used in businesses, and somet1mes 
electnc typewnters are converted to tape-punching machines by attaching 
·a punching device which is actuated by the typewriter mechanism. 

The coded symbol for a character is punched into the tape each time a 
key 1s depressed. and the tape then advances to the next lme. In most 
cases. the tape-punching dcvice also prints on a separate piece of paper, 
in the same manner as a typt:>wriler, the character which was punched, thus 
making a typewntten cory of the prograrn. which rnay be checked for errors, 
m add1t10n to lhe papcr tape punched w1th the coded symbols Th1s pnnted 
copy of the program is refern;d lo as the "hard copy" Many of the tape­
punch machmes are able to read a pcrforated tape and to type printed 
copy from 1t A punchcd scction of tape rnay be placed in the tape reader 
attached to the tape-punch machme. and a typed copy of the information 
which was punched in the tape may be made 

Severa! codes are used in punched tape systems One of the most 
popular 1s shown m F1g 1 4. This f1gure shows an 8-channel code where 
there are eight channels. running lengthwise alor;g the tape 

Most of the tape readers used in Teletyp rfÍachines and office equip­
ment are electromechanical devices Ofte mechamcal "sensmg pins" are 
used to determine the symbol punchE; into each lme of the tape In a 
system of th1s type. there will be a sensíng pin for each informal ion channel, 
plus a means of moving the tape and posillonmg it for reading. The tape is 
not moved contmuously but only a single line at a t1me, stopped while the 
codmg is sensed, and then moved to the next line. The motion of the sens­
ing pm operates a sw•tch tlle contacts of which are opened or closed, de­
pending on whcther therc 1s a hale m the tape 

The mot1on of the tape through the reader 1s generally controlled by the 
. computcr Each t1me the tape •s to be advanced and a new character read, 
the computer suppl1es the reader w1th a s1gnal which causes 1t to advance 
the tape to the next character Toread ch<uacters as fast as possible. a line 
1s generally read at the san!!:' tune as the advancing pulse 1s transrn¡tted 
Since there 1s a delay duelo mert1a befare the tape is actually moved. the· 
readmg of the state of lhe scnsmg relays occurs during lh1s delay per1od 
In th1s case. when a STOP character 1s sensed. the reader proceeds to the 
next character befare actually stoppmg 

H1gh-spccd tape readers use photoelectnc cells or photodiodes to 
r~M the characters punched into the tape. In these readers, a llght-scns•­
tive cell is placed under eJch channel of the tape, mcludmg ti1e "tape 
fP.ed hoie." m "soroc~ct chdnncl." A light source is placed above the tape 
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Figure 1 4 Amcucan Slandard Codo for lnformal1on lnlcrchcnge: (ASCII) 8-channol pop0r lo.)o 
code 

so that the l1ght-sens111ve el('rncnt ueneath a hale m tlle tape wdl be c¡lcr­
g•zed and w1ll produce a S·'Jí::li md1cat1ng thc prcsence of a hale Thc 
s1gnals frorn thc l1ght-sens1t:vc e:crnents are then ampllf,cd and suppllcd 
to lhe cornputcr as input mfc.rmat1on 

Thc turc leed hale rs usc·c lo dctermmc whcn thc ou!puts of lile ¡,ght­
, scnslt1vc elcmcnts are lo be scnscd Thc l;-tpc 1n ;-¡ r('adcr 01 tn1~ iypc rs 
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generally frrctron -drrven ?.nd moved contmuously untrl -a STOP character 
rs sensed Extremely bs! stilrt,ng and brakrng of the tape are very dcsrrab:e 
features. and most readers nre cap.::~ble of stoppmg lhe tape on any grve:< 
character 

The speeds attainable wrth varrous tape reaclers are generally expressed 
as the number of charélC!·~rs per second which céln be re.::~d Mechanrcal 
5ensmg readers have been desrgned to operate al speeds as hrgh as 2CJ 
characters per second. although 5pecds of from 10 to 60 characters p.::r 
5econd are more common Present-day photoelectric readers operate at 
speeds of up to 1,000 characters per.second .. 

Punched Cards 
The most popular punched card at thrs time is an 80-column card 3t inches 
wide and 7f rnches long 

Justas wrth tape, there are numerous ways in which punched cards may 
be coded Frequently us~d rs the Hollerrtll code, an alphanumenc codet in 
whrch a srngle character rs punched in each column of the card The bas:c 
code rs rllustrated rn F:g 1 5 As an example, the symbol A rs coded by 
means of a punch rn the IOíJ and 1 row of the card, and the symbol 8 b)· a 
punch m the 8 row of the card. 

There are othcr types of cards with drfferent hole positions on the cards 
justas there are rrany ways of prcparrng the cards to be read into the cc.~.­
puter. The rnost common technique is very srmrlar to that for preparir.g 
punched tape. 1n that a card punch wrth a keyboard lrke that of a typewnter 
r5 used. Generally, the card punch prrnts the characters punched into a 

tAn alphar.umeroc cede IS 0:1e wh•ch ~ncludes alphabeiiC and numeroc characters Generally. specoai 
characlers s~h as peroods. commas ele, arA ~ncluded 

D:got:, 

Floure 15 Puncl .ard w1:t. Holleroth code 

Srl"'(lcll 
Chdr..Jr:.1 1-'rS 

" 

L -) L' . -~ --; , ., ··---y-·-- """:-<;' ~ ·~7""'""\....J 

...----·-----!_=--- ·-~ - . . .l r•-- .. ··--· ... -- .. -·--· \ .. .: .:..\____,. 
d il 
· ¡,___r----- ·r -------·r----~ 

Read Backsp<.~c~ Punch Keyboard 
statoon key statoon 

Figure 1 6 Card punch 

card at the top of the card rtself In thi5 way, a card may be identrfrcd wrth­
out exainrnatron of the punches Each character is usually prrnted at the 
top of the card drrectly above the column m wh1ch thc character is punched. 

The card punch contains a hop¡¡er rn whrch the blank cards are stacked 
(refer lo Frg 1 6) The operator of the card punch causes a card to enter lhe 
punching area. and the scclron of the program or data to be proces5cd are 
punched mto the card laterally, a column at a Irme. stnrting at the left. lf a 
key of the card punch i5 depre5sed, the code for lhe character is punched 
into a column of the card, and the card rs then moved so thnt the ncxt 
column on the nghl 15 under the punch. 

When a program is puncllcd. often only one instruction or stalement to 
the compuler is punched into cach card. Then rf an error is made in pro­
gramming, the erroneous mstructron may be changed by throwmg the in­
corree! card away and replacrng rt wrth a correct card. 

The preparatron of cards contarnrng data for busmess syslems is highly 
developed Large busrnesses such as msurance companres. crcdrt agen­
Cies, and banks must gather and process almost incredrble arnounts of 
data Most of the processrng of these data is now done by,electronrc com­
puters, but even pnor to the mlvent of the digrtal computer:-'-punchcd cards 
were extensrvely used, and a consrderable technolog'y_. for hnndlrng 
punched cards was developed · 

Whenever punched cards are used, the data-be it checkrng account 
records, income tax rates, or v1hatever-mu5t hrst be entered rnto a punchcd 
card by a keypunch operator. To grve sorne ided of the magnrtude of thrs 
operation; over 500,000 keypunchrng con5oles are in existence at this 
time. 

Because of the enormous amount of keypunching which ._done in large 
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busrnesscs. many specral features ha ve been mtroduced into card punches. 
Frgure 1 7 shows a card punch wrth a small memory capable of hold1ng all 
the data whrch can be punched into two 80-column records and s1x program 
cards 1hc kcypunch orerator keyboards thc data anta the small memory 
and can backspace élnd chango characters untrl !he data I<.J'¡'boarded are 
corree! Alter all t11e d;::ta are rn the small mernory. an ENTE:R DATA key IS 

dcpresscd. and the card tS t11en punchecl from !he characters in !he 
memory. Facrlrt1cs for controllrng !he formal of !he card are rncluded by 
means of antegrated-crrcu.t logic 

Most punchccf-card reJdcrs are E!lcctromech;1rrrco 1 devrces v:hrch read • 
the anformatron punched 111to a carel. co:werting n·,e presence or óbsence of 
a hole at each punc.hin;; ~ositron rr~to an electr¡c srgnal wn • .:;r, 1s rcad by 
the cornputer. The pun.:hed cards are placed into a hoppe~. c.nd whcn the 

comnr;-wd lo re.Jd rs givcn. a lev(:r pushcs a card from !he bottom of the 
stack Gcncrally, thc card rs trrcn r11c•ved lcngthmsc ovcr a row of 80 "read 
brushcs" 1hcsc brushcs rcJrf thc rnforrnation punched along the bo:tom 
row of the card lf a hale rs punchcd in a partrcular row. a brush rnakes 
electrical contact tilrough !he holc m thc card. providmg a signa! which 
may be used by lile computrJr. ltw next row up is thcn read. and this 
process continues until Jll rons ha ve becn read, alter which the next card 
is moved into positron on the brushes. 

Faster card readers have been conslructed that use photoelectnc cells 
under !he 12 punch posallons along a column and an rlluminatrng source 
above the card. As each column on the card as passed over the 12 photo­
electric cells, whether a given position is punched is determined by the 
presence or absence of lrght on !he corresponding cell. Card readers 
operate at speeds of fróm 12 to 1,000 cards per minute. 

1.4 PREPARING DATA FOR COMPUTER USE 
As has been mentioned. the preparat1on of data for use in businesses can 
be exp~nsive and compl1cated lnsurancc compan1es. for example, ernploy 
hundreds of operators to kcyboard data conccrning policies and clarms lo; 
computer use Banks must proccss rlUndrcds of 'thousands of transactions 
each day. and each mus! b(• prepared for entry lo lhe computór. 

In many cases it as desrrable to buffer large amounts of data by first 
recording the data on some med1um that can be qu1ckly read and wh1ch is 
more easily handled !han large stacks of punched cards One form of buf­
fering consists in first recordrng the data to be read rn on m<Jgnetrc t.:J.pe and 
then readmg from the tape inio the computer. A number of devrces are 
available wh1ch will read punclled tape or cards and transfer the rnforma­
tion punched into them anta magnetrc tape. This process takes place out­
side the central computer. Srnce !he magnetic tape may be read much 
faster than punched cards or paper tape. the trme requrred to read in 
informat1on is reduced 

Converting from punched cards lo magnet1c tapes has becn bypassed 
by a number of anput devrces Severa! cornpanres now offer a lrne of key­
board-to-magnetlc-tape dev1ces Frgure 1 8 shows a console of thrs typc In 
its s1mplest forrn, whcn the operator depresscs a key. the character sc­
lected appears on a drsplay and rs also entered on thc tape 'Nilcn tlic 
magnetrc tape has becn frlled or all rccords have been transcribcd. thc 
tape can be read by tllc computer 

More advanced systems perrn1t the keyboard operator lo type a number 
of characters, thesc: ctKnactCíS are d1splaycd ·on a console where thcy mJy 
be read and checkcd and also are storcd in a small memory The ch.:lr­
actcrs can be edrted (chan~:c·d). and whcn the operJtor rs snt:sfrcd tllat 
the data are correct. a RECORD button rs depresscd. the d;:¡ta <.Jr0 entercd 
on magnetrc ta;:>e. and new cata mav be kcvbo::Hdcrl 
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Figure 1 8 Keyboord-lo-mognel•c-tope devlce 

Larger systems use a number of keyboards, all connected lo a small 
memory and processor equ1pped w1th a magnetic-tape recorder. This per­
mits extens1ve editing; check1ng by the small processor-computer to com­
pare mputs, error deteét1on. part1cularly formal checkmg of many types, 
and many sortmg and collatmg operat1ons The magnetic tape prepared by 
a system of this sort has had many "preprocessmg" operat1ons already 
performed. and the data have been subjected to cons1derable checkmg 
and preprocessing For compan1es with extensive data process1ng require­

ments, such systems are gammg populanty. 
The use of magnet1c tapes. mcludmg cassettes and cartridges, has 

gained m po¡¡ulzmty bercwse tare 1s cheaper than cards for bulk storage 
and more conven1ent for system operat1on. However. the absence of cards 
contammg prmtmg wh1ch can be storcd, exammed. and manually handled 

still meets w1th sorne resistance 
Sorne idea of the ¡mport:Jnce of mput data preparat1on can be seen from 

the fact that 30 to 50 percent of 1nstallat1on cost is often for data prepcnation-. 
Th1s 1s espec,ally true. of course. for the larger bus1ness syste~ns, but m 
even sine' ~~ent1f1C mstallá:1ons of modest s1ze as muchas 20 percent of 
tho r.v¡;ten. ~osts can 6o 11.: _, prcparat1on of data for computer mput. As a 
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furth('r cx:1rnplc. m 1!)68 thc lr•tcrnal RrNenu0 SC'rvice alone used about 
400 mlil1on punchecJ c;Hds 

• Nurncrous spcc1al dcviccs and rned1a are used to reduce P1c cost to 
busmess for data entry For examprc. fmns such as Arnencan Express use 
a combmat1on of punched cards w1th pnnt.ed characlers for tt1c1r b1llmg 
The customer returns lhc punched card w1th h1s check. and the card 1s tncn 
g1ven d1rect1y lo the computer · 

Many companies use ldentlflcailon cards with spec1ar codmg for the1r 
employees In these systerns, tr.e employee mserts h·1s or her card 1n a 
special reader wh1ch reads the lder.til;cation and also enters tlle t1me from 
a clock. These data are recorded on tape ora disk. and later the computer 
reads all the check-m and check-out dnta recordcd dunng thc d.::y s::!!- _ 
other ·Systems use a t1rne clock lo s1mply punch check-in and check-out 
t1me in a card which has ti1e emp:oyce's 1dentlf1cat1on already punched 
into it. These cards are then collected al the end of the week. Each of these 
schemes reduces the expense of employmg operators to punch the data 
Gas pumps wh1ch read customers· cred1t cards and record the amounts of 
sales, cash reg1sters which carry sales data toa central tape file in a large 
department store, and many siml!ar dev1ces are be.ng used to allev1ate the 
problems and expense of prepanng data for computer entry. 

1.5 CHARACTER RECOGNITION 
Techn1ques for data entry extend m many directions The reading of hand­
written or typewritten characters from conventional paper appears to offer 
an ideal input system for many applicat1ons. The systems currently in use 
work primanly as follows 

Magnetic-lnk Character Reading (MICR) 
The recordmg of characters by means of an 1nk with special magnet1c 
properties and w1th spec1al forms for the characters was onginally used 1n 
quantity by banks Tlle Amencan Bankmg Associat1on settled on a type 
font, and severa! of their characters are shown in F1g 1 9a A magnct1c 
character reader "reads" these chamcters by examining their shapes 
using a 7 by 10 matrix and determines. from the response of the scgments 
of the matnx to the magnet1c ink. wh1ch of the characters has passcd undcr 
the reader's head This mformat1on 1s transmit!Pd !0 the systcm The dctcr­
mination of the character wh1ch 1s read 1s greatly facil1tated by the carcful 
design of the characters and the use of the magnetic in-k-:c 

Optical Character Reading (OCR) 
Thc most used optical character readers require that a spccial typc font 
(or fonts) be used to pnnt on convent1onal pnper w1th convcnt1onal mi­
The pnnted characters are passed under a slrong light anrl exammed by 
a lens system that d1fferentmtes l1ghl (no ink) from inkct J::JS nnd by~ 
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Figure 1.9 (o) A ss·: ~ ct:oroclers lo be used In a magnelic-lnk chorocter reoding (MICR) system. 
(b) Type !:;.,1 for opticol chorocler readlng (OCR) 

logical system ;:--3: attempts to determine which of the possible characters 
Tn the system IS ::stng exammed The systems in actual use depend heavily 
on the fact tha: ::-.:y a hmtted number of characters 1n a part1cular font are 
used. but suc!': s.- sccms are sttll qu1te useful The star:dard type font agreed 
on by the us;.s; c.l)tl:al character cornm1ttee ts st'to·.-.n 1n Ftg 1.9b 

The 1deal s¡s·~;n would. of course. be able to adapt to many dtfferent 
type fonts Sc~.e systems, particularly one developed by the Post Off1ce, 
read handwr1:·sn characters The success of these systems has been 
limited. because of the many shapes that a given character can have; con­
sider the ways you can wnte an a and \he stmllanty between a handwntten 
a and an o or a b and an f. These problems are increased by the optical 
reader's d1ff.c·~ ~/ w:th the porosity of paper. ink smeanng at the edges of 
lines. etc. Mue~. work continues in th1s area. and much more 1s needed. but 
the advantages oi such systems continue to spur research .. 

1.6 OUTPUT DEVICES 
Many types o~ ou:put equipment are now in use. but the most popular form 
of output re:-;;:; :-:s the,prmted word. Other types of d•splay devices in regu­
lar use 1nc:·_:.::. - :on ltghts and osctlloscopes. and sorne computers are 
even equ1pp.;.-:; ·:1:\h loudspeakers (Attempts have been made to compase 
muste by mea' S of a computer. Many banks have computers whtch "talk" 
w1th tellers) 

F1gure 1 10:: shows the lights and sw1tches on the con so le of the lB M 
System/370 ~::·Jel 155. a large mach:ne. and Ftg 1 1 Ob shows the conso'le 
o! the sma::~- ::r.1 Model 7. Thesc lights can be used as output devices 
for very Slrí·¡j:-:: ::;rograms where thc answcrs m ay be read V1sually. hov1ever, 

' ' · ,_,_ - ·- ''"--~"'"''""'".-!<>e: m:unf.-:.n;:¡nr.P ;:¡;js often tO troubieShOOt 

• 1 

' 1 
1 

1 
1 

1 

1 
1 

1 
r 

' í 
i 
1 
1 

-.·;-:e .c:'O-"" 

~----~~-~~--- ··----- -~ ..... ---. ... _ .. '(",-·~ ......, .. -............... ~ ....... \, .., 
·•¡ ;· .1} 
. ; /,¡ '·1 --· .. " 'j .t 

1 

J 
l 

~ 
(a) 

(b) 

,,' ~-: 
.... f 
: . ."l-. .r 

1 ' 

' ....... . 

j 

1 ( l 
r 

~-

r 

.l 

¡ 
1 

... ____ j ' 

Figura 110 (a) Consolc of a lorge computcr, !he IBM 370-155 (b) Con­
sale oto small computar. tt1e ICM Systom 7 
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t11e oremtron ol the macr.,ne Toggle swrtches and push buttons can be 
used to enter data 11~to computer rcg1sters ;:md to se~uence operatrons ol 
the computer (as v.oil asto start and stop rt) The l1ghts are soms:1rnes used 
to troubleshoot progrc,11s for small mélchrnes. 11, for rnstztnce. a program 
works rtscll 1nto an er .. :::. ::ss loop, the machme can be stopped and the loca­
tion ol thc I<:JUity 1ns:r_,::;;.on sequcnce m the program can be read from the 

lrghts on the console 
Details of the ope~at:ons of the two most used output dev1ces; pnnters 

and osc1lloscopes. to;ioN. 

Printers 
For the sake ol conve;1ience. a pnnter should have the abil1ty lo prmt char-
acters. decimal diQIIS and common punctuat1on marks 

A prmter is sa1d toce operated onl1ne when 1! IS d1rectly connected toa 
computer and pnnts c:--~racters drrectly g1ven it by the computer. A pnnter 
is sa1d to be operated off/me when 11 pnnts data wh1ch have prev1ously 
been recorded on pur.ched cards, magnet1c tape, or some other media by 
a computer The infor:-r·311on del1vered toa pnnter operated online will be m 
the formol electncal s dr.als directly from the machme lf !he printer is oper­
ated offlme. the readng and decod1ng of data stored on punched tape, 
punch€d cards, or D::;;¡:-¡etlc tape may be a part of the print1ng operatiOn. 
Smce the electron1c cw:Uitry o! a computer 1s able to operate at speeds 
much h1gher than thc:~e of mechan1cal pnnting dev1ces. 11 1s des1rable that 
a pnnter operated o:> •ne be capable of pnntmg ata very h1gh speed Even 
if the prmter is opera:ed ofllme. speed 1S h1ghly des~rable. smce the volume 
of material to be prtn!ed may be qu1te large 

Most al the ongrnal prmters were converted electric typevmters or Tele­
type machines The speed of such printers is relatively low, perhaps from 

10 to 30 characters oer second 
There are many c·:ferent ways to construct printers Perhaps the two 

most basic types are ¡r;-.pact pnnters. whrch use hammer or type bars or 
balls to pnnl. and norilmpact pnnters. which squirt mk, use some photo­
gmphic process, ore. en burn marks on the paper. lmpact pnnters have so 

far been the most usscl 
lmpact printers V?.:'/ greatly in construction, cost, and capabllity. One 

type has a number el "p::tllets," each wrth a ra1sed character on the surface 
ncarcst the rol lcr e~ :-- :'"!r:l d rurn. rnounted rn a rnov.:: bie I¡;JQ bJsket Th IS 
basket 1s posi!I0:-1'?::: e:C'ctromechan1cally, and the b;:¡ck o: the ¡.;::~llet rs 
then struck by a h¿--:r::;r whrch !orces the pollt~l agamst the page An mked 
nbbon is posil1on~j t::tv1ccn the pal!et and tlle page (t1ke a typewnter 
nbbon), the character c~1 thc palie! 1s thereby prrnted on the page. the roller 
is moved to the le !t. 2. -rj another character rs printed Somet1mes the pallets 
are contamed in a ~e:t-::!ngular ·"type box" which is also posit1oned by the 
actron Of (IJP dt:CC'; r;, ~echaniSffi, and the COrree! pallet IS then StruCk by a 
h~mmP.r 1 the r,:::,.- ·. nter mechanisms and type bar and type box mech-

19 

a~1srl's are capablc of prrntul•J ur lo nr·rhans 40 c:.;:¡raciers rer sec:ond 
lf J nurnber ol type b;¡rs ,Jól' located 111 a. row ;¡Jor.tJ the drum and pOSI­

tronrng mechan1srns and ham:llCrs <~re provrdF!c.l fvr eéJch b:1r. a l~nc-a!-a-
• tm1u pnnter may be constructud Tllrs type of rr1nter can prmt up to tour 
lmes per second, a speed much hrgllcr th<1n that al the character-at·a-:,rne 
pnnter 

Even faster pnnters are cor1structed m whrch thc rarscd characters are 
d1str1buted around a "pnnt wheel" that revolves constantly (refer to Frg 
1.11) In th1s case. the pnnt wheel does not contain movmg parts lrke the 
pallets JUSI described, but consrsts of a motor-dr~ven drum w1th a number of 
bands equal to the number of characters prrnted per lme A set of al! the 
characters whrch are used rs drstnbuted around each bJnd The ¡.;~.;·t .. ,:'""'' 
is revolved contrnuously When the selected character 1s rn posrt1on. the 
print hammer stnkes the rrbbon agarnst the paper and thus agamst the 
rarsed character on the prrnt wheel located beh1nd the paper Prrnters of 
thrs type can pnnt up to 1.250 lmes pcr m mute w1th 160 char<icters per l1ne 

F1gure 1 12 shows a prlflter for the ledger card~ used 1n accountrng 
systems Th1s prrnter IS typ1cal of those used 1n many busmess-orrented 
systems The ledger cards are drQpped m the leed slot m the center ¡ust 
above the keyboard Th1s prrnter rs often used m con¡unct1on wrth a d1sk 
file, automat1cally postmg data from the f1les rn the ledg~r cards. 

Oscilloscope Display Devices 
Cathode-ray tubes were frrst used to display curves. the coordinates of 
which were calculated by programs More recently, the cathode-ray tube 
has been used a ·great deal to drsplay characters as well The cathode-ray 
tube rs a very fast output dev1ce but does not deliver perrnanent copy 
Therefore such tubes are somet1mes used rn conjunct1on w1th a carnera, 
so that the d1splay on the tube lace can be photographed and recorded 
permanently 

The cathode-ray tubes used in computer d1splays are the sJme type as 
those used in osc1lloscopes and televlslon sets. and entire telev1sron se!s 
are somet1mes used For these d1splay systems. the drsplayed pornts are 
made by posrt10n1ng and turnmg on an electron beam in the tube, as rs 
customary in televiSion sets or osc1lloscopes The displays élre CJIIed 
osc!lloscope, or "scope," d1splays F1gure 1 13 shows a cJthode-ray tube 
display w1th a keyboard . 

An oscil!oscope d1spiay or pnnter to¡Jetilcr vnth a kcybbard rs gen::;í,lily 
called a termmal. Termrnals of th1s type are olten used ;n systerns whcre 
the termrnal is d1rect1y connectcd to tlw cornputer and tt1e user types dl­
rectly mto, and rece1ves responses d1rect1y from, the cornputer Such 
systems are frequently called intcractNe systcms because thcy promete 
"mteract1on" between the cornputer and the user 

In sorne cases the term1nal is connected to the computer us1ng tele-
ptlOne !mes When a key rs depressed on the keybo3rc' sc(1uence of 
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Figure 1.12 Printer lor ledger cords 

electrical signals representing the character on the depressed kcy is 
generated These signals are convertcd toa form suttable for transmtSSton 
on a telephone lme by a dcvtcc callcd a data couplcr. F1gure 1 13 sllows an 
oscilloscope dtsplay, keyboJrd, and a data couplcr for connccttng thc 
terminal to a convent1onal telephone recetver At the co.mputer. a recetver 
connected to thc end of the telephone ltne converts the received stgnals 
back to a form suitable for introductton into the computer. 

Stmtlarly, stgnals generated by the computer are transmttled to the 
oscllloscope dtsplay, usmg a data coupler on the same telephone lme at 
thc computer. 
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1.7 PROGRAMMING LANGUAGES 
When computers wcre f1rst mtroduccd. computer uscrs found great dlf­
f¡culty m prcpanng prograrns Desp1tc thc cornputer's specd and rnemory 
capac1ty, each md1V1duat mstruction causes '' to perforrn a relat1vely 
s1mple operat1on-pcrhaps addmg or rnultlply1ng two nurnbers. or per­
haps movmg sorne nurnbers frorn onc por! of mernory to another As a 
result, ,n arder to perforrn a calculatlon of any complex1ty. qu1te a fcw 
instruct1ons are requ1red. and they mus! be carefully wntten In ndd1t1on. 
the instruct1ons that the cor'nputer actuafly perforrns are m what 1s called 
btnary form and must be wntten In mach1ne language, Wh!Ch generally 
seems most unnatural lo humans. (Th1s sub¡ect wlil be explamed m det;:¡ll 
in la ter chapters) 

As a result, computer users wrote special prograrns wh1ch ass1slcd m 
the wntmg and running of programs There were then programs of two 
types. (1) Appltcafton or user. programs. wh1ch were the programs wr1tten 
by the user of the computer to salve h!S problems. and (2) syslems pro­
grams,t which were prograrns wntten by professional sys!tJms p.-ogram­
mers to a1d the user m prepanng and runnmg h1s programs and m removmg 
errors from them 

The f1rst systems programs were translator programs wh;ch translated 
the user programs from a language closcly resembling mach1ne language 
mto actual mach1ne language The languaqe m which the programmt:r 
wrote h1s mstructtons before translat1on wJs called assembly language 
The systems program wh1ch converted a program wntten m assembly 
language to machme language so that 1t could be run on the computer 
was called an assembler program or simply an assembler 

Hav1ng noted the advantages of assembly language over machmo 
language. cornputer SCientJsts dec1ded 1t would be posstb!e. usmg system 
programs. to perform even moro compi!Célted translations on the corflputer 
As a result. languages were mvented whrch were called hiQh-!e·;c/ lan­
guages * 

In arder to use a h1gh-:evel language. a systems program 1s requ1red 
which translates a program wntten m the h1gh-level language 1nto a form 
in which it can be run on a computer A systems program wh1ch translates 
a h1gh-level language prograrn is referred to as a com{Jtlcr 

The best known of all htgh-level computer languJges 1s Fortran. an 
acronym for FORmula TRANslat1on System Th1s languJge was f1rst 
spec1f1ed in 1954, 1ts developers mcluded John Backus along w1th severa! 
other rllustrious men Fortran 1s the most w1dely wr1tten high-levell.:~nguage 

'Sy::,tern5 progrums now lflCiúdC progr1ms wh1ch control con¡putc:- opcrai1on (calied opt>rar1nq sy.:;. 

/emsl progr;rms 10 ard rn troubleshoolrng when !he computcr devclops prob!ems and m;~ny o.hcr k•nds ol 
us~lul progr¡¡ms Thesc wrll be deal! W1!h rn laler scclrons 

1 The <J.;s,gner ot a h1gh-level 1anguage trres to m3ke the langu.1gc transhl~ble by any cnmpuler no! 
¡ust somo partrcular computcr Assúmbler 'anguagcs are very closcly v.clded to '•cular com;.>ul.:-rs. 
rofloctm¡;¡ lho•r slructurc 
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1n tbc world. and it is remarknble that perhaps the first high-level languag·e 
coulcl be so uscful and durable 

The abil•ty of Fortr;-¡n to stand up through the ycars is é1 real tribute to its 
inveniCJrs 1t should be no:cd that tite Fortran we now writtJ has bccn 
modcrn1zed. 1mproved. and enk~r~¡cd (JUSI as prcscnt-day Engl1sh diffcrs 
from el¡zabctltan Engl1sh). but most ol the fcatures in the or~ginal Fortran 
language remain 

There are many other high-levcl languages (a recent survey uncovered 
over 500). but only_a handful havc bcen uscd very much. Fortran is primarily 
intended for scientil1c and engmccring calcu1ations and for general 
problcm solvmg invoivmg numeric calculat•ons The next best known 
language. and tlw most w1dely used m business circles. is Cobol (for 
COmmon Busmess Or~enlcd Languagé) Cobol is part1cularly suited to the 
demands of the tiusiness communlty and for m1litary IOQIS!ICS (the lan­
guage was iflltiated at a conlerence called by the Departrnent of Oefense 
1n the Pentagon) lt 1s des1gned to facilitate data processing of large files. 
includmg HWentory mamtenance and banking operations Whereas Fortran 
uses rnrtlhemat1cal nota !IOn [A,- (E ·1 C) -0, for mstance]. Cobol is more 
l1ke Engl1sh (MUL TIPL Y X BY Y ANO ADD Z). Further cómparisons will'be 

' g1vcn alter Fortran has been explnined 
Other h1gh-lcvel lan;uages wh1ch are w1dely used me lude Basic. a com­

puler language lor use m "linte-shared" or "interact1ve" syslems. PL 1, 
wh1ch 1s IBM's new language combining many of the fea~ures of Fortran 
and Cobol, Algol. a language invented by an internat1onal comm1ttee with 
<;ome special features. and APL. a language for scien!lfic use with strong 
matnx- and vector-handling capabil1t1es Each of these 1s d1scussed in 
later sections The 1ntent here is to note that there are a number of lan­
gunges and that each has 1ts advan:ages. d1sadvantages. advocates, and 
detractors In general. each has a particular area of application (1.e .. 
science. business) 1n wh1ch 1! is part1cularly strong. and th1s has led to such 
languages bcmg called protJiem-onented languages since a given lan­
guage is orientcd towJrd a certain class of problems 

1.8 RUNNING A PROGRAM 
Aftcr a program has been wr~tten in a programming language. it must 
somchow be mtrod:Jccd mto tl1c comp11ter There are severa! methods for 
prepanng programs for a computcr. and thc cho1ce of the exact method 
depends upon the COiTlputer mput dev1ces avallable ar.d the man,ner in 
wh1ch the computcr 1s o¡::.eralcd Th1s sect1on examines severa! alternat1ves 

The most used proceclure lor preparmg programs for computer opera­
tlon mvolves punched carcts A Fortran program is normally wntten on a. 
spcc: d rodmg lorm as shown m F1g 1 14. Th1s form has 80 columns. and 
each l1::e on the íc, ::·, thus contams ur to 80 characters. each having a 
ur11QL!" pos1t1o:-t f;::;J, l:r.e on tht: codmg form IS then punched in:o an 
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Figure 1.14 Fortran codlng form 

~ndividual card The program on the form in F1g 1 14 would thus be punched 
mto 16 cards. 

Cards are prepared with a card punch as shown in Frg. 1 6. There are a 
number .of d11ferent kmds ol card punches. but each has the property that 
depressmg a key on the punch causes the code for a character to be 
punched mto a column of a card By "typ1ng" a lme from the codmg form 
o~ the key punch, we thereby enter the lme into the card. and the same tine 
Wlll be pnnted along the top of the card 

Cards for the program m F1g 1.14 are shown in F1g. 115 Thesc are 
ready to be read by a computer usmg a card reader There 1s more to 
operatmg a program !han tl11s. however. The Fortran compllcr program 
must. also .be in !he computer. for 1t musl perlorrn the necessary translat1on. 
At th1~ pomt. a number of options are open. 11 the program is to be trans­
lated .m a small system, it is possible thal the Fortran compiler willf~rst be 
read mto the computer and the program wlll then be read m and comp1led. 
and perhaps operated. under manual control. In large systems. where 
~any programs are operated and computer t1me IS ata prcm1um the read­
lng m and translat1on of the Fortran program is controlled by a set of sys­
tems programs which res1de in the compulcr memory and are called lhe 
operatmg syslem 11 IS the funct1on of the orerntmg system to sequcnce ttw 
operat1on of mput programs and lo call and use such lranslalor programs 
as the Fortran compiler. 

lf we assume that an operat1ng system 1s used. thcn we must not1fy lile 
operatmg system programs lhat we WISh to use the Fortran compiler Wc 
must also g1ve the opcratmg system certam olher data conccrnmg the 
program. Thesc wlll mclude. Do we w1sh the translated prograrn pur.chcd 
mto a ncw set of cards so that we can operare 1:. w;:huul furtncr translat1on. 
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tno the future? Do we wish lo use H1c pror¡mm at once. and ha ve wo thcrcfore 
suppl1ed cJata so the prograrn can be run? lf data have been suppl1ed. 
where are they? Are wc running more than one program. and whcre does 
our "¡ob" end? 

Deté11ls such as these are punchcd into what are called systcm or ¡ob 
control cards. and these cards mus! be rcad m w1th the program. A typ1cal 
set of job control cards is shown rn F1g 1 16 These cards md1cate :hGt tne 
program 15 to be translated by a Fortran comp1ler and the translated pro­
gram IS to be loaded m the computer memory and immed1ately operated 
This mode of operat1on 1s called load-and-go. 

The data which are to be used when the program IS run are also punched 
into cards, and a control card announc1ng the end of the program 1s m­
serted between the program and the data A ftnal control card announc.-,CL 
the "end of job" is placed at the end of the enttre deck. 

A complete set of control cards plus the program{s) to be run is called 
a JOb. The operatmg system controls the performance of ¡obs in an efftc1ent 
manner. Running ¡obs m th1s way is called batch processmg. anda group 
of programs (or records) to be considered as a single un1t by the computer 
is often called a batch. 

Control cards for the same program to be operated in loaá -and-go mode 
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Figure 117 Job control cords lar CDS 3300 

are shown for the System/360 and /370 series OS operat1ng systern in 
F1g 1 16 and for the Control Data Corporat1on 3300 m Fig 1 17 The si~í­
larttleS and d1f!erences cnn be noted. Chapter 13 deals w:th operatmg 

systems in sotñe detall . 
For a particular computer installalton it is generally necessary to obtam 

mformat1on concerning the control cards to be used when operatmg a pro­
gram from the systerns prograrnrners at that installat1on Thus, while a 
Fortran prograrn can be run at almos! any mstallation. ít wtll be necessary 
to use dtflercnt ¡ob control cards when dtfferent computer syslems are used. 
In fact. for the System/360 and /370 there are severa! d1f:erent operating 
systP-ms (sucll as OS. DOS, and TOS). and for each operat;ng system dif­
Ieren! control cards are used Whtle t111s may seem to be a l2rge problem, 
in actual pract1ce 1t turns out to be a small mconven1ence. because at most 
mstallat1ons computer users are suppl1ed standard seis of control cards, 
and use of the cards then 1s gencrally stra1ghtforward 

Punched cards are by no means the only mput med1urn wh1ch can ba 
uscd to cntcr Fortréin programs, often punched paper tape 1s used In th1s 
case the opt')ré.ltor nf the tape punchmg dev1ce "types" the program on the 
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. ~cyboard, producing a punched paper tape with each cha.ter punched 
mto a ~cparate row. , 

Whcn !he tape conlaining a Fortran progmm is !o be read and translated, 
· thc cornpiler has gencrally bccn rc:1d mto thc cornputer Thc actual pro­

cedure for COrnpifmg a prograrn ¿:,nrJ running 1! V"rler '-'/'l"J··: 'Jr r•, ,-:-• '--· :-. o ~-. • ._, 1 1• tJC.t-J..._.i-u.:.._.~ .... 

sys!Qrns, depending on whethcr !he rncmor¡ can. contain both comp!ler 
and program, whe!her a d•sk pack or tnpc mechan1sm 1s JVllllabl·.; to back 
up !he mernory, whether an opcratmg systcm is used. etc. Punched paper­
tape systems are generally controlled by a keyboard on a consolc and by 
the compuler switches, however, rather than by means of job control fines 
punched inló thé tape. The procedures to be used mus! be acquired at the 
insta llaHon . 

1.9 INTERACTIVE SYSTEMS 
This is still anothcr widely uscd technique for íntroducing and ooerating 
programs. In these systems thc program is keyboardcd directly into the 
computar using a device such as !he Telelype equipment in Fig 1.2. In this 
case the Teletype equipment is connected dm::clly to the computer (sorne­
times usmg telephone fines), and whcn a key ts depressed, coded signals 
are immedtately transmitted lo thc computer which records them in its 
memory._ A reco~d of what was kcyboardcd is made on paper by a typmg 
mechan•sm s1m1lar toa typevmter Such syslerns also anow !he computer 
to type responses, however, and the mterplay between computer and user 
has led these systems lo be called mteracl1ve systems. 

Figure 1.18 shows a record of the runnmg of !he program 111 F1g 1 14 on 
an interactive syslem, the General Electnc Cornpany Mark 111 System Th1s 
particular system has Telelype keyboards 111 mnny laborator1es and bus•­
nesses around the country. and the computer connection is made by con­
ventional telephone fines. To connect a g1ven Teletype to the computer. 
the computer lelcphone numbcr ís sirnply d1alcd 1n convent1onal fashion. 
When the connection is made. the computer asks the user for a specta! 
code number by typmg U#= on the Telctype equipment, thc uscr then 
types his code number (wh1ch ;s CHW25125. 1 K~S/STD 1n tllc f1gurc} The 
computer then asks for an 1dentlflcal1on number by typ111g ID #, and the 
user responds wíth h1s ID number, in th1s case 2272. 

The computer then lisis the d1fferent comp1lcrs which are availa.ble In 
this case Fortran was to be used, and so alter the computcr typcd READY, 
índicat111g that 11 was ready to accept a responsé'. thc user typccl SYSTEM 
FORTRAN. Alter the cornputer rcad the lmc SYSTEM FOt1Tf1,'\r>J. 1t mcl1cJi8d 
it was aga111 able lo accept information (after having callcd tnc FortrJn 
System) by lypmg_ READY. The user then asked to create a ncw file by 
typ111g NEW, to which the computer responded E: ~-;-t:t{ FILe NAW.E-and 
the user typed TCB1 to g1ve tlle file a name. 



+C]---------------------------~~---------
U~•CHi25125, IKM~/SlL 

1 Dt2272]-----

'11'1 fl SYSHM 8A!>IC • ~Y~TE."1 fOhTPII"J 
AFHH 1Hf CCMi-vH.k kESPO'ILSI IHAI:V• 

PRC'J.ñAM 51 C'P Al 999 

us~o .J~ lNITS 

• ~'I'~TE"' foi V l 
lYPEI fX.D {lf¡ NHi 

JJ------
SYSTL~ FC'RTRA~~-------------------~-----------------

---- Compult'r nsks lor code words nnd locat1on w1th "U#=." Uscr responds 

-- -- Cornputer types ID U ser typcs h1s numbor, 1n th1s case 2272 

____ Cotnputcr asks wh1ch comp1ler systom w111 be usad and givos highest lme number avall­
able {999) 

-----U ser types SYSTEM FORTRAN 

hEADY ---Computer says 1t 15 ready 

~f~p~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~=Us~~~~s~rtanewf1le f''llrh FILE I'JAMF TCP1 Computar types ENTER FILE NAME-. Usar then types name of new f1le TCBI Computar 
than typas READY 

lC THIS PROiRIIM CALCLLA1n 1HF IN'1FFE~T ON I"JVJ'<TH CAPITAl. 
2C lHF ~AkiiiPLf h ~1~1! lHF I~1F~F!1 ~AlE 

3C 1Hf vARIABLE C '11\E:: ¡tU AMnl·'-11 Of CAPI1AI. 1'11\iFSTFr 
IIC lH~ \tAkiiiPI.F N CHUS 1Hf MA'(I"'lJM Nl.JMPE¡:. OF YfAFS 10 PE CCW!'II~IPED 

5C THE PkffiliA"l 1-f·.INlS 1HE INHFiFST FO¡; EACH YlAI\ 
6 R~0.,07!' 

7 e~ 1soo.oo 
8 N = 5 
9 0(1 1 o J " 1. >.¡ 

lO y e ce V Cl.OO + R> ** J> -e 
11 i-Fil'-11 15. C. R 
12 10 PRINT 1~. J, y 

1 . 

. 1 

13 15 FC'R"'AH//,18H 1HF I'IIHPf!:;l ON $,f8o2,13H A1 A ¡;ATf 0FoFfo3l 1 

15 SiOf-lf'Jii 

This is the Fortran program enterad by the usar 

14 16 FC'J-i'IATC14H INVFS1Et: F()}; .1:?.11H YfAp~ 1!' 'J,f7.2) L 
1---~-~--~----~~~---~---~---~--~~~------~, Usar~pes AUN, tell1ng computerto run program RUN 

1 

TCB1 13t1HD1 _-~-..----~------------~----------~-----Computar types file name, time, and date 09130 n 3 1--

1-~--------------------!---This is the output from the program 

1 
1 
1 

f 
J---1:__ _____________ ~------~~----------~-----~-----.__ ___ Computer te lis whera program stopped 

l---~-----~--------~------------------------' ---'-Computar tells how much resource was usad 

~-:----Usar signs off 
BYE~------------------------------------------------~ 

0001 • fo9 CRU 0001 • 1 ~ 1 Cti 000. f • 34 K.e]L----------------r .. --Computar lisis total resources u sed and s1gn-off timo and dato 

(lrF /\1 I311.8FDí 09/30/1:3 

Figure 116 Roe< 'uso o! ln:oroc!lvo syslom to run o progrom 
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The Fortran program was then typcd. After the program had been en• 
tered, the computcr was directed to operate the program by the user typmg 
the command word RUN The computer system responded by typmg the 
na me of the f1le. TCB 1. followed by the time and date. The results of !he 
runnmg of the program were then pnnted Finally, thc usér "signed off" by· 
simrly typ1ng BYE. . 

lnteracttve online systems vary from system to system, and the particular 
procedures to be used at éach fac1lity must be learned. The systems are 
really not too dissimilar from each othef. however. and haviríg leatned oñé 
system. the user generally fmds it easy to learn anóther-.t Thé Fortran lan­
guage remains basically the same frótn system to system-'"only the pró­
cedures for using the system vary. 

EXÉRCISES 
1 01scuss the terms hardwaré and software 
2 01scuss the posstble uses of a digital cómputer iñ a real-time contról systetn 

ol your cho1ce- What analog-to-d,g1tal conversion devices wóuld be néces­
sary? 

3 D1scuss sorne óf the problems whiéh might.anse if a computer alleníptéd _to 
read handwntmg 1n añ opt1cal character reading system Why aré the MICA 
systems much stmpler to dcs1gn? 

4 "A common complan1t on osctlloscope dtsplays coñcérns the lack of hard 
copy .. Explam thtS sentence. 

5 Explam the dtfferenée between systéms programs and application pr~gra_ms 
6 Explatn the d1fference between an assembly language and an appllcatlon­

oriented h1gh-level lañguáge High-levél languagés are often said t<;> be 
"transportable" Can you explain why? _ _ 

7 Are operr~ting systénis more IIRely lo be used in small or large computer 

systems? Why? 
8 L1st sevcrnl ádvantagés m using nn operalmg system. . . 
g Why are job control cards used when programs are tun w1lh an operatmg 

systern? _ 
10 What are mteract1ve systems? 
11 L1st the results of the program ruñ in F1g. 1.18 _ 
12 On what day and al whal l1rne was lhe prograrn m Fig 1 18 run? _ 
13 G1ve sorne advantages and disadvantages of batch processmg systems as 

opposcd lo mternct1ve systéms 

'Not1ce lhat cach lone m lhe Fortrán program In Fog 1 18 1s preceded by a llne number Thos os a parto.c­
ular charactenstlc ol the GE system { and scver<ll othcrs) The llne number is no! a part ol the ptogram 

but s1mply ondiC<t\cs lhe ord~nng ol the Iones on thc program 

1. 

--~ ,_ -.. ---: -

l 
1 
1 

1 
1 

~ 
i 
1 
1 
1 

INFORMATION REPP.ESENTATION IN A DIGITAL COMPUTER 

In drder for a d1gttal computer lo cxecute a sequence of instructlons at 
high speed without operatbr 1rtlervent1on. it mus! be able lo storc no! only 
ttie program but alsó tlie mput data and !he intermcd,ale results In many 
instanccs. the éomputer's memory w1ll contain much more. olten includ1119 
the systenis programs and sométimcs other usef's programs. Busmess 
systém's often have vefy large memones with large files of data on cus­
tomers. suppliers, añd éorporate !manees As a result. the memory of a 
computer is a maJar cost 1tern. and the widespread use of digital computers 
1s made possible through the_ ex1stence of low-cost high-speed rel1able 
memory dev1ées. 

There is one outstandmg charactcrlslic of !hose compuiN mcmory 
devices that are rel1able, fast. and relat1vely mexpensive. md1v1dual ele­
ments are all operated in a b1stable manncr.t Thc most fJmllléH b1stablc · 
device is probably the common sw1tch uscd to turn lights (or o:hcr clcctrical 
dev1ccs) off or on (refcr to F1g 2.1) S1m1larly. electnc wcu1ts using transls­
tórs cáfl be rúll::!biY Openitéd 1n a bistable manner m which a given circuit 

1Tho word brslablc mcans "havong two st.Jblc statcs •• 
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R4 
640.11 

O Out 1>-- ~__.Jvvo~r---<>--o 1 Out 

(e) 

(el) 

Curren! o5 removed, 
cure rcrnttms 
maynellzetl 

Curren! o5 revcrsed. 
the corc revcrses 
ot5 mugnetoc state 

(b) 

Curren t oS removed. 
core rcrn;uns 

ma-;;n~tll~d wolh flux 
on clockw•se d•rectoon 

Flgu;e 21 Blstablo devices {a) Eiectrlc switch. {b),Two-translstor fllp flop (e) Magnehzlng a core. 

(d) Olroctlons ol magnnt1zot1on. 

" ff" " "The is stable in either of two states that can be referred lo as . o or on. 
same principie appl1es to the magnetic cores use? tn h1gh-~peed mem­
ones. the "spots" on magnct1c tapes which contam mformalion. and the 
hales tt•at are "p:.;::ch 2 rJ" or "not punchcd" in pape~ tape and cards. et~. 
Thus. the ¡nformatlon s:orcd m computers is stored m dev,ces whlch a e 

operated m a bistable manner. 
When inforrnat 1 o;~ such RS decimal nu.mbers, name~. and addresses 

must be stored 1n b1o.table devices, il is necessary to mvent codes and 
encodrng techn 1qGes so that the informat1on ~an be represented ~y ~~: 
d · · "T" ·~ chap·.=.r descr1bes the codes wh1ch are used. along wtth t 

ev1ces. ' '- b tem 
orqanizat. of mc:-nories m computers. First. the brnary num er sys , 

1 
í 
l • 1 
! 

, 
1 

1' 
1 

iMOR:\!AriON REPRlSENlATION IN A DiGITAL COMi'UIER 

wh1ch 1s the most natural menns for represeío!H•Y nurnbers when bistabl 
devices are used. rs descrrbcd Then. more advanced number represen!, 

·!ion systems and technrques for representmg alptlabetiC character 
punctuation marks. etc. are dcscrrbcd 

2.1 NUMBER REPRESENTATION SYSTEMS 
By examrnatron of the represcntatron of rntegers in !he dec1mal numb< 
syslem an importan! pnnciple can be observed. lhe pmrcrpl8 of poslt1on. 
notatwn. Consider the number 824. The use of pos1!1onal notat1on may t 
plainly seen if we read this number aloud as "erght hundre:J 9n_rt_tw_ent) 
tour." The position of each diglt rn a number determines its value. the lea! 
significan! digit is the rightmost drgit and the most srgn1frcant tlle leftmos 
An 'examination indrcates that the written number 824 represents. or iS 
shorthand for, (8 x 100) + (2 x 10) + 4 or (8 x 1Q2) + (2 x 10') + (4 x 100 
Simllarly, 98.642 is a compact way to represen! (9 x 1 O') + (8 x 1 QJ) 
(6 X 102 ) + (4 X 1 01) + (2 X 10°) -

The idea of usrng the posilion of a digit to determrne 1ts value m a wrrtte 
number rs quite ingen1ous Earlrer numbcr systems did not use thrs prrnc 
pie: l1s "one" in Roman numerals. Vis "f1ve." X ts "ten." and XV liS "srxteen 
MCXVI ts "one thousand one hundred and s1xteen" Only mrnor rules suc 
as IV for "four" a11d VI for "s1x" use pos•t,on to affect value Our numbe 
representat1on systern is completely based on the use of pos1t1on lo dete 
mine value The procedures we use for addmg. subtracting. multiplyrn~ 
and divlding dec1mal numbers are al! based on the use of thiS pnnc1ple 
and the compactness and clarity wh1ch result from positlonal notat1on plu 
the great eff1ciency of these procedures have so thoroughly establrshe 
posit10nal notalion that we hardly notice its ex1stence 

The representatron system for decrrnal integcrs usmg positro;¡ai note 
tion iS based On the rule that the Wrrtten number amBm _ 1 • a28,ao reprc 
sents the sum (am x 10m) t-'(arn- 1 x 10m ') + · · · -f (a, x 10') + {a0 x 10° 
Therefore, for 824 we t1;:¡ve 8 =~ a2• 2-=- a 1• and 4 = p0 • th 1s represents (8 x 1 O 
+(?X 101

) + (4 X 10°).., (8 X 100) 1- (2 X 10) t-~4. S1mtlarly, 32.rJG3 ha. 
a4 ~ 3. al = 2. a2 =- 9. a, '""' 6: and a0 =- 3; 32.963 is the posr!Jonal notat10 
representatton for (3 x 1 0') + (2 x 1 OJ) + (9 x 102

) + (6 x 1 O') + (3 x 10°' 
This "expanded sum of powers" ts called !he literal expans1on of !he nun· 
ber Thus, the literal expansion of 54 rs (5 x 10') + (4 >(10°) 

Eílch digit m a wntten decimal number is chosen frprn a set of 10 syiT 
bols. which we wntc as O, 1. 2.. . . 9. and ttle ex1slence óf 10 drfferent diQit 
or symbols 1s the baSiS of the term dec1mal numbcr system. A smaller e 
larger number of symbols could be used 1n each position. however. and fe 
each choice wc would have a d1ffercnt number representation system. 

The simples! of these systems is the bmary number system which ha 
only two possrble drg1ts in each posil!on, we designate them O and 1. Th 
rule for form¡ng a bmary integer is that we wnte ama m -1 31a0 as·a shor. 



36 
INIROOUCIION 10 COMPUIER SCI[NCE 

hand for (a m x 2m) + (a m_, X 2m 1) -1 • • • + (a, X 2') + (a0 X 2°). ~here lhe 
a's are each a O or a 1. For instance. the binary number 101 represents 
the su m ( 1 >- 22) + (O . .: 2') 1 ( 1 x 2°) wtuch is represented by the d •g it 5 in 
the decimal system Agam. the bmary number 11101 rcpresents the sum 
(1 X 2"') + (1 X 23) !- (1 :< 22) -1 (0 X 2') 1- (1 X 2"1) =--= (1 ", 16) ~- (1 X8)+ 
(1 v 4) -! (1 x 1). wh•ch 1s represented by 29 1n the decimal system 

Su1ce the symbols O and 1 are uscd m both binary and dec1mal systems, 
numbers l1ke 10 can be either binary or decimal. A notation commonly 
used to dis!lnguish bctween binary and decimal numbers writes the bas_e 
of the number as ·a subscnpt after 1t; hence 10z IS "binary 2" and 10,o IS 

"decimal 10." 
Here are the de~1mal and binary rcpresentations for the first 20 integers: 

02 = O,o 
12 = 110 

10z = 2,o 
112 = 3,o 

1002 = 4,o 
1012 = 5,o 
1102 = 6,o 

1112 = 7,o 
1000z = 8,o 
1001z = 9,o 
10102 = 10,o 
10112= 11,o 
11002 = 12,o 
1101 2 = 13,o 

1110z= 14,o 
11112 = 1~,o 

1 0000'2 = 16,o 
10001 2 = 17,o 
100102 = 1810 
10011 2 = 19,o 
101002 = 20,o 

The positional notation system used for decimal integers extends easily 
to dec1mal fract•ons and m a s1m1lar rnanner to fractions in other bases. 

The decimal fract1on O 264 has for 1ts l1teral expansion the su m (2 x 10 -
1

) 

+ (6 x 10 ·2) + (4 x 1 o- 3 ) The decimal fraction O 23 has as its literal ex­
pansion the sum (2 x 1Q· 1) 1 (3 x 10 2). In. general, the decimal fra_~tlün 
O a _

1
a_ 2 ... a m has as its literal expans1on the sum (a __ , x 10 ) + 

(a _
2 

x 10-2) .¡. .•.. ¡ (a -m x 10-m) Thus. for 0.1263? w~ ha ve a-~,= 1, a-2 
= 2. a_

3 
=-= 6. a 

4 
=- 3. anda_~..,. 7, the literal cxp<.lnSI_on 1s (1 x 10 ) + (2 X 

10·2) -1 {6 X 10 3) ¡. {3 Y 10 4
) 4 (7 X 10 5

) • 

The same prmc1ple can be uscd for bmary fract1ons Here. negat1ve 

powers of 2 mstcad of 10 appear m the literal ex~ansion _
1 

For example, 0.1011 has as 1ts literal ex~ans1on \he sum p x 2 )1+ 
(0 X 2 2) + ( 1 X 2 -3) + ( 1 X 2 -4). [ This is (1 X 2) +(~X~)+ ( 1 X a) + (_1 X 16) 
in dec•mal ] The binary fraction O 11101 has as 1ts llleral expans1on the 
sum (1 X 2- 1) + (1 X 2 2) + (1 X 2 3

) + (0 X 2-4
) + (1 X 2-_~) . 

In general. the b•nary fract1on O a ,a_2 ... a ·m has for 1ts l1teral exp~n-
the S

urn (a x 2 -q +(a_ x 2- 2 ) + · · · + (a_m X 2-n•) Thus. for the bm-
SIOn ' 2 

_ _ = = 1 and thc 
an¡ fract•on O 1 O 11 we ha ve a , - 1. a 2 - O. a -3 1. and a- 4 • 

llterdl expw.~•vol ( 1 ,., 2 ') -J (O x 2-2) 1- (1 x 2-3
) + (1 x 2-

4
). (Th1s has the 

1 1 1 11 d . 1) valuc 2 -1 tí 1- 16 = "16 m ec1ma . 
we note the follow•ng correspondences: 

O 12 =O 5,o 
O 012 =O 25,o 

011 2 =075,o 
0001 2 = 0.125,o 

o•, c;•,•l.!·l'o,¡ 11EPI'[5[NIATION IN A DIGIIAI COMPUI[Il 37 

2.2 ARITHMETIC OPERATIONS IN THE BINARY NUMBFR SYSTEM 
In this scct1on we turn our attent1on to anthmctic oper<:!ions in the binary 
number system, for 1t is m th1s system that rnost computcrs perform their 

• operations. 
The operations of addition. subtraction. multipl1cation. and division are 

straightforward in the binary numbcr system To-add. the sums of only four 
comb:nations of Os and 1s mus! be learned; they are: 

0+0=0 

1 + 1 = O plus a ~:;ªrry of 1 

0+1=1 

1+0=1 

Addition of two binary numbers c;;an be performed cqlumn by column, 
as in the decimal system, Wllll c;;arries being handled in the same manne~. 

101z 
+1011 2 

10000;. 

1100a 
+11102 
11010; 

110101 2 

+ 11102 
10000112 

TQ check the first addition above, note that 10f2 = 5,0 anc;l1011 2 = 11,0 and 
that the sum of these two integers 15 100002 = 16,0• The other two surns m ay 
be checked m a similar manner. 

AgaiFl, there are four entries for subtraction. 

0-0=0 

O- 1 = 1 with a borrów of 1 from th!3 next most significan! digit in the 
minuend 

1-0=1 

1-1=0 

Here are four exé3mples of subtractions. The "borrow" is handled as 
with dec•mal numbers. Agam. !he differences may be checked by con-
verting to decimal numbers · 

101.12 
-,-100 12 

1.0 

110.12 
-101.02 ---

1.1 

1010 102 

-1010112 ----
-001 

The following four rules will suffice for the mult1pllcation of binary d1gits. 
Note the reduct1on of the dec1mal multipl1cation table of 100.entnes to 
four entries. 

OxO=O 
Ox1=0 

1X0=0 

1 X 1 = 1 

Multiplicat1on can be performed usmg thq same procedure as that of 
the decimal system. For bmary, however. one simply cop1es the mult•pli­
<;and if ;:¡ mult1pi1E;:r d1g1t 1§ a 1, asan examination of the rules above w11l 
ind1cate. 
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1012 
1102 

000 
101 

101 

1102 
1112 

11 o 
11 o 

11 o 
1010102 

1101012 
11 012 

--------
110101 

000000 
110101 

110101 ----
1 o 1 o 1 . 1 000 12 

INTRODUC_{ION TO COMPUTER SCIENCE 

OIVISion may be performed usmg the familiar tnal-and-error technique. 
In th1s case, however. each quot1ent d1g1t can be only a O or 1, greatly 
simplifymg the process 

110.1 
10í1101 

10 
10 
10 

010 
10 

101 01 
11.1 f1oo10 o1T 

111 
1000 

111 

111 
111 

2.3 BINARY-CQDED-DECIMAL NUMBER REPRESENTATION 
The electron1c circu1t devices used to construct d1g1tal computers are 
mherently bmary m operat1on, as are the memory dev1ces used to store 
informat1on. and so the bmary number system IS the most natural one for a 
computer On the other hand. the dec1mal system 1s what people u~e. and 
there is a natural react1on to the'thought of performmg calculat1ons m a 
bmary number system Also. since checks, bilis. tax rates prices. etc. are 
all f1gured m the dec1mal system. the values of most 1npu: data t~ a com­
puter must be converted from dec1mal to bmary befare computat1ons can 
begm. S1m1larly, bmary data must be converted to dec1mal befare they can 
be printecl or output~d 1n most cases 

For these and other reasons most of the"early machmes operated m 
bmary-coded-clecunal number systems In such systems a coded .group of 
bmary bitst 1s used to represen! each of t11e 10 dec1mal d1g1ts For ~~.stance. 
an obv1ous and natural code 1s the s1mple "we1ghted bmary code shown 
mTable21 . 

Th 1s 1s known as a b1nary-coded-dec1mal 8.4.2. 1 cc,de or s1mply S~D. 
and 1s the most used code at th1s t1me Not1ce that 4 b1nary b1ts are requ1red 
for each oec1mal d1g1t. and each b1t IS ass1gned a we1ght, tor mstance, the 
nghtmost b1t has a ,·,e:\:)ht of 1 and the leftmost bit m.each code group has a 
we1ght of 8 By add1ng the weights of the pos1t1ons m wh1ch 1s ap~ear, the 

, . decimal d1g1t repres.::nted by acode group may be denved Th1s IS sorne-

'A b1na1 ,(IS ¡¡rc~•allf called a b1C m computer termmology 
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Toble 2 f BCD Code (8,4.2,1) 

Bmary code Dec1ma1 d1g1t 

0000 o 
0001 1 
0010 2 
0011 3 
0100 4 
0101 5 
0110 6 
0111 7 
1000 8 
1001 9 

what uneconom1cal s1nce 2 4 = 16 and therefore the 4 b1ts could actually 
represen! 16 d1flerent values, but the next lesser cho1ce, 3 b1ts. g1ves only 
2

3
, or 8. values, wh1ch are msuff1cient 

. lf the dec1mal number 214 is to be represented in ·th1s type of code, 12 
b1nary b1ts are reqwed as follows 0010 0001 0100 For the dec1mal num­
ber 1,246 to be represented, 16 b1ts are reqUired 0001 OOiO 0100 0110. 

2.4 OCTAL ANO HEXADECIMAL NUMBER SYSTEMS 

Two other number systems are w1dely used m computer sc1ence the octal 
and the hexadecimal number systems 

The octal number system has a base. or rad1x, of 8, e1ght d1fferent sym­
bols are u sed to represen! numbers. these are commonly o. 1 .2.3.4.5.6. and 
7 The f1rst few octal numbers and the1r dec1mal equ1valents are as shown 
in Table 2 2 

To convert an octal number to a dec1mal number. we use the same sort 
of literal expans1on as m the bmary case, except thatwe now have a rad1x of 
8 1nste~d of 2 Therefore 1.213 m octal 1s ( 1 x 83) + 12 x 82) + ( 1 x 81) + 

Tabla 22 Octal Numbers 

Octal Dec1mal Octal Dec1mal 

o o 11 9 ~~ 
1 1 12 10 ~ i~-
2 2 13 11 
3 3 14 12 
4 4 15 13 
5 5 16 14 
6 6 17 15 
7 7 20 16 10 8 21 17 
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. d l Al,..o 1 i?3 In o:::tal IS 
128 -'.- 8 ; 3 o- 651 m ccJmé'l 1 -· 2. ~3 _8_1_ . (3 x 8") = 512 -t 1 m 

(
1 

>- Sn) l (1 ;.,: 8 ') ¡ (2 >.. 8 2) + (3 X 8 3
), or 1 + 8-1 64-1 512 ~ 512 

decnnal binary number to án octal num~ 
Tt)ere IS a Simple tnck for ~on~erti~Q :ets of threes. st;:¡rtJng át the octal 

ber. SJmply groc~p thc bmaryh JQI ~-~~o digits aécording to Table 2 3 
pomt. and read e0rh s~t of t ree b meO~ 11 O l. First we break Jt into threés 

Let us convert the bmary mlm. cr h group of thrée bmaty digJts. we 
(thus 011 101). and then. co~~~~~~? ~~- 35 octal Héré are severa! more 
gel 35 in octal. Therefore 01 ma - · 

examples: 

110110101a = 665a 

11011a == 33a 

1001 2 =11a 

10101.112=256a 

1100.1112== 14.7a 

1011.11112= 13.74a . . 
. 1 n be performed by repcatedly 

ConversJon fróm declm31 to acta ca_ each remainder as a diglt in 
dJvldlng the decimal nurnber b\ BFan? ut~~~Ze to convert 200,o to an octal 
the octal number bemg formed ~r ms , 
representatJon. we divide as follows: 

200 _ 8 = 25 · remamder is O 

25 __ 8 -=- 3 remainder IS 1 

3 ..;.. 8 = o rema1nder is 3 

Therefore 2001o = 310a b divided is less than 8. we use O as the 
Notlce that when the numb?r to e nder Let us check this: 

quollent and the num_ber as tne remal . 

1 1 base 5 rcpcatthese ons:ruc!lons replaclng 
tThos woll work lor ány base lo convert lrom dec•ma o , 

each occurrcnce ol 8 wotti 5 lor e~ample 

Toblc 2 3 octoi-Blnary 
Convers•on ------
Tllrce bor:ory d•gots 

Qc:JI dogo\ 

000 o 
001 1 

010 2 

011 3 

tOO 4 .. 101 5 

110 6 

111 7 

\ 

1 
1 
¡ . 
1 

! 
! 

¡ 

l 
1 
i 
1 
1 
1 ¡ 
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310a ='- (3ra X 8,o2) + (1,o Y Bou') 1· (O,o Y 8,oó) = 192u; + 8,o = 2óO,o 

Here is another example. We VJISh lo convert 39G4, 0 to octal. 

3.964 -'- 8 = 495 

495 +- 8 = 61 

61+-8=7 

l-'-á=O 

w1th a rernamder of 4 

with a tcrnainder of 7 

with a rernainaer of S 
with a remainder óf 7 

Therefore 7574á = 3964¡6· Checking. 

7574, == (7,ó X 8,o3) + (S,o X á1o2
) + (7,0 )( 8,0) + 4,o 

= (11ó X 512,0) + (510 X 64,ó) + (71ó X 8¡0) + (4 1¡¡ X -1,o) 

= 35á4,o + á20,o + 56ao 'f- 4ao 
= 3964,o 

Theré aré severa! olhér téchniqués for ·converting octal to decira)al and 
decimal to octal, but they are not used ver¡ frequently manually, and tabtes 
prove to be of about as much value as anythmg in th1s ptocess. A useful 
oétal-to-decimal listing of values is shown m Table 2.4. 

An importan! use for octal is in l1stings of programs and for memory 
"dumps" for binary machines. thus making the printouts moré cómpact 
Also, 1n kcepmg track of the contcn!s of d1fferent reg1sters and irí orally 
conveymg the contents of a binary reg1ster to sorneoné. it is very converíl­
ent to use octal characters ré.!tllcr !han bmary 11. for instance. we want to 
send the binary number 011101111 óver thc telephone.1t 1s easiér and less 
éonducive to error kl say "thrco-f1ve-seven m octai" than "zero-one-one-
one-zero-one-one-óríe-one in binary." · 

The hexadec1mal number system 1s useful for similar reasons. In many 
cofnputers. including the IBM System/360 series. Data General's Nova 
senes. the Digital Equ1pmcnt Corp. PDP-11, and Honeywell lnc computers. 
and in most rnmicomputers. thc mcmorrés are orgamzed intó seis of "bytes" 
conslsting óf á binary digits Éach byte e1ther is used as a smylé ent1ty to 

Table 2.4 Ocldi-Óecimal Table 

Octal Posotoon cocfllcocnts 
dlglt (mulloploers) 

pos1hon/ 
B" o 2 3 4 5 6 7 

~ -------· 
1st (8°) o 1 2 3 4 5 6 7 

2d (8') o 8 16 24 32 40 48 56 

3cJ (8') o 64 128 192 256 320 3~l-\ 4·:8 

41h (8') o 512 1.024 1.536 2.0.:3 2 5:;o 3 Ol2 3581 
5111 (8') o 4.09G 8192 12 283 16 38·1 20<:80 24 S7G 23 Gl2 
E:.lh (O'¡ o 32.7C;:: G5 53G 9U 304 131.072 1G3R.:o 19(, l;0¡1 2/'l 37G 
--------
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represen! a srngle a lph<lnumeric charactcr or rs broken rnto two 4-brt 
p1eces (We shall examr;~e the codrng of alphanumcrJC characters usrng 

bytes later in this chaptcr) 
When the bytes are handled rn two 4-bll p1eces. tnese 4-bJt hall-bytes 

are often called "nrbbles." and the programmer 1s g1ven the opt1on of de~ 
clanrrg each 4-bl! character as a p1ece of a binary number oras two brnary­
coded-declmal nurnbers For rnstance, the byte 00011000 can be declar~d 
a bmary number. in which case 11 1s equal to 24 decimal, or t~o bmary­
coded-declmal characters. m wh1ch case 1! represents the dec1mal num-

ber 18. . 
When the computer is handling numbers m binary, but in groups of 4 

digits, ít 1s conven1ent to have a code fot' representing each of these sets of 
• 4 díg1ts Smce there are 16 poss1ble ddferent numbers wh1ch can be repre­

sented, we need a base-16 numbcr system th1s 1s called the hexadecimal 
number system The d1grts O through 9 alone w11l not suff1ce. so the letters 
A. B. C. D. E. and F are also used (see Table 2 5) . 

To convert bmary to hexadecimal, we simply break a bmary number mto 
groups of 4 d1g1ts and co;-¡vert each group of 4 d1g1ts accordrng to the pre-

. cedmg code Thus 101110112 = 88,6, 100101012 = 95,6. 110001112 = C7,6, 
and 10001011 2 = 88, 6 The m1xture of letters and dec1mal d1gits may s~em 
strange at f1rst. but these are s1mply convenient symbols, ¡ust as dec1mal 

dig1ts are. . . . 
The conversion of hexadecimal to dec1mal IS stra1ghtforward but tlme-

consuming. For mstance. BB represents (8 x 16') + (8 x 16°) = {11 x 16) + 
(11 x 1) = 176 + 11 = 187. Similarly, 

Table 2 5 Hexadecimal DlgUs 

Brnary He>xa<iecrmal Oecrmal 

0000. o o 
0001 1 1 

0010 3 2 

0011 3 3 

0100 4 4 

0101 5 5 

0110 6 6 

0111 7. 7 

1000 8 8 

1001 9 9 

1010 A 10 

1011 B 11 

1100 e 12 

1101 o 13 

1110 E 14 

1111 F 15 

,.. 

¡· 

¡ 

l 
1 ¡ 
1 
1 
t 
j 

.! 

' 1 
1 

! 
1 
1 
1 

1 
i· 

1 

.. ---------------- -----
'"'C"'MAnON Rtr;¡[SlN!ATION IN A DIGI!Al C0\1PUIER 

AB6,s = (10,o X 16,o2
) + (11,o X 1610) + 6, 0 

~ ( 10,0 X 256,o) + 176,0 + 610 

= 2560,o + 176,o + 6,o 

= 2742 10 

To convert. for mstance, 3A6, 6 to decimal, 

3A616 = (3,o X 16,o2) + ( 1 O,o X 16,o) + 6, 0 

= (3,o X 256,o) + (10ro X 16,o) + 6,o 

= 768ro + 160,o + 6,o 

= 934, 0 

Again, tables are convenrent for convertmg hexadecrmal to decrmal 
and decimal to hexadecimal Table 2 6 1s useful for convertrng rn eriher 
direct1on 

The ch1ef use of the hexadec1rnal system is in connection w1th byte­
organlzed machines. 

2.5 ORGANIZATION OF MEMORIES 
No single memory device so far rnvented has both of two d.esrrable char­
actens!ICS low cost and h1gh speed There are h•gh-speed ,memor~cs 
constructed o! magnetrc cores and rntegrélted semrconductor crrcu1ts. but 
these are not mexpensrve. On the other hand. magnetrc tape 1s very rnex­
pensive per brt. but it 1s slow in operating speed There rs also a class of 
devices such as magnet1c d1sks and drums wh1ch are "m between." berng 
relatively mexpens1ve and relat1vely fas!. 

Smce a computer often needs a large memory and h1gh speed of opera­
tren and no srngle devrce wrll satrsfy both requirements. a comrrom,se 
strategy 1s used where the macl11ne has severa! memones. e.Jch w1th dlf­
ferent charactenst1cs 

Figure 2 2 shows the basic organization of mcmory in a large computer 
(Small computers often have no b<tckup memory.) The general rcg,stcrs are 
made of high-speed sem1concluctor elcctronrc crrcu1IS and are uscd to 
hold operands whlie calculat1ons are berng pcrformed Sorne computers 
have only one general register, while other computers have as many ;¡s 32 
general regrsters These registers are often called accumulatp~s 

The h1gh-speed memory usually communrcates drrectly wr!i) t11e ocn:_'rc~l 
reg1sters, and data or operands to be used are obtarned from thrs memory 
and results are stored m it Tt1e hrgh-specd mcmory also cont~uns the 
instruction words makmg up the program. . 

The backup memory cons1sts of slower memory devrces such as tnpe 
or drsk storage. and these have the characteristrcs of low price per brt 1 

t A bol os a bwary d•gtf 
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Toble 26 Hexadcclmoi·Decimol Toble 
A lntcgP.r conversron 

H H H H EXAMPLE: 2322" is 
E E E E 819210 + 766ro + 32ro + 2ro 
X DEC X DEC X DEC X DEC = 8994.0. 

o o o o o o o o 
1 4.096 1 256 1 1a 1 1 
2 8.192 2 512 2 32 2 2 
3 12.288 3 768 3 4S 3 3 
4 16.384' 4 1.024 4 64 4 4 
5 20.480 5 1 280 5 80 5 5 
6 24 576 6 1.536 6 96 6 6 
7 28672 7 1.792 7 112 7 7 
8 32.768 8 2048 8 123 8 8 
9 36864 9 2304 9 1·14 9 9 
A 40.960 A 2560 A 160 A 10 
B 45056 B 2816 B 1i6 B 11 
e 49.152 e 3072 .e 192 e 12 
D 53248 D 3328 o 203 o 13 
E 57 344 E 3584 E 224 E 14 
F 6\.440 F 3840 F z.:o F 15 

4 3 
Hexadecrmal 

2 posrlrons 

B Fractronat conversron 

H H H H 
E E E E 
X DEC X DECIMAL X DECIMAL X DECIMAL EOUIVALENT 

o 0000 00 CODO 00('1_) 080 0000 0000 0000 0000 0000 0000 0000 0000 
1 06?5 01 003') Oíi"5 001 0002 4414 0625 0001 0000 1525 8789 0625 
2 1250 02 0078 1250 OJ2 0004 8828 1250 0002 OIJOO 3051 7578 1250 
3 1875 03 0117 1875 003 0007 3242 18l5 0003 0000 4577 6367 1875 
4 2500 04 0156 2:.oo 00~ 0009 7656 2500 0001 0'100 6103 5156 2500 
5 3125 (1:) G1!:1:. 3125 o o~. 0012 2070 3125 0005 0000 7G29 3!)115 3125 
6 3750 06 0234 3750 006 0014 648tl 3750 OOOG 0000 9155 2734 3750 
7 4375 07 0273 t1375 007 0017 0898 4375 0007 0001 0681 1523 4375 
8 5000 03 0312 50\.1(1 OOfl 0019 5312 5000 0008 OG01 2207 0312 5000 
9 5625 O<J 0351 562:. 009 00?1 9726 5625 000') 0001 3732 9101 5625 
.A 6250 OJ\ 0390 61:i0 O u A 0024 4140 6250 OOOA 0001 5258 7890 6250 
B 6875 0!3 0429 62i5 OOB 0026 8554 6875 oooa 0001 6784 6679 6875 
e 7500 oc 0468 7500 OJC 0029 29GB 7500 o o oc 0001 8310 5468 7500 
o 8125 OD 05')7 8125 0•00 0031 7382 8125 0000 0001 9836 4257 8125 
.E 8750 OE 0546 8750 OClE 0034 1796 8750 OOOE 0002 1362 3046 8750 . ' F 9375 OF 0585 9375 OOF 0036 6210 9375 OOOF O.J02 2838 1835 9375 

2 3 4 ------ ·------------ ---- - ~-- ·--- - -~ ---------
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·¡ 
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1•,ro;MATION RfPRESENlATION IN A OICII~l COM?UIER 

· Regrster 1 

Ocncrdt l'...ar;Ju:.C 
regrstl!rs 

laccumulators) 

.Hrgh Slll!<!tl 

mcmurv 

lntcg• au:d 
crrcrnts nr 

magnetíc Cllrc 

Figure 2 2 Mcmory organlzation 

M;"J]n~r•c 
d•sh 

M.!gnc:•c e 
M.xJn,t•c 

tapeo¡ 

and high packtng density. Thé main high-speed mcmo(y may contain from 
10s to 10

8 
b1ts. but the backup memories may contain 10? to 10'7 brts t 

Computers do not handle b1ts one at a t1me. lnstead. most compu!ers 
perform calcufat1ons with groups of bits. each group having the sarne num-
ber of bits in it A given group of brts is then cafled a word. and the number 
of bits tn each word is caffE·d thc v;ord tcngth Thus. each compu!er 11as a 
basic word length. 

The word length for thc ncwcr computcrs tcnds lo be etthcr 1 G or 32 
bits. The System/360 has a 32-btt word The DEC POP-11. Dnta General 
Nova; Hewrett-Packard, and Mtcro Data computcrs. v11th many othors have 
16-bit words. Tt1ere are sorne 12-bt! word corn;1utc:s suclr as thc I'DP-8, 
and sorne 24-bll computers includtng !he Control Data Corpor:J!ton 3100. 
3200. 3300, and 3500. several cornpu!crs made by the Unrvac Otvtston of 
Sperry Rand Corp .. and the Sovte! K-200 Unrvac also has somo 3G-br! com-

. puters Sorne of the larger CDC computers have 60-btt word lcngths 
Figure 2.3 shows !hat the h1gh-speed memones in computcrs are also 

organized into words of fixe:::f leng:hs The memory 1s dtvided mto n words, 
where n generally 1s sorne powcr of 2. and each word is assigncd nn ad-

'A l•llle arrlhmclrc wr:h h•gh-SpP,'d mcmory prrces ol 1 cer.l pcr br: wh.ch rs Qu•le rP.1~.e>n~l>'t> w.rt 
c.,.o..., P·C" ncrd for slowcr mcmory devtct:s at thousanCtr•s (d1Sks) ro huP\.tr.~d ...... o• :hu~.~ 1t ~..n.:: \. •tl.') of a 
Ct•r't p~; (),( 
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Word lf:qqll,_ 

~ 

Address O ___._ 1----­

Addrcss 1 -1>- ~------' 
Address 2 --l>-1------

1 
1 
1 
1, 
1 
1 

l 
n words 

Brt 1 Brt 2 
:Oo·:h •.wJrd con taons the samc 
· . ...,tF-r of brts 

INTRODUCliON TO COMPUlE~ SCIENCE 

Figure 2 3 Words In hlgh-s~ee:l rnemory 

dress or locat1on in the r..emory. Each word has the same number of b1ts, 
and 1! we read, for msta;1ce. the word at locat1on 72. we shall recetve a word 

from the memory w1th thts number of b1ts 
The addresses or acc:!ress numbers 1n the memory run consecut1vely, 

starttng wtth the address O and runntng up to the largest address Thus. at 
address o we ftnd a \'.'o~:: at addr€ss 1 a second word. at address 2 a th1rd 
word. and so on up to tr.e ftnal word at the largest address . . 

The computer can re3·J a word from or wnte a word tnto each locatton tn 
the memory For a me;;;ory with an 8-btt word, 1! we write the word 01001011 
into memory address 17 and later read from this same address. we shall 
read the word 01001011 lf we again read from thts adciress ata later. t1me 
(ano have not wr1tten 2.:-0ther word tn). the word 01001011 will agatn be 
read Thts mearts the memory 1s "nondestructtve read" tn that readmg does 

not destroy or change a stored word 
lt 

15 1mportant to ur:cerstand the d1flerence between the contents of a 
memory address and t"e address itself A memory tS ltke a large cabtnet 
containtng as many e·" ::ers as there are addrcsse~ tn memory In .each 
drawer 1s a word. and :;-.e address of each word 1s wntten on the outstde of 
the drawer lf we vmte o· store a word al address 17, it 1s ltke pla~ing the 
word 1n the drawer la:s:9d 17 Later. re.adtng from address 17 ts l1ke look­
ing in that drawer to soo-t: tts contenls We do not remove the word atan ad­
dress when we read b._;: change the contents atan addr.:::ss only when we 

store or wnte a new v.c~d /' . 

2.6 flXED-POINT NUiv~3ER REPRESENTATION 
There are '"'O bJS'C t::o:'v1•ques for representtng btnary n_;mbers 1n a com­
puter: thE; are ca::e:::: :;-.e f1xed-pou1t and the floatlng-potnt systems 8oth 
will be describ:d. b:.:;;.:-,~tng with tlw ftxed-potnt sys:c;:-Yt 

¡ 
1 

\ 
1 

~ 

1 
1 

l 
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The most dtrect represcnt:~tton te>chniquc for numbers· in a ftxed-word­
lenglh cornputcr conststs of strnply stortng postltve mtcgcrs tn each word 
tn btnary form Thus, tn a 16-btt-per-word computer a postltve tnteger could 

. be stored wtth value from Oto 2' 6 
--- 1 Thts ts no! very sattSfactory. however, 

smce tt 1s almost invanably necessary to represen! and handle both post­
tlve and negat1ve mtcgers Th1s lcads to setttng astde the.Jeftmost btt tn 
each '/lord and calltng thts the s1gn blf Our f1rst computcr re.presentatton 
system is therefore called the Slgn-plus-magmtude mteger system. 

Sign-Pius-Magnitude lnteger System 
Suppos~ e~ch wo~d conststs o! only 5 btnary digtts lf t.,e leftmost d1gtt :s 
used to tndtcate s1gn. then the rematnmg 4 dtgtts can be uscd to indicate 
the magn1tude of the mteger stored lt ts common practice to le! a O m the 
sign bit. indtcate a post!tve number and a 1 a negattve number Thus. for 
our 5-blt word, 0.0000 would tndicate (postltve) zero The word O 0001 
would be "plus 1" and O 001 O would be "plus 2." Not1ce that the stgn btt 1s 
set apart from the magn1tude btts by a . in each word Thts is dueto custom 
and, although the hás the dtsadvantage of looking ltke a btnary potnt. tt 
rarely !eads to misunderstandtngs An alternate techntque uses a box for 
the sign.btt so that O 0001 would be [QJ 0001, and another system uses an 

S over the stgn btt so that O 0010 would be wntten 00010 We shall use the 
. symbol lo set the stgn b1t apart Thts 1s not tn the computer. of course, but 
is stmply a notattonal conventence 

In the SIQn-plus-magnttude integer system wtlh 5-btt words 1 0001 is 
"minus 1" and 1.001 O is "m mus 2." Table 2.7 shows severa! words and their 
values in decimal. 

Toble 2 7 Slgn-Pius-
Mognitude Numbers 
In Computer Words 

Computer Dec1mal 
word vatue 

0.1111 +15 
o 1001 +9 
o 1000 +8 
00010 +2 -· 
00001 +1 -' 

00000 o 
1.0001 -1 
1.0010 -2 
10100 -4 
1 1000 -8 
11001 -9 
1 1111 -15 
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In general. an n- b:t ·•·. :;:,j usmg siun-plus-rnagnitudc in:0gar rcprescn:a­
tion can represen! an ,; ·.:: :;¡~r from - (2" 1 --1) to 1 (2n -l - 1) 

1s Complernent lnte;;er Representation Systcm _ . 
Tllc 51 gn-plus-magr¡.~_:·;.; sy~.tcm dcscribcd abovc was used m severa! 
early compulers lt ha~ · ·.-:: appcal of bcing quite simple to undcrsland lts 
drawback is that in creer to áctually o.dd and subtract, the_ computer musl 
"work liarder" than \', ··e'i either of two other represenlatlan S}·~te~s. 1s 
compfemcnt and 2s cc~.::Jtement. are used. This means that the ctrcwts for 
handling numbers are s::.plified if 1s or-2s complement systems are used, 
andas a résult one o~ :~~se ts almost always adopted. . . . 

Thé 1s compleme:-: system again uses thé leftmost b1t as the stg~ btt. 
All positiva num~é~s ::·~ representéd just ás _in the sign-plus-magmtude 
system Thus. O.OOH ·::juld again be +31o• and 0.010~ would be_+4•o­
Negalive numbets a·e representad differently. however. The ~egahve of . 
each number is forrr~:i by subtracting the value of each b1t 1n t~e word 
from 1 Th•s ellcct•ve.,- :::hanges the value of _each bit. forO from 1 ts 1 an~ 
1 fro:-n 1 1s 0 t For ir.s·::-::e. +4,0 1s O 0100; tó form -4,o. we change each b•t 
to gct 1 1Ó11 S1mliár,y -t'3, 0 is O 0011; to form -3~0 • we complement each 
bit and gel 1 1100 . 

F1gure 2 4 shows :~e basic fmrnat for a 5-bil word in the 1s complement 
mteger system lnte;s·s trom +(2" -' ~ 1) t~ -(2" -l -1) can be representad 
by an n-b1t word 

2s Complement Signed-lnleger Sysfem . . . . 
When the 2s complt.:-:-~~11 signed-mteger system 1s used. the s1gn Ql~ agam 
occup1es the leftrnos: :')SIIIon A O in this bit agam in~1cates_ that the mteger 
iS posillve, ano 0C::'J1 again mcans +l1o: 0.0010 IS agam +21o .. and all 
pos1tlve numbers a r2 ~2presented as they_ are in lhe signed-magmtude o~ 
1s complement sys:.::·· s Negat1ve numbers. however. are formed by ~?m 
plementing each b;t a~,d then addtng 1 in the leas~ sign,ftca~t pos1tlon; 
this means fonnmg t:-.e ls complemenl and then addmg 1 For mstance, to 

'ThiS 15 called compre.,-;,··,11g The complemrnt ol 1 1s O. and the complement ol O tS 1 

Tt" '•"'"'' 
lJI\rl' \o,JhJP 

(m.1~ntt111IP) 

r-·__..._____ 
E•U_L[J.,RH1·rv:· ·· 

' 
[iJ_()['!_[ij _1] = -12 denmJI 

[I[!] 1@IOJ = --3 dec1m~t. 

Qio!}FJ"TOJ ~ -15 decunal 

f 1gurc ? " 1s con ·pi-s:- :o·~ 1r!cgcr reprcsC'ntotton 

l· 
1 

? 

. t 
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Figure 2 S 2s complcment ltll~er representa !Ion 

form the negativa, or 2s tómplement. of +4 10, which is O 0100. we comple­
ment ea eh bit, getting 1.1 O 11. and theñ add 1 to get 1.11 OO. which is the 2s 
tomplement representation _for -410. To form -3,a. we 2s complement 
0.0011 by first forming fhe 1s complement 1.1100. then add 1 to get 1.1101, 
Which iS the ~S COMplémeñt of 0.0011 and has value -3

10
. 

Figure 2.5 shows the 2s cómplement system for a S-bit word in more 
detail. 

*2.7 COMPLEMENTED NUMBER SVSTEMS 
The preceding section described lhe 1 s and 2s cornplément number sys­
tems. These are widely used in computers for they makc il possible lo add 
and 5ubtract s1gned numbers in a simple way To explarn lhis. thé general 
pnnciple will be demonstfaled using decimal numbers; then the binary 
case will be discussed. 

In general. there are two usful complements for each numbcr in a given 
number system These are called the true complement añd the radix-minus-
1 complement. 

True Completnent 
The true complement of a nuMber representad by ama m _

1 
.•• a

0 
in a num­

ber system w1th a rad1x of r 1s formed by subtracl1ñg eách digit of tlle num­
ber fro'!l r - t ánd forming a new number of lhese differences. A 1 is then 
added to lhis hUmber. Thus, the true complemeñt of am"lm _ 

1 
••• a

0 
is a 

number (bnobm- 1 ••• b0) + 1 

where bm = (r- 1} - a.n 
bm-1 = (f-'- 1)- 8m-l 

••••••••••••••• o 

bo = (r - 1) - a o 

Thus. for the number 2102 in octal, (w1th a rad•x of 8) thc truc complc- · 
ment would be formed by h~lling a3 = 2. a 2 = 1. a, =O. ;tnd é\ . .,... '2. and 
using the rule above. We lhen gel b3 = (8- 1) -2. b

2 
= (8- 1) -1. b, = 

(á-- 1) -ó. and bo = (13- 1) -2. The true complem~nt of 2102 is therefóre 
5675 + 1. which 1s 5676 
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Radix-Minus-1 Complement 
The rad1x-mmus-1 com¡::; 1e:-r.ent of a numbcr wr1tton m? system w1th a rad1x 
of r 15 formcd by s1mply s.1btract1ng c;¡ch cfi~Jil in !he nurnb~r frorn the v<1lue 
'- 1 and Wrltln~¡ lhiS cJ¡~:r~rence In thc SZlnlC POSIIion of n·le r>ew nurnt,cr 
That is, a numbcr a,a, a" with a rad1x r has rad1x-mmus-1 comple­
ment b,b2 b", whcr~ b, = (r 1) a,, b 2 == (r- 1) -- a2 , etc For instance, 
in octal, let the number a2 a, a0 be 235, then the true complement 1s 542 for 
r -- 1 is 8 - 1 = 7 and 7 - 2 1s 5. 7 --3 is 4. and 7-5 is 2. Thus. a2 = 2. a,= 3, 
a0 = 5. and b2 =- 7 - 2. h1 = 7 - 3. and bo = 7 - 5. "' 

For the dec1mal numbe~ system w1th a rad1x of 10, the two bas1c comple­
ments of a g1ven number are called the lOs complement (wh1ch is the true 
complement) and the 9s complement (which IS the rad1x-mmus-1 comple­
ment). 

The 9s complement of a given r.umber may be formed by subtracting 
each d1git 1n the numoer from 9 For instance, the 9s complement of 21 
is 78, the 9s complemer.: of 323 is 676. and the 9s complement of 524 
is 475 

The 9s complement can be used m· subtraction by means of a simple 
trick To subtract one mteger from another larger integer, simply form the 9s 
complement of the mteger to be subtracted and then add th1s to the other 
number Any carry wh:ch is generated when the two most significan! d1gits 
are added must be added to the lowest dig1t of the ·result. Th1s IS called an 
end-around-carry. 

For example· 

Normal subtraction 

45 
-32 

13 

76 
-27 
49 

9s cornplement subtraction 

45 
+ 67 
1 12 

end-around-carry 4 1 
13 

76 
+ 72 
1 48 

end-around-carry 4 1 
49 

As has been descr1bed. the lOs complernent of any number may be 
formed by subtract1ng each dig1t of the number from 9 and then adding 1 to 
the least signiflcant d'Qll of the number thus formed For 1nstance. the 10s 
complement of 87 1s 13 and the 1 Os complement of 23 IS 77. Subtrac!lon 
may bP performed b~ s1mply addmg the 10s comp!emen.t of the subtra-

' · hcnd to tfH:; minuer.d ar.d d1scardmg the !mal carry írum me most s1gnif1cant 
d1gits, 1! é )CCurs For 1nstance· 

' 1· 
i ¡ 
1 • 
~ 
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Normal subtraction 

89 
-23 
66 

98 
-87 

11 

10s complement subtract1on 

89 89 
-23 = +77 

c166 
.. the carry is dropped 

98 98 
-87=+13 

[111 
the carry is dropped 

According to the rule given at the begmnmg of th1s sectton, the 2s corn­
pl~ment of a bmary number 1s formed by s1mply subtracting each diQII 
(~1t) of th~ n~mber from the radix-mmus-1 and addmg a 1 to the lcnsl SIQ­
nlflcant b1t Smce the radtx m the bmary number system is 2. each b1t of the 
bmary. number is subtracted from 1 The appl1catton of th1s rule 1s actually 
very Simple: Every 1 m the number ts changed toa O and every Oto a 1 A 1 
is then added to the least stgn1f1cant_ b1t of the number formed For m­
stance, the 2s complement of 10110 is 01010. and the 2s complement of 
11010 1s 00110. Subtract1on usmg the 2s complement system invo!ves 
forming the 2s complement of the subtrahend and then adding this "true 
complement" to the mtnuend For instance· 

11011 11011 
-10100 = +01100 

11100 11100 
-00100 ~=- t 11100"-'· 

and 

00111c100111 . 
the carry is dropped 

11000 [ "1 11 000 
dropped 

Subtraction using the 1 s complement system is al so stra1ghtforward The 
1s complement of a binary number 1s formed by chang1ng each 1 .m the 
number lo a O and each O in the number lo a 1. For instance. the 1s comple­
ment of 10111 is 01000. and the 1s complement of 11000 is 00111 

When subt~act1on 1s performed m the 1 s complernent system, any end­
around-c~rry 1s added to the least S1gntf1cant btt For instance: 

11001 11001 
-10110 ~ +01001 

00011 [ 1 00010 
'-----4) 1 

00011 

and 11110 11110 
-01101 = + 10010 ---

10001 ~o1o 
106-ol ,, 

~~Í.I> 
;:;"-·~· 

1 ~ .. :r•.o 
The representation of postl1ve and negat1ve integers ;-n-- binary form 

ge~erally mvolves use of !he 2s complement system Computers of many 
maJar manufacturers, mclud1ng Hcwlett-Packard. DEC, IBM. and Data 
General, use 2s complement mteger rcrresentat1on The DEC PDP-11. all 
Hewlett-Packarcl computers. !he IBM 1130. all Data General computers, 
and many others have 16-blt_word lengths 
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In a 16-bit word cornputer which stores numbcrs In 2s complernent. fr·.~ 
decimal numbcr ·t 10 would be storcd as O 000000090001010. thc numb:r 
-10 would be 1111111111110110 As rnay be seen. a computer w1th a 1o­

b1t word usmg the 2s complement system can store integers from --2·s. 
WhiCh IS -32.768. to +(21s -1). WhiCh IS 32.767. 

In general. a bmary computer w1th an n-bit word length which sto:~~ 
numbers m the 2s complcment system can represen! numbers from -2 
to + (2"- 1 -1) For instance. the System/360 series has a 32-blt word leng'n 
and integers. giving ita maximum magnitude of 231 -1. or 2.~47.4836..!7. 

~~ is possible to extend the range of the integers in a machme by us1ng 
what is called mult1ple-precision anthmetlé. In this case severa! reg1ste~s 
aro uscd to represen! a s1ngle inteaer (a number). The basic operat1or.s e~ 
add1tion. subtraction. mult1pllca!10n. and division áre then pcrformed by 
·multtple-precislon routmes. which are programs t~at calc_ulate on rules_.n 
severa! words instead of one word Double-preciSton anthmet1c IS ar: :~­
rnetiC using two words pcr number.t and tnple-prec1510n anthmet1C uses . 

three words per number 
lt sometimes happens that the result of a calculation 1s a number exceej-

mg the magnitude that can be stored Such a number 1s then sa1d to o'·9r­
flow lf we add the integer + 215 to + 215 in one o! !he 16-b1t machmes pre­
v1ously d1scussed. the result would be 216

, too large to be represe;:ted ~ 
lhe c'omruter clrcu1IS thcn give an overflow md1ca~1on. wh1ch ~ay be u~2~ 
by the operating system or other programs. They w1ll commumcate th~ ,,.~..t 
that an overflow has occurred to the computer user. Th1s process will be 

described later. 

2.8 FLOATII'!G POIN"!' NUMBER SYSTEMS ··;v 
lhe preced1ng sect1ons descnbe represenWt1on systems whereby po:~:: e 
and neg3 t1ve mtcgcrs are stored in bmary wor_ds: In the represen.a~on 
system used. the bmary point 1s "fixed" in that 1t lles at the end of =~ .... eh 
word and so each value represented is an mteger When computers Ce ~u­
late ~ 1 th bmary numbcrs m th1s formal. the operat1ons are called f¡xed-pJtnt 

anthmettc 
In science. it ¡5 oftcn necessary to calculate w1th very large or very s-:1all 

numbcrs. Sc1ent1sts have therefore adopted a conven1ent notat1on m \.,:-.1ch 
a mnnt

1
ssél rlus an exponen! <:~re used to represen! a number For mst:::-ce. 

4,900.000 may be writtcn as O 49 x 107
, where O 4~ is tho mant1ss8 a~~~~ 1s 

the value of the exponen!. or O 00023 may be wntten as O 23 x 10 · '·1 e 
notat1on 1s based on the rel3tton y = a x rP, where y tS the num?er ~:be 
represented. a 15 the mantissa. r 1s the b~se of the number system \r = 1 u for 

h r lc~s t·-- ·-. ·e 
ITh•s rule ,

5 
not always stnctly l!nforccd Doublc-p~ec•sron numbers may ave more o " · • 

• it::s 
15 50 

bc.:a 11 sc thc s•gn b•t occuprcs one brt in thc word. leavrng only 15 or magn• u e 
lhC prcros•on '" somc c.omputcrs 1 1 t d 

1 

1 
i 

1 
1 
1 
i 
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decimal, and r = 2 for binary), and p is the powcr lo which the base is 
ratsed 

11 is possible to calculate with lh1s rcp~esentation system lo mullirly 
·a x 10" limes b x 10m. we form (a x b) x 10m'". To d1vide a x 10"' by b x 10". 
we form a/b x 10m --n. lo add a x 10m to b x 10". we must fir5t make m equal 
ton. lf m= n, then a:< 10m f b x 10"" (a ' b) x 10m. lhe process of makmg 
m equal ton is called scaling the numbers 

Considera~le "bookkeeping" can be involved in scaling thc numbeors. 
and there can be diff1culty in maintaining precision cluring computations 
when the numbers vary over a very wide range of magnitudes. For com­
puter usage, these problems are alleviated by means of two techniques 
whereby the computer (not the programmer) keeps trae k of the radix (deci­
mal) point, automatically scaling the numbers. In the f1rst. programmed 
floating-point routmcs automatically scale the numbers uscd during the 
corrlputatrons while maintaining the precision of the results and keeping 
trac[k of the scale factors. lhese routmes are used with small ccmpu~ers 
hav

1

íng only fixed-pomt operat1ons. A second technique líes in buildmg 
what are called "floating-pomt operations" into the computer's hardware. 
lhe/log~cal circuitry of the computer IS then used to perform the scahng 
aut~mat1cally and to keep track of the exponents when calculations are 
perf

1

ormed lo effect th1s. a numbcr representation system called the 
floa

1

ttng-potnl system is used 
~ floatmg-pomt numbcr m a computer uses the exponentral notatron 

sysfem described above, and during calculatlons the computer keeps track 
of the exponen! as wéll as the mantissa A computer number word in a 
flo~ting-point system may be d1vided mto three pieces· the first 1s the s1gn 
bit.[ indicating whether the number is negative or positive. the sccond part 
contams !he exponen! for the number to be represcnt~d. <Jnd thc tllird par t. 
thelmantissa 

fs an example. le! us cons1der a 12-bl! word length computer with a 
floating-point word. F1gure 2 6 st1ows th1s lt 15 cornmon pract1ce to c;¡lt the 

1 exponent part of the word the chamctcfl5ftc and !he mant1SSd sectron the 
int~ger part, we shall adhere to th1s practice 

lhe integer part of the floatiny-point word shown represcnts 1IS value m 
signed-magnitude form (rather than 2s complemcnt. a!though lh1s hL'ls bccn 
used). lhe characteristic is also in signed-magnitudc !on:1 Tr.e vJiuc o! 
the number exprcsseci is 1 x 2c. where 1 is t11e value of tho 1ntegcr p3rt élnd 
C is tt1e value Of thc charac!efiS!IC 

e 1 
CliJractensttc lnwycr pJrl 
~r----A----~ 

[.._s .._! _._1 _._1 -LI...LI.:::..s L_l .LI ...~..1 _l..! _~.I....JI'--Jl . - - - - - - - • 8111ary pomi 

--------~r-----___J 
Qn., 12-brt word Figure 2.6 t2-blt noolrng-polnt wvrd 



e 1 
~,.---__..._________, 

@I211Iilil0l.JIJiiJ7IIDJ VdliiPIS? 1 
X 11 = 14011 

c~•l 1=•11 

1 ojo 1 o 1' j1 1 !lsililf,EL_,__LiJ v.Jiuc ·~ 23 
x t-7l =--56 

C=+3 /=--7 

11 1 0 11 1 0 11 1 0 l 0 1 0 1 0 lilQiiJ Value IS z-s X 5 ~ fl 
e= --5 1 = +5 

111011 111 Ü i 1 1 01 0111 010111 Vdlue IS z-e X - 9 = -~ 
e= -G 1 = -9 

Figure 2 7 Volues of flootong-po1nt numbers In 12-bll 
oll-mteger systems 

F1gure 2 7 shows severa! values of floatmg-point numbers in both binary 
form and alter bemg converted to dec1mal Smce the characterlsttc has 
f1ve bt!S and IS tn Stgned-magni!Ude form. the e In / X e can have values 
from -15 to +15 The value of /ts a stgn-plus-magn1tude btnary mteger of 
7 btts. and so 1 can have values from --63 to -1 63. The largest number repre­
sented by tl.ts .:;ystGr,. v.Jul::l have a maximum 1 and would be 63 x 2'

5 
The 

leas! number would be -63 x 2' 5 
• 

Th1s example shows the use of a floating-point number representa!ton 
system to store "real" numbers of considerable range m a bmary word. 

One other wtdely followed practice is to express the me.nttssa of tr.e word 
as a fractton instead of as an integer. This is in accord wtth common 
sc1enttf1c usage smce we commonly say that O 93 :< 1 O' tS 1n "norma_!" 
form for exponenttal notat1on (and not 93 v 102

). In lhts usage. a manttssa •n 
dectmal normally has a value from O 1 toO 999 . S1m1iar:y, a bmary man­
t1ssa in norrnnl form would have a value from O 5 (dectmal) to less than 1. 
Most computcrs mamtam thetr manttssa sect1ons 1n normal form, ~onttnu­
ally ad1usttng words so a stgntf1cant (1) bit ts always in the posttton next 

to the s1gn btt . . • 
When the mant1ssa is in fraclton forrn. th1s sectton 1s called the frac.10n 

For our 12-bit example we can express floating-point numbers v11th char­
actenst1c and fract1on by s1mply supposmg the bmary pomt to be_ to the 
left 0 ¡ the magn 1tude (and not to the r1ght as tn mteger representat;on) In 
thiS system a number to be represented has value F x c. where F ts"the 

btnary fraC!tOn and e IS the CharactertS!IC 
For the 12-b1t word cons1dcrcd beíore. fract1ons would have values 

frorr: ~ _ 2·6, wh1Ch IS Q 111111, lO-(~- 2 6
\ wh·Ch IS ~ 111111, thJS n\Jii~ 

bers i:orn (~ -- 2-(· ~: 2 ~ ~::; -\1- 2 o) X ;¿ts -.:o•. ·-~ e::,-· ""'='''le_,;. or ¿!:;:wt 
1 • , • ·J -ve•s•~u·v _:_·:r; J.JQ lO --32.'~ ... ~~"file ~~~<J.:¡~~S. \~~.:..1LJC 'l,l8 1!d~t J11 ,J~,t '.-' . ../U•· 1l-::t • ·

1 

- ( '" • •'VV)I)¡}lj wro c:l •S L '• liiolt::S .:1.; S'Tiél iest chaíaCi2riS\1G. .... e lfé:l.L, ' , vu- , • • • '" ' • _, ~ 2- ~s v•'•' ::~ 1c; , .s . 'J ~h2 srnal18~l post"' e nto .. IL)._:; rc-prc-oor.~;:>h e IS 2 X 
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or 2 16 Most computers use th1s fract1onal system for the n1antissa. although 
computers of Burroughs Corporat1on and the Nattonal Cash Reg1ster Co 
use the mteger system prev1ously descr1bed 

In computers usmg 16-blt words (mcludmg some made by DEC. Hewlett­
Packard. Data General, and IBM), floatmg-point words are represented by 
tvvo adjacent words and thus have 32 b1ts per word The actual forma! for 
floatmg-pomt words for severa! of thcse cornputers is sho~n in Ftg 2 8 
In these computers the fract1on part F cons1sts of 24 b1ts representing a 
23-bit fraction and a stgn b1t. The exponen! or charactens!JC consists of 
8 b1ts. (In Hewlett-Packard computers the fraction part and the character­
istic part are represented in 2s complement form. as programmed for 
Fortran.) Each of these computers. as programmed for Fortran. can repre­
sen! magnitudes of up to 2127 (or about 1038

) and fract1ons of about as small 
as 2- 138 (about 10- 38 )_ 

As an example of a computer with interna! c1rcuitry wh1ch performs 
floatmg-pomt operations and uses a s1ng1e computer word representatton 
of floatmg-point numbers. we turn to the System/360 and /370. 

IBM calls the exponen! part the characteristJC and the man!lssa part 
the fract10n In the /360 and /370 senes floating-pomt data words can be 
e1ther 32 or 64 b1ts in length. The bas1c formats are as follows· 

Shor! or Single word flo:¡tmg-potnt number 
S Character~slic Fract1on 

1 o 11 . 7 1 8 ~ 31 ] 

Long or double word floatmg-pomt number 
S Characteristic Fractlon 

E--71__~~~ 
In both ~ases the sign bit S ts in the leftmost position and gives the s1gn 

of the number The charac:tcfls!IC part of the word then compr1scs b1ts 
1-7 and ·js simply a binary mtcger, which we shall call 1, rangmg from Oto 
127. The actual value of the scale factor, or chüractensiiC, 1s formed by 
subtractmg 64 from this integer 1 and ra1smg 16 to this power. Thus the 

16 hols 
r---------A-------~ 

1 1 
15 ln(l•,t ''WHft, .Hll b1t':> 

Flfst word .__s__.._ _____ ,_,_l_n_>.l_nt_•· _. , ___ _._j 

'------- --- ..... ,.--- ~~---- __ ___J 

iG tnh 

-~ 

~~·\:r~. 

Figuro 2 8 flr-a!•"d po1:1' --·xo:;f.:nfa:~o.lus~ 
lno t" ~'o ,.,qrc 
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value 64 in b1ts 1-7 gi•1es a scalc factor of 1G'- 6
' =- 16" .. -6

• = 1EJl;·a 93 
(dec,ma!) m b1ts 1-7 g1ves a scalc factor o! 16'- 6

' ~ 1_6"3 
-o;• which IS 16

29
• 

and a 24 m b1ts 1-7 gives a 16 ' 0
. 

The m;:¡cn1tude of the actual number represented 1n a given floating-
point word ~,s equal to this sea le factor times the fractlon CG:itained in bits 
8-31 for the sho:t number, or 8-63 for a long number Tt-.e radix point is 
assumed to be to the left of bit 8 m e1ther case. so if b1ts 8-31 contain 
1000 ... OO. the fractlon has value 4- (decimal); that 1s the fraction is 
.1000 .. 000 in bmar¡. Similarly, if b1ts 8-31 contain 11080 ... 000. the 
frac!IOn value is f decimal. or .11000 ... QOO bmary. 

The actual number represented then has magn1tude equal to the value 
of the fraction times the value g1ven by the characteristic. Consíder a short 

number: 

S1gn Characterist1c Fraction 

Floating-point no. O 
81t posilion O 

1000001111 O O .. O 
1 2 3 4 56 7 8 91011 12 ... 31 

The s1gn b1t is a O. and so the number represented is pos1tive. The char­
actenstiC has bmary value 1000001. wh1ch is 65 decima! and so the scale 
factor 1s 16'. The fraction part has va lue 111 binary. or f decimal. and so 
the nu.mber rep·resented 1s f x 16. or 14 dec1mal. 

Again, consider the followmg number: 

Sign Characteristic Fraction 

Floatiny-po~nt no T 
81! position -0· 

100000111 1 o o ... o 
1234567 89101112 ... 31 

This has value -14 smce every b1t is the same as before except the sign 
bit (The number represcntation system is signed magnitude) 

As a further example 

S1gn Characteristic Fraction 

,---A--~ ~ 

163 X t= 3072 o 1 o o o o 1 1 1 o ... o 
o o 1 1 1 1 1 1 1 o ... o 16_, X f= 634 

"2.9 PERFOr~rV:ING .t.r.:TI-li'!.ETIC OPERATIONS 
WITH FLOATING-POINT NUMBEI?S 
A computer obv1ously reqUircs add1t1onal circu1try to handle floating­
point numbers automatically Sorne machmes come equipped w1lh float,ng­
pomt ¡nstruct1ons (For cornputcrs such as DEC PD?-11/45 and others. 
floatmg-po:nt C1rCu1t:y car. be purch:;scd 2nd 2dded to enable them to 
pcrform float1ng-pomt operations) 

l 

1 

1 
1 
1 
1 

1 
1 

' 1 
t 
1 
1 
1 

l 
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To handle the floating-point numbcrs. tliC rnachinc must be capable of 
extcnsive shiftmg and cornparin~ operation~ The rules for mult1plymg and 
d1v1ding are 

(a X f 17
) X (b X f 07

) = ab X { 0 
oq 

(a x r") -=- (b x rq) = a/b x ,,-q 

The computer must be able to add or subtract the exponen! sections of the 
floating-point numbers, and also perform tlle mutliplication or division op­
erations on the mantissa sections of the numbers In addit1on. prec1sion is 
generally maintained by shifting the numbers stored until S1gnif1cant digtts 
are in !he leftmost sections of the word With each shift. the exponen! must 
be changed. lf the machine is shifting the mantissa sect1on teft. for each 
left shift !he exponen! must be dccreased. 

For instance. m a bmary-coded-decm1al computer. considcr thé word 

o 
Sign 

10 
Exponen! 

0064 
Mantissa 

To attain prec1sion. the computer sh1fts tho mant1ssa section left until the 
6 1s in th~ most significan! pos ilion Smce two shifts are required. the expo­
nen! must be decreased by 2. and the resultmg word is O 08 6400 lf all 
numbers to be used aro scaled m th1s manner, the maximum prec1S1on may 
be mamt<:uned tt1rougr.out the calculat1ons t 

For add1110n and subtrac\lon, the exponen! values must agree For m­
stance, to add O 24 x 105 to 0.25 x 10~. we must scale the numbers so that 
the exponents agree. Thus 

(0.024 X 106 ) + (0 25 X 106) = 0 274 X 106 

The machine must also follow lhts procedure The numbers are scaled as 
was descnbed. so that the most SIQnlftcant diQII of the computer mantissa 
section of each word contams the most Significan! diQI! of the number 
stored. Then the larger of thc two exponcnts for the operands is se!ected. 
and the other number's mant1ssa is st11fted and 1ts exponen! ad¡usted until 
the exponents for both numbers agrec. The numbers may then be added or 
subtracted according to these rules. 

(a x r") + (b x r") = (a + b) x r" 

(a x r") - (b x r") = (a - b) x r" 

2.10 ALPHANUMERIC CHARACTERS 
Computers mus! handle not only numbers but also alphabet;c and spcc1JI 
symbols To make th1s poss1ble. special cedes have bcen destgned 

'A f!o~:"'\J ro•r.l numbcr wo:h o!<; lcllmost dogol nonzero os saod to be normalozvd Shof:ong !he mantossa 

'~ ~r.tol a nontero doyoloo rcacncd os callea normJI•<af•on For tnc Systvm/JGO and /370 a nonzcro doqotos 

~J • ... -, •íi:J v~ .. .~ r•f :·.{ f.r:::t 4 b i.S c:;~rKC tnc sc.Jic fJcror 15 1G'. no: JUSt 1 and ... t·11!15 ;He rn.:1dc !our ttt J tmlC 
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,.. ·.!'í:li¡ ch:HdC!ers ;He rc;w·ér:·~:·~~J ..;r co·Jecl by flx¡;~ numb(;rS of b1ts An 
,¡ ¡-'lanu!TIC(JC chrJrélclt:r IS a ~·H<JI0 rJ1rJ1! (O 1. .9). <1 1~!1cr. or. k1r most 
coLlcs. t1 spec1al chardcter such as?.$.·.).(. etc An aípf,¡,nurncnc c0dc 1s 
(for the computer mdustry) ¡¡ rneans of represcnttng aiphanumer1c char­
actcrs wtth btnary dtgtls 11 we are to represen! dectmal dtgtts and lct:ers. 
al leas! 6 btnary dtgtts are requlfed per character The EBCDIC code uscd 
6 b1ts per character and has been used tn a nurnber of computers Thts 
code is shown in F1g 2 9 

Another popular code 1s the· American Standard Code for lnformatton 
lnterchange, which IS referred toas ASCII. (Th1s ís probably the most Üsed 
code at th1s t1me) Each alp~1anumeric character 1s represented by 8 btls. 
and there are a number of speCtéll charactcrs and control chñrac(crs. li .. :;·· 
code is shown in Ftg 2.1 O Sine e 8 btts are required for ea eh character, 
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the 16-bit-word compu·.::·s commonly hanrlle two characters p~r word. 
and the 32-t.Ht-word m.:::· ~.es store 4 characters per. wqrd Th~;s: to store 
the name "John Jones · ,·, ;..sCII in a 16-b•t-word computer v:::>:ld reqUire 
five words. and in a ~~-:1:1 computer would require three \':ords. The 
term byte 1s commonty ~ ;:;j to refer to an 8-bit set of b1ts A smgle byte. 
thercfore, can store a s ·;'e character. To facilitate the hand:.;"lg of char­
acters. the memories c.~ s:me computers are arranged so that bytes can 

be addressed indiv1d~.o~ / 
Since data are· cor:-.-Gnly read in and printed in alphanumeric form, 

special programs mus: ::.e ·mitten for inputting and outputtmg these char­
acters. Computcrs co-:- :-.s;"lly have instructions which are especially de­
signed for handling 6- e· o-bit alphanumeric characters. 

EXERCISES 
Convert lhe followm;¡ ~~cimal numbers to equivalen! b.nary numbers. 
(a) 17 (f) 32 
(b) 15 (g) 64 
(e) 19 (h) 127 
(d) 5 (t) 254 

(e) 25 . 
2 Convert lhe followt'"'; -::ec1mal numbers to eqUivalen! binary nt.ombers 

(a) 12 (d) 4 625 
(b) o 125 (e) 3t 

(c)0775 (f)2 1
5
6 

3 Convert the folloN.r-; 01nary numbers lo equivalen! dec1mal n,;:-nbers. 
(a) 1011 "(d) 1110 
(b) 1001 (e) 11011 
(e) 1111 . (f) 1010101 

4 Convcrt the follow••;; o•nary numbers lo eqUJvalent decimal numb-ers. 
(a) o 011 (d) 101101 
(b) 00101 (e) 0110.0111 
(e) 1 1010 (f) 1101001101 . 

5 Perforrn lhe follo,;··;; add1tions and check by convert.ng the bmary numbers 

todec1mal 
(a) 1001 1 + 101 ~ :.~ (e) 0.1011 +O 1101 
(b) 100101 + 1()")~ :. ~ (d) 1011 01 + 1001 11 

6 Perforrn thc follu:. - ~ :;.:!jitJons and check by convertlng tt·.e b1r.ary numbers 

lo dec1mal 
(a) 1101 1 + 1011 ~ (e) O 0011 +O 1110 
(b) 1 o 11 o 1 + 11 o i ~ Q (d) 1100 o 11 + 1 o 11.0, 1 

7 Pcrfonn lhe follovv; subtractions in binary and check by convertmg the nurn-

bers to dcc,rnal &r: s·Jb:ractmg 
(a) 101·1 - 1000 
(b) 11 o 1 - 1 o 11 
(e) 10111-1111 

(d) 1011.01 - 1011.1 
(e) 1111-111.11 
(f) 1101.1-1110 

,.,Fc;M.\IiON RfrPESENTATION IN A OiGtlAI COMPUIUl 

6 Pcrform the following suhtraclions in thc binary number system 

((a) ~28-;- 32 (d) ~1 - f 
b) a;-T& 

1 
(e) 63-31,~ 

(e) 2&- 4n (f) 129 -· 33 
9 Perform the following multlplicatlons and div1sions in the binary number 

system. 
(a) 16 x 8 
(b) 31 X 7 
(e) 23 x 2.5 

10 Perform the following 
system. · 

(d) 15 X 7.625 
(e) 6-"-3 
(/) 16 +4. 

multiplications and divisions in the binary number 

(a) 14 x 2.75 (d) 31 5...,.. 15.75 
(b) 18 +9 (e) .!..,...3 

t 1 8 
(e) 2562+ 128¡ (f) 1125--31 

11 Convert the following decimal numbcrs into both ~eir 9s and lOs comple­
ments. 
(a) 97 (d) o 18 
(b) 79 (e) 297 64 
(e) 0.82 (f) 334.73 . 

12 Convert lhe following binary numbers into both their ls and 2s complernents. 
(a) 110 (d) 1110 
(b) 101 (e) 10110 
(e) 1101 (f,) 11011 

13 Perform lhe followmg subtract1ons usmg both 9s and 10s complernents 
(a) 8 - 4 (d) 28 5 - 23 4 
(b) 16-8 (e) 276-234 
(e)198-124 (f)055-04Z 

14 Perform the following sublrcetions using both 9s and lOs complements. 
(a) 948 - 234 (e) 349 5- 245 3 
(b) 347- 263 . (d) 412.7 - 409 2 

15 Perform the following subtractions of bmary numbers using both ls and 2s 
complcments 
(a) 101 -100 (d) o 11- o 101 
(b) 110- 11 (e) o 111 -o 11 
(e) 110-01 (f) 11.11--01 

16 How many d1fleren1 binary-codcd-dec,mal numbcrs can be stored m a reg1ster 
containing 12 sw1tches usmg an 8. 4. 2. 1 codc? 

11 How many d1lferent binary-coded-dec1mal numbers can be stored in 16 
switches? (Assume two-pos1t1on or ON-OFF switches) .. 

18 Using lhe 1s C?mplement nümber system, perform tne follow,ng subtrac!Jons. 
(a) O 1001 -O 0110 (d) 11011 - 11001 
(b) O 1110-00110 (e) 1110101-1010010 
(e) 0.01111 - 0.01001 

19 Perform the followmg subtractions in the binary number system using 2s 
complemenls. 
(a) 1011 - 1101 (e) 1011.11 - 101 01 
(b)111-1101 (d)111.1-110.1 

20 Convert the following hexadec1mal numbers to dec1mal numbers 



CIIAPTER 1 

INTRODUCTION TO MINICOMPUTATION 

A NEW TOOL OF -/ 
EXTRAORDINARY POWER 

1-1. Whcrc Computcrs Fit. Scien!I<;ts and engmeers descnbe, measure. 
mterprct, and prcdict thc outsidc world m tcrms of ideahzcd JTI:lthcmatic:ll 
modcls, wh1ch relate numenc,ll quan!IIIcs and truth vdlucs through vanous 
mathcmatical opcrations. Computcrs are physical systcm'i dcsigncd to 
implcmcnt mathcruatica) modcls and to automate the1r man1pulation. 
Professional workers are hkely to mcct computers in thc followmg roles: 

l. Numcrical prohlcm solving and data procc~sing: This rangcs from httlc 
shdc-rulc and cakulator JOb~ lo b1g numbcr-crunch!llg proJccts and 
mcludes de~ign calculations, statiSIICS, gcnctics calculations, book­
kccping, cte. The cnú product may bl! scicntiiic or clenc.ll description, 
but, m thc long run, calcui.I!Ion~ usually serve for makmg decmons. 

2. Storing, rctric\ing, sorting, and updating data: This is by no means 
restrictcd to numcncal data only. 

3. Computcr simulation: Wc use thc convcmcnt, easy-to-changc .. live 
mathcmatical modd" for expenments \\hich m1ght be slow, expcnsive, 
unsafc, or imposs1bk With the real-\\ orld system or Situation being 
simulated. Computer s¡mulation senes thc purposcs of dcs1gn, 
systems rescarch, educat!On, trammg, and pJav; SlnlUiatJOn expen­
ments or tests sometirncs m vol ve parts of real sy~te';ns. 

4. "Real-time" or "on-linc" computing dc\iccs serve as componcnts of 
control and instruml!ntation sy::.tems to: 

(a) Implemcnt dl!sircd mathcmatic.¡J rclat10ns bctwl!cn physical vari­
ables (e.g., function gcneration, filtcnng, prcdiCtJon, optimization) 

1 
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(/ol C·•ntr••l 111111111.! .tnd lt')'H.:al \ClJIII:Ill'lll!_! of opcr.1tr"n' and 
c'pcrtmcnh 

1 he l.rttcr t~ pe~ of opcr.rtion" ;u e oftl·n comhined \\lth <m-Ime rcl.:md 
lccprng (d.r:a ll'.O:i!lllgl and d.rt;r prl'..:c,o,mg. 

S. Rc.rl-ti llll' ltmm:;. <;\\ itchlll!!. l'od 111g. ami d;r ta <.torage in communiC'ntion 
S)'ill'nl'-, c'r~·crally tn conrmunicrtions hch,ecn digital computers 
and/or computa termina!... 

1-2. Thc l{olc of Small Computl-rs. Conventional numhcr-crunching 
calculatinn' :rrc traditlunally pcrform~-d by largc digital cnmputcrs upcrating 
in a batd1 Jlllldc, l.C .. dJicrclltly r~:d \\Íih a IIIOfC or Jc~s COilllllUaJ ;111d onkrJy 
scquence of thing~ todo. In this typc of applic:rtion. c:<pcricncc appcars to 
indicatc that "throug.hpul" (dclincd :rs thc numbcr or computcr orcrations, 
in somc c;pccificd mrx. pcr unit time) increascs bcttc.r than proportionally 
with computer l't1St (Grosc/¡'.~ /mr), so that largc computcr syo;tcms are 
eeonomical 

Othcr computcr app!Jcatíons involve severa! users who \\Ould not likc to 
wait for batch-proccso;cd rc<.ultc; hut necd quick "cmm.'' ~atimwf' mpur and 
outpllt from multrplc computcr tcrminals. Again, co11trnl and in~trllmcnra­
titm 1mrk ic; timcd by the dcmands of real-world evento¡_ Large digital 
machines suhjcct to o;uch randorn scrvicc rcquec;ts cannot aiTord to wait idly 
un tri action Í\ req uired: they nur-.t he time-.\lwrcd among multiple programs. 
T•mc-o;haring opcratrono; can utili7e the resourccs of ewr l:rrger (and thus 
presumahly more ctlic1ent) computcr systems. Tmtc sharing ;riso involves 
seriouo; or('r/lt'ad co1ts reo;ulting from communications v.ith remole inter­
faces, from greatly complicatcd system programming, and from the mnny 
computcr operations needcd to S\\np :md protect programo;. We fOil, rilen, 
fmd applicarimll 11 Itere multiple .\mal/ computC"r.'i can nrat~r rrplace or 
COIIIf'/1'1/lCIII /c11 C/l' 111111 hilll'~. 

\Ve wrll (qu1k arhitr.~r~ly) define a minicomputcr nc; a digital computer 
whoo¡c "mínimum configuration" (4,000 words of memory, tcletypcwritcr) 
co~h umlcr $:20,000 .utd wlm·h uc;unlly cmploys short computer words (to 
1 R hih. Scc. 1-3) lo rcpre<.ent data and computer instructions (sec also Secs. 
t-5 ami 2-1 ); minicomputcr co!>t is usually roughly proportional to word 
lcn~th ¡\o¡ '"e shall c,ce, 16 hrt" can rcpresent numerical data with enough 
prcl.·r..,•on fl,r m.1n) apphcatrono;, hut dcvcr utili7ation ofthc !.horl illlfl'/lt;lirm 
word-; jo; tite central prohh:m of mrnicompuler systcm dc,ign (Scc: 2-5 and 
Chap. '(,) An 11-brt rn"n11:tron \\Ord can spccify al mo~t 2" d1ITcrent 
tn<;trudiono;. 21" = 65.5~(, loo k<; like a vcry largc numbcr of pos\rhle 
mo,tru..:t•ono;, hut many of thc'c m<;tructJon-. lllll\l spccif} the source or 
dc,t,mal10n of .m <'p:.:r.md m a computcr memlH) ha\ ing pcrhap-; l\,000 
\o.;,¡t•on-. Th1~ n..:~~l fúr o~ddr_.,, 'p..:.;ili-:.ttion gr..:.Jtl} reduce<; thc ciTcciJ\C 
nu;nh..:r of thf:.c·t c·r.t onC-\H'rd nwuc·•'lllí'llkr m'tructior.~ 

' 1111 11 1 111 111 .. ,, \ll ( '"""' ........ 1-l 

~c\crthdc.:.,..,, C\Cil X- ami 1~-hit rninr~umputcr.., \\ith f.mly· prinuti\e 
m'truUr~>n ~..:1' .1r..: \Cf) \cr,,rllll', ,inw multrpl..: jpqructitlll'> c.ra im¡,!cmcnt 
\:XIICIIICI) cmnph.::t orcratiou... Sudt lllollhinc-. llll\\ rcplal.:C harJ- .... ircd 
sp..:cial-~ur¡w~~ logic in man:- real-time appbcation<; such as opcra11on 
scq~em.:mg. tumn~. prndul:linn tco,ting, and data Joggrng. Cuc,tom· 
dc~IJ.!IIl-d hard\\:tfl' ,., llrcn n·¡¡l:rccd by thc <¡uanlity-produccd minicomputcr, 
"luch can be pm~rmnml·d mal rt·prugrammcd for a hu~c \':Jril·ty of dilfcrcnt 
applicnticms and ncw C(•nditirm'i. 

Minicomputcrs are c~pccially suit:thlc for opcrationo; invoh incr C'l;tcrnal 
rcal-world dl''tic~:s (fig. 1-2 and Chap. 7) bccauc,c: .. 

J. Many johs or this typc do not rcquirc cl:t hora te proccssor circuits. 
2. yve want no big c~pcnsivc ccntr;rl proccssor standing idlc during 

mputfoutpul opcratrons. 

For prcciscly thc samc rea,ons, minicomJ>Uier" can also rdieu~ JarPe diuita1 
r . ~ ~ 

COIIIJlllfcr~ o 1nput¡'uutput and rummunicatiun,-h:1ndlin~ chon· .... 
Many or thc more recen! snrall ruocc,sor:-. are in no 'cnc;c pnmltl\·c 

(Chaps. 2 nnd 6). The lruly rl.'lOhltionary a'hancc :md acccptancc of thc 
ncwcr minicomputcr; stcm" from thc ma"-c; production of ncw inteoratl-d 
circuito;, "hich h:nc radically rcduccd proccsc,or and mcmory costt We 
aetually ha ve a twofold ciTect: 

l. Mcdium-scalc intcgration (MSI) of mulliple logic functionc; on small 
silicon chips permrh inexpenc,ivc con-.truction .of vcrv r .... t and rcmarJ..-
ably sophistieat~d mmiprocc~c;or:-. ( hg. t -1 ). - · 

2. lncxpcnsivc and much fac;tcr core and semiconductor memorics make 
it lcss pamful to li'\C extra in,truction \\ords for improvcd instruction 
sets and addrec;sing schemes (Sce. 2-7 and Chap. 6). 

Thcsc two dcvelopmcntc; have givcn astoni"hing capahilitics to thc ncw 
stnnll machines. While the majority or miuicomputers continuc to serve as 
.special-purpo.lc' compulers in control, in~trumcntation. :tnd l'Ommunil'ationc; 
an incrca~ing proportion are employcd in Yl'llcral-purpo.l<' computation and 
simulation. M inicomputers work esp~:ci,llly \\CII \\ ith convers:Jtional 
terminal!., gmphie displ.1ys. and all kindo; of in,trumcntc;. Opcratinn 
inenlcien<:ics can be tokratcd; a small computcr can· "be long" to a smaU 
group of rc~earcher' or cngmccrs rathh than toa computcr-ccn!l.:r 1->urcauc­
n.•ey, ami it is po~'1hk: to moJify programo; (and evcn h.rrd\\arc!) withnut 
collapsing a la rrc 01 g:. ni7alron. 

The situation is twt one-srded. A rcasonahlc cnd-uscr 111\l,lllatlnn nlldl! 
require not only a S 12,000 mrnrcomputcr but bctwecn S 10,000 and S70,0ll0 
Y.orth of cornputcr f'l'llflhcrafl· (tape drivcs, disk<;, di~pb)S, printcr, carJ 
rcadcr--thcse ar:, unfortunatcly, not grown on monolrth1.: sdr..:0n cl11ps) 
Marntcnancc musl be provided or paid for. Altogether, the cconomics of 
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multipk minicomput~·r, \ .:-r't:" largc tinw-~har..:d mult•r~•ll:C,..,<•r-. are :th\ays 
good for ~11 c:-.tcl1¡kJ arf<::-:-;cnt ami dcpcnd 011 thc o;pcu!ic utilil.tiÍ<lO of 
spccific in'itallati0ns. b::~ '-O. the quc~tion mcrits frcqucnt rcc>.anunation 
sincc, \\lule mtnicomputcrs and thL·ir pcriphcrals are bccomi11g cheapcr and 
more powcrful, the samz is true for thc ncw multiproce~sor computer 
utilities and their form:dable systcm software. Data communication, 
morcovcr, is surc to be improvcd ovcr thc pitiful telephonc-based systems of 
thc early 1970s. 

In any case, thc inc";:-cnsive, small, and iight minicom¡lUtcr, with its 
dramatic vcrsatility. is surcly the world's fincst toy for innovators and 
expcrimcntcrs. 1t orcr:s unhcard-of horizons in control and instrumenta­
.tion. On c>.pcrimentcrs' dcsks or whcclcd carts, in largc and small factorics, 
and in sh1ps or acrosrace \Chicles, minicomputcrs pcrmit intclligcnt auto­
matJOn of all sorts of o;-;:r;¡t¡on-scqucncingand data-gathcring opcrationsand 
gcr.eratc convcnicnt d.-.;'la)s for human operators. Physical intcrfacing 
of small d1gital computcrs and much rcal-world apparatus is quite easy 
(Chap. 5). The largcr job of computcr programming for ·a wide variety of 
apphcations is simplifi.:d by ncw system and application softy,are (Chaps. 
3 and 4). 

DIGIT AT.rCO:\Jl»UTER REPRF..SF:NT ATION 
OF OAT A AND TEXT 

1-3. Binary and Di~ital Variahlrs. While an analog computcr rcprcsents 
problcm variabks b:. Cl10tinuously variable phy<;ica! qu:111tities SUCh as 
voltagcs or currcnts (f:g 1-Ja), a digital computcr rcprcscnis problcm vari­
ables by physical quanti:ics capahlc of taking only (hscrcte and countable 
scts of valucs. Thus, thc original "digital-computcr uscr .. long ago 
employcd h1~ fing.:rs to count and add externa! objccts, fir;t up to fivc and 
thcn up to ten. Thc O\ cr•.vhclmmg majority of clcctronic d1_;;ital computcrs, 
howcver, implcmcnts a binary reprcscntation in terms of basic variables 
which can take only tM differcnt states call.!d (logical) O and l. Most 
frcqucntly, the state 1 is indicated by thc prcscnce of a voltagc, usually 3 or 
4 volts, on a fine as~oci<Hcd Yoith a variable, whilc log•cal O 1s ind1catcd by 
the ab<>cncc of that '01t1;;c (Fig. 1-3h). Many othcr pairs ofvoltagc lcvcls, 
such as O and -3 \O~tc; or -1.75 and -0.5 volts, are also employcd to 
represen! O ami. l. 

Such binary \ari:;h!c<;, ~hich im·ohc only thc prc!-.cncc or ahsl·ncc of a 
signa!, are l'"pcciall~ CJ'>) to general e, tr:m ... :nit, and !>torc rdi:J:•I). \\'e pay 
for this grcat COfi\Cr.:cncc, hoY.evcr: most problcm SJtuatiOn<; or v.mahlcs• 
admit a much rrc:::cr \Jncty of po~ ... ibk c;tatco; than ju"t t\\o and mu<;t, 
thndlloC, L..: l..L~:~~ i: ~;-··:-.l'n!cd) m ter m ... of or.lcrcd ctm:hu:allo~m of hm.•r~ 
\Jri.t"!-•ic~ \\'e r:.,,,;, ::-. .:n, dc\cl0p f¡inJ:")' Ctl<k ... \\ hrl·h a,,,-._.,;, te pr,)h!crn 
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Fig. 1-2. 1 he minicnmputcr inrut/output \loorld. 

~tates, messages, or numerical quantitics with corrcsponding digital "ords, 
1.e., ordcrcd sets of binary ,·ariablc<;. Such codcs may diffcr for diffcrent 
applications. In F1g. 1-Jc, four binary variables spccify which of four 
c~rcui~s is encrgized, while in Fi/t-3d two binary variables control the same 
s1tuahon. f( 

lt is, of course, especially im
1
portant to represen! real numbcrs in tcrms of 

binary variables. In general, a real intcger m will rcquirc at tcast loo m 
· ol 

R )( ---AA,.,._-...,..._ 
y ----'VI. ........ --! 

R 

z 

Fi¡:. 1-3<1 . .Simple an.1l<•¡; C<>rnpu­
l:rlJon 1 he summmg no'" ork 
rroliU<:C' lhc OUipUI voh,Jge 7. = 
21 X + Y¡, whcrc X and Y :m: anput 
\nl1.1¡:c' anJ 2 = (R/r + 2¡·• 

Fi¡:. t-3b. tog1c slatcs rcprc~.:nt· 
ed by volt.1gc le\ eh 10 :rn ciernen· 
tary d1gttal circu11. 
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Fig. J-3c and d. T~Ao dtffcrcnt h.~ar: rcprc,cntatton~ of a S\litlch scllmg cnerf!llln¡; onc of four 

CtrCUIIS 

binary umtc;; ofinformatton or bito;;, plus a sign bit to tcll \\hethcr thc intcger is 
positivc or ncg.J!t\C (Sccs 1-4 and 1-6). 

lt is common pract•cc to dc~•gn:-Jtc an cnt¡rc sct of binary van:1blcs (which 
mayor may not represen! a numcnc:1l quant1ty) as a single di:;:ital 'ariablc. 
Thc d1ffcrent bits of such a dtgital vanablc may appc.tr on pJrallcl bus hnes 
(parallcl rcprl.''il'ntation) and may be ~torcd in a rcqi~tcr ltkc th.Jt ofthc toggle 
S\\ltchcs in F1g. 1-4a. The dtffcrent bits of a dtgttal vanabk could also 
follow each othcr in tim.:: as consecut1vc samplcs of a voltag..: wavcform 
which can takc thc valuc<. corrco;;pondmg lo O or 1 (serial rl'prcscntation, f'1g. 
t-4b). Parallcl rcpn:~c¡:tatton, which can tranc;;mit all thc b1ts of a word at 
thc samc time, is clcarl) fa<.ter and is most frequcntly employcd in modern 
digital computers. Sena! rcprcscntation, on thc othcr hand, simplifies 
long-distance data communication. 

f
--- 1 -·----1 

~====:~---~ . 

Voltoge 

o 

tal (bl 

h¡:. 1-!. Re-- ·,cnlallon ,.f t': J.;t:.tl ... eorJ 1101 hy smlUitanl·nus le' el~ on J p.~r.tlkl hu• 
(l,, and t--: t ''"r,,\1 pJ~ ...... 1;, 

9 

~~- Di~ital-computcr Hcprco;;cnfafion of Numht·rs and Char:~cters. (a) 
Bm:tr} :"umht·r~. Thc 11-hll bmary word (a a a ) n·hcrc a lS 

• . O• 1' • • • ' ,.- 1 ' n .._ 

e1thcr O or 1, can be mtet pi c.:tcd as a one-to-onc represen tal ion (binary codc) 
for thc nonncgativc intcgcrs , 

X= 2n-tao + 2n- 2a 1 + · · · + an-l O::; X::; 2~,-t- 1 (1-1) 

-.:he integers [Eq. (1-1)], tn turn, constitutc a numcric;¡) codc for thc 
n-btt \:ords (ao.Cit ,al, ... ,un- 1 ), who~c original tntcrprctation may not be 
num~ncal, e.g., a sct of truth v.tlueo;;. Tablc 1-1 ami Scc. ¡.:¡ r.::rh..:r 
descnbc the n-btt binary codcs for ncgathc intcgcrs and for fraction-. mo~t 
commonly employcd in dtgital-computer anthmctic. 

(b). Octal :md llnadccimal Numbcrs. Dinary words are convcntcnt for 
machmes but not for peoplc. To obt.tin a nice shorthand notattnn \\C 

s~lit a givcn binary word into 3-bit groups (~tartmg wtth an- ¡) and wnt~ thc 
bmary numbcr corrcspondmg to each group a!> an octal dtgtt bctv...:cn 
O and 7: 

binary \'lord 

octal \\ord 3 

r/ 
111 001 000 010 --- --- ._,.., ............ 

7 . 1 o 2 
1' '\ 

aA-1 

A0 A,_ 1 

The resulting octal word (A 0 ,A 1,A 2 , ••• ,Am_ 1) rcprcscnts thc intcgcr 
(Eq. {1-1)] in thc form 

X= gm-IAo + gm-2A¡ + ... +A,_¡ 

The codc \\C ha..,c ju<>t dcfined will describe cvery binary word as a non­
negatit·~ octal inteycr [Eq. (1-2)], cvcn though thc binary \\OrJ may represen! 
a negahvc numbcr, a fract1011, or a nonnumcrical quantity such as a s..:t of 
truth valucs ora text charactcr. Therc is littlc nccd to lcarn octal compfcmmt 
codes for ncgative numbe1s sincc minicomputcr asscmbly languagco;; (Scc. 
3-5) which acccpt negatÍ\C octal integcrs automatically translatc ordinary 
sign-and-m:~gnitudc notation, e g., -:, 

. _ti;..~ 
-4001l = -256¡() 

into binary codc (~ce also Scc. 4-2). Computcr output is usu.tlly in 
decimal form, cxccpt for sorne dcbugging :md troublcshootit!g progr.uns 
(Scc. 3-1 7). It IS, howcvcr, uscful to know thc octal rodc for tWnll,"(latirc 

, purt· jruct¡o•Is cncodo.:d in bmary forms as (a 0 ,a 1 ,n 2 , ••• ,a._ 1) (a~= O or 1), 
\l.ith a bm.~ry pomt implicJ ahead of thc most significant bit a0 (Tablc 1-2). 
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T \111 F 1-1. Jlm.H) ( "''" Ropr.--,onrm:.: H,·~llnh'l!o'" \ ll} n-hit \\urd' (o., "•·":· 

"· ,1 h 
1 ,1,h 1-oon.ory <Ir gol a, 1 ~ colhcr O o· 1 a,, os lhc noo\1 •iJ!nilh a ni bit ( i\fSRl •• tnd a.- 1 rs 1 e 
ka•t ~icniho·.rnl bitll ~llo. 

l. i'\onnq::.othc lnk¡;crs: X ' r- 'ao + 2•- 2u, + ... +a whcrc o 5 X::; 2• "" l. 

EXAMPLE (3 brls): 

IIIC 1\l\1 : ... , ... ltff 1\1~1 111,, ... 
--- ---- ----

o 1 '""' A u•• 
1 1 ..... , IUI 
~ i 11(0 6 110 
1 IIJI 7 i 111 

: 

lO 

1 • t Thr~ 15 thc con\cntional "'"·''! Cfldc uscd m muo;l minicompulcrs Many ~lh_c:r co':~ c:~t-
ln ('.lrtrcul.rr. m lhc (,,,11 1 oJo 1 l{.f f•l u ni) une b1u.1ry uo¡;tl ch.ongcs Ci!Ch Irme .\: .IS ll''r'm 

cu ltus" u,cfnl for cn..:ndon¡:; c-:ro.o.n on•trumcnl outputs .• he "dou-
8, 1 ·o m 11 con•cr"''" 1, e '•·"'' \loolh ,¡,., mwl/m ,,, lul>/,·~ (Tablc A-3). or U\. l ·' 

m.rr) 'ce . - _. X X h • X == a X - 2X ' ~ " • .rnu hhn¡! .rnd d.rhblong" rccur~oon tRc, 4¡ = • •· w .:n: o O• 1- •- • 

, = 1, l •... , " - 1; e.g • 

a, -1 O 1 1 

X,- 1 2 5 11· X=ll 

· · · ~ · or 7rrn) J'hc •ign bil a0 os O for X ~ O and 1 f0r X < O 2. Si¡:n•'illnl•·¡:u-.qK,,olnt, ... .,a.o.c, · h 

. C •. X- (-l¡•··p· z" + 2"-luz + .. ..- a,.,t. w ere (a) ~i~n-an<f-ma¡:mtudc _o .. c. - - 1 • • d tOO 
•. , ~· ,. • _ t. Th:re are'"" bon.rry rcpn:q:nt,lhon~ ofO 000 a; 

1 - 2 :5 • $ 4 1 k Tho~ codc ~~ oftcn u;.: ... on dogot.rl Thos c.rn .:au-c comphc.rtoons, e g, IR sta\1\loc.l wor 

volrmcta~. . • 1 + 2• z
0 

+ 2" •
11

, + + "· _ 
1

• "hcrc 
(h) h-compl~nn·nt ( odc: \ = ( 1 - 2 )un 1 d d 

1 
< "r. •d rntcgcrs: r-' $ \" ,. ,. -' - 1 :-.z·~ oto ve rntcgcrs X are co e IR o un.oe ·~00 and 1

,.- 1 + x· _ ~,,: + ~- 1 _ 1 Thcrc are t•w bonary rcprc~cnralrons or o_ 
( ) - • ·' 1 h 1 T nos code is • - L 1 -' for -X l't'rl' nmph hy ('nmplementmg eac 1 1 . 111 OIIC onlatiH 1 te couo! • 

u~t.,fon,¡fcwarothmctocun.'g ·-• 
2
.-z '+

2
.-•

11
,+. +a._

1

, whcrc 
1 1 ( 1 de· %" - - 2 llo + 11 1 • o X (<1 2--cump omrn 

1 
• • - X ·ore cod"d into un~1 .. ncd onte~ers 2 + 

·-• l 2" o 1 :.... ·'"'''e IRicgcr- • ' o - :{ &.l 
-

2 
:5 ' :5 - , ' -~~ • Ti htam cnt/1! for -X, ,·nmph•mellt "'"'' ¡,1/ a,, 0 h h.o~ d unoquc O and \llllp.e .or .... r.odoc o n -

1 LSB. lt ~~ u~cd oñ biR.ory cnt..r.tcr~ and IR almo~t all ntlntcomputcrs. 

l:XAM I'LES (4·hll codc•l 

~~~., ....... lli4,Co""llt 1,r )\ f0\CPirM1"'4f 

~~-~-~-:-- --:--¡: : :- : 1 : : : 

o 1 o oro o oto 
o' 010 001 o 0~1 
o ' o o 1 o f------ f-- -----

---+----r--0----:¡'-~- ~--~ -- o ~ ~ ~ } o 

1 i o o o 1 ~ ---- --- ---1------
----1---~~--0-0-1--¡--;1- l. 1 o 1 1 1 ~ 

o o o 

: 1 010 : :g~ : :~1 1 o 1 1 

¡___ _ _:....._¡__~-~---

1 

1 
1 

1 1 o 
1 1 1 

o o 1 
o o o 

o 1 o 
(t ó 1 
~ o ~ __ . _____ __.. ____ _... _______ ,__ __________ _ 

- --·~· ·--~~-------- ----- ~ _____ ,. ____ --...... ---·..- ...... 

1• 

11 

'unu: 1-2. 
Binary Codt·~ Rcprc~cnlin¡: Real Fractiun\ X b) n-bil Word\ (u

11
,a

1
, 

Gz, ••• .o •• ¡). 
Each Nn.1ry drgit a, i; cithcr O or l. 
lcast signilicant b:t ( LSU). a0 IS thc mu~1 ~i¡:nificnnt bit ( 1\tSU), and a._ 

1 
is lhe 

1 1 1 
l. Nonnc¡:ative Fraí:tions: X = 2a0 + 2i o1 + · · · + F a._

1
, \\hcrc O :s; X S - ~· 

EXAMPLE (3 bits): 

Dt:CilUi. BiliAR Y l'fiCIIWo\L IIN.U'f 

01100 000 Yo ·o~ lOO 
"'- o.us 001 ~ a06U 101 "-o 1:10 oro Y. D 0 7:10 110 
"• O.l7S 011 ~e 087) 111 

1--1 

2. Si¡;ncd Fraction.~ ( po~olive, ocgathc. or zrro). Thc si~ bit a
0 

is O for X 2: O and 1 for X < O. 

.. (' 1 t \ (a) Sign-and-mu::nilude Codc: X = (- 1) :i a1 + 2J o
1 

+ · · · + :lo=& a,.
1 
)' o;,herc 

1 1 
2._ 1 -1 S X S 1 - 2~. Thcrc are t"o binary rcprcscntations of 0: 000 ••• and 100 •..• 

This may cause comph.:ations, e g., in slatrstJcal work. 
(b) I!K'omplcment Code: 

( 
1 ) 1 1 X= 2._ 1 - 1 a0 +paz+ ... + 

2 
•. , 11 •• 

1
, 

where 2• -a - 1 S X S 1 2• _ 1 • There are two binary rcprc<;entalions of 0: 000 ... and 

11 1 • • • • One ohtainr thc code for -X vcry s1mp/y by complementing each bit. Tlus codc is 
used in somc arithmetic unats. 

(e) ls<omplcmcnt Code: 

1 1 1 
X= -o0 +:zo1 +2¡a1 +···+

2 
•. ,o.-a. 

where -1 S X S 1- 2._ 1 • It has a uniquc O and simple anthmctic. To ob1am code for 

-X, c:omplement every bit and add ll.SB. This éod:: is uscd in almost all minacompulcrs. 

EXAMPLES (4-bu codcs): 

DECIIUL 

+Y.- +0 
+Y.- +0 

87S 
75ll 

+Y.- +0 
+Y.- +0 
+Y.- +0 

)7S 

2SO 
115 

+0 
-o 

-Y.- -0 
-Y.--o 
-Y.- -o 

-Y.- -0 
-:-.- -ó 
-1 

-

125 
;'"!O 

J7S 

750 
91s 

1 

SJONaANn·UAG 

--
o 1 
o 1 

o o 
o o 
o o 

---
o o 
1 o 
-t--

1 o 
1 o 
1 o 

1 1 
1 1 -

NI1Uilf 

1 
o 

1 1 

1 o 
o t 

o o 
o o 

o 1 
1 o 
1 1 

1 (J 

1 1 

---------

1 \-Cn\4rt nu -.r 2S.CO\CPLhU "-f 

T--¡-_-! r ~ t----rl--:-:-r-
0 o 1 1 o o 1 1 
O OJO O 010 
o 001 o 001 

o o o o 1 o o o o 1 1 1 1 
------

1 1 o 1 1 o 1 1 o 
o o o 1 

o o 1 o o 
o o o o o 1 

o o o 
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We agatn start 3-bit groups at thc 1mpl•cd binary point, i:e., procccdmg to 

the nght from a0 : 

O o an-1 

\, ,/ 

binary ~ord .110 001 000 01 .._,...... .._,...... .._,...... 

octal ~ord 6 o 2 ,. '\. 

A o A,..-1 

so that 

1 1 1 
= - A o + - A 1 + ... + - A - 1 

8 8 2 8" '" 

n 
O _.. X < 1 m _< -

3 
(1-3) ::::. - - f• 

Decimal-octal-decimal conr;er.wm ic; dcfincd by Eqs. (1-2) and (1-3) but is 
usually done w1th thc aid of conrcnion tahles (Appcndn .. ). Octal-numbcr 
rcprcscntations \\Ork pcrfcctly \llcll cvcn 1f thc givcn word 1cngth n 1s not 
d1v1c;

1
bic by 3. Note, hov • ..:vcr, that thc octal-1ntcw·r codc for nonncgati\e 

pure btnary fr,¡ctions 1s ¡Jcnt¡cal w1th thc octal-fractloll codc 1fand only 1fthe 
word c;izc is diVISible by 3. For tlw. rcac;on, our Appendix prcscnts an octal­
fraction convcrs1on table ac; .... el! asan octal-intcger convers1on tablc. 

Jicxadccim:1l not:1tion Slmilarly diVIdes cach bmary word rnto 4-blf gro11ps 
labelcd w1th hexadecimal d1gits (Tahle l-3): 

. . 

a0 -+ 1 O 
"-"-r-' 

2 

1 o o l 
~ 

9 E 4 2 (1ntcger) 

Octal-urtcqt•r artthmctic, uc;cful for "manual" work w1th binary opcrations 
(design, progr.Jmming, sce aho S~:c. 4-2) 1s eac;y to learn for thoc;c u~cd to 
dccm

1
al anthrnet1c. Wc s1mply c.my or borrow at 8 Jll<;tcad of 10 and lc,tm 

a simple mult1plication tahlc. [spcclally for occac;lonal uc;c, octal numbcr; 
are prob.tbly ca'>Jer to llve with than hc1C.adcclr:nal numbcrs.. B.ut thc la;tcr 
are widcly acceptcd in applil at1on<; rnvolvmg commun•cat10ns ano or. 
IBM 360/3?0 computer systerm. Th1'i r'> hecause n:prc<;~.·ntatJon of the 
8-b1t word~ or p<~rtial words (h) tr-;) u sed for alphanumcnc characters (Scc. 
1-4d) rcquircs thrcc octJI digits but only 11ro hcxadcc¡mal digrts: 

101100102 = 2628 ·:.: B2u, 

Convcrsion and arithmctic tablcs for both systcms will be found in the 

Appcnd1x )lec; A-1 to A-6). 

í. 
1 
1 
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TAIH.E 1-3. Jlcxudccimal :-.;otatinn, 

Hcxauccun,¡l n,n.,ry 
---

o 
1 
2 
3 
4 
5 
6 
7 
8 
9 
A 
8 
e 
o 
E 
F 

OfJ(J(} 

11001 
01¡10 
0011 
0100 
0101 
OliO 
0111 
1000 
1001 
1010 
1011 
1100 
1101 
1110 
1111 

Decimal 

o 
1 
2 
3 
4 
5 
6 
1· 
8 
9 

10 
11 
12 
13 
14 
IS 

(e) Parity Chccking. In thc cour~e of a digital progr;~m, thousands or 
millions of digital word~ are transfern:J hctwccn thc proccsc;or, Ihe cornputcr 
memory, and externa! dev1ccs To 1mprove rcliabihty at thc expense of 
son~c cx~ra circu¡tc;, \\C can augment cach n-b1t \\Ord with an extra (redund.tnt) 
panty bit wluch 1S madc to equal 1 rf ancl on!y rf thc numbcr of Jc; m thc n 
mformat10n bits is odd. Wc can then chc<..J .. for c~cn p:uil~ (c\Cll numocr 
of 1.~) o~cr al! 11 + l bits to Jctcct erro re; rn l, 3, 5, ... bits (includmg the 
panty b1t) and stop or repcat thc opcration as necdcd. Errors in 2, 4, ... 
bits will rcrnain undetccted but are much lcss likcly than 1-hit errors. 
Rclat~d checkrng mcthods apply to transfcrc; oflong Ji<;h ofwords (Scc 3-1 O) 

Panty chccks for memory and interface transfcrs are rccornmcndcd for 
eritrea! applic.1trons, cspecially whcrc a computcr systcm is una:tcndcd. 
Note th;~t simple parity chccking doc.;; 1101 check arithmctic or Jogic crrors. 
Many .cnd-user minicomruters opcrate satisfactorrly without mcmory­
transfer parity checks. 

(d) Alph:umuH·ric-charactcr Codee;. Computcr input/output ami drgital 
data transmission, manipulat•on. and stor.1ge rcqu1re hinary cod1ng of 
alphanumrric-ch:uactrr ~tring.., rcprcscnt1 ng te:\ l. comma mi,, num bcr<;, a nd,'or 
codc groups. \\'e use onc binary worJ, t'f .1 byte. for_cach ch,Jr,lctcr ..J hit'> 

4 ·~ 
(2 = 16) are enough to encoJe thc lO numeral<; O to 9 (hf,Íar.l cnrllll{/ of 

. decimal nunrhcrs, Scc. 1-4c). The 261cttcr:-. of the alphahct (uppcrca'>C only) 
and the 10 numcrals, plus somc mathcmatK.tl ami puncluation symhol<;, can 
be squeczcd into a 6-bit codc (2t. = 64) if resourcco; are scarce: Tahlc A-11 
-;hm\<; an cxamplc of such a codc. Most minicomputer applic,ttlons wdl 
cmploy a 7-bit codc nit:1 :m aC:dcd 8th b:t for p:uity chccl..in~ (Scc. l-4c) . 
;rahlc A-9 shov.s thc ASCII codc (Amrrican Standard Codc for Information 



~. 

1-4 
. I'II!IH•LC 110-.; lU \11'11 U\11'1'1 \1111-.; 14 

lntnrh:lll¡!<.'), ,, hic.:h adrn:to; upperca'c and lnwcrc.:a'c h.:ttcr~. n_um.::~.~~"'· 
51

,
111

d,
1
rd wml'•1l'-, control ch.lr:tch-1"' for printcrs ami conununJcatl(lll l:n..;<.. 

(tab, ¡111c f~cd, form fcnL rubout, cnd-of-mc,~;¡gc, etc.) ;md still ha<. ro~ m .~'x 
extra agrccd-on s~ n;hol~ and control clwr ,¡ctcrs (2 = ~ 28). A sm11.ar 
8-b1t codc is the EBCDIC codc uscd hy thc IBM Corporat1on. 

8- and 16-bit minicomputcrs ncatly handlc onc or two ASCII-ch:uactcr 
- byll"'i ¡11 :1 computcr ~ ord. Pcrforatcd papcr. tape al~o has cight-h~lc colu_~~s 

fitting S-bit bytes ( Fig. 3-Sa). 12- and 18-b•t machmcs must pack succe~~~' e 
8-bit charactcrs into multiple words through rathcr uncomfortablc pacr..mg 

TAni.f. 1-4. Sorne BCI> Codcs. 

(Scc Rd 6 for •r ·.;ial app!u:<lt•on•l . 
: E.xce..s-3 
1 (R, 4, 2. l, z. 4. z, l 

Decimal ·t 8, 4, l. 1 collc for 

1 }( + 3) 
--

o 1 0000 0011 0000 

' 0100 0001 
1 1 0001 

2 1 0010 0101 0010 

3 ¡ 0011 OliO 0011 

4 1 0100 0111 otr.o 

1 

---
5 0101 1000 1011 

6 0110 1001 1100 

7 

1 

0111 1010 1101 

8 1000 1011 tilO 

9 1001 1100 1111 

opcrations (F1g. 1-17d¡; 6-bit charactcr scts are more convcnicnt for such 
machinc<. hul mav nnt havc cnou~h ch.lrnctcrs. 

'(e) ninary-co:l~·tl-dccimal (BCD) Num.hcro; am: Othcr Nu~l~>~r Cod~s. 
Tablc 1-4 shows so me binary-cmll'd-tlccunal ( BCl>) codcs \\ hu.;h c~pn.:ss 
numcrical dala m tnm<; of stnngs of 4-bil characlcr codcs corrcsponclm.g to 
dcctmal dtglt<.. Asan cxamplc. 1 he R, 4, 2, 1 BCD codc cncod..:s cach dectmal 

digit into thc corrcsponding binary intcgcr: 

9 2 7 8 3 

1001 0010 0001 0111 !000 0011 

Thc n~mbc 1 " R, 4. 2, 1 are thc "wcig.hts" ac;<.igncd to thc binary hit~ dcfllling 

1 el • · •11¡ -• 1, 1
t Sorne busiuco;s-oricntcd computcrs cmploy BC 0-cod.:d eaCl lCllo• Ue- . . . 

arithmcl!C cin:u1h, but this is not cconOtmcal for gcncra!-purpose mm•· 
• · compuh:r~ (4 h,ts c.:n srcc1fy 16 ~inar~ numhcrs, but o.nly 10 I3Cl? nu~1bcrs). 

1 hu~. BCP (Y<:nit' serve matnly m numcncal dtsplays, pnnle,s, and 

coun~·-~, u,_¿ r1:rcctly by !0-fingcrcd bipcds. 

"P~---- ·--··-----· ........ JO-· ...... ..... ~ .. -- ·-- -- ... ._ . . -~- . - -... - .. ~ . ·- ............... ~-

• 1 
1 

... . . . ... _ ~ . --· ··· _ _.__ ~"' .......... -·-··""·- ....... ~•-.......... ··- ...... -~ ...... ··~- ....... --- ---- ~- -· .. 

·~ ·-~ 
A largc numhcr of othcr numhcr cmk<., hoth with and \\ ithout rctlund.tnt 

chc~k bits, ha ve hccn U<;C'd. 1 n p:u t icula r, thc Ciray rm/(' (rt'}IL'ctt·d cocle, 
Rcf. 6) serve!. in sorne :malog-t,hiJgital convcrlcrs (c!opco;ially shaft CJH:\ldCr'>) 
whcrc it is dcsirabk to switch •' .. ly 1 hit ata time during up ordowncounling 
opcrations. 

Convcrsions bctwccn diiTcr.::nt coding schcmcs are important computcr 
operationc; and are implcmcntcd both by hard-wircd logic and by computcr 
programs. Coding schcmcc; for punchcd cards and for (IUnchrd tapcc; are 
il!uc;traíl"t! in Fig. 3-5. 

1-5. Chuicc of Word Lt-n~t~ nnd D:,ta formar. (2) Word l.c:ngth. 
Existing minicomputcrs are 8-bit, 12-bit, 16-bit, or 1!<-,bit ma.:hincs; \\C wtll 
arbitrarily eliminatc 24-bit computcrs rrom thc minicomputer cl.ts!oilication. 
lntuitivcly, thc numbcr or bits quotcd rcfcrs to thc lcngth or thc mo~t 
frcqucntly uscd data word and thus to thc numbcr or bits in thc main 
arithmctic rcgistcrs. This · intcrprctation has beco me somC\\ hat hlurrcd 
bccausc soft\Htrc and/or mic.:roprugramming C::asily pl!rmits, say, :1n 8-bit 
computcr to opcr:1tc with compositc 16-, 24-, or 32-bit ''ordc;. Such an 
S-bit machmc may wcl! havc onc or more 16-hit rcgisterc; :~nd can use singlc­
\\ord or multiplc-word in<.tructJOn'i. Again, modcrn 16-bit minicomputcrs 
can oftcn addrcsc; and fetch H-bit half·\\or<l<; (hytcs) as \\CII ac; 1(1-bit \\Ordc;. 
\Ve Y. ill spcak of an n-bit computcr if thc nwm data patll\ (bu<.ec;) connccting 
mcmory, proccso;or circuit-., hnd C\tcrnal dcvicc<. are parallcln-hit p:lth'> (not 
counting C\tra bit<. uscd for parity chccks and mcmory pwtcction, Scc. 2-15). 
Advcrtistng htcraturc should be read somc\\ h,tl critic:JIIy m thi<; rcc;pcct. 

Sincc computation with, say. a 4K mcmory c,m takc 1:! hite; ror addrc<.sin~ 
alone, most minicomputcrs with mcaningful in<;truction sct<. rcquirc .. om~ 
doublc-word inc;tructions. u~ual!y unphcd or di~gUJ~cd b} indirc.:t or rclaiJvc 
addr.cssing (Scc. 2-7). D.:pcnding on thc application. Jont~.:r \\Ord kn¡;th 

'mar mean fc\\cr doublc·\\Ord inc;tructions and thuc; savc mcmory and time. 
Clcvcr dcsign of short-word in~truction seto; is thc central prohlcm or minl­
computcr architccturc and will he di,cusscd in Chap. 6 .. \Ve now con,Jdcr 
the choice of tlata-n·mc/lcngth. 

In minicomputcrs scning largcly as loyic cmztml/('n r.1thcr than as 
arithmclic proccssors, \\Ort.l lcngth nccd not oc dctcnnincJ by numcrical 
prcc.:ision. Whcr.:: spccd is not importan!, any numhcr of. say, rclay 
closurcs can he cont101lcJ and/or scn~..:d lhrout~h suc1 ''''"e S-b1t \\\)td'. 

But thcrc are also applic,1tions \\hcre an 18-bit word lcngth (rathcr th.m 
8, 12, or 16 hits) 1s ju\t tlw thmg lo simpltfy control intcrf,¡cc. progr.11n, and 
mcmory rcquircmcnts. 

In judg111g thc data-word lcngth lo he uscd in fi\cd-point numl'rical 
computarion, remcmbcr that minicomputcrs do not pcrform a truc roullllo!T 
lo thc lc:J'>t !>i~nificant di~:it. Instcad, thcy cf.cdl\'dy r.:Jucc thc nllS!>lllg 
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d1git to a 7cro (thcy "ci10p" or "trunc:ate" thc mi•,'<;mg drgit). <;o that the 
rcsullmg :, ... .,,¡¡¡-:L·,;;c .. : r.umhcr u·IIIIIci'Cr he lorqc1 thonthc ClllfCCI Cf/1{/ll/ity. 

It follm\.., th.tt C\cn \\llh 18-h1t data wonh. llxéd-pnmt sum.., of. say, 
1,000 tcnm, ~uch ;¡<;are frcquently enc:ountcrcd 10 numcncal 1ntegr.ttion or 
statistical aH:raglllg. mus/ be computed \\ 1th douhlc-prensum arithmetic 
ifwe actually \\.Jnt 18-blt accuracy; up to 10 ofthe lea~t Significan! bits nught 
be meaningk->~ 1 

. (b) 8-bit 1\lac:.in(:S. S b1ts (i.c., a resolut1on of 1 10 256) ''ill not permit 
\ very accuratc Slngle-prco<;:on arithrnctic, a1though very useful log1c opera­
!tions (say in industrial control1ers) are po<;..,ible. Multiword instructions 
/ and operations, ho\\evcr, permit powcrful 16-, 24-, and even 32-blt computa­

,' tions (at reduccd specd) with many 8-bit mach10es, eo;pecially with micro­
; programmmg (Sec 6-1 3). Another vcry 1mportant applicattOn of 8-bit 

minicomput..:rs is the manipulation, storage, recognition, and rccoding of 
8-bir alphanumcric cfzaracten: note that 8 bits are just right for an ASCII 
charactcr w1th parity bit or for two BCD d1gits (Scc. 1-4). 

(e) 12-bit Machines. 12-bit data worJo; can accommodate the 1 in 4,000 
resolut1on of medJUm-accuracy instruments (with1n 0.1 pcrccnt ofhalf-scale 
and s1gn), although thc reo;ults of 12-bll arithmet1c will rarcly have 12-bit 
accur.Ky. _ 

As minmlllm·SIZc data proces<;ors, 12-bit computers (more spccifically 
the D1gital Equipmcnt Corporation's PDP-8 senes) spearhcadcd the mini­
computcr rcvolution \\ ith enorrnous success al a _time when thc add1t1onal 
logic reqtllicd for a 16-blt machinc wa~ still fairly cxpcnsi've. The success 
ofthe PDP-8 has produccd so much valuable software that ncw PDP-8-typc 
12-bit machmcs are produced not only by DEC but also by other manu­
facturers, with pnccs reduced lo bclow $5,000 for the processor and a 
4K-word mcmory. 

(d} 16-hit i\bchincc;. Since the advcnt of low-cost integratcd-circuit 
proccs<;or logic, 1f1-b1t minicomputcrs havc become the predominan! typc. 
Longcr 1 6-h1t 1mtrucl10n words pcrmit thc dco;ign ofc-..cecJing.ly sophi<;ticatcd 
minicomputcr architcctures (Chap. 6). The sccond S1gmfic.1nt adv,mtagc 
is thc ca~e with·,, hKh l\\0 8-bit ASCII bytes can he packcd into a ~ingle 16-bit 
word; scp.tratc byte addrc'>stng and manipulation is possiblc m many 16-bit 
machinc" (Scc. 2-1·3). 

(e) tS-bit ;\ lachim:'i. 1 he most succcssful 1 8-b1t minicnmputcrs ha ve 
bccn thc Digital Equipmcnt Corporation's POP-7/9/15 series, which h_avc 
relativcl] stmplc instruction seb and employ thc extra ''ord lcngth for dircct 
addres->111!' of as m u eh as 8K of memory. Othcr computer dcs1gncrs prcfcr 
to use c;tra instru~-t1on bits for addressing multiplc proccssor registcrs 

1 Thc Sltll.&hon r; <o:nc" h 11 bcttcr 111 st.lll<.hr.:! ~'cr.1~10¡; bcc~uo;c v.c can snhtract thc 
expcct~d ,,,luc of lk c~.o;>;-•r.c; error out of our ro.:,ult !'o01c, hoy,c,cr,lhat thc choppmg-crror 
t·unanr 1 .&dd~ w ti-.~' an • .:Jcc of our ~tJ:t~llcal c-.nnut<' 
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(Sec. 2-8). ASCII-chanc:tcr p·t k· . . 1 · 
words, but suitable P.'ld.i 'e lmg 1!-. Clkt J~:r clum!->y or wastdul \\lth IX-bit 

' ng ,\11( unp.IC mg fOUllll' ' l C 
tuheor:n--rccordcrdlsphysoff' 1 ~o::.~.:xt .... athodc-ray-

. · · ' Jlrre!>OUt10n(5J2b•5J2 · . 
convcn1ent1y driven with IS-b't d 1. J i _romts) c.1n he very 

_ 1 '1 '1 wor ~ pa~-:1-.cd w1th 9-h1t \" . 
c~ordmate values; thls arrangcmcnt halvc~ both r·f h ,_ . and y 
t1me (Scc. 7-9) e re:o. memo:~ and rcfrcsh 

(f) Data Formats. Figure 1-17 tllustnt . • 
codc fixcd-point bmar b . •. es ty~lcal elata formal\ uscd to 

. . Y nurn cr~. llo,\lmg-polnt numbcr!)- --~,:._ .r .. :. -- _ 
numcnc characters mto 8-bit, 12-bit, 16-bit and 18_b , ' .... _ ---,._.a- ---
formars are shown in Sec. 2-5 and In Chap. 6. lt v.ords. lnsrrucuon 

DIGITAL OPERATIONS: LOGJC 
ANO ARITIJ;\·lETIC 

· 1-6. Logic Opcrations The -.. ~ h _ 
with binary vari·thlc r,e.pr t'·l:'t_sons or t e cxploslve success of computcr:o. 

• esen <iliOn are not onl th f b 
stor~ge ~nd transnllSslOn but also thc rcmarkable ~~m;li~~~ts;, ~clia~~;::~~~·~~ 

XI --X¿ 
-----~ 

-..a.... __ _ 

Xn -- --- ... 

___ Y(X.,X 2, ,X
0

) 

·eo:h •noul ond oulpur 
os e•lher O or 1 

Fi¡::. 1-5. ( i~no.:r.ll&nn .. r.. B ... t-, ... , [une~ IPO r of" lllpul~ X, . .\" !• - . - • '"· 

low cost of the bJsic upnation.\ on bmary \"tri lblc-; F 
"black box"whoscoutput y· . 1. ' ' · 1gure l-5 shows a 
r . . 15 a lln:Jr~ (Booican) funclion F( y X v ) 

o n btnary 1nput vanahks X \" X S ·. 1•' 2• · • · •'"'• 
OnlytWO<.flfTerenl\"lllle<; lf !'' '?2,';,·-r., n· llll'e e:!ch 111pUI l'dll taf..e 

' • re re m e ~. e i[,,•u•llt Bu 1/· ji f 
Wc can characterize each 13 1.. f . ( ~- i/11 111/t llti/1\ o 11 IIIf'llt\. 
showing the function v·tlue~of~.tn lllllh:lron by a srmplc tahle (lruth I;Jhle) 
{input) values (Fig. 1-7). , r a po~s•bh: comblll;Jtions ·of argurnl.!nt 

1- W:i wo_u~~ ~~~e~~- Í~l~le•~ent many diiTcrcnt oper.ttion<; M.e that of Fi '· 
5 dth ckctnctl ctt~.:utt...; tnput.~ ami outpuh wdl be \"oltagc k\d\ con~-

spon mg to O and 1 (Sn.· 1-1 ¡ 1· .1 • 1 ._ ,-::_ · ~.: 
h . , . · mtun.Jtc,:-. a 1 llnnfc·tm {1mc1in 111 Cllll /1¡• 

o tcw¡u/ rluou!l/¡ unllhmatw/1\ o[.lllllfl/c, /1111< ''""1 TI • ·- ._-1;.~·-
two-input functio 1 f F 1 · k :O.IIllp..: on..:- and 

l. 1 so lg. -6 wlll be more than ~ullkicnt mJ ·tlfl·'ltl h. 
rea 17ed Wllh re·tclll • ·· ·¡. h1 . ' ' ' ' ~.: ' Y ,\\al ·1 e mtegr.1tcd l:lfCUil (1 • • 

Thc elementar B 1 . ~ n~lc mH·rt<·r~ and :,:.lll''>)._ 
lonicaJ 1 t·¡· (y . oo e.rn opl.!rattons of compl<-m<·ntation (inH·r~ion) 

... a<<lroa unron, ORin·~) 'lnd 1 n·· 1 1' . . . • 
A:'\1>' ¡ b' .., ' ' O,lla mu ltphc:~twn (mter..,<·ction 

· m:,: com tne according to 'he 1. r r~ ' 
1-5a. Thc t· bl 1- 'JI ' ru,cs o "ook:~n al~cbra hsted in Tablc 

a e a so 1 ustrates how thcse rules are uscd to •in u<>cful 



!~~~ A [)-;·-- -~8 ~~-D~~s_ -- ~---~ ~--
8 -

OR ,A ~lC'R tlt.NO 

~~ ~ 
ANO ,,, 

Q_ 1 ~ ... Q_l_ o __ !.._ e·- _Q _)___ -- -'+-
o 1 o' 1 o o¡ o o Ot 1 1 

~1 1 1 o o , ! o 1 1 1 1 o 

. t trut~ can he O Red to¡;cthcr. o •' 
MIHO In somc I)J'C~ oflo;;aco ~a e ou 1 o lonic in\l:rt.-r¡ for complc:mc:ntmg a sm~.e 
• o - .. , •N" ·an·' l'OR ~ateo; a '\0 ~crvc ·•~ ,. l. ln•c:ri\'N, "'" '' • u ~ 

W e lhe foll<w.m~ anvcrtcr s~mhul~ mput e u~ · 

~-[)--~ ~-I> A 

lo••ic module~ pro,adc :;al~"> \\olh h \C /lln com~lcn•rnlnrl' ourput•o :and ~ome " Somc g:11~ ·• 1 

1111 crtinq input• 

AB ~:~ -9- .. -.-e 1\+B+C ~""" ~----~~ ~- -~u~~~c 
1 lon1c funchons anto rn.:ced lO comhme \lnlp e :: ' n 

J 1 he: Ruk'i of l!oi&k.an .\J¡:l·hrao When Y.C 1' f¡ nd th tth. combm.lhOn~ •nll•fy thdo.l0\\ '"-" 
~ore compiJ~.•l~'ll fun.:llon~ of mnrc v~nahlc•o ~e .,;"hcú.a by : 'llll(lk comh,n.l!il•n of th.: bas¡c 
rule• nf Booft·¡m al,¡,•l•ra T~~ n; ~~ ~~\~~~hfy IU"lC ttrcu•t~ (lo¡;¡c op\lml7ahon). 
truth tahlcs. 1 he rnh:<; m ay • app IC c-

,.f + 8 == 8 + "'} (1 11,\1\lllfATI\'f lA\\S) 

:fli "' 11 f 
A + IH + Ct = 14 + RJ ~ ('!_ 

AIRC'I == 1 1111< J 
AIR +O= .-1/l + IC } 

.4 + /J(' "' (.-{ + 8~ 1 -+ () 

A+:f=A·I:oA 

A-+ n, R 1f,tnd onl~ 1f ·1 11"' -f 

.4~0"'.-1 

..co =- o 
Al -= .4 

.-f + 1 ~ 

41 ·1 + Rl ""' :1 -+ .-1 n e -f 

1 :¡-:¡-·¡¡, '-e ~ ñ· -} 
(iñ¡ ;;: 1 • 11 

.¡ :0 • 1 i ,. o Ó-d 

1111\lltlllt:ll\1 1 11\\\l 

(llll Ml'Oll N 1 I'IWl'l Rlll ~~ 

/1(-. o: 1r + nt ~n + i( -+ 
---k·----· ----------.. ---~---

' 1 

f. 

1 

1 \1111- 1-!l..o \'t:r) 1 illl\· l.n¡:ic c: .. c:\ 11 l.nn¡: \\'ay: C.at.- {ircuih (C,¡¡;¡f.in:.lnri.l! l.n:,:kt tl ••rtturun/J 

----------------------
/,t <'rl {loo/, <1/l /IIIJt/10111 1\ 1 11/u·r lt/o /,JI! tlf lfl 0 flf ( t/11 h1• 1'\pfl \\(o/ (1\ U lltluj/1<' \;.,., 1•l UIÍUÍUI.If 

pol~ru!lni.tl' (l·anunintl n¡inflorn") Z 1Zz - · z •. "'" ,.. 7.
1 

"111/r.-r X,"'.\', """"(!!«11 '""'' 11/" /Joul. un /11111 lrror¡¡ 

In \ acw of úe 1\f••r~an 's la"'· •·•·ay Bool,·rm fi111rl1tm norrtf,.,,,,. ull_1 O crm ,¡,,. h,· '''f'•""•.t ,,. 11 
llllhJII<' prllllllt 1 of c.anonif:af 111.1\lcrmo¡ z¡ -t /.j t- .• o -+ z:o ••lrc·rr· 7., n eirt •• -, X,"' o\',. 1 h~rc 
are altogclhcr 2" mintcrnr' :urd 2" m . .,lcrm~. 

lhc,c c:uw~t~.;,¡( f••nm '""" th.11 ,.,,.,J. llt•olc.an functrnn c.m, m principie. t>c impl.nwntc.l 
with 11\"0 ltT('b or Jogtc t:atc\ {cllhcr ORang of ANI>o¡;.tiC OUlpUI\ or ANDmg of 0R

0

t:oliC 
output~). But thc numbcr of ¡;ates and/or conncctroll~ nccúcd nu¡;ht be rcduccd dccamcly rfy.c 
admat ~omc mtcrmcúratc lc\c(s at tia.: Clpcnsc o( cxtr.a tune údo~y. 
4. Examplr.s of Combinaturial Logic. Combmatorra/ loqic Jn\O(vcs only gates (including invertcrs). no memory or dclayso 

(a) NAND/NOR and NOR/ANb ConvrNon (by do: Mor¡::tn's tbcorcm)o 

A ~~ 
-~L-... A+ü 

Y>P.J~a 
ANO 

Tbco;e con•cr•ion rules are u•cful whcn \\C b,.,c lo worlc watb Sj"l('cilic commC"rcially available components. 

I"UTE: Al/ combmaton.lllog•c ran be rmplcmcnrcd ,.,,h NANO garcs alonc. or with NOR gates alonc. 

(b) Singlr-polr/l>oublc:-lbro" S"ilcbl"i, 

. r t:~D ~~ 
·-oi 9- D-_A~ 

(e) EXCLUSf\'E Of! (XOR, ModuiD-IM Add~r). 

NOTP.: e = o indiealc~ lhat A = B (COIRC!dcncc dctcetion). 
Many olhcr implcmcntat•ons ex 1st. _ 

~ Reco:;uilion Gat~ (D~cotlir.~ G::.tcs) for sclcctmg dc\'ICcs idcntificd by a bmary addrcs... 
codc, for pre\ctting eountcro;, cte. 

.. -- COunl,er .or bt.JS 

lrf 1101 
lof 0011 
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Fig. t-6. Ftgurc 1-tí..J sh(>V.S Roolcan functiOn< of a srnqlc input Fu!'.lre 1-t•h defines thc 
mosl tmport.tnl funeiiC'"' of '"n mput~ hy 'lmple truth tablc' and sh•"" c,,-,·nnnl~ used 

symb0l< for the cnrre-;ponJ111g logre gatcs 

Boolcan functions with simple gatcs. In particular, ANO gates and 
invcrtcrs alonc, NA NO gates alone, or NOR gates alonc can p':.!rform al/ 
Boo\e,\ll opcrat10n<;. This is of grcat practica! importancc t:-s:w"e sorne 
typcs of <;ol!d-statc logic makc it ca<;ICr to implcmcnt NANO g:~~.:s, while 
othcrs lcad to a prcf.:rcncc for OR and NOR ,gatcs. Man) co:r.mcrcially 
ava1lablc logic "ystcms also oiTcr logic gates with more than t\\O inputs, 

wh1ch are oftcn convenient (Fi¡!. 1-7). 
A flip-flop is a t-bit n;cmory deFrcc for storing a hinary vari:1.bk; flip-Hop 

rcgi<;tcrs are on.lcrcd c;cts of flip-flopc; for storing digital words. Tablc 1-Sb 
dcfmcscac..:h ofthc mo~t u"cful f11p-tlop typcc; hy thc mcthod 0fdat:J cntry and 
shows t\o\-o important apphcation-. (',ce also Sccs. 1-7 anJ 5-3). Flgun.: 
1-8 shows how appwpriatcly timcd control pulses are uscd to parallcl­
tran·.Jer thc contcnts of a f11p-flop rq•i<;tcr to othér rcgistcrs. 

Oigital-computcr cmt!zm<!tic circuits will be designed as logic circuits 
opcrating on thc b1l<; of bmary-numhcr inputs to produce dcsircd binary 
output numhers, '' ith inputs, outputs, and intcrmcdiatc rcsults stored in 

f11p-tlbp r.:gi-;tcrs (Scc. 1-9). 
Tcchntc¡ucs for simpl!fying logic circuits (i.c., minimizing. thc numbcr of 

gatcs and !11p-tlop~ .. g.~tc inputs, intcrconncctions, andfor cro~sovcrs) form 
th..: subj :>f le;_::( r.;•ti·:1i1ation for digital-systcm dcsign (Refs. 1 to 5)., 
rht;,·,·,i7;r ... >n of a l:·r:.c Jig1tal system, such as a complete computcr, is 

:ZI LOGIC' Ol'fRATIO:'<OS 1-6 

ANOINOR gote 
NOR gote rf A=B, C•O 
XOR gote rt C: A, O•B 

Mullo-onpul NANO gote NANO gotes wolh wlftd OR 
(nor possoble woth 
all lfpes o f log•cl 

Fig. t-7. Sorne multi-tnput gatc~ a\ar1ahlc tn intcgrated-crrcuit Corm. Many 0thcr 1} pes c'ist 

often .it~elf done with thc hclp of a digital computcr. On thc othcr hand a 
researc_ er or en~inccr who mcrcly \o\-ants to use a small dicital com. ut~r 
and ~o l~tcrfaclc lt ~o sot~<.: n.!al-world mo;trumcnt<; and contr~Jo; will s~do~ 
reqUire 10rma log1c optun · t' 4// , · Tahle 1 5 IZ.I IOn. • u·e uwally rec¡uire rs tire matcrurlm 

. . - • some reasonahle comnw11 .H'IIH', ami a nice collcction of trrcd lo ic 
Cl1C/IIIS we can adapt ami mndrfy. Manufacturen;' catalogo; ;!lld appllcalt~n 
TARI.F. 1-~h. \'~ry 1 ittlc 1 o¡:ic (;0(', a 1 ong \\a~: flip-flnp ('ircoil•. 

1. 1-hp-floop' A flrp-floop. lrkc th: f.unol:.or '"""le""'' h '1 -
0:\Cil ,ofttr lllí'lll' h 1\C bccn rclll<HC' 11 1·, h' . "" ,1.,-;m.r ¡,'1\Cn ou!put ,t,rte 10 ur 1) 

.rnd ro:rmrt dolf<l ''"'<lil<' ,¡nÚ tJII'""'''J'trc '. •r· .-•r,· 1 '" rn:pf.:mcnl "" "'"" for hrn.or~ \,lfl,ohk< 

h 
' II{JIO nllrl Oft r¡¡(tl'/1> ¡1 h t f 

mlnC 1 l '\t:4UC0l·c <'f futurc h"~n • t 1 .1 .t 1"~, ,,~,\.. 'l~ltc...., \.,lfl d~h;r~ 
h 

'" '·1 e'.·" rn u.<l.o tr.on,f·r~ · .1 ~ 
sorne\!. .ol b~\\rfJcnn•• \ar¡cl• of d fi , fl fl e • '"

111
• '"e· etc 1 Althnu:,:h 3 " . ' uent •r· ''P' .rrc "'Id ·o'l .• d J f lypc~. Spccrh~..ollv. thc ba~rc n~t/,t·lt R~l 11 fl • • • are crrve roma fe" s:mplc 

feedback Ullttl ,
1 
n~" re\'C!Sin" m pul . · 

1 
1~ o~o:tarn< rh output ~t.11c rhr,JU~h rcgcncr.oll\c 

gallng errCU11~ " 1\ ,!pp IC ' thcr typcs o( llrp-flop\ ¡¡Jtl drfTcrcnt rnpul-

--o 

(a) Rl"ct/'l'l CRS) flip-flnp. R ~ 1 llc\cl 
orpuf,c)n·•·•'''ld,·a"lth.:!1rp-!1op(Q =O) 
untrl S = 1 M-1' the flrp·llup !Q = 1) 
R =S·= o. lcJ\e~ Oulput umlumq,•d 
R = S = lt~ ¡1/,·,¡a/ (mddinrtc ou:put). or 
R = 1 may m cmJ,· S = 1 Mullrpk ~el 
mput~ or multrpk rc<ct mput~ are ORcd 
togethcr 

(h! <Gcncral-purpn~ fhp-flop \\ith cnah!in¡: ¡:att~J~}vt.on~ drfT.-rcnt t~pc·, 
e '.' lnpub m.ry mdudc tmcrtrn~ <e~ .lnd.'o.r.·rc,ct rnput'. multrplc 
gat.., mput~. cte. Frcllucntly, the (o\\cr rc~i:t input ~~ dc~rnned to 
ovcrmlc all othcr mputs. e 

o 

. l.n somc rcner.rl-purpo-.c- flrp-Oop~ (drodcllran<~,to 1 DTl) "hr..:h sct or rc'd thc !irp-flo "h n 1 ·,., r ogrc, • g.ol~ ha\c aC'-(ollpl•·d u:rulf, 
~.,tcd by a logre leve( p e a vo ,,,gc srt-p (crthcr up or do" n •. dcpcndmg on th~ 1) pd rs 
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(t) l>ala/cnntrol {~omctm¡cs cal!c,fl~pc D) 
llip·flop. Output Q t,tl.c~ d;lta-mrut \:lluc 
whcn controlmput ~oc~ tn 1 -·ti a<:t' a~ a 
huwn wrrnpl.·-lmfd IIJ 11111 lt ~~ lmpnrtanl 
fnr J·lnl tr.ln•fcr or d.tl.t lllncd !>~ control 
l~tr;ohc)puhc' ,111.¡ m ,fufl rC¡!I\Icr• 

Co!11tCII 

Cor·l·ol 11 h d ·! nllc lllllC mlcrval 0 llip-fln¡l' .tr.: dc\lgncll lo C\l.1 1 1\ a ' 1 l>ual-r .m!.. 1 013\l<'f·\13\ e 1 ·~ rc 
l>ci1H'•11 mput .md oulpul ~I<'P'· 1 ' 1 lo.,íc f.mout. IO;!IC·k\cl tokr.mcc~. noi~C f l r 'r\' "'"IC nwnu.r \ mr C't,tC e . 

Cnr.,uh m.mu ·•• u ' :- red 10 lrJ""cr ll1p-llop\, etc • 
11111\' pul'c dur.llllln .. tnd stcp fi\C 11111<! rc<(UI e:-

lntlll. • . <. ., N the 
2. in

1
purl:tnl Flip-Onp trcul '· (a) Simple ~hifl rc::i•lcr~. Oh: 

Sh•t 
puses 

oc:o•n ---

Shtft 
Jut~u 

po~~tlllhly of p.tralld rnput throu~h 
cxtm ~el .md rc\cl tcrmmal~. 

(h) ~i~1pll' f>iJJ.H~ rnunlcr. 
Lt.::h Ctll!Jll cr lltp-lloj'l com­
pkm<'nt\ v. h..:uc\cr lb tn¡;¡;.·r 
T 1nput chang.·, to 1 
r(\l!nl,•r C'.tn r~ p, .. ~,j·t \\ lth 

(GI 
(bl 

fig. 1-8. Clcar-and-strohc tran~rl·r intn a llip-llnp rcs:hlc:r (a) and jam tran,fcr l>ct~~o·c:c:n rc:gl,tc:rs 
(bj and {<-). lfthc dualrro~nsfc:rs 1n lhl or ¡, 1 a~ ro tale ¡~laoc ~imuhanc:ou,Jy,~~occ3ll u ~~e dual-rank 
Otp-nqp~ lo m;• Le ~un: that lhc old nutr.ut o! ti-c lir-~ rcgJ\Icr 1\ tro~n\fcrr.:d hc(nrc 11 ¡, uJ'd.ltcd. 

notes should be consultcd ror spccial tricks and prccautions applicable to 
spccific typcs of commcr.:ially availablc logic. Digital-computcr intcrf.tce 
loB.ic will be discu-;o;cd in C'hap. S. 

Ccl 

1·7. J\ Gc:-n('ral Finit('·\lolc:- :\luchinr. 1( "C :~tn:c lo admJt lor•c-st.llc l'h,Jngc\ only al d1'.-r<'lc 
clodcd lmzc: mkn.Jh O,.\¡, ~1'\1, • ••• lhcn , .• ,.,, -c..¡ucntJJI m;K·hrncc.ln hc bu.lr from l'tl}l'•c 0 
fl1p-t!or\ IT.Jbk 1-~l>lplu, cnmhm.uorr.•l lo~·c te g., A!'l> ratl"~. OR f.Jic~. anJ tn\f'rkr~: or 
NANO g.llcs; or NOR ~-•tc9, ;¡, 'ho" n m f'1t; 1-9. F.ach ll1p-llo¡~ out¡~ut cqual~ íts logrc-lc\'c:l 

W:??--=-==-----=.1 
Comb•noto,ol ~·---~o ; J L Co••"""" 

lo9rc . • C X, 1 logre 
1 

•R 1 

~·" !gl ox. 

1 
1 
1 

Croe-k ;:7'!-;- ---
fi;:. 1-9. A gcncr,tl doc~cd sn¡w.nt1.rl n, r..:! u: c. 1 he {:1\rn lt•t:ic and thL· lllitr,tl r~¡:"t~r ~··~~;~h .,X dctcr!n~nc .111 suh,,..¡ucn¡ IJ¡;'·I!o;> )(.![~) ll.\' ;; t'X 

1
!X z· ... j and outpur, • r ~ 1 

i,, t l• ... ) ,.. Y{ .t .J.¡ lhrough llll rc..:ur,:,,;¡ ;d.¡tfc':l\ 

J..= o. 1,2, ... 
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J-8 

1nput al thc 11mc of thc last cl0c 1-·r'- -.; up<;v.mg Thu< thc N fl1p-flop out pul< 

X,= \,1¡ llr) 1 ~ 1,2, .. ,N 

are Roo lo .1n 'tate •ariahko; ddin•r.; :e~ -;¡.,te of our <;y,tcm Junn~ thc /..th el oc k 1ntc~'al G1vcn 
thc ,\ llltlt.tl ,,tluc' .\",101. al/(¡,' • ·· :r<< ar~ d!'l<'rttliiiCd h• rbe N rcC/11\/0II ,,:annr< (Boolcan 

dtjfcrt'nC (' I'CjliOftt 1nfi, ~((//(' ClfliO:I·'' • 1 

X.[t/.. -~ ll t\r} = F,[X 
1
(/..llrt \ .·· ..'.11.. .X ,(/..llr),q 1 = 1, 2 ... , N,/..= O. 1, 2 .... 

y,hcrc c.Kh F, t< a Hoolc.m funct~t•n ofthc X, Thc M <y,tcm output< };lk l\1) .Ir<' .•ho Boolcan 
[un~tlon< nf thc st.llc v.m.1hlcs \,1~ .\1) and may. hkc thc f,. dcpcnd C\phc1tl) on thc lime 

,,mahlc /... 
In .1n .• ctu.•1 d•~•t.tl computcr ·~·= \t.ltc-dctcrml!lln~ fl•p-flnp< 111 F•!! 1-9 '"ll r.c groupcd mlo 

prncc"nr Jnd mcmory rc;:•''n' ,,,;l!Jimn¡; numcn~.1l ami contrnllllform.tlll>r. 

l-8. Fi:\cd-point Aritl,;mtk and Scaling. Minicomputer data registers 
hold 8-b1t, 12-btt, 16-b•t. or l8-b1t data words. lt is also posstble to con­
catenate two or more such words for doublc or highcr prccision (Fig. 1-17). 
We have sccn how a binar) word can represen! an intcger (Table 1-1) ora 
fraction (Tablc 1-2). In principie, a binary computcr word (a 0 .a 1 ,a2 , ••• , 

a"_,) could also reprcscnt a nonncgative binary number of the more general 

form 

X ~ 2'0 a
0 

+ ;, a, + · · · + ;. a,_ •) O ,; X ,; 2' - 2'-" (1-4) 

with a bin:uy point impllcd ,lhead of a, (1fr < O, we imply O dig.its a., a,+ 1 , ••• , 

a_
1 

betwcen the hinary point and a0 , as in X -=O 0010\). An analogous 
gencralt7atton applies to signed (posit1vc or negative) numbcrs. W1th such 
repre<;entattonc;. we mu't kccp track of thc exponen! r detcrmimng the 
binar_1-pni11t location throughout the computation; in part1cul:tr. terms in. a 
sum or d11Tcrencc must have the same r. Jilo:tting-¡JOint arithmctic programs 
or ctrctuts (Sccs. 1-10 ;¡no 6-12)' cmploy some or all the b1ts in an extra 
register to spccify thc c\ponent r and compute cxponcnts separ:~tcly at each 
stcp of the computation at con<;iderahle expense in either computing time or 

o' 

special hard\\ ,tre. 
With fi\.cd-point arithmdic, it Í'i he<;t to con'iidcr all numcrical quantitics in 

computcr rcgio..,tl·r<; and mcmory a'i cilhcr intl"gcro,; or pmc fr;1ction<; (Tahlcs 1-1 
and 1-2). \Ve propo<.e to cmploy intcgcrs (\\hich may be po~iti\C, ncgati\·c, or 
zcro) only to rcprco..,cnt actual real i.Jtq~cro,; uo..,cd in countin~, ordl'ring, and 
addrcssing optratior..... All othcr rt·alnumcriral quantitic.., >.. in thc computcr 
\\ill be rcgardcd as signcd or ur...,ign::d purc fractions (- 1 machinc unit 
<X < + 1 machinc unit) proportional to corrc<,ponding quantitics x occurring 

in thc gi,·cn prohlcm: 
(1-5) 

Each bra 
cd quantity (a,. x] is a scalcd machinc 'ariablc represcnting 

I5 1-8 

the corresponumg probkm variable x in the co . . 
restrict thc sea/e factors a" lo mteyral poaw.l of ~puter. /tls conrementto 

For best accuracy in fixed · . · t . _-pomt computat•ons, we try to pick each scale 
actor a" as the largest (posltl\·c neg·ttive or ) . 1 

will still keep the machine v.m;;hle [a" ~] b~~~e;~t~~aa~:.:c~:of2 which 

1 l 
a"=-<---

2' max lxl 
(1-6) 

~~~o~~n~~;;y~~~u:~d; ~~~-~;a~}-:1 ar~ not always known ahcad of tune, 50 

factors wastc computer p ' .· . ooTargc scale factor~. Too snl:tl: ~·-ó·!~--,--
re~.:lSIOn. oo hrgc se··¡( r . • 1 Of thc COrre· d' , . , e hiC OrS C,IU\C 0\l'fflO\\ 

invalid. o,g~f~nc~~gp~t~mph~tcr flvar~lhlc", "hich makr" thc coutpuL•tion 
ftow ¡'n ar¡'thm t' _rs ave •r- op~ (flag<.,) whtch sct to mu~eatc O\ er-

e 1c operattons 7]1c JI . ·¡¡ 
themsel b 

· \C aq~ \H not stop the comnutation h1• 

ves ut must he testcd h · ¡ . 
1

. -T 1 . J_proyrammcl mstructwn~(Sccs.2-10and::!-ll) 
o sea e mathcmatlcal rclatJOns for any given problem . 1 . 

each problem varhblc · • wc s1mp y express 
variable [a" x]: ' x m terms of thc corrcsponding scaled machine 

1 
X =a [a,. x] 

" 
(1-7) 

Our scaltng proccdure j-; be~t ~xhibJteu through an example. 

EXAM PLE: Sc.•lc 

)' = ti\ + h.~ 1 

givcn a= 10 h=005 -7~x:;19 

Smce mulllplzcat•on comumc< more computcr tmtc tha f¡ J • n 1\c ·romt add•lion. y, e r ;y,r¡¡~ 

,V = ~(CI + h~) = ~: 

We musl scalc thc mtcrmcd!atc rc~u 1 t _ _ h 16 and 1>1 < 256 Now wc ~•mpl)' r. ). -.
11 +h ~ a~ "el! as )', subslllutwn y1cld' 1:1 < 11 < 

cp .Ice a. , ~- :, ,1nd) by 

1{fi} ~ [16h]. n[3i] 1{ 1~J and 25{2;·6] 
~~~~ thc bhrackctcd qu.mtiiiC~ ,Jre m.t.:hlllc \,mablcs bct"ccn - 1 and + 1 .. Wc th r. d h 

mac me equat•on :.;; u~ ,m l e _..,.. 
\_:-.. 

[2-;6] = {5i]{[,?,] + ~ (16h)[3~]} 
.,. 

"h•ch •~ c.,sily chcckcd an,un't thc g ven hl· ~,l(C lh.lt Ollr C'lllllflll(tl~lil/l, 1111 oiJ,•< ~~~~:~ c~l•C/quatHlO thr,1U¡:h Canccll;llli'O of<l'alc f.l.:tor~ 
;r (r ~ 0 + 1 +, ) 1 "a' 1 mm""'" 1 arwhh•< Ulllf mu/11plnnq 'i1< 111, 5 

Our o;c:,l~n,.'p-; •• d. . ""'.'''f'OIItfiii!J tu 5111lf'l!' src¡n.-t!- ,¡,(t opcr.úwm (~ce 1-'11>) . J' 

' e- occ urc, as 11 \\ere l.ccp~ tr 1 -J.. [ lh rof lhc .-.
1
mputcr. • ', ( 0 e corrcct nptJncnt<; r m Eq. (1--1) ouhidc 
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Al!lu'ugh fi\cd-point cnmpulatiPn n:quirc ... U'l In pmc~rai11 with sc:ilcd 
variahk-.. In' ma_l~ untlwre 10 hotlta u·itl: t/,,• joh t~( H'aliuq H'mnv nf mc:dlim: 
input mulior OllfJ'Uf data. Entcnng. and printing arahic muncr,1ls rc.:¡UJrcs 
somccomputation (lr:111c;lation lo :md from hinary numbers) in anycasc,and 
it is U'YUally rcadtly po'i'iiblc to incorporatc sc;1ling opcrations in such 
input;output progr:~ms (Scc. 5-27). 

1-9. · Sorne Binnry-nrithmctic Ü!Jcration". (a) Addition, Subtraction, and 
0\.erflon. As discu-.scd in Scc. 1-8. wc wi/1 CO!Jsider tlll fixed-poil11 binary 
numhers tl!t siwzcd or muigned illt<"g,•rs o~rd pure fractions: 2s-complcmcnt 
coding is most common. 

· Thc half-addcr (modulo-2 adder) of Fig. t-IOo is a logic circuit for adding 
onr-dígit binary numbcrs and is secn to involve an XOR circuit. For 
miiltidigit add•tion, c.g., 

19 1 o o 1 1 
09 o 1 o o 1 

1 1 1 o o 
'--" '--" C,IHICS 

each hit-by-bit addition can gencratc a carry bit, which must be nddcd to 
thc ncxt-highcr-ordcr digit. This is accompiJc;hcd by thc fu:J-addcr schcme 
of Fig. 1-IOh. Figure 1-IOc shO\\S a complete thrcc-digit binary addcr madc 
up of thrcc full-addcrs. 

Such adJcr e; \\ ill produce corrc~t rc-.ults with signcd numbcr~ (2s- or Is­
compkmcnt codc) íf wc follow thcsc srmplc rules: 

l. With 2'\-compkmcnt arithmetic, simply add as thougb words rcprcsentcd 
nonncgath·e numbcrs, and dhrt:!.trd sign-bit carrics. 

2. Wah ls-complemcnt aritlmrctic, add thc sígn-bit carry (íf any) to the 
lcast sígnificant digit ("end-armmd" carry). 

EXAMPI FS. 

Ofri\Hl. 

(lntcrrr) 

6 
-7 
-- 1 

6 
-4 

2 

2~-C'0\11'1 1 \11 ST < OllE ls·C"O\II'll \II'NT COl>[ 

t¡__¿_ ~ __ ! 
1 1 1 1 

ti-~_ L.~ 
1 1 1 o 

0.11 1 o 
. ._ ~ ~ -~ --~ 
di~c~rdcd carr) 

,JI~.:~L, 
L. "cnd-:lrounrl" C'.lH)' _j 

In sirnpk addcrs likc that ofFrg. 1-IOc, low-ordcrcarrics must propagati' 
("nppl..: tllrough") all thc \\:1)' t1) thc híghco;t-ordcr bit bcforc thc sum output 
is cornpk!•' To s.1vc tma:, onc cou!d, tn princrplc, compute thc rc~ult bit of 

---~-~ """ T1nnlr:1n fun·:tion of al! summ:~nd bits ofthc samc ;J.nd 

~ . - - ---
··--~--·- ·---~·--- :__. ------- ·--·- __._ ___ _ 

%7 

A 

8 

AT--~- . 
s~-·-~L 

/f·

0 
__ [D--·--·••••a L:. ------------- ---CAR~YOUT•AB 

fol 

l"~ll' A § ''9"'~'•c~,, l----..... ''~LF" ------144-Blz 
C•t 6l ---·- - ., -~ L' q -, 

.- •. _ _ _ _ __JCA~~'f 
1 

A,--- ·--- ' ::lli;J'· 
8 

t.;:~,- .. ---- (A+8l
1 ·---- '""""'"" r· _ _ :~J CAi'RY 

,.~,, Ao ------- --- : 
S•'lnofoc')•ot ------ ----· (A~ Alo 
11•• 80 ---------- .. ---....¡------- CARRYor 

(el OVEkrLO.v 

fíg. 1-10. i lotlf-addcr (a). full-addcr (1> 
prop:r!!.tlton (el }. and a J-hu addcr "ilh simple ripplc·lhrough carry 

l~wcr ordcrs withín lwo gatc-dcla t" • . 
ctrcuits constitute \·arious tradcotr.,' ~e ~~.~:s .. Pr~_rctJ~al carry-lookafrrad 
(Refs. 1 and 3, and Fig. J-ll). t\\~:~:n ~rrcu1t Slmplicity and speed 

Mínicomputcr addcrs usually add a nu h . 
rcgistcr (accumulntor) to a n l k m cr m a prot:co;~or :rrithrnctic 

' • um >cr t·r ·en from ( 
registcr) and place the rcsult int ti , mcmory or from anothl.!r 

Fixcd-poi~t addition ~f t . o 1C accunwlnror (hcncc it<> na me). 
only if: wo nunrbcrs produce~ arithradic OH'rllow tf and 

J. Both tcrms ofthc sum h:l\c idcntic·rl . b . 
diffcrcnt srgn. . ' srgns ut tl:e computcd sum has a 

2. Or, cqui\akntly, addition produces a . -. . . 
thc nw,t 'iPnificant bir b 1 h. can) ~ttt of thc srgn hit or out of 
t1fthc\C car;ics is 1). u twt otlz (that l!., thc l.:.XCLUSIVE OR 
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comhm~J tu f,>rmt>utput-hu, bu~/-, 1 "'' funltlt>n·lt>ntr••l "'" .\,. .. \ 1 d..:tanllnc thc functll>n' 
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01 
11 

XOR 
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Thc <;;une rcao;oning app!Jco; to suhtraction if wc rcgard diiT~rcnces as sums of 
positi\ e anú/or ncg.llin: numhcr'\. Logic circuito; can tco;t summanJ and 
su m \l~ll\ anJ ~el ciO OH·rllon-flag flir-nnp. Many minicnmpuh:r~. howcvcr, 
do not h,I\C a truc ovcr0ow nag hut only a carry fla~ (~lCCllíiiUI:ttor-cxtcn<;ÍOn 
or link llip-flnp), \\ hich is Ctlmplcml!nlcd hy carric' from thc hi~hc~t su m "'it. 
Ü\crl1ow tests for ncgativc numhcrs thcn rcquirc severa! programmcd · 
insrructitll1" (Scc. 4-Sc). . . 

Rinary suhlraction can utilizc modificd addcr circuits (ha/f·suhtractors and 
fu/1-.wbtractors with nl!yatire carrie:; or "horrow.f," Rcf. 1), or we may ncgate 

• thc subtrahcnd (Tahlcs 1-l and 1-2) and add. 
Figure 1-1 la illustrates thc logic dcsign ora complete 4-bit arithmctk¡1ogic· 

unit, \\ hich can implemcnt thc bit-by-bit ANO and XOR functions as wcll as 
add1tion and su!>tmct:on Thc cntirc circuit is a single intcgratcd-circuit 
chtp. Figure 1-llh shows how such circuits combine into 12-bit and 16-bit 
arithmctic(lo¡;ic units. 

(b) Shirtiu~ ('>~:e abo Scc. 2-IOh). Thc dcfinition of hinary-numher 
codcs (T.tblcs 1·1 and 1-2) implico; that sl¡jfting each tliyit of an w¡signed 
1!.-complt·ment or 2s-compfemcnt numher 1 hit 10 tire right 1u"ll multiply the 
numher by~. proridcd tlwt tite new lc{tmo.\t hit equals the old si¡¡n bit or is 
O for un..-igned nwnhers. Thc old lca'>l signd1canl bit is lost (chopped rathcr 
than roundcd ofl). 

Converse! y, each l-bit slrift to the lcft will multiply the original numhcr by 2, 
prm.:idcd tlwtthe 11ew rightmost hit is made Ofor umigncd and2r-complement 
m/mhcrs and equals the original siy11 hit for 1 '>-cnmplement mmzhers. Such 
mulliphcation by 2 will produce overflow if and only if the most significant 
bit of thc g1vcn numbcr was 1 for positivc numbcrs and O for negativc 
numbcrs. 

f.X,\MPIJ S (-1-!-trt 2H·omplcmcnt codc): 

0110 rcprc<cnt~ t 6 (or + Xl 
0011 r~pr<·<cnt~ + 31or +.XI 

1010 rcprc~cnt~ -6 (or -XI 
1101 rcprc<cnt~ -- 3(or - ~{l 

0110 antl 1010 c.urnot he 'hrfJ<·d h:fl \\llhout o\crnow 10 thr< codl' l~•;;n h11 and mo'l srgniflc.mt 
brt d1ffcr) 

Digital comp~1tcrs cmptoy shift opcration<; for multiplication by integral 
powcrs of 2, and alc;o to 1110\\.! p.trlial word" (hytcc;) in charactcr-handling 
opcrationc;. Shtftmg cou!J be a<.x·ompli-;hcd \\ 1lh a 5!dt rc~:~tcr (Tablc 
1-5/J), hut in most cnmputcrs gatc circuits likc thosc in hg. t-12 movc cach 
b1l of a word "-;u.k\\ ays" during para! le! rcgistcr-to-rcgJsta transfcrs. 

(,·) Binary 1\ lullí¡.lication. Onc ordinarily computes thc product of two 
n-brt brnary numhcr:. A amiBa<> a 2n-bit ní'uuhcr, so that no information í~ 
lost. "fhis works niccl) for wniyncd intcgcrs or fractions, 

3x3=9} 
• 

3 
/ i~ rcprcscntcd by ll x JJ· = 1001 

•-' .. / .. Q/ 

JI .. , 
. and .al'io for .{ign,•J Ítlll'{ll'r.t, 'iay in 2~-complcmcnt code: 

C-3} >< 3 = -9isrcprcscntctl by 101 x 011 = 110111 
( -4) >< ( -4) == + 16 is rcprcscntcd by 100 x lOO == 010000 
Bur if thc n-bit multiplicr inputs A B and thc "'· b"t 1 . ¡· · t. .l • • ..,,_ 1 m u t1p 1cr output 

are m \:rprctcu as s¡gned /rCictinns (Tablc 1-2) ti. ' t' 1 . ¡· . _ , ztn 11t mu llp wr output IS· 

r-t---D--

r-c>f5J ~b­--- ·--tu---
SHIF'r 
LEI'f ·--1 ~7¿:.: 

Fi¡:. 1-12. Shrfting lmuhrplrt.rtro•n h;. ::! llT _Y:¡ \\ilh r.:~i,tcr f.rrn lmulllplcxt·r o;:hrp'l 

XAB(not AB). Thus, in 2s-compkmcnt colh:: 

101 X 011 __. 110111 rcp1c,t:nls ~( ""'~) x X= _ :Xz 
lOO x 100 .... 010000 rcprc~cnts ~( _ 1) x ( _ 1) = +X 

A fast m_ull¡pfh.:r fi)J '>hurl \\(lrd~ Clll li'>C lnl.!i~: \lf tah!c looktJ¡) lo r,r .. 
product d (' t h 1 · · ~ " ,. 
lno;t, J .'~-' s, ut t lis_ !S Ion C\p~·n~Jvc for nllnicompuh:r .mt!mJ~·t:, 
lh t:.J j ·\\~ prot:ccd as m pcnt·il-.llld-p;tpcr multipltc.JlJon. \\'~· n;ttltrp' 
lh~,~~~.u '.lp IC:IIld h~ cach rmdtiplrcr J¡g¡f in turn to form partia/ pwdu, t 

l
. t: .tn.:_ thcr.l mtiltlp!Jcd by succc,,j,c powcrs 0f:! (Lr. slllflcd) ·tnd ., 1 f. 
nr SlmpllcJty 1 't d, . . · · ·'' ~· 

11 \1 . 1 f 1 f • e us con-;¡ l. r mtzlt¡pftcattOn of un~Jcncd l!lll'"•'l 
1 

' '
11 o ' 11 1lll" r t 1 1 1 ~ <·' 

r lrl . 1 1 
"'" '1r Id P10' th.:h, t ll: computcr adds thc lllt>'>t ~iPnrfi,.- 1 

'· 1 p·o~ r·u 1n t ¡ 1 ., -· ~· 
• • 1 o a e caro.:c ~n-bit rcgJ~Io.:r (actually two n-bit rcgJ-.tcn 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 
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shifts the ree1stcr contento; to thc lcft, adds the ncxt p.ar{ial product, etc. 
W1th bmary ~numbas, cach mult1plicr h1t 1s cithcr O or 1, so that C.iLh partía! 
product Slmply adds Cither O or thc gm.:n multrplrc,md. Thcsc operJtÍOils 
are accomplr<ihcd Clthcr through succc.,~ivc computcr instructions (multipli­
catiOn subroutme, softv..arc multiplication) or more quickly by ha1d-\\ ire-d 
logic. 

EXA!\1PLE(3 X 5 = 15) 
01( X 101 

011 
000 

011 

001111 

· (d) Dhio;ion. Division subroutines or hardware crnploy a douhlc-lcngih 
dtriclcnd and a om•-11 ord dir isor. Thc reo;ult wlll be a one-1rord quoticnt plus 
a onC-li'Ord rcmamdcr. 

We agam consrder on!y unsigned integcrs' or un-.rgncd fraction'>. \\'e 
bcgrn hy companng the d1vio;or with the hrgh-order half of thc d1\'1dend: thc 
drH;ion orcrjlrllrs (and is ::.topped as unsuccessful) unlcss thc div1sor is 
largcr No quotient bit i~ entcred at this pomt. 

Thc eni1rc l\\0-\\0rd dJ>rdcnd io; ncxt sh1flcd 1 bit to thc lcft, and the 
content!> of t he m{)~! signdlcant rcgi<;tcr are ag.tin compared \\ ith thc dJ\ Jsor. 
lf 1! jo; still l,trger, v..c entcr O a'i the most signrfieant quotrcnt bit and shift 
again; if not, v...e en ter 1 ancl suhtract thc divisor into thc mo'it significan! 
d1v1dcnd reg•<;tcr and ~h1ft. We eontinue in this way (muchas m pcneil-and­
paper divis10n) unt1l all quollent btts are computcd. At thís point, the 
mn~t significant dil'idcnd reyistcr wtl! containtlrc remamdcr; the leas/ significanr 
dit•idend registcr contains tite (integral part of tire) quotient. 

EX/\l\1 Pl E (15 :_ 7 ~ 2X. 3-illt v.orJs): 

(CI) 0 0 1 1 1 1 
1 1 1 
no O\ crOo". ~h1ft 

1 1 o (e) 1 1 1 1 O O 
1 1 1 
~uhtr~ct and slufl 

Quo/1!'11/ O 1 O RL'IIIlll/1(/{'r o o 1 

For divi~ion of .IIIJitcd numhcrs, consult your computcr manual ao; to thc 
spccific fot mal u<;cÚ .. Most frcqucntly, the corrcctly s1gned quotient is kft 
in the lca~t ~ignific •• nt d1vidcnd regl',tcr, \\hile the rcmaindcr. again in the 
nHht ~i~·tHfil.llll dJ\Jdcnd r~gi-;1\:r, i~ an uno;igncd numhcr preceded h) thc. 
s; .. :, e/ t 1.r t!n ;cfcn./. 

cTo comput<: .ll ,,fcd-jtr:ctl(lll ífllnfi,·nts X/Yof N-bit scalcd fractions X. Y 
(S~.:v. 1-8) or, for thal m,ttkr, of N-btt intcgc1 s X, )'with an ,\'-bit computcr,. 
~im')~\' I)Ltcc X into thc mo~t .\ifflllficanl dtviúend rcgistcr and clear thc least 

1 - • d f . 1 si¡!niiÍL,I' :v1dcnd r..::g:stcr. Thc dcsircd signcd or uns1gnc raetJOna, 
c¡~r•t:;c,¡ \-·!1 h-: cry-(·.~tl:- procluccd 111 thc form 2-"'(2"X/}) 

~-' Fl OA 11"··1'01' 1 ,\1!1111\11 llf 1-10 

1-lll. Floating-poi'lt Arithmetic. (a) floaling-point Data Rrprc ... cntation. 
Bmary fioating-point arithmctic reprc'>cnt:, cach rc.d numbcr X h) t1ro bin,Iry 
nurnbcr~. an N-bit signcd binary fraction (manfi'>'>a) A and an M-bit signcd 
binary intcgcr (exponen!) R so that 

(1-8) 

The mantissa is usually reprcsented m sign-and-m,tgnitude coJc (Tablc 1-2). 
The exponent can be a 2s-complcmcnt mtcgcr (Tahlc 1-1 ); sorne floating­
point number reprcscntations do not use thc exponen! R itsclf but cmploy, 
instead, a nonncgative biascd C)lponl'nt or charactcristic _ _..._""'-_____ ---..._ 

R' = R + B (l-9) 

whcre Bis an agreed-on positive intcger. Typical min1computcr floating­
point formats are shown in Fig 1-17. 

Floating-pomt number repreo;entation i-; not uniquc :-.m.:..:, for in~t.tncc, 

0.101002 X 29 = 0.010102 X 210 = 0.001012 X 211 

Thc fir~t form. \\here the moo;t significan! hinary digit of the (nonneg,ttivc) 
manti<;sa is a 1' is often dcfincd a::. the normalin·d form of the floating-point 
numbcr. A numher is abo con..,iúered norrnall7ed if the exponen! ts as 
small as poso;iblc and thc ab.,olute \ .rluc of thc m,tntissa is stlll k'i'i than ,!;;. 

Sorne computer manufacturero; (e g.,IBM,Intcrd,tta, Data General) use a 
hexadcwnal tloating-point rcpr..:o;entation dcfined by 

X= A X 16R (l-1 O) 

where A is a binary fraction and R is a binary intcgcr (usually exprc<;o;cd in 
hexadecimal code, Scc. l-4h). In this case, a propcrly normali7cd mant:ssa 
will havc at lcast the magnJtuúe j{6 ; i.c., at leas! onc of thc four most 
significan! bit!> of the posit1ve fraction is a l. 

Fortunately, most minicomputcr users mcet hinary flo,tting-point form,tts 
only when troubleshootmg. 1 nputfoutput is almo~! ah' ••ys in decimal 
floating-point formal, usually in the E formal f.tmiliar to FORTRAN u~ers: 

0.2734 E+ 02 = 0.273410 X 102 

Thc floating-point reprco;entation [Eq. (1-8)] eovcrs thc r:~ngc 
M-1 M-1 ·i~..-'r 

-22 -I<X<2z -1 :!";<;_ 
'.;!,"'".0. 

( 1-11) 

This range is usually so vcry largc (2 2
•• '- 1 > tO:'R for M= X, ~ce aho 

Fig. J-17) that no sca!ing is necc,\\{11 y ll'itlt mo.\1 purctical p1ohh·m\. Tlu~ 

truly dramatic advantagc ovcr fi\cú-pomt eomput.ttion is paid for with 
cithcr extra computing time or more cxpen~ivc har<h\arc, and mu.tlly aJ,o 
\\lth n•drucd Jlf'L'CI>!Otl pcr bit u~cd lo represen! X (M o· ate u-;ed for 
thc exponen!, which docs not eontribute "s1gmfieant dig. ,. RoundoiT 
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error-. can lx· multipl!cd hj largc factors 2R in somc parts of a computation, 
so that a nmltidtg.it flt,allng-po¡nt r..:sult may be lco;s accuratc than it loo~:s. 
In particular. mi11ico11:pulí'' twn-word floatillll·f'Oillt fnrmats Izare rmc(lm­
fortahly .~lwrt Jll(lllfitsas. Unless you know cxactly \\ hat you ;1rc doing. \\C 

rccommcnd tllree- (Ir four-worcl furmars with 16- and 18-bit machir.d 
(f'ig. 1-17). Th1s applic~ cspccially whcrc many terms are addcd, as in 

numcrica\ intcgration and averaging. 
OH·rllow of thc 11oating-point rangc (Eq. (\-11)] is possib\e, but rare. 

Undcrflon (normali1.cd cxponcnt R bclow 1 - 2A'-
1

) will rcturo X == O in 

n1oc;t ") o;tl'ms. 
(b) Floatin~-pnint Ovcrution'>. Floctti11g-point odditinn and subrraction 

requ1rc thc computcr to perform thc follO\\ ing-fair\y involvcd-opcrations: 

Comp"rc cxponcnts 
Shift ntanti<;!;;l of c;maller tcrm so that both terms havc equa1 exponents 

Add (or suhtractl mant1ssas 
Normalitc rcsuh: check for overflow, return O on underflow 

W1th (loating-point arithmctic, mulriplicatioll and dirisimr are rather 

simpkr than atkhtton am1 suhtraction: 

Entcr with normali1cd data; multiply (or divide) mantissas-exit ifO 
Add (or subtract) cxponcnts; check for overnow, rcturn O on underflow 

Normali1e rc<;ult 
All thc<;c opcrations muo;t he implcmcntcd with software (s~1broutincs), with 
a microprogram (Scc. 6-13), or with optional hardware (!loating-point 
arithmctic unit). We nm~t alsn prm:iclc for tlle addirimwl opcrations of 
"Jioatin{}" ji.wc/-point numher.s and ''jixi111( Jloatill{l-point mmrhcrs. and for 
dl'cmwl input/mllf'lll. Suitahlc assembly-langua¡;c subroutincs will he 
found in computcr manufacturcrs' software listings; 11oating-point hardware 

is dic;cuo,sctl in Rcfc;. \ and 6. 

1\lEi\tORY Al"D COMPUTATION 

t-11. lntrot:m:tinn. A cnmputcr n1cmory is necdcd to store data and 
in<;truction s~·qucnccc;: in additton. a tinitc ino;tructifln <;':'t makc" it ncc.:c;sary 
to compute ¡,nd o;torc tntcrmcdiatc rc.,ults. 1n ciTcct. ca eh e• 1mputcr mcmory 
con<;ic;to; of a largc numbcr of binary stor:-~gc rcgi<;ters (mcmory locations) cach 
capablc of stonng ~ complete computcr word. p1t1c; ClfCtlltS to addrcss a 
program-sckctcd mcmory location for rcadtn~! or \H1t1ng a \\ord. 

To accc<.'> a P1cmory location, wc place its numhcr (mcmory adllrcc;c;) in thc 
n1'::mory ::tlh:rc•,c; r,·~·~-,td. ¡\ "tr~c" of dccoding g,llC" (Tahk 1-Sa) conn.:ctC'd 
to thc mcmory addrcss rrgistcr will thcn dtrccl \o¡;¡c s1gnals to rcatl' thc 

·• · ..... -•ror" 1hta rC'r.i<.ter (mcmory buff~·r 

t-11 

r~~i.,h·r) or \Hite a word from thc mcmor d· . . 
mcmory location. Thc acc. t' . y. ,¡ta rcglc;tcr mto thc c;clc¡:tcd 

Tt 
. . • e"" lmc IS thc tune nc ·d d t 1 

IC v.ntc tnuc rcquircd to selcct. d . . e e o se cct and rcad. . · "" wntc ¡<; oftcn e· 1' d . 1 · 
cyrlc bcmg thc time rcquired to r .. d ·.' .e C)C e time, a mcmory c.t /erase cmd wr 1 ¡ · · 
core mcmory (Scc. t-12). . 1 e rewntc m a magnctic-

The m a in mcmory of a minie words of magnetic-corc scmicoomdputcr usually ha!; bctwccn 1,000 and 32,768 

1 
. ' n uctor or phted w'r t . 

cyc e t1mcs bctwccn 250 and 8 OOO ' .. • -
1 

es oragc w1th cffcctive 

P 

. . • nscc (Sccs t-12 and 1 IJ) A 
ronusc, mcxpcnsivc 800- to 3 000_ . . · · . - · · e; a com-

by vcry fast ('iO- to 200· •. ' . nscc m.un mcmoncs can be supplcmcntcd 
· h r · ·O"ieC) 1/Jh'rlllt'c/iah• ~tor . ( 
tn f: C sOrm Of flip-nop-rcgist •r ' . tl[/t 'crah:hp~td Ull'IIIOfil'") 
we oftcn add slow but inc"pc·no.r semiconductor mcmorks. In addillon 

d
. ·' e SIVC llltiH iffllr I/' · ti r ' 
ISks, drums, and tape (Ch·tp J) Th . '!' m JC sorm <'f lll.l~n.:t;c 

blocks (up to millions of ·w~r-·' ··) h~she can storc largc prol!ram-. ami d;~ta 
d d 

U!\ \Y IC .trC (C\11' ho , ) . 
ncc e at all times but which . be e pe., not tmmcdi.ttcly • c.m tr.mo;fcrr ·d to . d r . 
memory as necd ari'>es. We thus hw . ~.;; "" rom thc main ' ' e a /uf.'rc~rc/ry tif.~tomgt• s.ntt•nu. 

1-12. Corc 1\lcmorics.. Mo-.t minicom 1 • • ~l·moric'>, which storc individual bits b p ~ter ~tam mc~torics are core 
m the 1 or O directinn throu •1 . y m.tgnctlllng toroidal fcrritc corcs 

h 
. ~ 1 a wntc-current p '" (1" 1 "\ 

t e mformatinn stor..:d ¡
0 

!-.tl'll. u. e 'l!_;. -l. a) To rcad . · '- •' cor..:, onc puh ·o; th. . · 1 
zat10n d1rection ·ir a 1 h·tll b. d . ~.;; ~.;; cor..: m t 1c O lll.l!.!n..:ti-• ' • o..cn stor¡: tn the co . th . ~ 
would cause ·m output . . re, e rcsultmg nux r..:,cr!-.·11 • currcnt pulse 10 , • . • • 
core (Fig. 1-13/J) To. ,

1
, . 

1 
· a st ll.lt 11'1"' thrc.1dcd throu~h thc 

• • S< t" on Y the corcs · · 1 · ~ m the mcmory \I.C · 1 • .ts!-.OCiatc< '' 1th a spccifk word 
• 1mp cment the re·1d and · 

position of sclcct and inhilJ't '. ' \\ ntc currcnts throug.h super-
' currents m t\\O or th • . 

corc (coincidcnt-currcnt wkctinn F ' 1 11 . .re e ~\Ir..: o; thrcading ca eh 

a t 
. 1 ' l¡;s. • -a .md h) Fwu • 1 1l ·¡¡ 

ypn:a corc-mcmory "ord o; •1• ·t· 1 · "" n: - . e 1 ustratcs 

h 
. . e Ll 1011 SC lCOlC (JIJ S·/ , ) d .. 

s ows thc \\mng ofa typic.tl bit hne· h . . . (. rulll' • an hg. 1-t3d 
corcs in thc planc in ·t p·ttt ·rllll ~.' d. t e senc;e \\lfC IS thrcad..:d through all 

• • ~.;; C<;tgnc to c;mccJ tf ' fli• . f 
currcnt puJ..co; associatcd Wlth unsdcctcd • t~; e o..cts o thc half-~ckct 
extra ~mitching looic t/¡• 't''''. 1 ., 1 ~ores. Al thc expcn-:c of a httlc 

e • l • l 11 ·f' {/11(' 1\'lf(' r h 1 . 
QIJ(/ S<'llSillg, so that only thn•l! wircs necd t cm t' IHI'c jnr ¡,,,,¡, inhibirm,¡ 
Refcrcncc 3 dcscrihcs two diiT..:rent ~v ·t'h' o. he thn:.l<lcd throut!h cach corc. 
(2D and 2).10). or\ 1 lt .trrangcml·nts for corc mcmnric" .. 

Corc storagc is nnn\'obtilc. ,· e tllc • . • · · • me mor y contmtl . · t t · 
cvcn whcn c

0
mput ·r p . . l" o" ort' tl'i rnntcnh 

e O\\ er IS oiT ht 11 1.:)' ·1 • t' f 
computcr corc mcmor,· ·s . h - le lllh>· o t;. P''·'l llllltl· 

~_: .~re ctwccn (¡'iQ 11 ., • • • J o 
thc accco;<; time. As show . r.· 1 . o.;~; .tn o JI'·CC, h.llf of "hiL·h 1'> 

n m ,-lg. -13/J, corc-mcmorv .. 1 · 1 . 
1 c., rcacluu¡ clcar~ 

1
¡,(. a'! . 

1 
J n.H out l.., 1 l·..,trul'IIH" 

• fll 't' nct memorv ¡ · 1 • 
re."! mto thc mcmor)' d·¡t· . . . ocatum; or~ t::.ml;.. th<: \\Oid thus 

t 
• • •1 rc"l'>ta IS rcwr tt • · 1.1!: uf thc Rl-AD . e: 1 en mto corc dunnc~ thc ~-=n)nd 

- mo.:mory C\clc. Thc e 1· -r. . ..::·:•H) h c·uit· le 1 • • . yc e l1111C of cvcn a 650-n'\CI.' coro· 
• 1 ~.: '' ~~ comparcd to ti 50 , . ~ lC · to 100-nscc cloc.,;-mll!rval times 
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I'TRODllTIO:" TO :0.11:\ICO\II'Ll ATIO:-; 

1. 

Y-SELECT 
LINE 

(al 

SE: :l.: SE 
L:r-.E 

Y-SELECT 
UNE 

REAO t 

(b) 

X- SELECT 
LIIJE 

• 'NH:SIT 
LltJE 

r·, 1-13u and ¡,, c111 nc 1dcnt·curr~nt \Httlng and rc.tdtng/cra~mg m a typtc.tl mmtcomputcr corc 
fll~~Hlr) la) WRili'-.G \'.e <t..rt \Hih all con:' m.t¡!llC\II~ll m thc O Jtr~Lll"n \\ rttlng a 1 
mto a c

11
cn corc (¡e. ,1 F"~n btt of a sckctctl ""rJ) lkp~nd' onrlrrcc curren! pul-~s E.t~h of 

th~ l\\~ <el.-< 1 1111 
r

1 
"'' \. r m>~,: b~ onc-h.df nf tiH: r~t¡u1rcJ m.¡¡;nclllllll! currcnt l"orJ ~dcc· 

tl;n) ""d thc 
111

¡
11

¡, 11 "'"'"'; 11·.h 1~h \\oultl oppo~c 1 m~gnctll.llll'll) mu't be O lhtt scttm¡!) 
1 he lllhlhll lm~. comnwn tu ,lll nord'. hdtlll~' to ,, >pCctht mcm•'r)·d.ot.o-r.:~•-tcr hrr (h) 
RLADii'C• 1 R,\<.,1;-.,(i lh: \ ,md } ,c\cu '"re' .trc hoth puhcd "'th utrr.:n~ 111 thc O 
m.l¡!lldl/.111<>11 dn~dh'll 1 hh prnLilll~' 1\0 Lh.lll¡,!C tf thc Cllfl' 1' •llfc,IJ) m.I~Jldl/cJ lll thC ~ 
UtrCdll•n lf ,( 1 \\,1\ ,¡

1
,¡.;,1 11 \1111 he([,('(<\, ,troJ thl' llU\ fLICr,,o( Wlti C.lll•\ .1 1 pu(,~ 111 lh~.; 

scn~c ltnc 1 he lo~ttcr. CL•mm<~n to a\1 11orrh 'lh ,, 'rcuhc mcnwr)·d.ot.o-rq:o-t.:r l•rr \1.1 a 

~cn'c .tmnhlicr 

of integrated-circuit arithmetic units. In largcr digital machines ~ith 
multtplc core-memory banks, onc can partially ~ircumvcnt corc-acces~ 
dclays by taking succes~ivc mcmory wonls from different mc~1or) b.1~ks, 
thi~ permits re\Hitmg 111 onc bank to be orerlapped with log¡c opera.tiO~S 
and mcmory acce;;;~e~ to othcr banks. Such mcmory-b.:::nk O\crlappmg 1~ 
rarely used with minicomputers, which may havc only a smglc mcmory bank 
altogcthcr, but tire pomhtlity should not he ol'erlooked (Scc. 6-9). 

Wor~ se:ected by~ 
X-cnd Y-~~lect ......._ 
Iones on oll planes <:::) 

/. ---- Bot O plan e 
~ e:> ·----- ----~ ¿;---- Bot 1 plone ... _ ~ 

.c."'"' ~-Bot 2 p.ane 
--- . ~--> --- --- ----

Fi<'. 1-Lk. 
e-ore' t>dn 1~~ 1 ng ¡,, ,, P'"" """/ ~'·"'' thc ~.tmc X. Ypo'IIWn m c.tLh h1t pl.tnc. 

.. ' · · • · ••· ·~ ..... ..,,.mnn.-d tf.l-rt.:l.!l'>h:r }l¡f 

J7 SF.MICO'Ul Cl OR A:\11 1'1 Al f JI.\\ JRf MI 'IORn.S 1-IJ 

From Y driver~~ 

y 1----.'i 

y 

Sense 
winding 

~ 

S eme 
ampltficr 

To onc-IHt l'""tion 
of d.tl.l rcgt,lcr 

From X drivers 

lnluhit 
wuuhng 

(from <Lto1 rcgistcr) 

Fig. 1-I:V. On~ l">ol pl.tnc of ,, lf>-'•nrtl JD <or~-mcmt>ry unll (// 111'1/,·rr>ulll, D11¡rra/ Computa 
Spli•m /'llnup/!'\, .\11 (jran-11111. \"en li~rk. /CJro7) 

. Core-~1agm.:ti1ation rctcntion at tcmpcraturc~ mu~h ;:boo,·c R5°F rcquires 
e1ther h1gh-temp~.:raturc corc m.ttcn,ll or an autom,1tic incrc.t~c of corc­
driving curren! e; \\ 1th tcmpcraturc. Typicat mm1computcr corc mcmorics 
can Wl~rk at ambicnt 1\.:mpcraturc<; up to 110 to 13<n-'; rou shordd chec/... rlw 
spee~ficatinn ccmfu/11 (/(/OIIHI your applicatiwz rcquin'llll:IIIL 

Wilh ncw monolithic .;cn'c and dnvcr ampllfkrs and clcvcr corc-~tringing 
tcchniques, corc-mcmory manufacturcrs are still holdmg thcir O\\n against 
the onslaught of ncw solid-:-tatc mcmorie~. Typical 16-bit 1-¡rscc mini­
computcr mcmorie~. including sdcction, driving. and sen~ing elcctrontc~. 
cost on the ordcr of 2 to 5 ccnts/bit in 1 K banks. 

1-13. Scmiconu b ~tor and l'latcd-\1 irl' :\ 1l'rnoril''>. Withtt!H; alh cnt of 
~1euium-scalc amll,tr~c-scalc intcgratcd Clrcu¡b pc•mitt111if~llr m.tnuf.tctur­
mg )1dds, all-clcctronic sohd-~tatc mcmorics have hccomc·a rcahtv. Semi­
conductor mt:mories are snuller than equivalen! core memonc~. tl;cy c.tn he 
f<l~tl;r and consume lc~s powcr; and, in thc long run, semiconductor mcmoncs 
\\111 probably be substanrially chcapcr (Rcf. 23). 

llipolar-trarl'>ic;tor static m('morics, which are csscntially multiplc flip-flop 
rcr"tcrs plus readfwrite/selcction circuits, are dircctly r 'patiblc with 
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·"' 
transistor/tran'iÍSIN or ClllÍlh:~-.:"OUph:d ltl!;ÍC and are .. CT)" fasl: n.:.1d and 
writc timro; hdo\\ 50 nscc are r\.·adil~ po-;~ihlc. No rc\Hiting ~1ftcr rC'admg 
is nct.·dcd (nondt·..,ll ucliH· rc3duut, 1\DitO}. Bipolar m~morics are fairly 
compkx intcgratcd circuitO\ and :u~ still cxpcno;i\"~ (ufthe onkr of ~O ccnts/bit 
in IK hank-;1. lhcy aJe.:. t:h:rd~liC, u~cd mustly in small ··scratchpad .. 
mcmorics. Priccs are expcct~d to d\.-crcao;~ to bdow 2 ccnts,'bit as intcgrated­
circuit yields improvc. 

MOSFt:T tmctal-oxidc-silicon fidd-cfTt.•ct tran!>istor) srmiconductor mcm­
oric5 invol..-c simplcr intcgratcd-circuit pattcrns and are chcapcr than 
bipolar mcmorics. Whilc oldcr MOSFET circuits nccdcd lcvcl-changing 
amplificrs to supply largc logic-voll:•gc swings, somc n~\\Cr MOSFET 
mcnwrics are TTL-compatihlc. MOSFET mcmorics also come as static: 
(llip-tlop-rcgi-;tcr) mcmorics but usu.11ly as dynamic mcmoric-;. In a dynamic 
memory. cach bit is storcd in \\ hat amounts toa -.hift rcgistcr who!>c output 
is fcd back lo thc input through a clock-gatcd MOSf-ET rcfrcsh amp/!/it•r, 
so cach storcd bit is rccirculatcd and rcgcneratcd, say, 1,000 timcs/sec (fig. 
1-14). Thc rdr..:sh amplifi~r can be timc-shared among 16 to 32 mcmory 
cells. Snnple sihcon·substrate MOSFET mcmorics are slower than 
bipolar memorics (and o;IO\\~r than sorne core memories). Typical access 
times are betwccn 300 nscc :md 2 Jl~cc with nondcstructi\e readout. 1-¡tscc 
dynamic MOSf-ET mcmorics cost ahout t to 3 ccnto;,tb;t in quantitics of 
1,000, and prices can he cxpcctcd to dccrcasc to bclow t ccnt:'bit. 

Thc era of solid-statc computcr mcmorics is still in its h..:¡;innmg. One 
m ay anticípate massivc dcvclopmcnts, both with rcspcct to bcttcr yiclds (and 
thus much lowcr mcmory costs) and in thc dcvclopmcnt of ncw integmtcd 
mcmory circuits. In particular, diiTcrcnt types of l\10SFET circuits 
(complemcnlary MOSFETs, sapphirc and garnct sub-;tratcs) are undcr 
acll\"e Jc\clopmcnt and ~.10 ~ expectcd lo lcad lO substantially faster 
MOSFET n1cmorics. Comr~•rcd to core mcmorico;, semiconductor mcm­
ories havc ti,e ndvantagc of nrmd,·~tructin.• reaclolll. On thc othcr hand, 
semiconductor mcmoncs are \OI:ltill·; i.e., mcmory contento; are dcstroycd 
whcn computcr powcr is turncJ on·. In sufficicntlycritkal applications, one 
mu-;t providc an cmcrgcnc:y po\\ cr sourcc, such as a trickk-chargcd ballcry 
whi.:h, \\'hcn a powcr f~Jilurc i' scnscd, can takc ovcr mcmory opcration for a 
time suOicícnt to transfcr thc cntirc contcnls ofthc mcmory onto an auxiliary 
magnctic storag~ mcdium (J¡~k or tap~.:). 

l'latl·d·\\irc mc:norics are ma!!nctic mcmorics which utilizc !.mall zones of 
magnctiz~Jblc thm fllms pl.1tcd ~1to \\ ircs, rathcr than m:1gn~tic corcs. for bit 
!>!l)f;lgc. Platcd-wirc m~moric~ r~·rmit r., ... t acccss (acCC'S tim.:s as l'!w as a 
fcw hun1lrcd n,mosl·con<.ls) \\ ith nondc~.tructivc rcadotll, ~~.:: no;wolat•lc, 

' ' and ha\·~ h~:cn th~ !>llhj..:cl of ~on~iJcrahlc hOjlC!> and cxp~·ctatl\)115. In ra~t. 
C)...ccllcnl platcd-wirc llll:llll'ri.:~ ar~ commcrcmlly available. Uul, ¡¡Jthout!h 
batch-production mctho~ls h<'vc becn dcvclopcd, quahty control is nol 
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ni ~~~--------------¡: 
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·.-.: lt•me ·sftore.d) 

'"""' lltt from memcry lftwer ted output 
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Fig. 1-1·1. A d}n.umc MOSI L1 m<m<>r\ Q Q . 0 Q f . . 
CHAR<.iF \VRI'II-Slll- . . ,. :·.m ' orm ·• 1-hu mcmnry ccll PRE-

.. · · C l. RI.AI>.\11 LC 1 and Rll Rl\11 ul• 
Ct.ln\CCUII\C pha~c- nfa f¡>ur-ph."c d .. d. r tch ~ul ~ ¡f: LI·J L PI C\IMC '''"'Ctalcd V.tlh 
1 r h" . • ,. '·· cn.ln' n\ 1 IC l~ ¡.,e'. ·lJn •1 . 1' 
r.tn~tcr o1 11 frnm t>nc p.•r-1':11~ l.tp.Kll.m~c tu thc ncxt m • 1 lo. ''~ ¡: ".\!''· " 1 ' 

~I-IA~GE char¡;c' e: h) turnm¡; {!. C)\; ·•nd OIT. WR 11 r.<;¡ ,¡L~ ~; ,:;'e, dtrcct•~•n I"RI:­
tfa l1s wrillcn. e, i~ d1.1r¡:cd. RI"AI>·'ill I"CI Q 

0
· ; . - .11 _Q, <>.~.mJOII; 

t ON d -•· h · - turn' • N .m,t 01-1 af a 1 '' ,tnr.·J Q UfO~ an Ul\C ,IF[!C\ el ~O th,tl thc (111\ Crt<<f) OUIJ>lll j, 0 1 h • • . l 

!esscnlially anothcr ,¡nlll.tr mcmor} ~:cll)lll\Cih thc ~-k~lcJ ouJn 1 h"r ~ l'·;lc rcf~c'h :•mphh:r 
. lis ccll input once C\Cf) mallisccond nr 50 ,.u 1 ·•n• tr.m"cr~ 11 h.a~lo. hl 

simple. • As a rcsul~. platcd-wirc mcmorics are not chc~tp (5 to 1 o ccntslbit) 
~nd ha.ve bccn a~phcd mo!-.tly 111 highcr-priccd digit.11 computcr:. (c!opcc;ally 
m acrospacc-vcluclc computcrs)· MOSFI=·r mcnlor1··s s. 

1 
1 . . . . . ' - ~.;. ·~.:m o 1avc ovcr-

t~kcn_ platcd·w•rc ClrCUils m thc low-cost minicomputcr ficld. This 
SJ!Uatlon may or _ma~ not be changcd by futurc improvcmcnto; in platcd­
Wirc-mcmory fabncatlon. 

1-14. Rcad-only Mcmorics. Rcad-only rncmorics (RO;\h), who:,c contcnts 
are usually chcckcJ out and writtcn once ·md for all at thc ti m, of r a d u b ' ~.: manu .11.:turc 
~ Jcn cann~t e ovcrwrittcn, are u sed to sforc frcq ucntly re u sed progr;un 

scqucnccs or b1t pattcrns: 

1 · Complete spccial-purpnsc prowan1~. c~pccially in industrial Jo~:k-
scqucncc controllcrs rcpla~·•n¡_: old-f.l'>hioncd rday-laJJcr ¡l,L~ic ~ 

2. lmpor~an~ li:lftuy .\1/hroutin.•s for spcc1al anthmctic scqu~·n~.·e~. control 
or cm~:rg~.;m:y routmc!., scalc or formal transform.llions. etc. 
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t:-.olRODl CriO'- TO :\11'-ICO'II'L 1 \110" 

P,ulse fro'Tl oddress-:s::: m"<" 

o 

Sense omphfoers read bots 
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fig. 1-15. M,ognetoc rca<l-onl~ mcmory (ROI\.1) [ach U cure n1.1y he g"en a top to impro\e 

liS magnct1t c•rcu•l ,1flcr thc \\on.l \\lrCG h,,,e hccn Gtrung 

3. Sy1tem programs such as boot~trap loadcrs (Scc. 3-4b), inputfoutput 

subroutincs (Scc. 5-30), and cvcn s1mple compilcrs 

4. Spccial directorie~ and function tahle5 
5. Microprogrmm (firmware) for 1mplcmcnting or emulating special 

in~tructions or instruction scqucnccs (Scc. 6-13} 
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6. Bit-patlt'm !ft'll<'llltors such as characur !lt:llt'rtllors for displays and-

te.fl-.\11/llt¡/ !JL'IIl'rators (scc abo Scc. 7-10) 

Uscrs may \'<rluc rhc RO\!"s rcliability and :~o;surancc against a¡;cJdcntal 
O\'Cf\\ nting of import.m• storcd ínformation. Anothcr potential advantage 
JS th.1t nondc!'tructi\'C instruction rcadout from a ROM can be partial!y 
O\crlappcd \\Jth instruction cxccution srncc no rcwriting is nccessary (Se.:. 
6-5). On thc de bit sidc, simple rcad-only mcrnorics do not makc allo\\ anccs 
for programming aftcrthoughts. Storcd programs or data must be checkcd 
out \cry carcfully through prcliminary runs with an orc.Jinary mcmory. 

An importan! appficatinn ofrt•ad-only mem(}ry is lo logicdesign, for thc ROM 
can produ~,;c compl•c.•tcd mult1-input Hoolcan functions (Scc. 1-6) through 
Simple tahlc lookup. Such tablc-lookup functions can be uscd in the 
scquential-machinc setup of Fig. 1-9 to genera le complex sequential patterns 
(Ref. 22). 

hgurc 1-15 ~.:~ows :: m1gnl'fic ("\\OH·n-nirc") noM. Rcad-sclcct logic 
pul"c" onc '-'f m.my worÚ-\\,IJCl> ~trung inside and outsidc an n-bit arra~ of 
U corcs and causes an output pulse in thol>c U-corc windings wircd for a l. 
Wc sce that mcmory contcnts are C'>tabli~hcd by cach word-v.irc stringing 
pattcrn. Acccss timcc; ofl>uch magnctic ROMs vary bctwecn 300 and 2.000 
nscc. 

Semiconductor RO\ls can use thc dynamic-storagc tcchnique (Scc. 1-DJ, 
but most semiconductor RO!\ts are C'>SCntially cro\<;har malriccs (Fig. 1-16!. 
v. ho<.c crosspoint conn::ction:> are c~t:Jbli~hcd by dsoc..lc or M OSFET OR-f.lto.! 
conn~:ctíons. Thc !.torJgc pattcrn i'> c!.tahlishcd through sclcctivc erasure of 
cros~po111t connc.:t1ons N semiconductor!> during manufacture or during 
installation ("ficld-pro~rammahlc" ROMs). Typically, aceess times \'ary 
bctv.ccn 50 nscc and 1 JI"-CC, and co'>ts <Jrc dccrcasing from 2 cents.'bst. 
Somc semiconductor R0\1<; can be rcprogrammcd in the field through new 
mctallic conncctionc; or C\'Cn through clectrical signals. 
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CHAPTER 2 

''BASIC" MINICOMPUTERS 
AND INSTRUCTION SETS 

INTRODUCfiO:"' AND SURVEY 
1 

• " • • u ter 
This chapter outlines thc dcsign and opcration of a "~as•c rnJmco~p. 1 
i!lu~tra;ing the common fcaturcs of many s~all maclunes. ~h~rft~~c~~~/ 
ingrcd1ents of s_uch da sysdt~m~mc~~~~~· 2~~~151~~~~i~~:c;:6 ~~ 2_'14 then list 
logic unit---arc mtro uce m' ces. .' · f a "basic" 
thc most importan! machine instructJOns m the reper.tolr~ ~ s ~f- the 
. e addrcss minicomputer, dlo;CU'i'\ their implcmcntatlon m c.rm . 

smgl -, . d t'on the mo~t important apphcat!Ons of 
t block dnoram ,tn roen ' . '1 bl sys cm • "' ' 2 13 t .., 15 descrihc uscful optlons aval a e · t' " Sect1ons - o ~- , sorne mstruc IOn . , . will mcct the bas•c computcr 

with snnll digital computcr'i. In Chap. 4, we b b"ncd 
: . . .·¡¡ 11 w·e will then scc how they can e coro 1 

instructlOil" agam, c;pc~l ¡ca y, 1 t/ utput will be furthcr 
into practica! as~cmbl) -languagc programs. dn.pu o t' sets and archi­

d . Chaps 3 and 5. More advance mstruc IOn 
dlscusse m . t'on of minicomputcrs will be dcscribcd in Chap. 6. 
tcctures for a ncw genera 1 

THE BASIC SINGLE-ADDRESS MA~lllNE . 
. F a vcry general pomt of 

2-1. Jnc;truction Srts :md Ston:d Programs. roro . . . di ita! 
. 1 - t' l oL¡· •ctirc o' an~· di!]ital computat/On IS to obtauz g 

V!CW, t IC C.>.W'/1 IG e ~ 'J • 

output 1\'ords 
Yl = F 1(Xl,X2, ... ) 

Y2 = F 2(Xl ,X2, ... ) 
(2-1) 

,·· .................. . 

~t,r.t 1· \lllllct..,.., r 0\11'1 1111.., 2-2 

fr•'lll mput \\Onl<> XI, X2,.... Both input and output words \\ill be 
(lrJncd '>Cb of 0-; ami b in ~tutahly addn.:'>·,cd computcr rc~l'>tcrc; and/or 
mcmory cclh. \V oros m ay rcpn:sent vanouc; t} pes of numbcl'> and 
alph.Jnumeric-charactcr string" or -;imrly dcscrihe prohlcm-loe:lc 'ilcltcc;. 

The des1rcd n:lat1onships ( Eq. (2-1)] m ay be numerous and cnormomly 
compl1catcd. Thcy must be brokcn down mto clcmcntary mathcmatlcal 
rclations implementcd by a (\\C hopc small) set of romputcr in'\lrurtion'i. 
It will, then, be ncceso;ary to supply add1tional registers or memory locations 
for storing intermcd1atc rc'\tllts from clcmcntary opcrations. Thc ba<>1c 
digital computcr is, morcovci, dcc;ie:ncd to pcrform all thc- variou-> cicmcioi.lí)-~ 
anthmctic/logic operations ,,ucccllll el_¡ \\llh the samc arithmctlc/log¡c 
S}stem (un!IJ...e, for instancc, a convcntJonal analog computcr, \\h1ch h.1s 
scparatc aodcrs. multlpllcrs, cte., for scp.trate opcrations). The rco..ultmg 
sequencc of ckmcntary in'>tructionc; dc<.igncd to implcmcnt a dec;1rc~ compu-
ta! 1011 ¡, callcd a progr:un. 

Short, ~mtplc, or rt·pditivc dig1t.ll prograrn~ cm he imph:rncntcd by 
hard-\\lrcd ~:ontrolkr-; (el!, rotatm~·cam opc¡,lti••n of ~o.on.r.>l !'.\oltch;:!>, 
read-only mcmonc'>). b} p.1tdt·cord ~}~te m~. or hy pundtcd-tapc.: or punchcd­
card readcrs. Pr.lcllc.ll dit:lt.d-~.:omputcr pro~r.11m, hm\C\Cr. oftcn rcqturc 
extrc.:m..:l~ l.•r¡;c numh~r-. (tlll•ll,.utd-. .111d <..:\<..:11 nnlliPthl of llhtru<..:llllll' 
It 1s also oftcn dc-,¡rablc to chan~..: a tll¡;ital-computcr prngr.11n \cr:r qu¡cJ...Iy 
and cvcn to mmiify program'> \\hile thcy are bcmg cxcult<.:d. 

lhcse con'ildcrai!Oil<. maJ..c 1t cxpcdJent to ende thc in ... truction'> thcm,chcs 
into digital-computcr \\ord'i '' hich, likc thc data \\Ord<;, are !>torcd in sct¡ul·nce~ 
in thc computcr mcmory. Opcration of the rc~ultmg c;torcrl-pro~r:tm di~ital 
computcr wdl now mvolvc altcrnatc rcading (fctchin~) of in'\lruction nords 
and cxceution of thc corrcsponci:1g in<.tructions. 

The machine will most oftcn read mc;tructions in scqucnce, but is capablc 
of branching toa difTerent group of instructions as a result of deci'iiOn~ m a de 
in thc coursc of the computalion. Thc same group of in~tructio11<. (sub­
routinc, loop) may be traverscd ag.1in and again for repe.1ted and iterativc 
opcrations. 

Sincc the instruction words are, just likc data words, simp!y scts of Os and 
ls to the computer, its arithmctic/logic circuits can, if \\e ~\i'ih; modl/r 
instructions in accordanec with intcrmeJiatc results. The _(.{traordinary 

, powcr of thc modern d1gJtal computcr is not simply due to· i.fs_ spced and 
mcmory capacity but also to thc flcxiblllty of thc.: !>torcd-program concept: 
branching, looping, and instruction or data-address modificJIIOn permit us 
to creatc dramatically complicatcd programs from vcry simple in-;truction 
SCl'). 

2-2. Singlc-addrr~o; Cornputcr<;, Pcrhaps thc mo~t .. naturJ'" computcr 
•n>truct10n might, say, add two numh:r:- A andE takcn fror. :mory by 
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~prrifyin~ AOD wono (addrl·.;c;cd hy) A ANO woRD (acdrc'~;:J by) s; 
PUT RESULT trJTO MEMORV LOCATION (aJJn.:sscd by) C. But spccift· 
cation of thrcc st·p;~ratc addrcc;scc; \\ould makc thc instruction \\Ord too 
lo11g (C\Cil ft,r a largc Ji~ital computcr. not to spcak of a mir.icomputer). 
We can, ho,,cvcr, implcmcnt thc a hove opcration in terms of several 
simplcr instruciions c.1ch rcfcrcncinf! only a single mcmory address: 

. LOAD INTO ACCUMULATOR (thc word addrcsc;cd by) A 

ADD INTO ACCUMULA.TOR (thc word :Hidrcsscd by) B 
STORE ACCUMULATOR (in mcmory location adllrCS'\Cd h~) C 

l'hc "b.tc;tc" minicomputcr discusscd in this chaptcr. thcn, \\ ill be a singlc­
addrcc;o; machinc whosc instructions movc data betwccn a sin~lc suitably 
addrcc;,.eJ memory location and a spccificd processor rcgistcr. or possibly 
bct\\ccn l\\0 such rcgistcrs. Thcrc witl also be somc instructions ''hich do 
not rcfcrcnce tncmory at all (c.g., COMPLEMENT ACCUMULATOR). We 
remark, howc,er, that thc possibility of using simplificd t\\ o-addrcss 
inc;tructions and zcro-address (stack) instructions in minicomputcrs is of thc 
gr.;atcst intercst and wi\1 be discuso;ed in conncction with more advanccd 

designo; in Chap. 6. 

2-3. Thc ''lla,ic" Minicom¡mtcr. 
zation of a small dtgital computcr. 

Figure 2-1 illuc;tratcs thc t: p:cal organi­
Thc machinc has all tbc ingrcdients of 

Secs. 1-6 to 1-13, vil .. , 
l. A core or c;cmiconductor nwmory, '' hich will storc instructions and dnta 
2. A sct of JHliCl'"'or rel,!hkr' (fltp-flop rcgistcrs), vi1.., 

(a) i\h·mury bu!Tl·r rcgi,tcr (mcmory data rcgi-.tcr): contains the 
iti .. truction or data "on.l cuncntly lcaving. or cnt.:ring the mcmory 

(h) l\ k mor y ad•lrc'-S n·l,!hh.-r: contains thc addrc~s of thc currcntly 

addrc..,wd mcmory location 
(e) l'rogram count{·r: contains thc addrcss of thc instruction to be 

cxc~utcd 
(tf) ln'>trm:tion rc~i'itcr: contains thc currcnt instructio:l 
(l') Grm·r.t\-¡lut¡)l)'.C n•j!.hll·r (ac:ct1111Uiator, arithnwtic rcgbtcr} or 

rq:i-..ll'P•; \11td, pn~"tbly. an itulc' rq~i,tl·r (Scc. 2-7) 
(j) Oh\ 1.:: n·::i·.t.:.·•, ("1.::;:·,"): imlicatcs uHd:m\, carr~. si~n bit, cte., 

rc-..ull!ng: f10m pac;t or curren\ opcrations 
3. An m ithnn•ticflogic unit: lo~ic circuits to combm~ '' orJs from two 

rcgt..,tcr'i by ;tdd1t 10n, subt1 action, btt-by-b1t Al" Di;;~, etc., and to 

c.:>mpkntl'lll, shift, cte., c;ingk words 
4. Cuntiol l•'.::i(': dccodcs thc O:; and b of thc instructiNt currcntly in t1lc 

m~truct1w1 rc:_!Í<;t.::r ro g¡:n.:;..1tc logic lcvcb and ttmc p.bes, which: 
(a) GatP (.;;tt'cr) v .• ;:tl•. \¡(-·,,Icen procc..,.,nr rc~i..,tcr~ 

·-·:--. •'· · r, ... ,.,:,.., nf the :tri~hmc~ict~c.~;c circuits 

, 

Arothmet 1c/ 
loq•c 

system 
110 doto 

Conr:o: 
lo~·c 

onc! 

f¡'f' r~ 

:.•.;'"'ül 
Qe"'eraT'cr 

1 

' 110 
e ccnt·ol 

--------J 
. Funct•on contro¡---------~---___1 

Fig. 2-1. Or~.tni7:~1lon l>f a "h,t-ac" sm •1· . IJ . g <•ol\ re" Ollnl•••ntpUicr. 

In Fig. 2-1, thcre are thrcc bu.,~·" for tnn~fc·~ b· . 
thc arithmcticflonic unit ·rh . . , ' d\lcL·n rc.;_!lstcrs, ah\ a\'>,¡;¡ 

"' • ¡o; t'> .t pla~·tJ( ,¡ e .. · • rcgt~tcr-to-rc"t~tcr p·tths wo ll . . ,) .. lrr\lmtsc: c;omc C\tt.t 

d 
~ ' u l pcrmll n:orc C<ll' •• , • 

an !tpccd computation but \\e would . f .uJr. L .1t h:;l..,tcr tran,fns 
and log

1
c. . ' P") or more e o ;;~'le.\ mtcrconnc.:-tions 

l'mally, WC lllUSl have input¡'out¡wt CUllnc:cliGil~ h . 
Utlll or through rc~ict•'r n- t. ' 1 rou~h thc anthmcticflo:!iC e"~ e•l CS. ~ 
2-t Prncc .... or Q¡¡c·r:Jtio!l (") 1 t . • • . ~ . t LJ • .. n<. r,JctJOn I·dd•1n lf 

,,¡¡ _,.,,,. pro··1.tm ·utd d· 
1
. . . · :,:. \\C as~umc th.1t 

L • .1 <~ are 111 mcmor)· . . • . · pro~c,~o. op.:r.tllon procc.:d~ 
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in clock-timcd ..,¡cp'> (mirroopcrationo;): 

l. Thqno¡¡ram cmmÍer. \\hich wc a<;..,ume to be prc<;ct to thc addrc-.~ ofthc 
fir-.t in'>tructtOn (m.uwally a-; m Sec 3-4 or by a preccdin~ computer 
prog.ram). tr.¡no;fcr.., th1<; addrc<;.., to thc mcmnr_r addrt!n rcc¡i1ter. 

2 The in~trw:t1on v.ord thu<> addrc..,sed '" rcad into the nwmory buffer 

reqiller ami frorn thcre 11110 the 111\flltCtil'll reqi1ter. 

Thc<>c ,n..,truction-fdch microopcration.., rcquirc onc mcmor) half-cyclc 
(Rf.t\0 half-qdc. Scc. 1-12). J\ cot(' mcmory mu<;t nc\t rl· ... ton.: the 
JO!'>tructJOn word \\hile it'> addre~.., '" -;till 1n the mcnwry addrcs-. rcgister 
(R ESTOR F half-c:clc). fven ,.,.,th a core me mor). opcrations \\ h1ch do not 
mvolve thc mcmor: c.m "overlap" thc re.,tonng opcr.1tion. Hcnce most 
nllll-memnr) -n:fcrcnLe lll'lrlll.:llllll" c.m he cxecut.:J in a ... ingle mcmory 
cyflc. which "comrnonly rcfern.:d toa.., thc FF.TCII qclc. 

(h) IJ¡..,trurtion [\ccutinn. /\-. ~oon as the ¡n..,trucllOn \\Ord i" in the 
ino;trU<.:tmn rc.:g,..,tcr 1t'> O-. and 1 !'>are decodcd to control pr,1ccssor operations 
on rcg,..,tcr ;111d rnemory v.ordo; and mput/outpul opcrJtiOn'>. 

U hcn cm 11 t!l't' /1( tton 11 comph•1ed. rile ¡lloyram cntmft•r mu~t cnntclill the 

addn•\\ of tite lll'\1 uii/IIU /11111 111 rlll' ¡noqram. Mo..,l in~tru..:t1nns ~unp1y 
im n•melll the progr.tnl countcr to produce the nc:~.t ino;tru..:t¡on aJJre'-"· wl11le 
hw/1( /u m¡ in..,truct 10n" load thc program counter "1th a noncon<;ceutive 
addre..,s (Scc. 2-91. The computcr (unle'>S haltcdlthcn proceeds with a ncw 

FETCI 1 pha'>e. 

2-5. ln..,truction Sct'>. Thc timing-and-eontrol block in 1"1g.. 2-1 produces 
a <;cquencé of ltmcd puhe-. av.ulahle for J<llll tr.ln~fcr<;. '>én-;in~. and clearing 
c1f \\PHI' m te);l'lcr-.. nlcnwr:-. and .mthmctlc l·irnuh (~.:e .d .. o 1 ahlc 1-5/J 
ami Scc 1-(,l In a etlt1\eti!1Ptl.d 11-hit co1nputct. thc tn'>truclloll rcgi .. tcr 
ha.., at nw ... t 11 h1h. \dw.:h c.111 hl· dccodcd l•l furn1'-h 11p to 2" gatc-lc\cl 
comhu1.11 ¡o ti'- for -;tccnng. pul'e" and/or '' orJ-;. \\'e can. thu'i, ha ve 
up to 2" d11Tcrcnt onc·\\onl in~truction'- (indudin~ input/output in'>truc­
tton'i). Unfortun.1tcly. each 111'-lruction rcferencin~ an operand or rc'\ult 
in mcmory (ml'111flry-n·frrcnrc in ... trurtimt..,, e g .. LOAD ACCUMULATOR, 

STORE ACCUMULATOR, JUMP, ele) llltt'l adJrcs'> onc of. say, R,000 
memory locallOrT'i, and tlll'> afol1<' reqlllrcs 1 J h1l<; To havc a meanindul 
varicty of tn..,truc!IOII'· 'cven 1 X-hit macl11nes do nol ti''C more than 13 bits 
for dired .tddrc.,.,ing.. and mo'>l minicomputcrs u<;c only 7 or 8 bits. lt 
follo\\., th.ll cr ~'' _r millic.nlllf'll'''' 1111111 somctimt·~ ami snmcluur employ rrwlti­
worcl 111\trHCIInll': thc extra \\orJ or word'> m:1y he imphcd by an etTcctrve­
aJJ¡c..,.., compUI..Ition (Scc. :!-7). lt 1!-> of .lt le,¡,¡ aC.ltblliC intcrc~t that any 
and '' dl~ltal-computcr progr.ml-. can he unplcmcntcd ''ith vcry .. m:tll 
·-·· "'" ,,.,, :,111 1111., n:quirl"• many more Jl1<;tructa"~ll"· \l.hich are c•"ll~ 

1 
1 
1 
1 

\ 
¡ 

\lllllll"'-''f· \111111<, \'11 l'\111 \ 1{1(,¡<,¡¡ H<, 
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m tcrlll'- of rncmor}' time ·' . . , . .lllu pro~ramnllll" ·IT 
• compuh·r dl·.,tgn dl'J>(·nd~ <'rlt''t' tl1 ~, "' c ort. Alto;_.:dllcr mini-

r 1 
· ' ' · ~ on r ewmt ce · • ' uw u 111!->lrucrion ..,d., intcJ Ll 

1 1 
: . ...,. Hnprmnt..,c<; 111 codin" hroad1) 

·' 1 >r lll\l ructum d ( ., 
Tablc 2-1 Ji.,t., th<.· mo..,t com . . \\M ., ..,~:e al\o Clup. 6). 

"b . •• 111011 mc,trucl•on'> U\l'd 'ti .. 
asiC typc ~lJ0\\11 in f·1·., 2 1 F" "

1 1 
mmlcomputrr'i of thc ~ ... - · 1nurc 2-2 JI · • 

• ormats for such machines. o 1 uslrates -l~'>fruction-nord 

WHAT INSTRUCTIONS DO 

2-6. Rrgi'>ter-~toring Jn.,truction-.. Refcrring to p1., 2 1 · o· " • an IIISiruclion 

(ctTectivc addrc,.,) 
(etTeclivc aJdn.:.,,) 

2 IN ( IT • euCC!IVC aJJn:,.,) 

STORE ACCUMULATOI1 IN 

STORE ACCUMULATOR NO. 2 iN 

STORE INDEX REGISTER NO. 

tra~sfcrs the contents of thc spccified r , . fC)!I\ICr VHI buse~ 2 and J C p Ot:CSSOf regl'>tcr (O thc mcmOr}· dat·¡ 
. . • · oncurrcntly ti IT • ' 
amplleJ hy the in'>truction w " . d .' lC ettec!IVC mcmory addrc\'i 
th oru ~~ ctcrmmed (S . . ., 7) 

e mentor} .addrc'>'i rc"i~ter TI 1 . t:c. ~- anJ loadcd 1nto 
• ;:- . · IC m.ll: llllC th' d · anto thc.: clb.ti\ch addn:"" ·d . t:n cpo..,¡ts thc rcg..,tc.:r word 

1 
. . . t.: mcmory Joc·ltiOn 1 . 

011
· 1 h~ ..:onlenh oi t 1 . ' • \\ 10'e prcVIOU'> contcnts ·1r • 

Th • . . . lC \PIII..:c rc~"t<.:r .lrC tmclum' cd , • '-
e ,¡fllhllll'IIL'tlo••¡L· lllll( (f , , 1 ./ · 

J
·o· . b e- 1.! -- ) :H:b '>lmpl)· . ' . d· t llllllg ll'-C'::! anJ l s·lll. •1 lf . . .1 ,( ,¡ a-tran~kr p·lth 

• • ' Ll; )<) llll'•lrll 1 1 ~- ·1 • 
mcmOI}" rcaJ,writ..: op•'J"l!l 11 . l IC n t.:lt: llngmu/c\e..:ution rClJUlrC 

~ • ' " rcl!l'>l ·r 1 · mcmory c_
1
c!cs. · ~ l . ., onng llhlructi.m ... rcqulrC tlrn 

2-7. Addrc.,..,ill~: :\lod<''- and 1 d. n . 
Dircet, Rclalh e, and lndr\cd A~lll' . l'J.:l'-lcro; (<,ce a ¡,o S ce. 4·9). (a) 
rk th . ( fC'>\JJIC"I, Mcmory r -~· . 
1 e e regtster-~tonng in'>lruction~ f S· ., 6 - t: crence mo;tructtons 

8,000, and cven as many .,.., 64 000 ·.o , ce. ~- . m ay ha ve to addn:s-; 4.000 
' • mcmory loe 1t1ono; B 1 1 ' 

mcmory-rdcrcnce-insllllcliüll r . f • . u t le llllllll.:omputcr 
"1 bl r 10fll1.1l~ O f'¡n "? ., 1 J ava1 a CJOradd¡cssinnsincc ·'- ,.. ---

1 ' 1 ~c 011 
Y 7 to 13 OIIS 

d
. ;:- · We nccu SOI!le oprr f < 

IITerent mcmor}-refcrence l·r t ¡· a JOII-cndc bits lo diS!in·•uish IS ruc 1011'\ 1t · ti r e-
compute an cffcctivc addr<'~.s bv e· 1 • 1 1'>, Jcrclore. nccess.lrv to 

. 1 . J om 1111111" t JC mo;tru ·t -
Wtl 1 anothcr dl~llal word prcviou 1. 1 . "'"r 1 t: 1011-\\0rJ addrc~" hit~ 

~ '- ) O.lt Ct 111!0 "1110! h' 
or mcmory loc:~tion. Thi"> m. r . cr pro~CS'-.Or fl'~I ... !Cr 

d 

c.lll~. O L'Ollr~C th ¡( \ • · -- · • 
wor s to spccify thc men¡or}· r ,r . • , \e lli.IY nc.:J l\\ o or nJllrc 

· · - l:lerCIICC 111\lfll ¡" '> • 

mtmcomputer employs two or more of 1 ~ lOil com¡~ctcly. Evcry . t le foliO\\ m¡; addrl'"'>ing nlCidl'S: 

l. D1rcct addrc<;.,ing 011 "paoc 0... . d 1 . . · 

d
. ,.. • 111 •1 < rc<;s b1ts 111 ti · 
1rect!y addrc:>s rncmory loe- t' 0 · , le m ... truction \\Ord ,J 1011:> through 2m - l. 

With, say,m = 8, thc re<;ulting 256-word ·J e d 
uc;c memory !ocations on p·tnc 

0 
r ~· g oes not go far, but wc oftcn 

. • "' 10r spcc¡aJ p · 
ltons, autolndcx locations, cte.). urposes (mtcrrupt tr.tp loca-
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. 2. HitL'd :ufdn..,.,in~ "irft ~~ p:•:.:l' n·~i,t(·r: A pro~·l· ... ..:or Jl:l;.!l.: tt·;.:i,kr lo.•lft:\f 
hy an t'.\'lra ÜJ\Jnu titm add, ~·nnu~h ln~h-ord..:r hrc... lo lh~o: irhtruction 
:tddrc, .. hit\ lo addrc\'i allof nll:mnry in ter m., of 2"'-worJ pares. 

3. l>nuhf{·-uord din·rt addrc~'>ÍII~: Thc s~:cond 1.1( rwo rmlst"c·utir ,. ittlfl'ltt liu11 

word\· is or cont:!in ... tlw adúrt''>'i. f(i-hit machinc-; can addrc;;., <ill of 

mcmory in this way. 8-hrt flllntcomputcn, ufv.a}s U'ic.aouhlc-nord 
audrcssing. but will still nct:J paging <&nu/or rcl<rtivc aú,h c~~ing. or 
more words. 
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4. Dirl..'ct addrrso;ing on thc currcut pa~c: Thc m addrc~'i bits (paq,• 
addreM) ar~ cwgmellfl'cl hy thc hiqh-orcla bits of tite mrrent pro¡¡ram­
c,ozmter rt•ading, which conslitutc lhc curr~llt pa!ft' llumh,•r. . 

S. Addrl·~~ing rclatin· to tlu.• pro;:r:un rounh:r (rdalhc addrrc;'iing): Thc 
instru(·tion-word addrcs~ hits aro.: m ter pr\!tcd a<. a si<,!nl.!d int~:gcr. which 
is addcd lo tlt<• curren/ fJHJt¡ram-cfJimta rl'ad111q to. dctcrnú1c :he 
ciTc~:ti\'C :rdúr~:l>s . 

Currcnt-paf!c :tnd rclati\'c :rddrc .. ~ing rcquirc no p.rgc-~ctting in~truction, 
and np~·rr~.·r11:c rndic.:atcs that many pro¡;r.ml\ mn<otly rdcrcnl·c mcmory 
ln~·.t!l!'ll., d~><oc In IIK· nnrcnt pr,,¡;r.rm""nuntcr rcadmg. Rc•lalit r mldn·nin!J 
,,;mplt/"'' rruorrml rc•f,,nu'"ll tS~·c -1-ISJ. 

6 . .\ddn· ..... in:.: rd:l!i'l' fu :lll inrf, .. \ rl·~i .. trr: lhc in .. rnrdion-\~orr• ·tddrcs" 
hito; :rrc interprdr:d ,,, a "',!!nr:J or un'•:•ncd lflll'!!Cr, \\hidr jo; W/d('cl ta 
liJe !'llll/('1111 11} tJ 'fl•·nfi,·d inrln f\':.!Í'h r lo d\.'lcrminr: th,· cff,TI Í\'C add rr:ss. 

lndc.x rcgi .. tcrs .trc C"<lra flto~o·c, ... or rr:gi .. h.'r' hnfdlllg a fui! ct'lllputr:r nord 
("base adúrcc;s"J. Th~:y can he ~o·k.rrcd. lna<kd. incrcmcntcd and,'or 
dccrcmcntcd by spccíal Ín'>tructron~ (St:c. 2-10). fn<kx adtiJtion taJ..c, no 
extra time or, at most, a frac~ ion of a mcmory C}dc. fnúcx moJification is, 
thcrcforc, a good way to addrcss diiTt:rcnt clcmcuts of dala strucrwc1 (S~cs. 
4-9to 4-11). lndcx registcrs can al~o he uscd as tcmp,,:try stora~c rcp,t.:-rs 
and mayor nray not serve as nccumulators a-; wcll . 

Most minicomputcr indc:\ing op.:-rationl\ im olvc only 011c irHk·, rq~Í'>Il'r ata time . 

(b) lndinct Addrcssing, Prrinrk'>in;:. :md Po ... tincln .. ing. lndirl'Cl :tt!drl·,-; . 
ing, spcc•licd by :rn Íll'ilruction-\\Ord h11. 111~'.111\ lh 11 thc addJl''' found hy 
paf!cd. doublc-word, rci.IIÍ\'C, or llldl'\,·,f :1d,l- ·. ·' ·: ,:,.l·~ lhll Jhdf ~o·onf.uJJ 
lht• dc,ircd operand hur rathcr 1h dk~" "· ,,.¡,¡ í<. ~~ rn n.cm,'í). Ow 
llh::mory-11.:fcrcnl·c 111\lru,·tion. 1 hr: 11 . .rdd r ~·,,:.:., a liiCIIhJr) lu~·.Jtr,•n \dll "· 
(;Ontcnts :-.cr\'c as a l'nintcr to thc d .. • ... ,r .. ·d •'p,·r.rnd . 

So me mi nicomputcr.¡ pcru111 nwll iJ.·,t·l indirl'Ct :uJdrl•.,,ing: i.c., an 1 

rndrnx·t-addrcss brt in thc po:ntcr rndi..:atco; that it poinh llll! to thc lin.rJ 
"i'•r.1nd hut to )'-'l :11101h,·r pornt~r 

l.hl.r~..r :r(!J~H ... • !;: . ..: ¡., tL: ! t'j tn ':·:•!!y import.u;t progr:mHuiag h'dmit¡th''· 
' • · ,. ,, n rn.!.i ,·,, '· ... le!· . .-, .. .-d C•)'-:í.• •:,! ,, a fr:::dit''' ,,r j;, ¡: .. iJ.kr, 11.: l'.ll, 
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''ll I'"JRI ( TJO',."f J<, 

"ll ,-.J( .. \II'IC ()\11'1 111<" 

. 1 :ctor 1 tahles) and nwdtfy p01nters 
'mplcmcnt tahlc loo/..11{' (functwn ami t tr~: )(Sccs 409 to 4011). Jndirect 
' liT·• ·nt dcmcnt<; of data .ltrl/Ctllrcs . 
to accc'>s e ' " " . . .1 ". . be combmed \\tlh tnucXIIl::-· 
addrc~-.mg c.tn 11 b'to; interprcted as a 

TI . truction·\\Ord at (res!. 1 , ·¡¡ a 
l. Prcindc,in~: le ·~s tre ·tddcd to the contents of a spcc• le 

. "ned or unst"ned 111teger, : , 
SI::- "' · • ti e nointcr acldn.>.U. · · 
index re"tster to ddcrnum: 1 ' t . s an index bit or bJts 

::- TI . d'r•ct addrl!sS con am 
2. Post~n~cxin~: . 1e m ~i!.~er. • Tlle. ~ontcnH of tllis indcx rcgister. are 

spectfytng an mdex re"'¡' r. . rile effective addrc.u. The pomter 
addecl to tllc indirect adc ress ro JOI m 
stays in memory \\ ithout change. 

JVIemor y referente 
(G operot•on cedes l 

Bot O 1 2 3 4 5 6 7 8 9 10 11l 
[ \ \ 1 ~ 
'---.---J t \ '---7ad~~ D•IS 

Opcoae Oto 5e\ 1128 oddres~es 1 poge l 

f 1 Pnc• O of O 
lndorect 1 cu:renl poqe of 1 

8 9 10 11 
Bot· O 1 2 3 ~ 5 6 7 J 

Nonomell"oryoreference (iJil• \ ~ -· 
(~121 _, ___ _ 

Qpc;dc 7e 9 Qpcode o••~ or 
512 possoble combonotoons 

Qpcodc 6e _____.,_.._..---. 
,.----~--. .---- J 

lnput/ouiP'!' onstruct•ans GL~•i\ ~11\~o~\L---------
. (5121 PDI' ¡¡ ·rac'l 

1. 1, 1->it numcnmpuiLr 1 · ~~ 
Fig. 2o:!ll. ln,rrucllo•n r,rm.ot' fpr ·' "rnp' -0 

. . , . h ve R to 1 () spccial memory 
. S e mlmcomputa'i a t . dcx 

(e) Autoiudc'm~. . om o . t . Whcn nnc of thrse au om . 
O "tltcd autnualc' rcg1" n-.o . rll . <; by auto-loc·ttion'> on p;t'c!.e ¡;, 1 thc dfcctl\e a 'r~s 

' :- 1 1 Ir •c;o,cd it pro: lleco., t' or 
reoio,tcr" ¡., imhrccl ~ ;u' ( ' . 't contento.,. /\utomcrcmen lllg. • 

.. · dccn·ml·ntrn" 1 " f nys 
matintlh incrl·mt·ntn:g or .... ,, , sucl:eo;sivc elcmcnt" o ar , 

. · ·1 · p W'IY to ;t( e reo;.~ d . ti e 
autodccrementmg 1'- a e te.t j._ to he loadcd, and the only pncc pal JS 1 

S 409)· no indcx rc~lc;tcr nec . dd . " Note also that no ( ce. • 1 r . chrcct a rcso;m~. 
extra mcmory cydc requm.x or 111 1 . , • utomclexin~. hut thc autoindcx-

. d ¡ 't · · ncetlcd to pro( \ll:C '1 ~ d · As an 
mstrliCliOilo\\Or )1 IS d f J"n·try llldirc.::t ad rcS<;Jilg. ' 

"l\ he U'oC or ort 1 ' f · cnt1n" ,,·ster Jocatlons cann~ . .. h~ sed to spccl y mcrem :_, 
r~:el . . tra lll"tructiOJl-CO<Ie bll c,lll "'u. 
altcrnattve, .111 ex ' . 11 . 

r dccrcmcntin¡; of anr indtrcct acl reo;sl.'lr t" /\ddrcc;" We have alrcady 
0 • . J) l •nnining thc ·. ¡CC 1\'l' • . J ''\ 

(d) \licroopcratlnnc; e~ rr 1 . ·e ofscveral adclrcc.,c;mg mOt ~: 
• t '1\W'I\'S OIICf a C 1(1/C: • 1 t th~ 

noteJ that minicompu ..:rs' 'o. • t tion "ord" :trc u<.cd tose c~ . 

O 
ende bit-. in thc nH·nlOry-rl'ft'rl'OCC-tn.., ruc. . O rdarire, amlíor cflol(<' of 

(l /' 1 J · 1('( Yt'llilll 111 /'ti</l ' (' H'IJ 
d \rco.,<.ino modc (e ,,·ct¡IIU 11< ' ... ¡· ·,n..,truction f~Hn1.1h. 11 

n ' "' . ., ., -.ho\\~ tvp1~.:.t N " .,.,.1 
incft•' •e iltt"r). f¡gure .. -~ . . . . o, ACCUMULATOR 1 " •• 

l .... ,.,, :n .. trlwlu\1\<, hk~..: STOrtE 

!\.l 201! 

,¡utomatically ciTcct pagcd, rcl.t!Í\e. indtrcct, or tlouhlc-\\Ord addrc~<;in:; to 
gel around pagc boundarico; (S~:c. 4-2). 

Rdcrring to rig. 2-1. a clirect-culchc\\ illllrl/C(/11/1 !r.lll,fcr\ ¡¡., addrc,c¡ bits 
from thc memory data rcgio.,ter to the nH:Illory addrc.,.., rcg_io,tcr durmg the 
EXECUl E ph:tsc ofthc fir:.t tno.,tructwn C)Ck h} w.ty ofhuo; l·,thc arl!hmct1c/ 
logiC unit, ano OU!o 3. Program-countcr bib (for currcnt-pagc addrC\\Jng) 
or p.1gc-rcgistcr bits are trano;fcrrcd at the !.ame t1me. Rclatire-addre~.l al/(/ 

imlex instructions employ the arithmetic/logic unit to add progr.tm-countcr 
or index-register contents via bus 2. Largcr computers may havc a 
separate adder for addrcss computations. Douhlt:oll'ord and ind.rú r---·, 
oclcln:.fJ instructionf use an cxtr.t mcmory C)clc to transfcr thc pointcr from 

01234567 
B•T 1) 1 Z 3 4 5 6 7 (A 9 1::l 11 12 1J 14 151 

r== 1 1 1 Dl :1 
• - 6 f t l L--------------------,----:_-_--.J-' 

\."';.·~c!f · 1 1 8 c{~t.:r~·.o¡ b•ts 
, • .: e,. .... J : ! i :Z':,G od·!-e .... ~,.»I;ICQel 

o-··,..-=··:"''••··~· l : '""d•rect.tt 
f··. ,,. O t:•:. .. ··~ .... ,. ; .~· 1"" !~•eJ ,f 1 

Ji¡: 2·'!h. l!11' l•'•a'.l '';; ,, ,.:,,..,.,.hf :u~..n.••r\ '~f~.r~n'-l UI·UU<.:h"ll f,,, ·' Jf .. ~.r nuru'-.nruputt.:r 
or .• h\t'•\\1'''1 JIU.Jll ··~ r .. f .. ldl\.\," 11'"-lrll,ll •n r,,, .111 :W.-hll rr .. u.hln~ .,('(.. . • tf-.o Ir~ (,.~, 

mcmory into thc mcmory data rcg1:-tcr and th.:n lo th.: mcmury ;¡Jdrcss 
rcgister (with po~tindexing, 1f any). Autoimlning rc4uires no more time 
than ordinary indircd addre~sing but nccds '>Omc extra Jogic. 

NOTE: Double-word ino;trudions mu ... t tncrement the progr.1m countcr 
twice. Also, in 8-bit minicomputcrs, incl1rcct addrcs~es can b~..: doublc 
8-bit words, so that indircct adtlre~sing can take t1ro extra mcmory cyclcs. 

(e) lmmediatc Addn·o,o,ing. OnC-\\Ord immcdlatcoaddrcl>l>lllg m::.truction~ 
are not really mcmory-rdcrcncc in ... tructiOil'>, althL>ugh in:.trlll:IJon form.lls 
are similar. In c.tch immcJi.ttcoaddrc'>'> in~truction, c.g., 

LOAD ACCUMULATOR IMMEDIATE 

ADD INTO ACCUMULATOR NO 2 IMMEDIATE 

(inh·~cr) 

(J_~llc<!CI) 
_;~:...] -

\\hat looks Jikc the addrcss bits i~ interpretcd·a~ a signcd or u'iT:>I~!IlL'd llltcga 
opc·rand. One-word immc~!Jalco,lddl co,s lli'>lructllHl~ are .compktcd 111 a 
smglc memo1y cyclc and are, thcrcforc, !Jandy for :.cttJng up mdc\ n:<!l'>l<:r,, 
countcro;, ele. Sorne minicomputcrs adn11t lHo-\lord hw-c~dc imml'di.tl('­
addn:,c; inc;tructions with thc opcrand storcd as thc second of two in ... tlu(tlüll 
\\()rJo;. 

2·X. !\h·nwry-to-rcgio,fcr Ü(ll'r:ltions: (a) llow Thcy Work 
''":'1\ .rr.: rund . .llllCilloil to singlc-:tddrcss anthmctic. Rcfcn 

Sul·h opaao 
.o Ftg. 2-1. 



2-H . 
c.Kh of tho:'\C Íll'ilrtll.:lÍ\111' \\¡JI f..:tch thc contcnl<; Of :1 •'iUÍt.thly ¡uh!rc.,.,cd 
mcrnory h"-·ation into th..: m..:mory d&~ta rcgistcr :md thcn \'Í<I bus 1 to thc 
anthmctic/logic systcm. Wtth .lppropriatc bus gating. thc arithmctic/log.ic 
umt can now combine thc mcmMY word wilh a word fctchcd from a processor 
rcgistcr (accumulator or in de'\ regio; ter spcciftcd by thc instruction) via bus 2. 
Thc rco;ult is lo:!ded into thl! Jame procesc;or rcgistcr via bus 3. The original 

~egi<;tcr contcnts are lost. 
Sincc both instruction fctching ami cxccuJion rcquire mctnory read/write 

opcr:ttionc;, ca eh ofthcc;c inst ructtons typically takcs 111'0 mcmnry cycfcs. If a 
mcmory-to-rcgic;tcr in,tructi0n rcads from a corc mcrnory. thc original word 
is immcd ia tcly rc\Hittcn (Scc. 1-12) so that mc11wry cont¡•IIH are undumacd. 
M~mory contcnts are ob\ iously ¡¡Jso unchangcd in mcmoncs with non­
dcstructivc rcadout (rcad-only magnetic mcmoric!-, scmicond uctor mcmorics). 

(b) Rcgic;tcr l,oadinl!· Thc simplcst mcmory-to-rcg¡stcr instructions 
mcrcly /nada spcctlicd rcgi:-tcr with a word taken from men~ory: 

LOAD (JNTO) ACCUMULATOR 

LOAD (JNTO) ACCUMULATOR NO. 1 

LOAD (JNTO) INDEX REGISTER NO. 2 

(efTcctive mcmory address) 
(ciTcctivc mcmory address) 
(cfTective memory addrcss) 

EfTcctivc addresse" are srcciftcd as in Scc. 2-6. 
Sorne minicornputcrs (e g .. PDP-H) omit the LOAD instruction and 

load the accumulator by adding or ORing into it after first clearing the 
rcgistcr. A fcw minicomputcrs also have the uscful two-cycle instruction 

INTERCHANGE ACCUMULATOR ANO MEMORY. 
(e) McmoQ -to-rc~io;;t¡:-r Arithmctic: o,·crflow and Carry Flag<> (sce also 

Sec. 2-10). Thc most important {and oflcn the ~nly) ntcmory-to-rcgister 

arithmetic opcration jc; addirimz: 
(efTcctive memory address) 

AOD INTO ACCUMULATOR NO. 2 

1 he ~llnl \\jll ou•rllo" 1f .In,! t'r.l~ 1f i>t•lh tcrln\ h,I\C i\Jcntical sign~ ond thc ~1gn of thc 5Um 
turn• ,,utto he ó•llcrcnl \\.: c.•n ,l.:tcct :!~-con•plcmcnt O\Crflow h~ c••mhmm[! thc c.1rnc• fn1m 
thc Mgn hsl amlthc """' ,,gmtic.mt h11111 an XOR g.1tc: 1ncrflow occur•sf thcr.: s• a carry rrom 

(lnc ,,r thc 1\\ll t>ut ""' h••th 2~-comp/cnh'lll aritlllll•'tic (Scc. 1-9) is usually irnplicd. but consult your 
manual. PD P-15. for instance, has hnt/1 1 s-complement a11d2s-complcmcnt 

adtlitlOn (ADD ami TAO). 
Sorne minicornputcrs pcrmit subtractimz of a memnry word from the 

colltCIIt.S of a registcr: 

SUBTRACT INTO ACCUMULATOR NO. 1 
(cffectivc memory address) 

and a fcw ha ve inrcrsc suhtractinn: 

SU!lTRACT JNTO ACCUMULATOR-THEN INVERT P.ESUlT (cffcctive mcmory ;¡ddn::.,'>) 

1 
¡ 

\. 
1 
1 

1 

1 

1 
1 
i 

'· 

\U \l(tft\ .¡ U·IU l,l..,lt k Ol'l 11\ 1111'' 2-8 

c_t ~-'t ~~- multiply thc oriJ;ilul dilfcrcncc h . - . . '" amphcd. ) l.) 2'>-umaplcment anthm..:tic 

Aftcr no addition or subtr·,ction th ("'flag-.") • ' e p¡occc;~or scts spccial nip·fl\lps 

l. lfaritlmzetic orcrflmr (Scc 1_0 ) ( 

2 rr 1 
. · · 7 a occurs O\ rrflrm flao) d, 

. t 1ere 1s a carry out of thc . . b. an ,or 

( 
most St"lllfic·mt es·.., ) b" · h 

. carry flag, exlcnd fJip-fiop, link) o ' Ion 11 111 l e rcgistcr 

Carrv fl·tg-; ar ~ 1 · · . • • e use u tn po~ttin.:-inlc!!er arith . . . 
mcttc. and dnuhle-prcci,inn ·trt"t!J ,. ~(S mdtc. ls-complczncnt arith· 

C ' mcu: .ce~ 2-14·tnJ411 
hcck your compulcr manual can·full .. S , . . . ). 

an overflow O a·• or o.nlv a . n } . o me nwucomputcrs h.t\ e o ni'-' 
. o • c.trry a~ (PDP-~ . ·.) 1,[ , . J 

carnes and ls-complcm·nt n - . scm;c;. )J -15 tndtc.ttcs 
~.: O\er ow \\ 1th thc s· i1 

complcmcnt ovcrflo\1. n·,. J • .tmc 1 ag. but has no 2.s-
llef\ u ti! 11111 hr rltc

1111
,.¡, •t /¡ Ir 1 • • e '

1 
tllllllcnmputCI 01 aload 

f1 
.t.,. n any case not, th· t 

1 
. t. a or numqc the con 1 

tot t..:prl>!!rarnmcrto•·rc ... t"•tll·O . h . lf'll a prnqrmn. lt is up 

h 
' e ,¡g \\1{ SUII'thJec;k p h l · 

t e PW:!ramm~r mu!>l ·tl·o be • 1· ' _ 
1 

or ranc 11nstructions · 
• ·' sur~.: to '" ('tlr ov 1 . d • tbcy ~re nccJcJ. er 0 •

1 and carry nags bcforc 

Mcnwl\ ·lll·r ··•1 1 ·r 1 1 • ...::- ' e; '"" :•r le .:lt·m •nJ 1 ~~~;'''r' 1 ~~'' t""'~··•mpul<'r m umr.,.tur~;~·~;;7 hr~;~urc 7ulliplc (ctrcnJcd} .mthmct•c 
om. \\ u.: "' 11-..: d, . ..._ nhc•lm <;c.: :-14 Thc "h .. ··" .trc vr lhc'c op.:r •• uun~ ·•~ spcci.l( 

and Ól\1\11>11 a' ~nhnmronc' lll"•hm:• .1\hlltlllll •nó ••• rr< pro.:c,,vrc.m rcrfnrm mnlt1pll•··•llon 
• 11 \ 11 llfl" 

(d) Mcmory-to~rcgi ... tcr l.o;!ic. Thc mcnwr:·.tn-r .,,· t 1 . " 1 ,l~ IT ()!/IC 111.\lfiiCIÍOIIS 

ANO JNTO ACCUMULATOR . 
OR INTO ACCUMULAlOR NO (cffect~vc mcmory addrcss) 
XOR INTO ACCUMULATOR . 

1 (cffcct~vc memory :1ddrcs~) 
• • NO. 1 (effecttvc mcmory addrcss) 

perform the md•cated operations bit b . b. . 
(ro m r:gister and mcmory' with the :cs~~l oj~~c~rrcspomf•~g pairs of bits 
an 8-b•t accumulator and thc cfTcctivcl dcd t m the r~gzstcr. Thus, if 
contain Y a rcsscd 8-blt mcmory word 

and 

respcctively. then 

OIJ 10101 
Jll 10001 

ANO produces thc accumulator contents 01110001 
OR produces thc accumulator contcnts 11110101 

ccumu alor contcnts 10000100 XOR produces the a 1 

(Scc ~lso Scc. 1-6.) In praclicc ANO . a rcgt<,lcr word with Os s ·t , . IS us~d lo rcplace sclcctcd bit!> of 
· -

1 
e up m a ma~k \\ d · ~•mt arly rcplacc selc.::tcd bits with J· . or m mcmor). OR ,,¡JI 

lwo original words anrcc (e 'd s. XOR produces O bits whcrcvcr thc 
d '~ omct cnct.: check) s · r-.cu~o;cí.l m Scc. 4-ll. · ornc appltcations will oc 
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2-9. Opl·rationo; on Word'i in :\ll•PIOf). Thc l\\o-cycle mstruction 

(efTcctive addrc<>s) 

clears the cfkcllvcly adóc<>scd memory location ll'ithnut afTecting the 
contcnb of any accumul.ttoi. Minicnmputcro; withoul a STORE ZERO 

in<>truction must cle.tr and Jcposit an accumulator. 

STORE ZERO IN 

The two-cycle instrucú1n
1 

INCREW.E:.JT. SKIP IF ZERO (efTcctivc address) 

(ISZ) move<> thc cont-:nts of the cfTcctively addresscJ mcmory location 
into thc anthmetic/1<',;;1c un1t v1a thc mcmory data re~io;;tcr. Thc numhcr 
is incrcmented and rcturncd to its mcmory location (a~atn via thc mcmory 
data reg.istcr). lf the mcrcmcntcd result is 0-(i.e., if 1ncrementing causes a 
carry). then the program counter is made to skip (i.c., it is incremcnted by 2 
rathcr than by 1). J];¡s cnnditional skip lets thc program hranclr in the mmmer 

Tite STO RE ZERO and INCREMENT, SKIP IF ZERO instructions are used ofSec. 2-llc. 

to clear and increme:-,t a counter in the cffectively addre.:;scd mcmory 
location. To impler:·cnt a counter prcsct toa count of N, we storc -N 
in a memory loc.tl:on and then ISZ until thc program branches aftcr N 
ISZS (Scc. 4-9). Sor.:e computers. havc a sirn1lar DECREMENT, SKIP IF 

1. 

ZERO instruction. 
2-tO. Opcrationc; on Rr~io;tcr Words and Flag Bits. (a) Rcgi<,tcr A_rith­

mctic/Logic. lno;;tructions likc 
CLEAR ACCUMULATOR 

COMPLEMENT ACCUMULATOR NO. 2 

INCREMENT INDEX REGISTER 

rno\e the contcnt~ of ,: ~pccif1ed rcgi<;tci.into the arithmctic/logic unit and 
back ag.am to pcrfNm thc mdu:atcd operation in onc mcmory qcle (FETCH 
cycle. Sec. 2-4a. S~c a\so fig. 2-1 ). COMPLEMENT ACCUMULATOR 
produces thc 1<;-complcnwnt nr~athc of a signed numher in the rcgister. 
INVERT ACCUMULATOR is thc samc as NEGATE ACCUMULATOR or COM­
PLEMENT AND INCREMENT ACCUMULATOR and produces the 2s-complc-

mrnt nrgatiH' (~:.::e al' ·o 1 ,thk" 1-1 ami 1-2). 
Most mtnicompu:cr'i havc an instruction or instructions like 

MOVE ACCUMULATOR NO. 2 TO ACCUMULATOR NO. 1 

MOVE ACCUMULATOR TO INDEX REGISTER 

which movc (tr ,Jr5r,:r) registcr contcnts in onc cycle via busés 2 and 3 (Fig. 

OI'.R\TIO'\~ 0'\ RH.I ... III! \\01111" ''"H.\(; n11..., 2-10 

2-1); thc contcnts ·or thc sourc• r . 
computers do not p'crmit rcnl.'l ·~.:r l qust~r rema in unchangcd. 1\tost mini-

. - e" ~.: - o-rentslcr ·1d l't 1 
maduncs h.tve a one-cyclc instructi o. , l 1 IOn or su Jtr,tction. Somc 
CONTENTS. on lo INTERCHAfl!;<iE ACCUMULATOR 

. T~c LOAD IMMEDIATE opcration. which 1 . . -~-- - . 
bitS mto a specified reg¡stcr w·t<; . 1 • d d o,td-; th_e ms;r,uct¡on address 
addition, subtraction AND : d' a re,t y . 1 "cu-.~cd 10 Scc; 2-7c. Sunilar 

• • an OR opcrat10ns · . 1 b · _ · m.t} 3 so e Implcmcntcd. 

CCH ÍSoqn bol =v CCH~í-5_·9"_ t)-oi__.J~ 
Carry '----- __, 
flag n-bol ac~~;,-;-u~~lor 

Carry '------.,-----' 
flag n-bot occumulalor 

ROTATE LEFT ROfATE RrGHT 

Fig.2-3. ROJAl[ Slllrl lhC • L.' '• OpCr,JliPn\ J he C Jrf\ n n n s1gn .. u hdorc c.u:h 1-hJI r~•l.llll•n • • • · ·'l' 
1
1'· •'P can he ~ct. rc,ct. or cqu.JtcJ 

10 

ne-cyc e in'itructions likc (b) Rotatc/Shift Opcrationo;. 0 1 

ROTATE ACCUMULATOR LEFT 
· RIGHT ROTATE ACCUMULATOR NO 1 

rotate fcirculatc) the contcnts of ti ·r¡ . 
1 b

. 1e ~pec1 1cd rcg1o,t ·r d 1 
rt, as shown in fj .. 2-3 S . . e an l1r carrv bit by 

. o· . ome nliOIC0111pUt • 1 d . . 
Physlcally, !he reglster bits go to ti . 1 c~s .t so a mil 2-btt rotations . 
.. h f d . . lC ant lmCtlc'lonic u ·¡ h ~ 1 te Slclewa) o;" hy mean~ of ··•te., (S.. < ' ., ni V la us 2. are 
v.a bus 3. - ¡;. · ~.:<.:. l- 9h). and return to thc rcgi~tcr 

Rotation ha e; thrrc import:tnt :tpplication'i: 

l. lndh id t::ll l.Jit.. of a rc"i\tt·r ,. <>rd (\\ 1 . 1 . . ·.:, .... • 11<.; 1 llll"hl d' "' . 
state<; tn somc e.\ternal Jcvlce S .. 5 <') ::- In )-~·tte thc loglc.tl 

el/ 
• · ~\.: · ·o' can he rot-ltfiJ~· 1 tl · 

an or c:trr)-bit pc,.,ition for 1. 1 • cll . , . :111 o ll' ~•gn-l,it 
2 P 

. ~., ., an nandlln" (S .. .., 11) 
· artral \\'nnh or hj·tr'> e·' n 1,,. 11 1 , .... ce· -- -•· " tm l'< ¡ncn.td d -

w1th input:output opn.tl ¡
1111

., 
1
., .. .' 1 · S . .' 

311 unp;~d.cd 111 conncction 
3 w· 1 .. • ~l ·• '

0 
• <.;<.; -t-11 1. 

. 11 llhc c.trry IHt :lp¡Hopriatrly clcarcd • o;l,ifl'> impJemcntinn mulf 1' . .0~ ~rt, rola!IOrtS aet as aritJunctic 
1-1 and 1-:~). ., 1p ICatwn or dni!>ron by 2 (Scc. 1-9 and Tablcs 



1. 

.p. 
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Spú:tlk:tlly. :m un .. i;_!nl·d h;n:uy nurnlH•r (no -.i~n hit}¡.,. multipli(!d nr dhi1kd 
b) 2 íf \H' fir .. t {"kar thr C:lrr~- flag :t_nd tlrl"Ó rolat~·. rc-.rccthd~, ll'ft or rigl;!. 
Suc~1 an <•r~ratÍlHl ic; c,1!kd an uu'i;!nnJ ~hirt. Aflcr multipllcation by:!. a 
1 m thc carry flag mdlc.1:c~ oH·rf!o'"·· 

A -;igm·d ls-compkment numbcr h mulliplitod or dhidcd by 2 ifnc fir-.t rnJ!...:­
thc carr~ hit cqual to th{' c,í¡,:-n bit anJ lhcn rot;1tc. Such an opcration is a 
sig:tcd shift. 

A 'igncd 2<;-compkmcnt numhcr Í<; mulliplkd hy 2 through an un-.ignrd 1.-ft 
shift but di' idcd by 2 throu~h a signed right .¡J;ift. 

01crflo1\ of any \Uch multiplicatíon by 2 ¡, indic<Jtt.'ll if thc si:..'TI ami c:u11· 
bits c!i!Tcr. Each di\1sion by 2 wtll "chop" rath::r than round thc r..:sult to 
thc gi\ en numbcr of b1ts; i .c., thc rcsult is always lcss than or cqual lo tf.:: 
corrcct rcsult. 

Somc minicomputcrs havc cxplicit SIGNEO SHIFT and UNSIGNEO SHii=i 

ínstructions. Some machines c;m abo rotatc a rcg1stcr lt'itlwut thc carry 
flag (scc also Seco;. 2-11.2-12, nnd 2-14). 

(e) Oprrations on flag Hit'>. A numbcr of onc-cyclc instructions pernú 
thc program lo rlcar, sct, and compl<'mcnt spccifil'<l proc<'sc;or flip-flops 
such as carry and overflow flags, c.g., 

CLEAR CARRY FLAG 

This may be done in prcparatíon for condítional branching (Scc. 2-ll.:l. 
to store 1-bit dccisions for latcr use, or in conncction with arithmctic sh::·ts 
(Scc. 2-lOh). B1t opcrationc; are oftcn combincd with rot;~tion ar.d or 
conditiOnal skips (Scc. 2-lld). AOO CARRY and SUBTRACT CARRY 

(into accumulator; and clcar carry flag) are uscful for doublc-prccis:l'O 
opcra11ons (-;ce al'>o S.:t: 2-14). 

-- -·-·~ - ~2-

2-J l. fn,trucfion-; Contrnlling Progr:un Ex<'cution and Oran('hin~. (a) 
NO OPERATION and HALT. Thc onc-t:ydc instruction NO OPERATIO:-J 

doc-; nothm;_; cxccpl advancc thc pro;m11n countcr to thc f0lh)\\ ing instn:.:ion 
and SCf\C\ ,1<; a llmC dday Or ¡¡<; ;¡ ":-.pacer" for falcr Ímcrtion of :JriC'~her 
instruction or duta \\Ord. HJ\lT advanccs thc pro~ram countrr ;1nd 
stop<; procc<;-.or opcr.ltlon ll1 givc th~ opcrator a chancc to examine or ch;;nge 
rcgt-;tcrs, !m itch '>o.:ttmg'i, and,'or prriphcral-dcvicc opcration. 

(h) ~Jnconditíon:~l Branchíng. Thc onc-cyclc instruct1ons SKIP ar:~ · 

JUMP TO (cfT~ctivc addrcss) 

are cmploycd for program hr:111ching (Scc,. 4-8 :md 4-9) and aJc;o t.l "'j¡;mp 
around" mrmory loc,ltiOn' u~cd to storc data bcl\\t:.:n ín<;tri.lctJo-, :"':.:-". 
4-5 and 4-1-1) SKIP ~unply incrcmcnt'i th~ program count~r t'.\ ..:.;: to 

jump ovcr nr:.: mcmory Jo.:at1on. JUMP rcsch tlac pro~ram c•·h:r.i..:r to 
''·- ... ,,,.,,. th,· olJ rro¡!ram-countcr sct11n:,> JI> len: B~ 

¡ 

f 
1 
j 
¡ 
¡ 
1 

1 • 

!-11 

JUMP ANO SAVE ( fT . e •ccti\c adun.-~s) 
rc~clc; thc program countcr (ami thuo; c·•u~c, . . . 
plu~ J or 2 and "':JH"'' thc (. . , . ·• ;ump) to thc ciTccti\'c ·•ddrt•<;s 

1T • llh H'llll'llfl·d) o)¡J p 1 

cucct•vc-addrco;;s location ro~ram-countcr 'iclrino at thc 
th ' · . JUMP ANO SAVE · "' e ongmal program aftrr a 1 . pcrnHts onc to rl'turn fo 

~ Ú • SU Jruutmc (Scc- 4 14) d . 
re erre to as ·JUMP TO SUBROUTINE. • . • an rs. lhcrcforc, ofrcn 

lo ~omc maclunc<; J' M 
th~ n,I"C "' • , . U pANO llAVC .rulor'l.!IJ<.aiJ, ~ . 

,. .. r~~"t•r .•nd;or .:.rrry t>\ • n ' .1\.~ not onlv lhc n:r·•rn ' IJ . h 
More ~orl . J • <r n\'. eh: 0-1,, e. l J · u • 1 re~~ 111 .tl<o 

li'IJc,JI~• nunt.:nntput ., ' · ''" com 111 ''-' ·'' thc dT~-..11\ • 1 1 or rccnrr~fnl·\Uhroullnc n~,, J f; .......... 1.) \1\l{tllli.I(U .. \dry itll'n.:nwnt cJ ,, L . ..:: oli '(\:\\ rfu't o. 
JUMP ANO SAVE IN 1111 Ir:! . CL\ 4-J(, ,IIJ<f 6-lfJ) 1\.fo•c f ::·, -"""11''' 1" l,·,•¡> lr,Jcl. 
rarhcr th.m m m~mor .DEX ~rhtrw.:tr•Jn. ,,¡lllh <lnrc, thc rc.lu;~ ~~~~:~,(ompur.:" c.tl'l h.<~ e a 
IScc' 4-14 and ¡r;.¡o1 >· Tm, <pc,•d, up \Ubrouhnc prncc"1n .. 'b}• .. <d_ '" ·'" md.·, '''''"'"' 

1"h • j . <- il'UI 10,! OICI!Wf) rd.:rc;¡,'l:~ 
e ''°C"C)I. e m'truc11on 

(e) Condirional nrandrín!!. r: 1 .. .:<ll' 1 onc-cydc in~truction 

. SKJP ON CONOJTJON 

causes a skip suhjcct to a condirio .• 
bits, e.g., n or condJ!mn-. Sp(:cifil-d by in~truclion-code 

ACCUMULATOR , 0 

ACCUMULATQn NO. 2 < O 

INOEX REGISTER > O 

CARRY FLAG , 0 

CARRY FLAG , 1' 

OVERFlOW FLAG ·- 1 
DiiTcFCnt instruction-bit cornhin·tlions . 
ANDing f h · . - ' · c.m prodtll'c lo··r· .. 1 OR" 

. O SUC COIIÚIIJOII., ·é g ACC ~ 1.:.1 Jn¡_! or 
2-IJd). , • . -. UMUlATOR ¿ 0 (\CC also Scc. 

Thcrc are also two typcc; of lllo-ncle . . . . 
~cfcrcncc mcmory. INCREMENT (or ~onJitlonal-sktp ln~tructiom which 
mtroduccd in Ser. 2-9 TI , ~CREMENT), SKIP IF ZERO y.;¡s 

• le sccond typc 1._ C:\Cmpl!ficd hv 

SKJP IF ACCUMULATOn DIFFERS F110M • 
SKJP IF ACCUMULJ\TOR NO (cffcciÍ\C addrc-.s) 

SKIP ON . . 2 EOUJ\LS (cfTcciJ\'C addrc~~) 
. CONDITJON lllstructions ·•re thc ( 1 ) c:rs Jmplcmcnt corulitional br·m 1 • ' on y way most minicompur-

• e un::!, c.g., 
SKIP ON CONDITION 
JUMP TO ( n· · . e cctiVI! addrcss) 
lnc\t rn-.rru<:tion) 

/Condition truc? 
/No, go to br.mch 2 
/Y es, contmuc on branch 1 

-..... • 
1 

1 

1 

1 



2-D 

(S.:c 4-8). Only a fe\\ mmil·omput.:rs h.nc "d1rcct'~ conJitlonal-br.lllch­
ing lll~truction~. 1 C., JUMP ON CONOITION, JUMP ANO SAVE ON CON­
DITION. and EXECUTE ON CONOITION. 

(d) Cornhint·d Rq:i.,tl·r¡'Fiag Opl·ration.,, Rotal ion.,, anll Tc.,t-,. Tv1o-,t com­
pu kr~ can 1m plcmcnt ccrt.1 111 comhrnut io11 1 o f rq!1~tcr jO,tg e ka nng. se! t tng. or 
complcmcnttn~. a rot.ttlon. and,\lr a ~k1p tc-,t throu~h single onc-cyclc 
instruct10ns. App1opriatc tn~trudltm-codc bit:. \\Jll cal! for thc individual 
operatwns, and the (IIOI/ramma 1111111 he .111re to wrclcl.\tulld the1r rclatirc 

ordcr of C\l'Clltion. For instancc, ·to mult1ply :m un~t~ncd numhcr in a 
regi'>tcr hy 2. onc mu<..t fint dcar tite carry n.tg, tll<'ll rota te lcft. amlthcn tc~t 
for a c.trry indicat111g ovcrtltm (Scc. 2-IOh) Check th<.' r<.'fcrcncc manual 
and al..,o thc a.,o;cmhlrr m:mual for your ~pecilic computcr. 

An co;pcctally u"dul nnc-c)ciC comhinat1on in.,truction is INCREMENT 
(or OECREMENT) INOEX REGISTER. SKIP IF ZERO. which IS u..,cJ lo unplc­
mcnt and tcrmmatc progr.tm loop.; (Scc. 4-9). 

2-12. lnput/Output-rda ll'd In ... truction.... r :.eh m llliCOlllputcr i n'-1 ruct ion 
sct mu'>t n::~cnc a rco;pcct.thly largc numhcr of Jilkrcnt ino;truction-codc-bit 
comhtnationo; for mput¡'output instructton!> intcndcd to '-clcct and operatc 
cxten1.1l dcnccs (Sccs. 5-2 to 5-R, Tahlc 5-I). For cxamplc. the Hc\.,lctt­
Pad.an.l 2115A', which is a typ1cal "hasic" 16-bit mtnicomputcr, admits 
212 = 4,096 JiiTcrcnt one·\\Oid tnput/output ino;tructions. and thc 12-bit 
PDP-8 series aJmit 2c¡ = 512 such tn'>truct1ons. In addition, each mini­
computcr has somc instructions for controlltng its tnterrupt system, sueh as 
INTERRUPT ON and INTERRUPT OFF (Sccs. 5-9 to 5-15). 

SPECIAL FEATURES, INSTRUCTIONS, 
AND OP'IIO;\S 

2-13. Byte Manipulation. R-bit lllllliComputcrs naturally handle 8-bit 
b)tcs holding an ASCII charactcr plu" panty or l\\0 BCD digits. A t6-bit 
word holds two such hytcs. Mo'>t l6-h1t minicomputcrs havc at lcast 
onc or two onc-cyclc h) tc-manipubtion in .. t ruction<; 

CLEAR LEFT (Or RIGHT) ACCUMULATOR BYTE 
INTERCHANGE A'CCUMULATOR BYTES 
INTERCHANGE ANO CLEAR LETT (or RIGHT) ACCUMULATOR BYTE 

Such m<.,~ruct1ono; rcplacc mult1plc ROTATEs and ANOing with mask 
\\Ordc; ami can <.,tvc much t1mc amlmcmory in charactcr-h.111dltng programo; 
{c.g • tc\t cdtttng. conlmlln11:at1om). • 

Some 16-hit m,tchincs pcrm1t bjtc. addrl·..,..ing of LOAD ~md STORE 
ACCUMULATOR in-;trucllons. B:.tc addrc~~tng 1" ~pcc1ficd by an opc<'lh: 
h1t or ¡,. o;talu~ rcg1..,tcr sct through a "rcn.tl in'>tniL'ttnn (BYTE nwdl·) 

,. 
~ 

1 
1 

,, 
w 1 2-14 

e _oad or <;tore acnlrnt' l 1 . • 
. 1,.¡ or )lh X throu .. ¡ 15 1 

rcmam unaiTcctcd. Th, rr. . <-' . \\ ldc btb O throu"h 7 
e ellt.:Cith.: ,1Jdn.:'" ·[· . e 

mcmory, so an extra addre~· t.tt '. lll n.: ~:r~ to tndl\ ldu.d h\!cs In 
A h --' u \ 1 )l.! nc~.:d ·d t · 

not er typc of hytc-·tddrcsc ·d . ~..: o ~p~.:clfy e ven or oc.lJ b' tes ' · ,e m~truct1on 15 J • 

SKIP IF ACCU 
MULATOR BYTE DIFFERS ( .. \,: 

h' h · ciTccttvc addrcso;) 
w IC IS uscful for detccting spccial eharactcr~ in text strin"s . 

e· 

2-14. Arithm('tic Option<; (a) D '1 S 
R t· t /SI . • ou,¡ e forc u d .. d 0 a <-' uft Operation<; To · 1 f ' la • 1 ' d/Subtract and 

· · stmp 1 Y douhle- . . · ' 
mtnlcomputcro; can storc lhc conlcnt~ of t pn.:ct~lon opcratlozf..,;-';;cm..:-- ~ 
mcmory locations throu"n a sin .. ¡~ ( .. 11 .,..o .l~o:o..unHJI.uor, in ~u.:.:c~!>tVc 

e e t.: li~U.t y thrce-C)l.'lc) lllS!ruction 

DOUBLE STORE (cffcctivc aJJrc-,!>) 

DOU~LE LOAD ~imtlarly lo.tds l\\O accurnuhtor.., . 
locatzono;. .\fnrc C\tcll'.i\. Ct ··1·1 . f ' ' from l>Uccc:-.~t\'C mcmorv l:,t.: .. III:'-Ofüi)Uhl·p. · 
cnmc onl) a ... p.trt of C\lr t- ·o l 1 J t.:· rccl\1011 op..:rations u~u;tllv 
H~11C:'\\cll 3lldl6111"1t-~r·· ·~:1 .' 'tll.ll \\.trc nwlllpl),'dlvldc optiozb Th~ 

A "' 1:\.l •1fl lnJC!1c optt 111 ft 
DO and DOUBLE SUBTRACT ¡ ' or tn<;!.tnt:c. ha' OOULILE 

1 • \\ llh an autunnt 1 . f 
accumu .ttor lo thc lw•h-ord ·r . . 1 • l. l..trry r<llll rhc h'\\·ordcr 
Cxt . e· o.: •ll.t u 11111 .ti or To ... 

r.t mcmon-rd.:r~.:n··c ltt·t ·¡· . .ttcomnwd.ttc '-O llllny 
· · • 'rtll lllrt!> tite 1J6i5J(i ' 

rcgtster to DOUBLE PRECISION ll ' . t J lliU~l fir~l sct a Slatus 
b' r ~rou .. h ·1 ~-r· 

11 o the double-preci~lon numb. . e '¡ . o.: .lr,ttc lmtructlon. Thc .\/(/11 

lator (Fig. l-17). o.:r ~~ u~u.t ly hit O of thc hlgh-ordcr accum.u-

Two accumulators can b, s· ·¡ 1 • 
f1 ~,.; · 1!111 ,Ir) COIIC'tle · t f ' carry a") for doubl· . ' n.t l.:l lto!.!ctlu.:r \\Íth ti. 

d "' c-prl'ci~I0/1 LONG ROTATE , 1(; 
. an LONG SIGNEO SHIFT -. ' LONG UNSIGNEO SHIFT 

. 1 . op~.:r.t ltoth hcc ,¡J,o S ce 2 1 O' • 
ant lmctte optzons h;nc in~truction~ f 1 . • . - ·'). :\fpq nkndcd-
shiftcd is dctcrmincd bv 'In C't . . •Jr mu llpk ~hlfh; tite numhcr t'f hit~ w· . ' ,, r.t procc~~ur fl'l!l l. 1 1. . 

tth a binary fractum m th. d - ~ ~.:r. t le.., uft ('lltmtn. 
~ORMALIZE will ~hift thc doubleo.: fr ~~uhlc ;~cl.·unwl.ll.or, tite lll ... rruction 
bll dilfcrs from the si" h' ( " .. ltll~n ldl liiHtl rh IIHht ~~_:,:ntfic".lllt 

l. · .,n ll '>t.:o.: .tl'>o Scc 1-10) S 
on tnary long shlfts ·¡nd tc'>t ti 1 ·. . • omc ~\•rnputcr~ uw 
IF . , te rc~u t \\tlh '1 ~r .. 1 

ACCUMULATOR IS NORMALIZéO ' . '-l./,1 l!l'>llllc'tl"ll SKIP 

(b) llardnarc :\lultipi)'/Dhide 0 1. .' 
d , d 1 u jl 1011~ hcc ·ti.._,, ~ . . 1 (')" ' l\l e 1ar warc alwav<. rc(¡ttlrc· 1 1 

' • ~... ·•.·• 1'lull1ph-' 
P • 0 • '; \\() :1r11 llllCtll' rcooi\,t 0 t 1' e,:, • 
ro.:~.:lslonproductordtvzdcnd lt' h· ~- Lr~ o ~~~uad<•llhk-

... 1 • ~~ -~ttlthc~crc"l\tcr • .. 1 •lll.lllllll ,110r:, accc~sihle tl 1 e ~.lrc~cllcl.l -piiiJl'''l' 
' . • lfOU:.! 1 DOUBLE STO d 

•n..,tntctron:. (Scc '-14 . n • ílE an DOUBLE LO/\D 
·- a. e_, llc\\l..:lt-Pd .. --1 1 1 I.Oinputcrs). Alc~sdc~wll·~ •t.: "'l am !onc~\\CII m:nl-

t\1() · ,l)c,trr.tn·cmL·nt·ldd~· 1 ¡ 
1 fl'!.!l~tcr \\ hlch is h J, ~ . .t ~recta m u llpl•cí;'qutlllcnt 

'lh. ,· ' <~r c;r to accc~~ (PDP-~ sen··s PDP 9' 'i 
~ Jt'tll·r hanlnarc ntulti¡,ly/dh 'd. •. ~-' - 'L ). -

1 e op,tonc, pl:tcc no rc<,trictiono; on 



'. 

2·1.5 

.. {:¡ 
•·ll\'tf• \tf'l(O\ll'l 11 R' \'lt 1'\ .. llU e IIU' !oH!o 

MULTIPLY 

DIVIDE 

k0ú'll\\.' ~•ddrc .. s) 

(dk~.:tr\'C addrC'>'>) 

6% 

lt ~~ mo"t convcnJcnt to intcrpn:t orcr.llld" and thc rcsult cither a'> ,,iyncd 
binar_! inreyers oras II{}IWdÍ'IIlarr.fi{l( tioll\ (Tahks 1-1 and 1-2 and Scc 1-9). 

NOTr :\l.1ny pnpul.1r lllllltCtHnpulcr< 1 I'DP-X ~.:rae~. i"lOV !\/SI J 1'1 R l'<OVM 1mplcmcnt 
111"'•111«1 mulllpl..-.• ttnl1 'd" •'"'11 (lltl-.,!lt(tl lh>nnq•.•tt\<: opcr.md' a11d rc,ultt llu< produces 
S!llll!: ntr.t pr~cl\1<111 \IIKt' 110 ~.h .tf<' 1\CC<k.l a\ ~·;·n lllh, hui \!f!IICtl 1111111tpit<.ll11111·th\l'l011 
tht•n ft'ljll><•'' C111nh.:r'""1~ mull•;'k·nJ,Iruda>n '<'<Jlh'lllC~. \\htt:h ''·"te !tille .md mcmory 
PDP-'l 1~ "·'' ""'"·'"~ ul1••;•n<'tlt!ntlt•r"'·'''""'""''"'r• "''" '"111<' -rcct.d c\lr., '"'tntcllon~ 
ath:mptln:..! In '-11Hpltf~ ''g11cl1 ''}'l.f.tllt'lh \\lu~.h .lh. ho\\l'\t..r 'ttiiHll..nn''""'~nr 

Thc mullipllcation A X B = e starts wrth A (singlc-prcci;ion) in an 
ae(umulator and R (also smglc-prccision) in the effcctivcly <fddresscd 
mcmory loe;1tion. The doubk-pll.:cision result C appcars in a pair of 
accumulator'\ (or, leso; dco;irahly. m an ascumulator pluo; indcx rcgister or 
MQ rcg1stcr). 

1 he dt\ i~ion C + El = A .;t<trts with thc d11uhlc-prccision dividcnd C in thc 
1\\0 rcgi'>tc'" and 11 bin~lc-prcci-.ion) in thc c!Tcctivcly addreo;;cd mcmory 
locatllln. ·¡he c¡unti~·nt 1 \\ 11! appc.1r in thc lugh-ordcr n:g¡<;tcr (a~o:cHmu­
lator). whik thc rcmaindcr \\ ill he lcft 111 thc hm -ordcr rcgi-.tcr. Unhkc 
multiphcat1nn. Ul\l'>Ínn ~:an Call\C on·r(ltm, \\hrch should be dctcctahlc by a 
flag tc.;t: con.,ult ~·cmr minicnrnpuler m:mual. 

In so me mmicomputcr mul! iply/tliVItk liiHts (PO P-9/15. POP-S series 
exccpt for PDP-Rc). thc opcrand B cannot be takcn from an <~rbitrary 

mcmory location hut lllll'\t he plaecd into thc location follo\\'ing thc 
MUL TIPl Y or DIVIDE in-.trudion. 

Typkal hard\\arc mult1pl:. :oi\"1dc timeo; are hL·twcen 5 und 35 machinc 
cyclcs. Thi' •.:ompan .. ·" '' ith h~t\\ccn 70 and JOO cydcs rcquircd for non­
h:trdwarc multiply/di\ 1tk ~uhroutim·s. 

2-15. 1\li-.ecllam·nuo; Optionc;. Thc following useful optionc; ¡¡re o!Tcrcd 
by many minicnmputcr m.untfacturcr~: 

.t. E\lra ~~~~·mor) ma~ "imply rcquirc extr:1 p!ug-111 module<;, or onc may 
havc to add a p.I;!C rc:•io;tcr or extended mcmory acldrc:\'i rcg1~1cr to 
thc pw-.·c,,or, lh·nd-nnly nll'mury (ROM. Scc. 1-14). oftcn intcr­
chan!!cahlc \\Íth nrd111arv mcmory-bank moduko;, storco; importan! 

· prog;;um or routinc-; "flrmly .. ("firmware"). Somc minicomputcrs 
yrdd f:1\h:r ~.:~~.:k tmh'' for irl'..trtll.:tion-; n.:.1d from ROM (Scc. 6-5). 

2. Parit~-l'l•~·ck inh·rnr¡1t ¡Se.: l-4c) on all \\l)rd or byte tr.tn-.fcr~ to an<l 
fiOllllll\'llH'I~ r,·qu:r~·, an C\tra hit pcr mcmory word. p!u-. p.trity h't!h.: 
Tlw. opllllllll1.t~ i·: u<odul. c.g .• in crilkal pro~o·c,'i-control :1pph~o:.11inn' 
1t "'H<·t r~· .J!:, ,~,·~·,~,·d m mo-.t l'ntl-u~cr in'>tallation'i. 

1111; kf" f' \ '1• ltU:IIHt.tl \1'11\ 

3. :\ll·mnr~ prutl"l"lion, \\ hkh tl\tnlh •ti . • 
mcmorv \\llft.l Pflll•· ·t 1' • r t. . • '>11 rct¡um.: .. an Cl(lf>t hll Pl'f - . ~\. ... 1 • ( \\,' 1.'1. t.:d '1 r .. r ,. 
u .. cr~. Thrs is ú11 ,- • 1 1 

' ~:,,, 0 rncmor) •rom uu.nrthori;..:d 
. . ,~_ o pro l.'l'( 'V" kili JlfO"f"llll\ f. . . 

to protcd tunc-'>lnrin" 11.- ·r r • 
1 

:.- ' 10111 0\I.'T\\flllll!:! and 
• ~ ,.,; ' 1(0111 cae 1 (lfh ·r r· 1 11 . 

rcf~.·r..:rh:in:.! unatlll:0r';. 1 . t.: • .11 lcr a lll'lru~o:tr('fl" 
~ 1 <.:< lllt..:lllon loc·•twn!<o S 

only, C<nl\c intcrrupb \\ll ·! . 11 • • • or Tone m'trw.:t,on" 
11. 1 thll.J v re¡ tlln cont. 1 1 

Pn>"Téllll (Scc 3-J J¡ ll.f. - . lO o an C'<L'.:li!J\c 
e- · - - •v t:ntorv-prott:ctlon h·1r ¡ · 

sct of spct:ial in,tnrcliom ni; 1 . • t \\are rs opcro~tcd O) a 
"tag" sclc~o:tcd mcmory rr .... r'c l pcrnur. thc S}'>tcrn pro<,'ramrncr lo 

. • c.r'i or pro!rct!on The · . . 
not Olrc~.:tlv con~o:an~.:d ,, ith ti . . . . · lO!llpult:r thl'r 1s 

4 p . . lt.:\1. ln\lfllt.'IIOil'> 
. mH·r-fallurt• prull'rtion/n·,t-trr. 1 0\\' • 

an inl!:n upt anJ .1 '-l'n 1 . • 
1
: • rm' cr--.upply volta!..!c c.lll\l'~ 

• • • 1.1.: rou rnc ~toro.:~ ·df¡1r - -
m con: mcmon b··forc rh. . . . ncc"or ll'~"k··.., ,.,fd, 
A • ~ t.: po,,cr--.upply c·rr' ·iro ú . rc .. l.lrl rout 1nc m.:J...c-; it .. • •l r., 1.'.111 ,,~,·h.rr.:;c. 

1 1:.1\) lo fC\IOrc thc TC"I\I. \\' l 
COlllli<,.'l\•r llll'lllO(Ic,.'\ •1 Ir· 'f l :::- t.:f~. ,t 1 '•l'rtll-

• • lll\ l'-1: ¡,¡r-•cJ ¡, 11 . J... 
'' <'r"-m!.! \\ hrlc mcmon. ·r. 11 e- . ,¡ c,.f) cepo; !he l·omputc:r 

- • ·' \\C a' rc"r,tcr l' llll • t dr,~. or 1111 t.rpc. . ~ . e t.:ll !<. are ~a\CU on a 

5. 1-:\lra intt·rrupl'> and nr riwr. 1. . 
tn 5-I f•l. t o.{'P "'lt~·:tt<-d intnrupt lol!ic (Seco;. 5-9 

6. ll:írd\\;tn•lloalirl"-point ar"rlltlll .,. . f 
. . . ,.. ~ 1( '' (' len a 'Ol 11 ..• 
llr' '''" f:wf} np~·n'l\l' huJ' t· ! ·' .Hl~o:''lll} pr''l'C"\•1: 
6-IJI. 'pn <.:nlr.tl) \Cf) ll,cfuf (Se~,·,. 6-1:? and 

7. Autom:llic bo(lto.,lrap lo:ult·r p; ., J¡·¡nJ \ 
program-; from P'lfll.!r t '1'' or • . '. \lrcd rrogram lO load S\'!<-ll'lll 

8 1 d" . , . ..: llla!.'nct¡c t·lpc (Se. ~ 4/¡ -
· n Jcalor-lr~hl h.· .. t M\ itch. Th'. ~ ' · c. -- ' · 

1 Jo 1 • ji¡ small fc·llurc a\'oid. o P<mc - tg 11 failurcs. '_ __ __ s surpnscs duc lo 
'1,)".::., 1' 

Othcr oplions \\ill dcal \\Íth irnpro,cd orad~-. • . 
(Ciwp. 5), pl·rilll•eral rqui¡mrt'nf, and \Ofh\:Jfl'.' •flonaf mpuf/output drcuits 

REFEHENC'ES AND BUUJOGI~APJIY 
Consult th· m· · . ~.: . mrcomputcr rcfcrcnce manuafs f .. . 
spce¡fic dct:ulcd instruction 1 t - . o \ ,trzous manural.'!ura.; ror 
r 1!\ )., cxccutron t 1111 , • 1 1 acatures. Scc also thc bihlio·,r·¡ph', rr¡ t.:'i, ,,m Ol ll'r hard\\,lr.: 

"' • 1~..::. o "- l:lps. 1 :tnd 6. 
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CHAI'H.H 3 

l\'llNICOMPUTER OPERA TI ON 
AND SOME PROGRAM·MING, 
WITHOUT ASSEMBLY, LANGUAGE 

INTRODUCTI0:'-1 ANO SVR\'EY 
In th1s chaptcr, wc dc~crihc thc Jiont-¡')(mc/ nperation n{ lllwll du¡ital com­
pwen, including thc mo-;t ~ommon proccdurc-; for !oadin,¡. /ltlll~lannu. all(/ 
e.\ccuttnrJ com¡wtcr fl' oyrtml~ (Sccs 3-1 to 3-6). To squcczc thc las! h1t of 
cffic¡cncy from thc minJcomputcr hardv .. arc, we will havc to lcarn somc 
asscmbly langua~c (Chap. 4), but many small computcrs do rcm.trkably \\Cll 
with FORTRAN and BASIC, \\h1~h are more convcn¡cnt for ~cncral 
problcm solving (Sccs. 3-7 and 3-8). To makc a gcncral-purposc mini­
computcr ccntcr truly powcrful and convcnicnt, wc must gct away from 
papcr-t.tpc opaation. Thé rcmamdcr of tlm chaptcr dc.ds w1th thc 
hanhvarc (.\llwll d11f.. '• tape 1111/IS, catllodc-rar-tuhc/f..e.rf/(JctHI rerminal1) 
and ~oftwarc (e'.:<'clllll"C systcms or moni1o1.1) which makc comfortablc 
minicomputation po~sib(c; a diSCUS~ion of 011-fllll' editiii(J ÍS mcJudcd. 

CO~TROL PANEL Ai\D 
PAPE.R-TAI'E OPEHATIO:'\ 

3-t. The Opl'rator's Control Panel .. A typical minicomputcr control panel 

(F1g. 3-1) w1ll havc thc follO\\Jng controls and 1ndicators: . 

64 

l. A kcy-operatcd main poner '\\lit eh with thrcc position'\: ON. OFF. and 
LOCK PAi\[L. In thc lattcr po~itJOn, powcr is ON, hut all front-

TIU OI'H<AIIIHO., Cll' ... ROI. I'A'fl. )-1 

p.lllcl control~ are IIH.:ffcctivc -th s k . . . 
h 

l, ccp~ Vl~ltOfS fr0111 fUinin¡; 
con.l¡Hll.llllln~ } pl.•ymg \\Jth thc controh. 

2. lmhcator-li;.:ht fidd'i, wlHch d!~pf,¡y thc contcnb of thc nnci ·d 
proc~s~r.rq:!lstcrs for cxanHnatJOn. Smalkr ma~hinc~ may 1~1\'C o~ly 
onc m JC.IIor ficld, wluch can Ol~play dJffcrcnt proccss·or 
sclcctcd by a R EGISTER SFL[:c·roR t h . rcgi~tcrs 

- • ~WI C . 

3. ~ S\\.irch rc.gj.,ter or n·gi.,tcr'> for cntcnng bmary numbcro; bit by bit 
mto ,, proco~or rc:;,~tcr ~chtcd by a R EGISTER SEL[C I"OR !>\\ itch 
or ~y thc L?AD ADDRESS and DCPOSIT sw1tchcs. . . 

4. Vanou" S\\ltchc'i. (. 
(a) A HEGI~T[~~ SELECTOR s\\itch ~clccts thc procc<;~~r rcgi~tcr 

conncck·d to llldJc.llor and/or ~\\lh:h rc"J~t·'f' _ <,· - , 
(b) A ::- ~ "'· LO.\D ADDI~ESS Sllitch load~ thc mcmory addrcss rcgi.,tcr (in 

sorne ~Jachmc_s also thc piOgram countcr) \\Jlh thc munbcr ~ct into 
thc sWitch rc~1stcr 

(e) A_DEP?SIT~snitci¡Joad" thc currcntly addrc~scd mcmory loc.ttion 
wtth sw¡tch-rcgtstcr contcnts. 



,• . 

5. An f.~.\1\111'\f. (FETCH) S\\itrh fctchcs thc contcnts of thc currcntly 
addrc"'":d mcmory loG1tion into tlu: mcmory data rcgi~tcr for front· 
paud di,play. 

6. Conlrt~l'l fqr <.tarlin~:, slnpping, :.wd ~h'pping proccc;c.or oprration. 
(a} 1 he ~'1·\!n (l{l.!i':),'STOP ""itch startc; thc prL'.~;ram with the 

curren! 1 cgi'>tcr contcnt<.. 
(b) SI;-.;GLE 11\STRUCIION and SINGLf, CYCLE s\\itchcs for 

"stcprm•g·· thc program onc in:\truction or onc procc%or cyclc ata 
time; thcy are uscd for troublcqfwotin~ hardware or programs. 

Add1tlonal controls and indicators may be providccl. Somc minicomputcrs 
ha\c aRE·\[) Ji\ "11 itd1 for starting a pa pcr-tapc n:adcr or c\·cn for a u toma tic 
loadmg (Se c. ~-4) Scn'>c Sllitchcc; on thdront panel m ay pcrm1t thc Ppcrator 
to mod1fy a program \\hile it is running (Scc 5-~; in othcr machines, 
scnsc hncs are availahlc only in pcriphcrat dcviccs). As furthcr aids in 
troubh:.,hooting. thcrc may be indic:1tors for thc currcnt procc<;c;;or status, e.g., 
ll"STRUCTION F-ETCII, EXECUTE, INPUT/OUTPUT.INTERRUPT, 
cte. 

So me nwu<:Pmpntrr~ h.tvc a front-p.111cl ( I.F-\ ({ '"ilch, "h1ch ckJr~ a ~clcctcJ pr.1cc~~or 
re¡!!\ ter or rq'"t•·r' .1nd "IHLh m o~ y ,¡¡,., 'cnd ,, dc.tr pnbc to thc compul•·r ¡wr~phcrat Llc\ •o:c~ 
rur l ko!flll!;' ·•l'rrupr..o to• n .•. ~, .llu.l 'or ro:;-"tcr' 

Snmc m.•dunc' tPDI'-15) h.t,c .tn 1 O in,t•uctron tu rcad thcn rrnnt-rancl ''"lch rcg.i,tcr 
dur1ng compnl,llllln 

Thc opcrator's control panel is uscd mainly for starting programs and for 
troublcshooting throut;h exammation of rcgister contcnts and stcpwise 
program C'\ccution. Origmal-cquipmcnl manufacturcrs (OEMs)· using 
mmicomputcrs with llttlc reprngr;11111ning may wish to purchase machines 
without clahor.1tc control pands: scrvJcc lcchnicians can thcn carry plllf/"ill 
control panl'ls for start-up ami diarnnstic w01k. 

3-2. T} pie:.~! Coatrol-pand Op~:rali!ln'i. Picase be su re to note that 
spcc1fic front-pancl controb a mi thc1r 0pcrat1on will vary so me\\ hat for 
d1ffcn:nt cnmputcr,.--you muc;t consult thc opcrator's manual for your 
own machinc. Thc following opcrali<,n<; are typical: 

l. With thc r0mputcr haltcd by thc START/Sl OP s\\'ilch. wc can examine 
ami chan~c thc contcnts of rcgi~tcrs and mcmory locations. To 
C'-:llllÍnc :1 munorv lnration, \\l: ~el its addrc~~ into thc S\\itd\ rcgic;tcr 
ami prc~.:; thc Lt>AD ADURLSS switch. '1 he EXAMINE s\\ittch 
Wlll llOW bnng thc COJllClllS of thc ad<lrcsscd JocalÍOil Ínto lhc 111CI110ry 

data rcgi~tcr for display. 
2 ·¡ .. lo.t(l n tmmory lcwation m;umally, wc scl its addrcss into thc switch 

r· · •,te! ancl prc'" LOAD ADDRESS. Thcn wc sct thc dcmcd binar) 
'" 

1
• r 1nto tlh' "'~ttch rcgtslcr and prcss DEPOSIT. 

1 ¡ \ .', L u:.( fu' ._xall!inc or lu:1d succcssivc mcmory loc:nions. Ft1r 

l 
1 
1 ., 

thio; Jitl~j'IOScE•, WC tllU'it inacmcnt t!Jc fliCillory iJ(fúrcs\ rcui~tcr hct\\CCO 
success1vc XAMINE or DFPOSIT . ~,. · 

d . . · · opcratJons. D1fTcrcnt mini-
computcrs o tlw. 111 d11fcrcnt \\"l)'S e .. 

{a) In .',h: PDP-81, LOAD ADDRr7s's scts thc addrcss into thc 
proor,un countcr as wcll a<; in thc lll''lllO·y aJ 1 . 
P " ' t re% rcg·~'cr ro¡;ram countrr and mcmory. ddr· . · ' · 
EXAIVIINE· D- '' . '-~~ are wcrcmcntcd aftcr etay 

or EPOS!T opcrat1on. 
~--.,..,..., ... ~, f'í" - v---....r 
~ ' ,. {" 11 

t. i ;;"¡·/' ..:~ 
f. /.) / 

t' r ~J 

' r ·~ .. 
r j ~ 
~: / . '-.,1 l;, 

lJ "/;: v· <. ~' ~· ........ ,, :' - 1 )'' ., . '-
,.. , ) ~ 

' .. . : . . / ~..., 
11' ·,..,_ ~ ' J • 

~. ""'-,..,_ -.. ~ i ., ,. .. •p. .p • .,., 

,.. 
f· 

~ 1 ) ., 

,,.._ - ' ~ f ' ' ~. 
-......_, . , . ·, . 1 ' ·r,-..¡ ~~ 

¡o..._ • ' '• -, ~ 
-......... · ...... -...... .i ,.. ......... ~ 

. ......... ......... :.., ~''t/ ,......._ -
', .. :-.....-, 1 

--~"'-.../ 
........ ~- --..J ... 

) 

~b) Th~ more elabora te PD P-9 hao; Sfi!'CÍcd IIIJ't<'/¡ po~i!Í0/1\' ( r X/\ 1\t [ ... 1 [; 

NEXT DI I'OSIT Nl - · ' '" . 
r: 

1
. ' · . Xl) '"!111..h sll:p thc mcmory addrc'' hcf~.1rc 

1Clc 11ng or dcpo~11111g 

(e) In .thc PD P-11, rcpcated op.:ratlon of thc EXAI\11 N E or DI POS!T 
S\\ 1tch ~le p.:; thc mcmory adclrc..,c; re¡;¡ <;ter. • ~ 

3-A3. Thc Con<>olc T)pt'lHitn. l'vft-...,t m1111c0111 p 11 ll'r., ,Jrl' flll llJo,h,·d \\ 1111 .
111 SR-33, ASR-15 KSR-31 or KSR 'IS · ' 

. . • - • .. · · • , · -.- prllll<r/1.-)llll.lJd (ll'kt.'IWIIriL·r) 
m.tt,'u_f.lclurl:d by thc 1 dctyp·.:(Jl) ( orp~.1r.1tion ¡1 ~~~ J-:•¡ ' \\'¡th ti.~.· 01 ¡·· 
LINI./LOCAL W.ttch 111 thc LOCAL pmJttnn, th..: tckt)p..: 1\ 11 k

1 1
, d.,: 

~o.n~cdcd from thc c.0mputcr and ach !Jkc a t)pC\HÍlcr \\Jth thc ~r:~.·t.!l 
dl<~r.tctcr ~el shown m fl''· 3-2h. In thc LINE' ·1 1 ' 

.:o p0~1 lllll, t h.' t.C\ lt,l,IJd 
1 A\R t ~ • 

-\\J<.li h ~~.'~"1 <•r Aut<•ln.ot:c St•nd Ht'cO:I\<'. \\hdc· 1-;~R -t.utd, for KC\ bt'.IIJ <,•·nt! Re '1\C 

' t ,J " ,:,'~,¡ ~,1,11' llllllpc re."~ .tnd 1, '"'r<.IO.C 'h.lfo!d,·r, .mJ po:rnllt' 15 ch.;r,l•ter .,.,. opn.t~l~lll' 
• 1.1 ~\ OHlr\.' C\p~.,'n"il\ e . ' 



·' . 

3-3 
\JI"\1(0\IPlliK 01'11!\110"\ \'-11 <.,0\H 1'1{0(,1(\\J\11'-1; 

QG)CDCDOCDQCDCDQOOO 
@G)QGJGJG)QQGJG)@@Q 
8QGJG)QGJQQCDGJ0088 
8QQQQQCDCDOOCD 8 

[ SPACE J 
Fi¡:. ~-21>. ASR-3' tclct) pe·' ntcr k e) h,,,ml NPIC !he follo" mg· 

RI:1L:RN rcturn~ pnnt~r to ,tarl 0fcurrcntlmc u;-.;r 1 f ED ,IJ,ancc< p:tntcr nnc lmc (\\lthout rcturn unlc" Rl"1 URN t5 .1l~o Jcprcs~eJ). 

o. 

FORM I!:J () ad,,mcc> pr.ntcr tn thc tnp nf .1 nL" p.1¡:c ("!lhmll rcturnl 

1 he nnml·ncl.1turc on thc c\tra l. e}\ •~ mtcntlcJ fnr communlc.tlHlll' .lpphc.tll<'ll~ nul for 

compuung. hui thc C\tra ~.:;, ,trc u,cful 

1 

transmite; 8-bit ASCII charactcr s~qucnccs ITahlc A-9) to the computer. a~d 
thc printer c;:~n acccpt and output ASCII charactcrs. Thcc;e machines 
can print up to 10 ch.•ractcrsfscc. Thcy produce only capital lcttcr~ but 
do ha ve l\\0 shift k e:. S (S 11 n-;-r and Cl R L), whtch produce c;pt.:CI.tl char;lctcr<; 
or ccmtrol funclt<'n' \\hcn deptc..,..,ed '>tnlllltaneou'ily wtth other kcy~ (~ce 
also Ftg. 3-2h). S~>mc of thec;c special functinn'> wdl dcpcnd on -;pccific 
computcr programs: convcntional intcrprctations are lt~ted tn Tahle /\.-7. 

Thc /\SR modcl5 h;:~ve a slow ( 1 O ch;:~ractcrfscc) p:1prr-tapc punch and 
rcadrr; in thc LOCAL modc, wc can punch the tape from thc ke)board or 
gct pnnt~d output through the papcr-tape rcadcr. In thc UNE modc, wc 
can rcad papcr tare into thc computcr or lct the computcr punch paper 
tapcc;. Pro;;ram prcp:.uatiOn with thc consolc type....,ntcr \\ ill be further 

discuc;<;ed tll Scc. )-16. 
ASR-33 and KSR-33 are dco;t;;ncd "for intcrmittent ll~ht duty." and this 

means cxactly "hat it 'ay'i. Tclctypcwntcro; will not l.t~t lon;; if you use 
them ac; ltne printcrs for long.li~ting'>. Ewn thc "contmuc>us-duty" /\.SR-35 
and thc KS R-35 tclct;. p~wntcrs are really dcs1gned for use m commu nieat ions 
officcs, \\herc thc) Jrc rcbuill on a regular schedule. 1\.ltogcthcr. tclc­
l)pcwtitc•~ are thc rnost frequcnt ~ou1cc of mtnicomputcr trouhlcs. and 
rcpairs are not chcap. To savc ytntr tdcpnntcr. wc ~~~"~:c'>l suh~titution 
of a cathmlc·I.IY-tuh-:. kcyht>ard tcllltlll:tl fnr cPn\cr:-.a\H'Ilal mpu\,lllilput: 
tht~ ¡.., ahn muc.h fa<.tcr and more pka..,ant to opcratc ll.,c thc ptmtcr 
only \\ hcn yo u rc,:ll;. nccd hard copy, ami kcep the printcr motor turncd off 
as nmch ac; po~sible lf you rcquirc much hard-copy output. gct a small 
linc pnnter. Thc Q¡gital Equipmcnt Corporation DECwr.tcr (f-"1g. 3-3). 
wlw.:h 'about a' much as a KSR-35 and is faster and also mcchanh:ally 

1 
1 
1 
1 
1 
1 

1 
i 

l" \lll''• '''' Rl ''1"\(, :-.l\11'1 ~ I'HOC.It.\\1'., \\1111 l'\1'1 R l.\1'1 3-..1 

,·:np!:r .• , .mothcr useful altern.tiÍ\C 1\.n IU . . . 
,to!.•pln h. N' pl,ttc fur cornpuln . ; 1 . M Sckl"lnc t} pc\Httcr \\ •th an con w ts anoth~:r pos..,ibiltty 

~- l .oadinu ·md Ru · s· . . ,., ' nnmg. unplt: Programo, with J'·¡ , T 
ln:ulmg. 1\.n cxrcutahlc progr:un (\dueh . • . pcr apc. (a) 1\lanual 
attadwd to 1t) 

1
s .

15 
,. ·, t. . m.ty 0

' m.ty not ·h.Jvc somc d· 1
¡·

1 

· • ' · 'c 11,1\ e \C C n a \C • , f · ' ' 
\Ve mi!!ht have ~uch 't pro , b qucnu.: o mult•h•t computcr \\Ords 
octal f~rm Scc ·l-4h),on a grham mf mary form (or m the more convcnien~ 
. • · s cct o paper· \\e muo,t r h ·~to appropriatc (usually con'il'Cuti~c) mcn;o . en e~ r r program \\Ords 
stmplc-minded way tolo d 1 . ry locaiHlll<; m thc co:nputcr. A 

a tze program ts to use the front-pancl confrols: 

1. Sclect a mcmory location for the first . . 
instruction or a data word) . h pro~r<~m wo_rd (wh•ch could be an 
ADDRESS switch. Vta t e swttch n:glstcr and the LOAD 

2. Load succe~s•vc pronr tm words "nt 
h 1 

e- • 1 o consccutivc m 1 · ~lt t lC a•d of thc swtt<.:h fC!!I~tcr and th ; . cmory oc,Jtlons 
m Scc. 3-2. - e DLPOSI r S\\ ltCh, a o; ~hown 

.3. Sct thc actual starting addrc ... s (<t<.ldrco;<., of . . . 
prograrn countcr via ~\\ IILh r·' t. . d . dJ~.: ltr<.,t mstructiOn) tnto the 

q!l'> cr ,m selector or DEPOSIT ~wttch. 

Thc program •' now rcadv to run ·r program run,, ti \\111 oul¡lllf-c/, 1 •, \\e prc~~ th_c RUN '1\\ttch. 1\.s thc 

h 
. Cl a \1,1 1 Je tclci\()C\\fll" . 

or ot er penphcnls Th. • u, p.tp~:r-tapc pum;h 
. ' · c proQr ,1111 nn v ·ti· . ¡ • 
mputdata)from thctclet)pC\\fll~ . , • , ~o rwl mput elata (or .tddtlton,tl 
etc. . r' p.t pcr-t.t pe rc.tder. mca'>u ri ng lll~t ru rnen 1::., 

(b) Papcr-tapc S) '>ll'lllS :md Bool'>tr·t 1 o a 1 , . havehundrcdsorthou~and~of\\Ords • rt·. ~ ~r~. Pr.~~!ICa! prog~ams (Jrl 

and programs are prcp tred ( tnd s; i .~nu.l loadm~•sclc.Jrlyimpr.tct¡cal. 
readablc storage mcdiu~J ustt,all . orce} ?r rcpeated use) on a computl'r-

' · ' Y pune tcu c·trd· h d 
magnctic tape. These medn are co ', . s, pune e p.tpcr t.lpc, or 
computers are available with pape ~parebo m Table 3-3. Most rnim-' r apl.! ecause thi'i rcquircs minintal 

,, 
! 
1 

...... 
..:\..1'\ ~\ 
'- ~. a••,.. 

~~~~--------·~~, 
. . "\ 

\ 

1 1 i 
• ..__......_..¡ ¡. _ _j 

~ t¡: . .:\.:\; 1 he 52.500 t;rc l i\.111 DI ( "nt,·r cm ¡., ' ., . -·• 1111 J&ioCfClll dt.lf,lllt:r \ ·t f p ) \e en ~oknll!J.Jri\Cll prontlll•: \'.11\."' tll 
·- ., e' lo>Jll .1 lt\C h\ \C\l"rl dN n t 11 -' ' '· ,111d pnntm¡: ,pccJ" ,

0 1 
• • . . 1

·
1 

'"'·· 1crc are rd.1t1\cl) fe\\ lll<'\lll" 
• L l.or.ldcr' '"• (IJt,¡rtal /:.¡lll(lllh"/11 Cnrporal > • "' 



Qlf hne 

f•l\· 3-4. Mcdaum-~pccd rcadcr punch r.,r r.mf .. ld p.apcr t.apc Rcad al 300 charactcr~/scc, 
pun~h al 50 char.lclcr<,~cc (Dz,¡zt,ll fquzpll!!"III Corporutw11) 

pcriphcral equipmcnt. Thc ASR-33 and ASR-35 tclct) pe'~ ritcrs, for 
in"tancc, havc built-in lO charactcr/scc tape punches and rcadcrs. Thesc 
will do for loadmg (hinary) program tapes and ror infrcqucnt problcm 
pn.::paration in applicat1ons rcqumpg fcw such opcrations (c.g., spqcial­
purposc-'>ystcm start-up. intcrprctcr sy~tcms). For fast~r \\Ork, (me us11ally 
bu.1 s a 300 rlwracterfsec rrader anda 50 charactgr/sec p~mc/1 (Fig. ~-4), both 
Jor Ja11Jold papcr t(l[lC. w/ridr docs rwt require rcwinding (sec also Tabl¡;: 
3~3 anc:J Sec. 3-9). Fastc:r reel-typl' readers scrv~ in spccial appli~<Jtion~ with 
long program qr (,lata tapes. · 

Thc opcratiqns n~~d~q to IQªQ wqr~s from pap\!r tape int9 the cqmp\!t~r 
memory will thcm~clvt;~ ~Q!1Stitl1tc a computGr pro~ram {papcr~tape 1o~~cr). 

!lum~ers 5 
6 
7 

ASR-33135 
ty"¡¡~wÍ• ter· 
tqnlrol co<Jes 

~ ~ 8•1 group ~ { ~ r 
! <;> - g 4 

O~~~,Q~OQOO~O~O~~nOO!DO~O~O!~O~!OD! 

o 

" o 

Chonn~l ~ ! 
·a o,-,,-,--,o ,...,..,.,.,. 

t"lg. :\-Sa. P.tpt·r lapc w1th CI
0

Íll·dt.qtncl A'\CII c"ck ·¡ hio; fnrm.tt 1~ ('nmmonl! cmpla~pl fllf 
SOI/rC<'·f''-'1/r<llll tape\. 8.11<·'• e-/•¡, ,·¡ rrw¡li/111\ .I!C pun~·hCl! 10 dtiT~rCiil f"flll:tl' dcp~ndmr O!l 
tht muli~"IÍlpulcr v.c•r,ll·;~<:·:n 1~-h:l \\PIU~. fo1 Jll<;l,tn~~- l'.tn he Lo~cJ mlo l\\u pap,r·l.apc 
fr.•ntc' '"lh ch.tnncl !1 hl.ull ... ~~oh1l~ ch.111nd 7 !llthc.tlc~ v.hcth..:r thc \\Cinl 1' mc:tnt lo he a 
lllCIIl(1[) word 0r liS add•a·.<< 1 h; mfl'l ~,-,,oomic.ll ohjcc;Hapc cod~s c<>r11a1n onl~ thc slarlmg 
nd'd'rc'" f"r lú"rd;·l hlo~\..' dc•11l>fSUttor r]lef]J;l!) ~~ords, y;h~s o..Jlu;r~illlnllill~ \\ord~ .111~1 
thctr >:or.•¡:c ,,,t,trc~,~·~. (lf~l'-t'\li<'ll Com¡nrta Cllrtlrol ()u·i~wn.) · 

., l'~fii,B \ \1\11'\¡t; ,\\11 I'IUJf 11 \'-' l R . 
. ' - . . • . "' \ ""' '11ft' )-~ 

1111' ¡.., ~!'~a.tlb ... uppticd on ~• shnn papcr t'tpr.!· Thc lo· J. . 
'"m\ n tape a'i ~oon a-. tlu.: fil ~~ f, , - '. . .l_~,;r \\ •11 ft;.td :ql\l hl,ld 

· t:\. lll~lrlldluno., ·1rL· m 1 1 
fnrc callcd a huohtr;l(l lo:nk·r. Thc ,·n·t-: 1.1 ,. , Jh.Jnor)· .ant ~~ lhYf~· 

. 1 ltt n.tl IIIL' u,·,lrr· -11 ) 1 • L l l 1 manually; sume compuler~ pr ll . ·t ti f : •L ~ 1 '¡;.In"~· o.l\ tJ• 
r . · 1 ~;<,; lt:llt ro m o\ Lf\\ r1t • 1 
,ront-p;¡ncl swttch "'e sct ti · · - '

11
!;. \\11 1 .1 ~!'>., r.ll 

·· . n - le pro.,r·m¡ ·ou t • 1 h 
instruction addrc;ss (t1S~lally ¡>rintt:J on ~IIJ. ·1 Ll :·nt·~,;r )o J~ ¡; f!r~l h1,!d111~'-
( RUN 

. . . ¡,; o.l~_t.:r .tpQ ·m pr ·s~ R 1 \D 1 :-.; 
or • dcpcndmg on thc computa) to lo<~·' .th: 1 - d~-. . A.,:. ·! -. - ' 

t
. · · · '"' t.: 0 •1 cr '> ·¡ d ·~1r tbl· 

op JOn, somc mlnlcompul¡;rs h.n..: thc e . . . , . _--- ' • L ' - t.: 
permancntly in ff;H~-on!y nw!liQFy. tlttlt.: p.lp~,;r-t.tp~·lo:.~dcr progr .!111 

00111100 

Ci;tt• 

OIU4~6To• 

,,, ... , .. 
,111111111 
1 1111111111~ 

11111111111 ............ 
1111111111111 

'1111111111111 

1111111!1111111 

111111111111111! 

11111111111111111 
1' •••• 1 ••• " •ltl• .. ·" 

Seo~··' 
et-~··i:···· 

AOCOE'[~'J•t~,~•o•~ruv•rrz -

[ ~ l [' !!111 ~Jijj" . -
11011100 

11111111 

1111111111 11 1 1111111111 l . 
!( l !¡ l IIIIIIIIIJlll ¡~1 :::::::: 

1 

1!111111 
CUUIICtct 4414 "- Uttttl,ll e 4 

l """" 111111111111 i IIIIQI 111 llllllllll l l 
111111111111;.. 11 1 11111111 

• - 1 1 1111 1111111111 1 1 
IJIIJIJIIIIIII 111 1 1 11111111 

1 1[ III!J(J 1111111111 1 1 
111111111111111 11111 11111111 

11 111111 1111111111 •• t 
1111111111111111,11111 . llll!lll 
·R~HIIIonftllftft.PUII~x., ·"-!~!,,!!!!!!~~!!!!~llllfJJ11ft11JIIItftttt 

• ·- - • • ·- - 11••• UCiMU•I••P"h'l 1 , 1 .,,,..>¡. 

' 
flg. 3-Sb. lnlcrn.IW>nal Du,m.:'' M.adllnc~ C"orpor '"''" 110 1 h · -~o umn pum: ~¡j-c;arJ cot!.:. 

Om;c thc lpadcr is in mcmorv wc can to·td any 
d

. 1 b h" .J' ' ' program or data tape 
trect y e; md the loaqcr prq~r¡1 m; · · ' 

1. Place thc tapl,': in thc rcadcr (con.,ult your manu.tl) 
2. Sct thc; pro¡vam ¡;o~mt.,;;r lo the first loadino-instruclion ad·'rc 
3PrcssREADIN 1'' e- -----.•'!_S'>. 

• ... • . _. . , Qf ~Y N (con 'tul! your m.lllu.tl). 

An cxc;cutablc pro&ran1 thus Io.tdc~ can now be slarkd as soon - . . 
~he progr~m count<;:r tq thc appropriatc st:.~rtin6 adJrcss .. S.omc ~~;o~~~~~~~ 
t~élu?¡; a JUmp lo ~h~ starting addrcss a<; thc !ast in~truction loadcd ~~ "e 
can snnply prc;ss R UN ~nd J?O. · · · • · 

\ll:'lil~O:\: r'UTA TION: SOUR.Cf:-PROGRAr\1 
1 HAi\~LA 110N 

_:\..!'~ •• Programming :md Pro¡:r:tm Tr:m~lation In Scc 1 4 . d'd 
1 , •• ql\'i pr ·¡r . ( r . . -- • \\t.; 1 110( 
- . . , c M.l_¡pn g_ n.,;w JlHlCf.lnJ'i hut only thc loadin~ 3Jld runni~g of 
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executable machine-language prograrns. lndced, witlr mmzy speciaf-purpose 
computcr systci1L~ nc may nc1 cr lwrc to prepare a prograrn, for the system may 
com~ w1th "c.u .. lc<l"' prC'¡;rarn<> 011 tap:.:s, kindly furni:-.hcd by thc <.:omputer 
manufactura or by a soft\.,,trc hou~c. for a variety of JObs. All \\e do ts 
supply thc data 111puts. lt'.td. and run 

Le"s spccwlt7ed applications requ1re us to create our O\\'n programs. It 
would be a cruel job lo \~rile programo; in hinary or cven octal machine 
language, so we· type andjor punch a sourcc program in a progr:-~mming 
languagc admitting a rcstrictcd sct of stylizcd Engltsh and mathemat1cal 
stalcmcnts. A trano;Jator program' then em'ploys the computer itsclf to 
read the sourcc-program charactcr code and to translate our source-

. program statcmcnto; into machine-language instructions and data words 
. oran executable ohjcct program. 

Translators will be r.tther formidable sy~tem programs supplicd (one 
hopee;) by thc computcr manufacturer. There are threc types oftranslators: 

l. An ar.,o;cmblcr translatcs an ao;o;cmhly langu!lgc, most of whosc statcments 
corrco;pond to m:Jchmc-Ianguagc mstructions on a onc-to-one basis 
(e g. LOAD ACCUMULATOR WITH CONTENTS OF MEMORY LOCATION 

A. or LAC A) 

2. A compikr. tramlatcs ·a compiler l::mguagc, which is closer to Engli~h­
cum-mathcma!ICS and can mcludc statcmcnts (e.g., formulas) which 
wlll cach be tmnslated into many machine-language instruct10ns (e.g., 
FORTRAN, ALGOL, Sec. 3-7). 

Each ncw computer type nccds a ncw assernbly language, and rclatively 
simple mathcmat1cal and inputfoutput opcrat10ns can requirc substantial 
num hcr~ of a'>"cmhly-langu<~gc 111\l ru~.·t11 111.,. But ao;-.cmhl~ -l:m~ua~c pro­
gramming (Chap 4) can t:tkc thc mn'>l cllicicnt a<h antagc or minicomputcr 
hardnarc to !-.!'1\C mcmory and time during cxccution. By contras!, sorne 
m1n1computcr compiicrs genera te slow-cxccut mg code beca use hoth compilcr 
and ohjcct programe; are compromiscd by the srnall amount of memory 
avaiiablc 

Aftcr an as~cmblcr or compilcr is loadcd, we load the sourcc program 
{Fig. 3-6). Thc mach1nc thcn produces cithcr thc objcct -program (say on 
papcr t.tpc)in onc;p.t\<;,or the <;,llnc <lr an intcrmcdiatc tapc"b p1occ~~L·tl 

in a sccond pa~<; (1\10-l'as..o; ao;-.cmhlcr or compil<·r). A third pass can produce 
a tclctypcwntcr lio;ting of both SLlUrcc program and machinc codc. 

lf we have maJe a mi-.t,tJ...c in our <;ourcc-languagc syntax, cxcccdcd thc 
availablc rncm<Úy stong.c, .uscd too large numbcrs, etc., the translator 
program w1ll not1fy us of this fact hy stopping and printing an appropriate 
error mc'>s:tgc on the telctypcwritcr. At this point, wc will have th<:. 
plca~urc of domg the job ovcr. lf the program works corrcctly, howcvcr. 
we will havc a storable "binary" objcct talle, which can be uscd again and 
again wi :w data, without any necd for translation. 

., 
3-5 

Source progra m 
(source tape) ---~-- --- '"""--,..-- ! 

/ " 1 \ 

2"d and 3'd {/ ~-- ·-·--/-

poss (1f onyll ~~-.~~ ·.~~~~- :cA~J~ : J.l 
\ 

02.1 ~ ~ .... -- ··- 'l 
-~ _ _g_t ~ = =-~JL: 

\ -- --

''" L1¿, 1 r ---~ 
"' (tf any) / , _ _..... V 

Ob¡ect program 
(btna•y tope) 

Assembler 
---- or comptler 

lstslem progrom 
en poper tope) 

L•brary ond occessory 
~ progrom~ (of ony) 

Resulls 
(o~d/or conho! out;:>uts) 

ltn~tng loader 
<1--- (of needed 10 

combtne progroms) 

Fi¡:. ~-6. Pr~·~r.tm lr.lml.IIIOn .lnd '"·ldlll¡; \\llh .1 r-•r,·r 1.1['<" '}''::r:n 

"'"critbkrs and compilers g~:n~:ratc l'Omplctc ohjcl't 
ncnnion. Our third tr,tn'il.ttion ~chemc \I.Orks d1ITcn:ntly: 

programs ·for 

,. 
An intcrprckr tran~latc~ onc soun:c-langua¡;c 
C1CdJI\." ihc rc,tlltmg 111;:1~.:hinc m~truction or 
lr.u¡-l.atc~ thc next ~tatemcnt. etc. 

st,ttcmcnt at a time, 
in'structions at once 

' 



. ..._~-·~"- -.- .... _.-.. . ...,.. ............ ----~----- -- --o.·---·---- .... '''-·-... ~·.:.. .......... ..:> ...... ,.. 

•. 

Intcrpreter translation is inenicicnt for .. production .pr<?grams" \\hich are 
to be cxccuted m::my times. sincc cach cxccutiOI! will he slowcd by tró.ln.;Jation. 
This is not objectionablc in on-linr cnnvrrsational com¡n:ting, \\-hcrc ínter- -- -
prctcr systcmc; translatc compiler-type sourcc languagcs like BASIC and 
FOCAL (Sc..:s. 3-8 and 7-3). lntcrprctcrs can also implcmcnt stcp-by-stcp 
emulation of computer instructions by thc instruetion set of a different 

computcr. 

l-6. Londing and Combining (Linking) ninary Objrct Progr:1ms. An 
indepcndent hinary objc.:t program loadcd into corc with our parcr-tapc 
loadcr should be ready to cxecutc. Data for such a program may havc bccn 
Ioadcd togcthcr with the program, or thc program contains instructions to 
gct its data from pcnphcral dcvices, c.g., from typcd input, from another 
papcr tape placcd in the papcr-tapc rcader, or from instruments such as 
analog-to-d•gital converters. Program output will be obtaincd on the 
tclcprintcr, display. tape punch, cte., as spccificd by thc program itself. 
Very often, though, II"C slwuld fike 10 comhim? a hinary oh;cct program ll'itlr 
other such program~. These may be uscr programs, perhap' modules of a 
largcr program, or lihrary suhroutincs supplied by the eomputer manu­
facturer (e.g., _noating.-point arithmctic routines, sine/cosine generators, 
input/output routincs). With a papcr-tapc opcrating system, all lhese 
programs and subroutine librarics will be on v;~rious picces of paper tape; 
we would like to load them for combincd exccution. This will practically 

always impose two requirements: 

l. We must rclocatc binary programs so that they can be loadcd into 
sueccssivc corc-mcmory arcas. This will mean clrmrging botlr instruc-

tion addresses allfl mcmory-1 efercncc addresses. 
2. Sincc thc combined programs will rcfer to one anothcr (by supplying 

data and{or lhrou~h jump in<;tructions), we must find all such externa! 
rcfercnces and providc thcm with the corrcct mcmory addrcsses. 

To satisfy thc first rcquircmcnt, thc object programs to be relocalcd must ha ve 
bcen prcparcd by an asscmblcr or compilcr which generales rclocatable codc. 
1 hat is, all memNy rcfcrcncc" to addrcsscs needing relocation are either 
specially markcd --- say with an cxt ra Wllnl -- or thcy are rclali-.e to the current 
program-count~r rc:lLiing: scc ai<;O Scc. 4-IR. To sati,fy the sccond 
requiremcnt, each ¡;rn:,!ram !>l·r,mcnt mu'>t li<il all its extrrn:-.1 rcfcrl·nccs 

according to a spccifil-11 cinl\'cntion. 
To combine program segmcnts satisfying thesc rcquircmcnts, wc fir~t load 

a ncw systcm prog.ram callcd a linhing loadcr and thcn thc various ohject 
tapes. The Hnking lo:tdrr , .. m note tbc final addrcss of cach program sl·gm<"nt. 
rclocatc th(' ~nccccdin~ pro~ram, ami supply thc ncc~c;ary linl•agc rrfrrcncc.-s. 
The rombincd rr'-'~r;un will be lcft in corc rcady for cxccution. Options. 

.. 
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uo;u;tny sclcctcd by (ro t . ·1 · - h' d n -p.mc rcg•,.tcr or scn'>c switchcs will run ti 
_c~llll me program as soon as it is loadcd ("load ami go") a'ndl 1 IC 

hmary tape for the combin d b' . or pune 1 a ty t . : .0 ~cct program. Thc linking loadcr will al'io 
pe ou error messagcs lf 11 IS prevented from doing its J'ob b 

such as ~ Jt · · Y uscr crrors 
manual. au y or m•ssmg externa! rcfcrcncco;; consult your minicomputc~ 

3-?· FORTRAN Computntion" :md Relatcd To ic" M . 
SCICntists will be familiar with fORTRAN p . . any cngmce_rs an~ 
they Iive in Europc with Al GOL· .. 1 programmmg (or, e<;pcc~:tlly •f 
. '1 ' J ' • mmlcomputer opcration will b "t 

Slml ar). The principal fcaturc'> of the FORTRAN 1 e qu: e 
in Table 3-1 Note that · · anguagc are outhncd . . , mlmcomputcr compilcrs may im Jeme 1 
subsct or restnctcd version of thc fORTR "N 1 p . nt on ~ a la h' t\ anguagc avadable w1th 

rgcr mac mes; consult your minicompull'f manu:~t B t . . . 
comput h . k • u many m•n•-
M. . ers ave r~rnar ably comprchensivc versions of FORTn A .. , 

llllcomputcr FOR fRAN compilcrs are usuall d ·,. . . . ·' .~. 
corc stora"e rcl]Uircd ror tll. ·¡ d. y CSioncd to m:nlnl17.e thc 

"" '' e comp: cr an for thc ·1 d 
some expense in execution spccd. co~p1 e program at 

Normally, you will nccd a linJ..ing loadcr (S~c J-6) t 1 . d . FORl RAN ~ · - o 0.1 a compdcd 
program or program scnmcnts w"tl h 

facturcr's "math libnrv" ofn(n¡" · .'' · 
1 

_
1 

1 e compuler manu-
routincs; the hnJ..in~ l~adcr \\ ia·~~~~,~~:~.a;~~ll~lCliC ~nd function-g~,1erator 
your pro •r·un ¡· .1 ~e routmc-.. actually calkd by 
compitc/t~nc~her' ~¡(~~ttnme~.:x·"c'~r~.:t· u ... u.llly ~u¡,plicJ hy lhc Ct>mpiler or hy thc 

0 ' cu 1\'C program (Sec 3-13) 
Other compiler language·; availablc with . . . . 

subsets ofCODOL) are dealt \\ith quite similarly~mlcomputers (ALGOL, 

. 3-8. Conversational Computing \\ith Intcr >rrtcr Proor . . 
intcrprctrr systcms ~ce "-S) . • ti l ., ams. Comrrsatlonal · . -' are csp<'CI:I y C:J'>Y to · 1 
minicomputcrs: Only thc iflteqm:ll:r tape ,;mo;t ,;"): u~t ~ p?cr-,tapr-loa!kd 
it!>clf will he '>Upplil'd b) thl· U'>Cr on lhc ldct \pe 't . a r • or t IC program 
keyboard terminal. .; IHI ~r or on a catholk-ra}-tubc/ 

_The most ~op_ular convcrsational-intcl prcter languagc is BASIC whi ·1 . 
Wldcly uscJ tn t:mc-sharinu systcms BASIC . l , ~.: 1 IS 

• • 0 . • · • m crprctcrs are availablc for 
many muHcomp~t~rs. Thc D•g•tal Equipment C'orporation has d ·v· , 
another rather smular systcm callcd FOCAL (b 1 or:c 1 · · ~ dop~.:d 

'th nAS . ll - - mac liOl''i ·111 COl 
Wl IC mtcrpretcrs as well). Roth BASI(' and rOCA ' ne 
learncd rapidly; both allow you lo cmploy a min•~·pmput . . . . L can ~'e 
desk calculator and for real storcd-proonm corJ1 ctr ~·~"" H ry¡' cr-..at .te 

b 
· . ., · pu a 1011 \\ 1! 1 h 

su routuH.:s, etc. Such mtcrpretcrs pcrmit noatin"- . . l 

0

ps, 
u,ually only with six-dccim.d-digit r•cchion (tll .. " Jpomtl computallon but 

r 
1'- 1~ C!>S t J,lll tJnt "l\" "1 IJ 

- rom most desk cakulators). BASIC and fO . • ' '
11 

'

1 

'e 
thcir own utility routincs (''" fo t . C'~L mtcrprctcrs supply 

1 
··o·• r ngonomctnc functions) B \SIC' 

un •kc fORTRAN, pclmits opcrations with matrices. Both ·,;ASI~ and 
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\11'1( 0\ll'lll R 1>1'1 R \1111'\ \'\U "0\H 1'1101,1( \\1\ll'\(, 

T,\BI 1' J-1 '1inil'nmpulrr I'ORTR .!¡.-.; Chrc-1. U\ l. 
./ 

In FORIR·\:-l. 
11 Hora<'<' to, nam<·d •arbhk<i, 

d f. :: < rrop,•r/ICS nf, ancl a nulle ~ 
l. Sjll'l'lhl',IIÍnll ''·'" Oll'lll~ •' • re 

funlflo!ll'o, .llld arr.l~<i. ' 1 •h'lch a~'lgn the value or an'(\prc<;~IOII 
• d .r., · · · ~utong op.r~ IOTI<i " 2. AratlutH.IIC' ~• tt•.:n:enl' ~..: ... ~ - ... 

toa ,,mo~blc, e g. 
VAR- B • O 1 

t'i dctcrmme ·'-~ sequcnce or opcr.lllons in a program." e g. 
3. Control <ilalcmcn • ' • 

GO TO 17 

1 • f ~pul 'output opcr.1tions. 
4 lnput,'output <ilatcmrn s <ipC'• · : ... t • 

. .. . " ' ~!O a l,or"e extentmdcpcndent of thc pro,C<i'Or 
FORTRAN l<i "portahle . 1 e_,:_::~~;/~~~~~RAN ~Y'~ems are subsets ofUSASI FORTRAN 

and compolcr u'cd Mo't mon '- ~ d ti . ni~ monu:omputers Wlth dlfTcrcnt Jmounts of 
d fT compt .•• ,' ''1 even lC ''1 • t heck IV. But , eren! nuno ···-~_:·., FORTRAN ~y~tcms. lt w111 be neccssary o e 

corc) 1mplcmcnt more or le'' " '!e te · 
preclsely on your p.trtlcular !111;'\ =·~mputer. 

. d, 1 • ~. quanllllC' adnu<is1ble? bl 
l. Are lo¡:tcal an ,or comp e'~: , . •" H m my dlolts are accommodated? Are al! possl e 
2. Rcpn·<icn!Jtion of Real Con~unt~: ow , " 

rornl:ll<i, ror exarnple. 
SE-02 

OSE 01 

5 OE 02 

005 

O SE-1 

. .-,n<; ~hould be an<iWCICd for duublc-prcci,.ion qu.tnlotic' 
adm"''hle? The sarn~ e-~'. d FALSE Ir no loglcal v.mahlcs and operatiOnS are 

3 1 0 ,jr3l cnn<tanL<i are .T?~- an • 
~ . ll ... •. lioc ,mthme!IC IF st.IICillenl. ( 

a•.ul.tblc, you c.m ~~~ e '·t' ··: . .., vanablc~ as rcal,logtcal. etc In genero!' 
4 Chcd. on ~l'l'lilicatinn <IJlcmcnl~ for dccl.mn., 

inlrl!l'f nJmc~ b.:gm '"th ' .; K, l. M, or ~ be u~cd as subscnpls for su~criptcd •ariahlcs. 

5 Ched .. on thc cxtcntto ., ~ :1 c\prc~"on~ e, n GE Are al! adm''"b!c? Are 
. lE EO NE •• GT., • •· 6. RddiÍnnal Opcratnrs: olTo, • •• • •• • • 

Jogical c'pr~<i,ÍOn~la~n!¡,t'c•~: h or the foi!O\\lllg control ~latcmcnl~: 
7 Check on thc av.ll a"' •1: " .ac 

. (a) A<i'Í~ncd GO TO ASs,:;•¡ 18 TO K 21) 
GO TO K. (3 4. 18 

(h) ('omputcd GO TO 1 - 2 18 211 t GO TO (3 

1 ( ) ' ( L, are C4lltV.tk nt to thc """"'clitumnl GO TO 18 
Thecx.lmrc.'ln a ,onu.~ __ : .. x rc"llllllll,.nz.n, ' 
(e) ArithmciiC IF lf (.H" .. . ,e e r f thc •reclliCd exprc<;<i<111 1~. [L <ipCCIIVcly. 

Pro~r.utl goc<; lo <t.•• ;;;- :"t numhcr "•·"l· or "J 1 
le~~ •1h.ln. cqtwl ro. 0~ ;• :o~ ter than 7cro 

(l . 1 n~"'-<iiO!l)(<ii.I!C'IIlCIII) l ·ltF (cfl l.n¡:iral tr tF og1.J , "' h 1 he nccul'lhlc and nc1thcr a oo nora og1c.1 
Thc <pcc 11icd sto~tet<~-· ·•hoc mu' . 'tru" c>thcn"'c,contr<>l tr.tn<ifcrs to the 

• • -.e' .r •he tnctcal exptc'" 011 1~ '· 1 'tch si llcmcnt. I'C"<ccu.... . • 1 t b· t h onh•are scn<c ~~~~ or S\\1 
• t T n. \n·•ac •1 C\fH ..:"c..u)rl llllg. ' t.; • • 

follm"ng 't.ltcmcn • =- • 

Olllpll~· IF (SENSE SWITC'II J) (\l,tlcmcnl) 

(e) o o n tND(X = '",. "':- "'' 1 . are thc '"'''"' and j 111nl1nlur' of thc mlcrcr INDEX. 
1 1 cnt p1 - - ... m1 .. lO( m2 • 

n 1< ·' ' .t cm ...•.. r lf"' - 1 ''"' rn.l} \Hole . 
ami "'J '' thc '"'''~ ~ -: ''· HJO[X ' - • 

00 n tr.: ' ''--m,_"..:''----
.--------- • ----- ,, 1 ,. "' I'H·"' 

--·--~- 1 ' ( oqHlr \lllln, 1•\:-n.uv, •' • 
~~:' t: ,, ... ,1 1) 1 ~1loll q\1\,ll l. 

(1)'\\1 H"\110'\\1 CO\II'lll'\1, \\1111 1'11 III'KHU! l'rt()(,RA\1'> 

1 \IIU .l-1. :\linilum¡notcr 1 O In lt.\:\ ( hl·rl. l.i't (Conltnucdr. 

(J} CONTINUE 
PAUSE 

STOP 
END 

PAUSE n 
STOP n 

R. ('hcck on the mlerprcldllon of READ and WRITE st.tlcment~ ami dcvice numhcr~. m1ni­
computcr renphcral dc\ICC<; may dlffcr from tho~e used Wllh b.lllh-proccssed ro'RTRAN 
systcms on l~rge d1~1t.d computer~ ·-;:·: 

9 Check on thc librar) suhroutincs and ~pccial function<i .rva11.1hlc w11h )Our,FORTRAN 
systcm _ ' 

10 Can FOitTRAN proJ:ram<i he linkcd lo a<wmhl}-lan~:ua;:c prnJ:r.tm~ (Sccs. 4-20 and 5-2ll)? 
11. Can FORTRAN be u'cd for mtcrrupt "rv1u11g l'>cL<i 4-16 and 5-l(i¡? 

FOCAL pcrrnit graphic outpul from cathodc-ray-tubc dt'>plays and dtgit.ti 
plottcrs. Tablc 3-2 outlincs lhc main fc,lturcs of thc BASIC langu.tgc; 
many good tcxts on-~SIC prograrnming are a\ail.thk (Rcf,. S lo 11). 

Sorne of thc mo!>t uscful miniwmputcr appl1cations cmploy nASIC or 
FOCAL intcrprctcrs extended lo lllt:Orporale input/outpul commands fl)f 

opcrating rnca~uring inslruments, IC\l-voltagc sourccs, and proccs.,-control 
cquipmcnt (Sccs. 7-3 ami 7-5). 

TAili.E J-2. A Qui• l. Rdm~ncc (;uill<· In ll.\~IC. 

llu' t.ohlc "·" J'l<'l'·""l h~ thc ,.,ft·.,.~rc· ,1.oll ,.f thc "'"ktt-J',,_k,ord ( ••rp••r.oto<•n f,•r 
thc1r 2011011 1t1mc-,h.ucdl \Cf'l"ll of 11\\l<'t[~,[, '1 and 10¡ lht'l"lllPktc 11\\ll' '~'t'm 
tllustro~tcd Itere l<i nwre 1h.1n a "mplc ~lg~h~.lll·llllcrprct~r l.wgu.t¡;c.lt pcnnoh arr.o} .ond m.1tr.x 
mampul.)l10n, hm1ted stnng lll.ln!pul.lhllll, ~0111c cd1tlllg, lile m.mopulatoon, ;wtl l.h.tmutg 
(ovcrlays) ofpro¡;r.tm scgmcnt'. llc"ktt-l'.llk.orJ IIASIC h.t~ ~~~o bc~n C\tcndctl lo op.:ro~tc 
w1th clrfplays and m11rr1mentf (Scc. 7-"!oh). !Sc~enhdc", complclcly untro~rncd opcrator~ can 
u~c BASIC as a very stmple "convcr~a11on.11 c.1kul.11nr" by 1} pmg st.tlcmcnl<i hkc 

lET VI - 7 5 

LET B - V1 • Z 1 

as commands, i.c , tt·rtlwut statement nrmrl>('n, and to ohlain ;tn~"crs by typmg, say 

PRINT B. V1 

OP[RAlORS 
Opcrators are u sed in thc <;f,l!cmcnt< of a pro~ram 

St~mple SICII<'nll'lll Purpmcj.\fL·cmmqfT)pt• 

IPO A= R =e= o A~<ii¡:nmcnt opcrator: 3~\i{:IIS a value In a 
v .. lndhlc. ~· 

110 LET A n M.1\ ""o he u<ied \\llhout LET. ~~: 
120 Z ·= Xf; '' F,pnncn!i.I!C (.t~ m .\" 2

). is/. 
llll L[T ('5 = (A•III•N2 :\tullopl}. ~· 
14!111' TS/·1 = 3 TIII·N 2110 DI\ ~tic. 
I~Cl LI:T P = Rl + 10 Atld 
IM XJ == RJ -- P Suh1r.1d 
'"": Thc num~roc v;tluc~ u~c~ m lo::u:.11 ev.thl.lhon are: "true" = any nontcro 

rurmlx·r: "f.ll,c" = P 
1"11 11' () -' 1 TI 11 N 60P l:'f''"'"'m "cqu.1h" et{'r¡•nirm. 



• • 

~. 

TAOI.E J-2. ,\Quid, Rdrrcnrr C.uidr lo n \~IC f(",.,llrrruull. 

f."l'"rt, 
1!\0 11: (11-t LJPI~·D,Tl!L:-.1710 
l!o.lliF ID+ fl< >C•lll TI lEN 7Pil 
1 'lO 1 1" X> JO 111 U~ 6~0 

p,,,,,.,c: 

[,,,,·,wm "doc' nnt cqu.11"" e'f""'"'"' 
['f'll'\\11111 '"lloc~ nol cqual" <"~l'"'"l•m 
/"\flll'HIIJ/l 

11
1'\ grc.ttrr th.1n .. t'\{Jrt•\'flflll 

E\{'tt'HIIIII "is le" lh.an"' t'~¡>rnu"" 2tHliF R!\< P7 TIJF'I.; 6~0 
210 IF Rlb = P7 TIIE:>. XJO /:\pi!'HW/1 "1~ ~rcatcr th.m or cqu.1l lo" e'Cpres· 

Jitm. 
220 IF X2< = 10 TIJE:>.: 6511 
21U IF G~ AND 115 THES 9011 

f."lpl!'iJtml "1~ le" lh.an or cqual to'' t'\prc·«ion 
E't'"''·"'"' 1 ANn '''P"'"IIIII 2 mu~t hoth be 
"lruc" fur compo,11c to he "lruc " 

240 IF G:! OR 115 TIIEN 91P 

25P IF NOT GS THE:>.: 950 

260 LET B = A~ MAX C3 
270 LET Bl = /\7 MIN A9 

Ir c11hcr l''f'"'"""' 1 OR '":rn·Hum 2 1~ "truc." 
COillflO~IIC ¡, "truc." 

Total cxprL,'IOn NOT G5 is "truc" v. hcn e'Cprrs­
swn G5 1~ "f.1hc " 

Evaluatc~ for lhc largcr of thc 1110 e'tprc~~ions 
Evahwtes for the smallcr of the tv.o expresswns. 

ST ATlM f-.NTS 

Programs cnn'l~t of numhcrcd stalcmcnh. Thc st.l!cmcnts are ordcrcd hy number. 

Ewm¡>l~ 

300 C'l lA IN PROG 
310 (Jii\IN SL.IBR 
Jlll COM A.BI.C"I~Oi.CSI72) 

360 OATA 99. 106 7. "Hl 1" 
310 Dl\1 A(72l 
4p0 t:ND 

375 ENTI R#T 
3HO FN rrR A.ll C 
390 t:NT[R T,A.B,CS 

400 FOR J= 1 TON STEP 3 
500 Nf-~XT J 

330 GO TO 9PO 
412 GO TON Ol' Jr.O.I0,2P 

420 CiOSUB 811(1 

415GOSUB NOr IOO.IP.20 

3-tO 1( A# J(llllEN 350 

390 INPUT XS.Y:!.ll-1~. 

){)IH.rl,A~,H=(=.O • 
'111,\1·-f·'~ 
~~~O IU \11 A 1\.C 

3~1, t<r ,,n 11 '·" 

Pllr{'ml! 

(,¡ 1~ .md RlJN, thc progr.un ~peuficJ Thc curren! 
progr.1111 1' dc,lroy.:d. "ccpt for CO:\Imun van.1b!c•. 

liL'll.m·, \',lfl,lhkqo he an COI\Inwn.lhc~ c.an thcn t-e 
accc<,cd hy olhcr prugr.11m. l\lll'il lx: lu,,c,t m:m· 
hcrcd <l;1tcmcnh. 

Spc~•lic< d.11.1. rc.1d from ldt to fl¡!ht 
Ochnc' m.1ximum 'illC of a stran~ <>r m.•tn' 
Tcrnunalc'> thc progr.1n1; mu<t be la~l st.1tcmcnt ·in a 

pro:;r.•m 
hlh lhc lir-t van.1hlc # T W1lh tlu: u~cr terminal numhcr 
aml/or .11Im\' lh.: t"cr .1 ~rcc11icd numhcr nf <ccnnJ, l.l 
n·pl) IAI 1cllllll' th.: .lllu.ll r•'P"I"''IImc H .111d f<'lurn< 
thc \,llnc cnlcr.:d C.CS On tune out. thc rL''P•'n<.: 
tmu: " 'el to -256 On 1llq:.tl anpul t~pc. thc 
rc<.pon<c t1mc" ncgatcd. 

Exc~ulc' lhc <t .• tcmcnl< bclwccn FOR ¡¡nd NEXT a 
spcc1ficd m1mha of tunco;, mcrcmcnlang thc \~nahlo: 
by a Sll r numhcr (or by 1 1fSTl.P" not gncnl 

Tr.ln<fcro; control úumpo;) to 'ifll'CIIicd ~t.otcmcnt numhcr. 
Tr.ln,fcr, control lo lhc Nth ''"tcmcnt ofthc ~t:tlcmcnH 

¡,,1ctl ¡¡ftcr "01· ." 
llegan-; c~cculang thc suhroutmc al <pc.;ificd 'il.llcmcnt 

(Scc Rl·lliRN.) 
llcrm< cxccutmg thc ~uhroulinc 'N or thc <ubrC'utines 

h<tcd afiLr "OF" (Scc RETUHN 1 
Loric.1l tc<l; tran,fcrs control to statcmcnt numt-:r if 
"truc." 

Allov.\ d.11.1 to he cntcrcd from tcrmmal v. h1lc a 
prngr.un 1\ rmuun:;. 

A--~~n< .1 v.1luc lo a v.1rmhlc: LrT 1< o'pt11'n.1l. ' 

Rc.11l' mform.111on from 0,\1 ,\ \l.ltcn,~lll 
Se~ "l•k•." 

·-------

1 
' 

1 
1 
¡ 
1 

fii,\JIC'\1111'.\1. (fJ\11'1 11"; \\1111 l'ltiii'ICtllfi l'IUI(,R\\IS 

1 \lll J. ·'·Z. ,\ QuicJ,. lh·fcn·ncf (;uidc In JI \'-1('(( 
11 -, t'IIIIIW, 1 • 

1: \(1111[1/c 

l2111H 1\1--ANYTLXP•!! 
156 I'R 1 NT 1\.II.CS 

351'C I'RINT 
3?5 PRINTt!J.A 
3KO RESTORE 
31'CS RESlORE N 
H5P RETURN 

41j)STOP 

r:,,,.,r¡,. 
l!l OIM A$ (27) 

2P LET A$= "••TLXT 1" 

3!l PRINT LEN (1151 
1!15 IF AS=CS Tlll N (•IIP 
IIP tr· liS# X$ TIIFN 650 
11511' NSC.::?)>II,tl.l)TIIt:N l!l 
I::?PII NS<HSTIIINY99 
1251F,PS(5.!!)> =YS(4,7)TII[N lp 
13p IF X$< =ZS HII:N 999 

2¡J51NPUT N$ 

21p INPlll N~.X~.YS 

215 REAl> PS 

22PRI:AI1#5;A$,BS 
310 PRINl #2: AS,C'S 

Purro~w 

Dl···l.lr~·\ 111 •. 111.1\111111111 'lrm¡; k11l!lh '"ch.lr.IC· 
ter' 

""'~1" !he ~h.tr.ldcr ,tnng m qut•lc'i 10 ,1 \lrm¡; 
\,1r1,1hlc. 

(il\l'' lht: <llrrcnt lt:ngth nr thc 'fl<'CIIÍI:d ,lring 
~lrlll)! t•pcr.ll<lr' 1 h<')< .dio\\ ~''"lfl.lfl,on l'f 
<lriiJ!!' .. llld ,,h,trm)!' .. md tr.ln'f•r '" " 
'PL< ~ h,·d ,l,llemcnt. ('nlllflMI<<'11 " lll.u.k 111 
A.,C 11 ,·.,de,, ~h.•r.l<kr h) ,·h.lr.a.tcr. kfl lo 
fl¡!h! lll1l1l .1 dofTa•nLt:" fnund. lf lhc \!rule~ 
.1rc of lllll'l)ll.tl k11glh, lhc \h0fl<'f 'lrtlll! ~'i 
Cl'mllkr,·d 'ion,dlcr 1f 11 •~ 1Jcnlll.d to th.; !lt~t 1 , 1 1 
suhqnn!! "r thc longcr 

A(ccpl\ ·" 111.111y ch.lr.l,lcr' .1\ thc ~lnn~ c.m 
hnld lfPIIn\\t:d h) ,1 '""""). 1 he <h.lr.~.t.:r, 
nc,·d 11111 1~~: 111 qut•l.ll!on m.1rl..'i 1f onl) 011,; 
5tnng ~~ 111put 

lnpuh lh,· 'flct:llicd 'lflnl!'· mput mu~t he 111 
llliOIC,, 'l'l' lf.lk'd hy ~'11111111,1\ 

Rc,,d, a 'tnn¡: from .1 DATA ~t.lh:mcnt. ~tnng 
mu~1 he cndo,,·d 111 quolc' 

Rc.u.l~ <trongo; from thc 'flCCilicd lile. 
l'nnl\ 'lnng' on a fil.:. 

FUNC fiONS 
1 . .,,, '"'"' r,·turn .1 numcroc r•·,ull thc\ m . b. 1 
', ">• 1'1.:1;>. [ J f • • .t) l 11\<'1 .l'i C\fJfC"Il'll' (1( ('Ir!\ ,,r C\pr<"\· 

• ..._ . " u,t:, <'f C\,llll¡>k ~ o :al). olh.:r ''·•l<'lllt:lll 1) J'l.'' 1.:.1) ¡.,._. "'''" 
--~------- ---·--~---------



3-8 ;\11'\KO\IPL H R OPI R \TI O:-. A'\() '-0\11. I'HOC;RA \J\11'\G 

TAIIL.E ,:\-2. ,\Quid .. Rcfcrence Guidc lo H \<;IC: fCollllltucd). 

f.'\/1111ph· 

3!1\l DI r 1"\"¡i\ (XI =l'i•XJ- B 

31\ll'RINT i\BS (X) 
3~0 I'RINl LXI'(X) 

3J\) PRINT INT (X) 
340 PRINT LOG (Xl 

35\l PRINT RND (X) 

3.60 PRINT SQR (XI 

37P PRINT SIN {X) 

38P PRI NT e os (X) 

390 PRINT TAN (X) 

4!10 PRINT i\TN (X) 

41(1 PRINT LEN li\SJ 

42P I'RINT SGN {XI 
4J\ll'RINTTi\B(XI.-\ 

44P PRINT TIM(X) 

45P PRINT TYP {X). 

Purp .. •c 
Allo\\~ thc prugr.unmcr 1<• dcliru: fu11ctrom. lhc fui1C· 

I10n l.r bd i\ muq he a kttcr from 1\ lo Z 
Gr\C~ lhc oiP'<•Iulc v.duc of lhc CX[HC~\1011 X 
Grw' lhc lOI~>t.urt ,. r,,,cd 11• thc p<n•cr of lhc cxprc~­

SIOI1 \,duc X.lll lhl\ C\.1111ph:. !'~X 
Cinc~ lhc largc't rnlcgcr ~ thc cxpr.:~sro11 X 
Grvc~ lhe 11atur.tllo¡,:.mthnr of ,rn C\pre~srol1; cxprcs­

SIOI1 mu~t h.m:: a p<•~rllvc v.rluc. 
Gcncr.rlc' ,, r.mdnm numhcr grc.ctcr lh.m or cqu.rl lo 
~ ;rnd Jc,~ th.m l,lhc .rrgument X m.ry h.11e .111~ 1,1luc. 

Cinc~ th.: ~qu.crc rnol of lhc cxprc·~~•on X. cxprC\\1011 
mu't h.11e a po\lllve v.rluc 

VIIC' lhe srne of the exprC\'1011 X. X rs rc.rl ~nd m 
rad'""" 

G11cs lhe co~mc of the cxpressron X, X rs real a11d m 
radr.111< 

G11e~ thc tan;;e11t of lhc cxprcs<ron X: X is real and m 
r.rdcJn< 

G11cs che ~rctan¡:c11t of thc e\prc~<1o11 X: X 1S rc.rl, 
rc~ult 1< m ra<h.m' 

G11c< thc currcnl Icngth of a <lnng i\S. i c., numt>cr of 
ch.rractcr<. 
G1ve~: 1 rf X > ~. ~ rf X = !l. - 1 if X < !1 
T.th< to 1hc 'PCCcficd pn-.1iom X. 1hcn pnnt- 1hc 

spcc•ficd v,cluc i\ lhcd fpr plnttm~ 
Grvc< curren! nnnutc IX =!l). hour (X= ll. d.1y (X= 2), 
or yc.rr of o..cntury IX= 3) 

lfargumcnt X 1< ncg.chvc.gcvcs lhc t~pc ofd,rta m~ file 
as: 1 = numhcr, 2 = <tn1-1:;. ~ = "c11d of file." 4 = "end 
of record", or •f ~rgumcnt X 1< po<~ti\C, gn·c•-thc 
lypc of data 111 a file a<: 1 = numhc·r, 2 = strmg, 
3 = "end o( lile " (f'or <cqucl1tc.rl acccss to lilcs­
sl.•p~ mcr "cnd of record< ") lf .rrgumcnt X = ~. 
givc~ the t}pe of d.rt.r 111 a Di\ Ti\ <t.1lc~~~11l ~· 1 = 
numhcr, 2 = <tring. 3 ="out ofd.rt.r. 

M/\1 RllT.S 
Ah~nlutc m:nuuum m.cln' 517C i< --~ e cmcn ' ., '00 1 t M.rtr•x \anahlc< mu<l he a <rnglc 
lcttcr from i\ lo 7 · 

,(íampfl' Srar. ,,,·r.; Pmpo\1' 

10 DI :\1 ¡\ ¡ 1(1. ~0) i\lluc-.rlc' 'P·Ill' fnr ,, m.rtr" uf the 'pcctficd dlln<'ll'"'ll'. 
( 1 ,t,1hl"h!:' an Jdcnlrty m.•lnx (111lh ,11! 1< do\ln thc 

15 MAT X=((): ¡\1,\ 1 dJ,II!<HI.tll i\ nc" '"""'"!' \17C(M.I\IIl·.m h.: 'rccrfi.:d. 
~(l ;\11\T n = ZrR Sel\ ·al! clen•cnh or thc 'I'<=CIIicd lll.tlrl\ c..¡u.tlto (l 
25 MAT () = ZI.R ¡\1.') ¡\ lll'\1 \\nrl-lll'' '"'' (l\.I,N1rn.1~ h.: <peuhul.rftcr ZfR 
3(1 Mi\ Te = e o:-; Scl< ;lll clCIIICI;h of thc <pl.'nfint m.rtr" cqu.rl ,,, 1 o 

35 MAT r = COS (:0.1.:") A nc11 \\Or¡.lll)! wc (M.N) m.r~ he <p~Cificd .1fter ( ON 
4o ¡N l'llT /\(5,5) i\lloll< m pul from thc tclcprnltcr of a <rnglc 'rcc·cfied m.11 n~ 

clcmcnt 
45 M/\T INPUT Aí.t.7) i\II0\1< mpul of.m cnl1rc m.ctn~ from thc tclcpnntcr a ne\1 

80 

\\Orktnc <IIC '''" he 'pccrficd. 

50 !\.1/\ T t>R . .:._t-.;_·~T-·\_: ____ r_n_n_h_t_I;_c_<_r_e_t·•_fi_c_dm_.,t_r_lx_o __ nt-hc-tc_l_cr_r_•_n_tc_r_. -----

, .. 

1 . ¡ 

. 
1 

t 
¡ 

"' (()" 111-.\ 110'\,\1. C0\11'1 ll'\1, \\1111 l'\ 11 111'111 11 11 I'II()(,R.\ \1'- 3-11 

r \1111 J-2. \Quid .. Hcfcrcncc Gu.tll In 11 \<..1( !Cc•lll"'"' el¡, 

-------- --. l'urpo\, 
55 l'RIN1 i\t>i.Y) 

6!ll'RINT #2. i\(1,5) 
65 MAT l'HIN 1 #2.3,/\ 
7\)Mi\1 Rl·i\Di\ 
75 Mi\T R!:i\D A(5,5) 
IIP R[/\D A(X,Y) 

85 Mi\T R!:AD #3; A(l,J) 

9ll M/\T READ #3,5; A 
1!1!1 Mi\TC = i\ + B 
110 M/\T e= A - D 
12~ Mi\T e= A • B 

13~ M/\T A= 8 

14(1 MAT R = 1 RN (i\) 
15!1 Mi\T (' = INV 111) 

Pnnt- 11tc 'f''cd•c·d ckmcnl or ,, "'·''"' on thc: tclcpnntcr, 
Ckllll'lll 'Plllhl.lliOJI\ X .tnJ y'·'" h: olll) cxpn:'"O.I 

Pnnt' m.rtrl\ ck11rcnt on lhc· 'P<:uh,cl file . 
1'1111h 111.11rn 011 ,, '1''-'l'tfi,·d lile ,cml rco..ord. _ 
Rc."l' cn.llrl\ from 1 >A 1 ¡\ ~l.ctc•ncnh. ' 
Re,,d, m.rtrn of <pcufred <lle from DA Ti\ st.rlcrncnts 
R.:.Hh thc ~rccclied -m.rtnx clcment from a DATA ~latc-
mcnt 

Rc.td, m.rlrl\ from lhc \pec11ied lile: nc\\ worktng <I7C can 
he ~rccclicJ. . , 

Rc-,,J, tll.cln., fnun the <pec•ficd record of ,, lile. ---· 
M.rlnx .tdd•t•on. i\ .111J flmu't he 1hc· ,,,me· <c7e 
M.llrl\ ~uhtr.retiOn. i\, n. oii1U e lllU\I be lhc !o..IIIIC ,¡,.., 
M.llrl\ multtphc.rt•on, numbcr of column' m A mu'l c..¡ u.¡) 
numhcr of W\\< •n B 

f,t,Jhl.,he, eljU.dtl:> of h\O malrtlC\, oi<<Jgn< v;ciUC< of B 
lo i\ 

Tr.cn'P•"e' .m 111 h:- 11 m.rlrl\ loan n h} m m.cln\. 
lm crt' .1 •qu.rn: m.clrl\ rnto a <qu.rrc m.rtnx of thc <.1mc 
St7c. mal rl\ o...m he 111\c'rtc·J 1111o rt,clf 

IIUS 

1\ 1 11 1: = a n.llncd \l<lr.I!!C MC,I <)f fn>n¡ 1 lO 12K n·cord~. M.IXIIIlUill SI7C \oHIC~ 
\\Jih ''''"'llh 

1\ R r ('(m[) = M \\U~d< of n••'lllo\r\ 
A NUMill.R = ,¡ d.lla IICIII U~lll); ~ \\llrU\ or IIIC:IIIUr) 

A STR 1 NU = a d.1ta 1tcm U<tng .rhn111 Y: \\ord of mc·mor) pcr ch.rractcr. 

Examp/e Purpml! 

0PE-MYFILE,8p Opcn\ a file \IIth o1 'PeC1ficd n.unc and si1c. 
KIL-MYFIL.E Remo' e' thc 'f'CcrficJ file 
11! rtU:S RUG,GANG Dcd.rrc~ "luch ftlc, 1\rll he u<cd m" program llp to 4 

2!1 PRINT#N 1\,ll 

30 PRINT # X.Y A,B.CS 

4!1 PIUN r 3,5 
7p RLi\l># 1 A.B2 

!!P REi\0#2,3 A.B 

185 RCAD#3,5 
19¡1 IF FNI># N TitEN ROO 

1 11.1'<; ~t•tcmcnh \\lth ,, lot,tl nf 16 file, pcr progr.un. 
r •k' rnu't ¡,,. ot•¡,"." tir-t 

Pr1111' thc 'f'l'ctfi,·d '·•h•c.:' i\.11 on a 'PI:l'lfic·d lile .11 thc 
curren! pu\llt<~n 1 de' .trc numhcrcd fwrn 1 .. , they 
appl.'.lr"' th ... 1 11.rs ,~,,t ... mcnr, 

Pn11t~ thc 'PC.:cllh:d \,tlu ... , un o1 <pccrlie<l r.:cord Y uf a 
file X 

lr."l.'' thc.: 'f'euh,·d rc,ord t>fa fik 
Read, th: IIC\l \,IIUe< of:l 'recllied file mio thc <pccllll·d 
\,III,IPIC\ 

Re.rd' '.duc< frnm thc hcgmntng of ;r <pcc11icd record of 
a lik m tu 'PC'llftcd \,m.rhJc,. , . 

R,·,ch t he pornter fur ,, fi k· lo ,, <pl'CI fll·d rcá>rd 
T r.rno;fcr< control tn :1 <pccrlicd ~l.rtcmcnt•f an cnd-of.filc 
occur- on a spccrhed hlc. 

C0!\1:\I,\:">;()<; 

CommJnds Me C\CCulcd llll!:c,·J,,Id). tire} do not h.nc <tatcmcnl numher< 

E~nmplc Prtrpo{¡' 

i\PP-PROGI Append'i thc n.rmcd progr.rm lo thc curren! prn¡;r.rm. 
IIY[ Log< lhc u~cr ofT hr< lcrnun.tl. 
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TAIII E.l-2. 

E''""plc 
CAT 
CS.\ 
Dri -1110 
{) ¡: 1.-1 !\\1.]¡10 
ECII-OIT 
ECII-OK 
GI.T-SAI\1PLE 

GfT-SPROG 
H[L-D007,B'G' 

KEY 
KIL-SAMPLE 

LfN 
Llfl 
Ll~ 
LIS-1 SO 
LIS-101).~00 
NAM-SAJ\IPLE 

PUN 
PllN-50 
l'l· N-lf•P-~PP 
Rf'i'-
Rf.N-50 
RfN-50.2\1 
RUN 
RUN-5P 
SAV 
SCR 
TAP 
TIM 

1-'urro't' 

ll't' thc 11.1111<:' .tnd lt:ngtlt' of u'cr lthr.lry pw¡;rJm; 
S ., thc curn:nt Í'ro~r.mt m ,.:nucnmpdctl form 

.IH • 1 1 lh ·e 'i·d oncs D..:kt..:' .di '!.ttcml'nh ,,ftcr antltnl lit tlll' ..: 'Pe 1• e - . 
lkktc' .tll -t.ltcnt.nh hLI\\u'n .lnd 11\..:ludmg thc 'rc·nftcd oncs. 
l'crnut< II'L ,,f h.df-dupk \ cnupkr 

Rcturn' thcr to full-uupl.:\ motk ' kc· tl thc 
RctriC'l'' thc· pwp.un from thc uccr's hbr.try :uw m:~ ~ 
curr..:nt pr<•¡!r.tm 

Rctm:vC' thc progr,tm frOin thc '~'tcm ltbrMy 1 D ende anJ 
ln~' the u'cr onto h" t.:rnun.tl Uscr must t!I\C 

rrc·:~:~~~~rmln:-tlto l-.cyho.lfd cntry aftcr TAl' E_ c~~n~~~d(docs not 
Dcktc' thc 5f'CCificu progr.lm from thc u'cr s 1 r •. 
modtfv thc currcnt progr.tm/ 

Lt'l' th.c currcnt prnrr.tm kngth "' words ams 

lt''' thc· n.unc' ,tnd kngth' of '~'tcm lthr.try ~rogprc-l'icd S'Jicmcnl Ll'l' !he c urrent prngr .un. nplton:tll y st.n tmg '' a ' e ' ' 

numbcr .•n<l 'lnpplllg .lt '' o;p..:cthcu ~t.ltcmcnt. 

mav cnn-;t-;t of onc ¡\-;-;H!n' th..: n.unc lo thc curren! program. namc . 

to ;" prllltm¡; ch.tr.ICtcr' t 't !1' ·• •rtlll" :-ti :-t 
t p 1p ·r 1 1pc np " 1 ·' "' =-runLhc' thc curren! pro~r.tm 0 ' e ' 

11
' 

1
" 

11 
a 'f>l.:<:tficd 

'rcufi..:d ,l,ttcmcnt lllllllhcr ano optoon.l y 'tnpp1 '~ • 

5t.lh:11tl'l1( . r 1(1 'optwn.dh frl•:;1 J ~rcnf!cJ 
Rcnumh..:r' thc curren! prc'gl·r.ln! ~ rnr;o (~ptton.tlh .m multlpk,; of a 
st.1t.:mcnt m.mhcr) 111 m u l•p 1 ' 0 • 

spcuficd numhcr) pltonallv startmg at a 
Starts c~.:cuttng thc cmrcnt prot:ram. o • . 

spcclfictl''latcmcnt numJ.cr 
S.nc' thc currcnt pro¡-r.tm lll thc u-;cr's hbrary ) 
Er;~,cs thc currcnt prngr ,,m (but not thc progr Jm r..lmc . 
lnfonm S}Sicm that m pul v.lll now be from p.tpcr l.! pe 
Lt'ts tcrnnnal ,md accnunt lime 

FXAMPL[ A Compll'tc I!A'iiC Pro¿or.lm 
Prograrn 10 LET X= 1 

' ~111 OR y= 1 1 TO 3 1 Sll 1' 5 

jo.LJ:lii=SQR(Xf2 + Y!?,IX y "lHCIIYPOTENLTSEIS"H 
40 PRINT "\VIl EN (X.Y) = • • · 
50:-.1 \1 y 
601 :--.1> 
Rl :-.: 
\\111 '- IX.Y) = 
\\'111 '- 1\.Yt ~ 
\\'111:-otX'tl~ 

\\• 1 " ' 1 \ \ l -­
\\lll'-t\\1-
1>< 1'-1 

---------·-;: .. , 

1 1 1 1111 IIYI'OTI NU<;[ ~~ l ~~(,~l 
1 111r 11\'l'(flf Kt c:;¡-¡c:; 1 <.:s~s 
1 ~.(¡ '11!1 IJ) 1'011 :-;¡ \1 '" ~ ~~"'~ 
1 }_(, 1 111 11 y 1'0 1 1 :-.l <.,¡ 1'- ~ ' ... ~~:~ 
1 :11 '1111 1!"\'I'Ort :-,\ -,¡ ¡-.~~'" 

8l 
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3-9. Introduction. Papcr-tapc opcration, as dc~cribcd in Sccs. 3-4 to 3-6, 
is a rca~onable way to operare minicomputcr ~y~tcrns dcdtcatcd ro a sin~!c 
task orlo only a fcw diffcrcnt la!>k'>. But for gcncral-purpo~c con1¡¡utation 
rcqumng frcqucnt crcation, translation, loadlllg, corrcctlon, and modtfi­
cation of diffcrcnt programs, papcr-t;1pc opcration prcscnts an untcnahlc 
situation, cvcn Wtth htgh-sp~:cJ papcr-tJpc rc.túcr~ dlld punches Lo.tding 
and compilation v.ith an ASR tclctypcwritcr alone can takc hours cven for 
relativcly smaJJ FORl RAN pwgl.llm. Wc wiJJ n~.:cJ a !>y.~tcm v.htch c.tn 
quickly rc<td, storc, anJ rctricvc o;y~tcm pro¡;r¡¡rm (loadcr~, ao;<;cmblcr, 
compdc·r), sourcc programs, and objcct progr,uns wl!hout so many r~·rcalcd 
manuallo:lding opcrationo;. Ahovc all, nc shoultllil..c to load, comhinc, and 
cxccutc programo¡ automnticall) or on t) pctl cornm:mtl'i. Thts is n:adc 
pü'i'ith!e by an C'\CCu!hc progr.un (<;omctimco; e.dbl a monitor systl·m) in 
conjunction \\ 1th ma¡.:nctic di-.k, drurn, or tape o;tor;¡gc of !>)'Stl'm and lihra'J· 
'program">, U<;cr fih-<;, ami intcnr.ttliatc tr:llt-.J alor IHIIputc;, J 11 add ¡~tOn, ll 
will be a goocl ldca lo supplcmcnt 1 he failu rc-pronc, slo\\, and noi~y tclc­
typcwriter with an mcxpcn'I"C catfwdc-ray-tuhl.·fl,.c) board tnmin:~f. 

3-JO. Magnctic Disk, Drum, ar.d Tape Storage. (a) Storagl' Rt·¡¡uirrmmts 
and Opcrations. Mmicomputcr system programs, such a~ assc111blcrs .1nd 
compilcrs, typicall.r reqturc severa! thou~and words cach. Addit10n:d 
thousands of words wt!J be rcqtnred for hbrary progr<~ms (frequently used 
arithmctic, functwn-gencrator, and inputfoutput routines), storcd uscr 
programs, and uscr programs in thc mtcrmcd1ate stagcs of a transi.ltton 
process. For general-purpo~c comput,lllon on mmicomputers with SK 
to 32K of corc memory wc will, moreover, "chain" succc~sivc segmcnts of 
longer uscr programs ston:d on a di~k or tape: \Ve load and executc thc fir~t 
program segmcnt, kccp somc mtcrmediatc resufts in core, load and C\ccutc 
a sccond program scgment, etc.; such program segmente; <~re known as 
succcssive eme ocerlars. M:tny app!tcattonc; a!-;o invohc ere.tlinn of 
pcrmancnt or intermcdlatc fl"\t 11r data fi!('<i Wtth lll.lny thouqncJ-; of word~ 
Altogcther, gencral-purpose tntntcomputatton will rcquirc hct\\Ccn JOK 
and severa! rnilf1on worJs of tna~s storagc, whteh !.hou!d oc accc~~thlc 
without manual loading opcrations. Since m.t~s corc !-tor,t¡;...: ¡, l<lo 

cxpcnsivc for minic.:omputero;; (of the ordl·r of SO.JO p..:r 16-htt \HHd). dt~l-.. 
drum, and/or magnctic-lapc stor.tgc ¡., u~cd. 

Ma¡..:n<.·!ic ma~'-·!>loragl' ~}'!.km., are coinpdfcd in 1 Jhlc J-J. Fr:-.cd-lll".td 
rotating disks and drums havc thc highcs! data-trwz.\fi'r ratc~ and, sincc lhey 
can access any storagc loc.:ation W1thin onc rcvolution. also thc shnr!e"-1 
acccss time~. Dt~ks are, thcrcforc, best for sloring sys!cm p1 o_;r:un~ a mi 
lntcrml·dialc output. Small d1sl;s are, mo1eovcr, inexpcthi\'C (about Só,OOO 
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T ABLF. 3-3. Compari<;On of !\1iniromputcr lnput/Outl'ut Storagc Media and Pcril't" rals. 

PAPER TAP[ 
MAGN[TJC TAPf:: 

Synchrunous (contmuous) opcrat•on 
1----~-------f-------,---- --

H\ED­
IIL\D 
DI<;I<..S 
A :-o O 

8-b1t charactcrsfsec 

l6-b1t words/scc 

T1mc to rcad 1,000 
16-bit v.ords (ob¡cct 
programs) 

ASR-33 
te! e-

typc ... ntcr 

10 

S 

200 sec 

Med•um-spocd 
rcadcr¡'punch 

300 READ 
SO PUNCH 

150 READ 
25 PUNCH 

' 
7sec 

(.rtnd¡;e 

500-
s.ooo 

250-
2,500 

o 4-
4sec 

Df.Ctapc 
StandJrd 

(IB\1-<:<'m­
pallbk) tape 

DRU~IS 

10,000 6.000- 40.000-
60.000 360,000 

7.500 3.000- 20,000-
(12-bll words) 30,000 180.000 

S.OIJO 
(18-b1t words) 

1 n msec 30- 6-
(12-blt words) 300 msec 50 msec 

200mo;cc 
(18-b1t words) 

--------------+--------+-----~----~---------~------r----
T1mc to rcad 1.000 typ1cal 2.000 scc 70 sec 4- 2 sec o 3-

3scc 
60-

SOOmsec 20-character (mes (o,er 40sec 
(sourcc program~ for 30 mm) 
as<embl) or comp1latJon) 

Access t1mc 12-
ISO scc 

---------------t--------f--------t-----
Totol storage (l6-b1t -'--- - 50K-

word• 1n onc umt) 250K 

up to 100 sec 

lOO K 
18-b•t words 
or 150K 
12-blt words 

8-
240 sec 17 msec l 

up to 

-f-----
20llK-

2M 
30K-

600K 

---- --1--- ----
Typ.cal pncc (combmcd 

¡nputfoutput umt and 
Jnter[Jcc) 1 

SJOC "1 SJ,OOO 
more than 
KSR-33 1 

SJOO- S3,400- S5.()jJO- $6,000-
SJ,OIJO $9.700• SIJ.{)(l() S 30.000 

• Onc $7,400 Jnlcrfacocan scr\c L;l to C1ght transpNts 

for JOK words), hut magnetic tape on removable reels is chcapcr for larger 
amount" of stora~e. Small ami largcr <.lio;;ks are often combined w1th mag.­
netic tape so that dt!Tcrent programs or data can he loaded from rcmovable 
tape recls. Thcre are also disk sy'iterns with removable di~ks or disk 
cartridgcs and combinations of tixed ~md rcmovable disks. 

Disk, drwn, and maqnetic-tape illlerfacc lrardll'arc and operations are 
deseribed in Table ·S-2. Blocks of computer words are almost always 
transfcrrcd dircctly from or to the computer core (or semiconductor) 
memory. lnputfoutput programs are fairly involvcd, but the) are usu;¡Jly 
supphed by the computcr manufacturers. The user/programmcr ~impty 
sec' hu!Trr arrao;; in 111t' com1mtcr mrmory, i.c., blocks of mcmory locatinn' 
y,\¡o,c contcnt' \\t1l be tr.m-.fcrrcd to or from mass storagc. E.!i:h hutTcr is 
id~:ntafn:,\ h~ ah \f¡l;llll<l addrr.\\ and 1i:<' (\lord cmmt): !Jcadcr \\ortl1 10 c.a~·h 
stor.arc hl,l-:k m:1~ ;,l::nt1f~ thc blo.:k hy a namc aml,pccif~ ''orJ CllUnt .md 
a,h\rc.-.,(-.. of '1:~, cnltn~ or prc,cdan~~ hlock '· To !'afq~u.HJ thc l.nrc 

' 
t 

1 
1 
¡ 
1 

f 
1 
1 

l 

1 

j 
i 
t 

35 
1\IM;:-.t:nc ""'"· unt "· '''· '' L\1'1 "IOH \l,f 
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am?unts of inforrnation handlc<.l . 
paraty chccks (Scc. l-4c) o . h. ma~s-storage ~ystems usuafly cmploy 
dd t. n c.ac partaal word (b 

a 1 tonal parity check for cach l ytc) tran~fcrred und an 
(b) o· mu ltword block 

•~k and Drum Sy~tcms (~ce F 3- . . 
record data word~ in serial form. i e Ig. _7). . DI~k and drurn sy~tcm~ 

' .. , succcssavc bats are rlXordcd . d .. 

r-~--""'Y?·---- ... -~---- correa as 
- , . .,..r""""'::r'- ~f'F' --..."\.;rr• ,.,...,.._, • .,......r""'?"1-'q..., .. , ... .,.: • 

.. 
.. ! 

-----tr·-_-:-.: .. • -r-:~::· 
}.• - . ':-::1 
;--·--~~ .. ..iJ ~ í 

1 
., 1 
'1 

------ í 

......,..._..-~· .. 1 
[ !:,·.: 
• 1!"-

. . 
• i '~ 
1 .• 

! !¡:' 1· 

L._, j:• 

1 ·- - --- -- -·-

1 
. j 

r· 1 · • .. '1!· . -7. ¡\ cnmplctc muu~"ltlpukr '' ,¡ . . 
Olcnwr) llnp n¡;hl) .• llld .r ((,71MJ • un \\llh .1 =''"' dr.rr.llltr '•e P..• cr·ll''" ; . 
sccn nnthc l.ohk ó!l kit 111 . 1· /~h.ll.ldcr ,., rn.l¡:rJ<.:t••·l,lp,· ''·'"'!'"'~ \ 1' '~·"kr. "''k 

' ' ' 11- '" l.md ~11111·\ '"rnpukr 1 • ' '·"' rc.•dcr h 

thc ma~nctic lilm P•''-'C" undca a record re td h 
Magnettc drum~. and lllo~t ~rnall <.1" k 1 . , • cad (,ce a J,o S..:c. 1 -JJ 
tracks. M orinq-head di\·k. ~ ret¡u ir, Ir" ~. 11.1\ r:. ./11 \cd /l('ar/, for anJ t vtd u.l( d.tla 
qu· kJ d . . . e JC\\Cr le.tl S but !he' L . te Y an accuratcly by cxp _., -_. ) mu,t oc ro,attoncd 
d k 1 cnsl\c mcchanasms St 1 1 

IS s ant drumo;; rcfcr to the t . ·k . d . : . . . orak!c .t< t r,-,,c, on 
tr· ·k 1"1 r.tc ·lll to ttnllll" nr rk . ac s. JC progr:un usu.tlly cq 11 1 • . e- " s on sp.:ctal lllning 
thc ·r. . . .l)t<;tcsaducctmrl 11· 1 l 

SpCCIIIC tlll1111g-track rcadmos . . ll 1 ¡ \\ lll" 1 p10ducc~ 
named blocks. o· corrc~pondmg to the <.tarting \\Ord, of 

(e) M~•gnrtic-tapc Sy~tcms. Unlike di . : . 
systcms store severa! bits of '1 r 1 sks .~nd drums, m.tgncttc-tapc 
Parity can be "hcckcd . ' piar ta word (byte) in para/Id across thc ., ·a pe 

~ ac1oss t 1c ta ( 4
' • , pe lransrersc parily) and for blocks of 
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d.tta along the tape (lon!JÍitulinal paril_r). Formattcd f:I\JC cmplo)c; a prt'­
n·cordl·d timin~ trae k or tracl'" to lind hlocks of d.1ta hy rcfacncc toa tlircctory 
tablc,just hkc a Ó1~k. Unfonnatll'd tape h.t~ no timing.tr:Kk, and thc hcadcr 
v.ord of a dcsircd block must be found by scanning thc tape. lncrcml·ntal­
tapr systcms st.trt and stop thc tape for individual words, hut most nJ:I::_'nctic­
tape ututs stop only at record fJCif'\ bctwCl'll blod.s of words. Start and stop. 
times are bcl\\Ccn 1 and 20 msec. Thc bcttcr tape tran~ports can read or 
v.ritc backward as wcll as forward. Thc bcginning and cnd of c:.1ch tape 
are usuJIIy markcd by rcncctivc markcrs scnscd by tapc-transport harÓ\\are. 

Blocks of data on tape can be of fixcd or variable lcngth. To updatc a 
block of data on tape will reqUire two tape tran!>ports unless one is sure that 

the new data will fit the old block. 

r r~ r'"""'""'......,.... , ,_ 0 

'1 
r • 

1 1 
l 
1· 

i ....___ L 
...... _ -

·--~~---l--.. 
.· ~ 1 ', . . 

., 

-----
í 
J 

----·~-~J 

fi::. J..l!. -l-111 r~d- ,.f 1111' l~pc CO-f,llO·\ 1.1:"( t.1pc· '~'tcm ho1d ,1hnut 100 001 16- 11r 1S-bil 
\\corJ, prcrc~ordu1 111111111; tr.1clo.' addrc" h1<'d·' nf d.11.1 1 r.m,f.:r r.1tc '' ol :tKI \\l•rd< <c.: al 
60Jn ,CO: \\lth JII,~O: lll.IXIIlllllll ,IU'l'' tllllC /1111111 :\1\1.11 1.1~Cr 0\lf lh~ t.lpC (l\ldC pn•tc.:to; 
lwlh ''"'k ,ull1 h,·,,.1•, Ph."c tcct>r.hn~ <'11 f\CIII.nh.lcelll duphc.ltC d.11.1 .111d 11111111g tr.Jd,, ·'"'1 
c.li"l.lll-k" ''11'1'11·.11~ 111.11 e '"' h " ''""'' \l r ~ r' h.1 hk t ( "'!'/'"''''' O¡•< 1 atroll\, 1 ru • 11. Ir" Jli.'. 
Man/

1
m1/ 1>1~11.111 <1111pmcnl t "'1'"'·'11••11 tll ( 1.1pc '' '111111.11 l 

Small cap<..t:·a-ll'"" form:1ttcd-tapc unit., likc that sh()\\ n in F1g. 3-8 (sce 
·also Tablc 3-.1) cmploy dupk.ttc d.tla lt.td.~ fcir rcdundancy check'\, ha.\'C 
very handy sm.tll recio;, .ttH.l are rcllahlc :tnd incxpcn.,ivc. an exc;tlcnt chotee 
for mi nicom putct ~- St:md:ml unfmmatll·ll-tapc (lB;\ 1-cnmpalthlc) S) -.tl'l11." 
are ~omcwbat fac;Jer ami can storc more data. hut thcy are aho more comph­
catcd and cxpcnc;tvc; wc \\Otlld uo.,c thcm \\ ;th a min1computcr only if laf'C!l 

nJ!III he tralii(L'II cd jun11 or toa laryCI c!H¡ttaf cn~llflll/cr (ri¡;. 3-7). . 
Unformattcd-tape ~y.,tcms rel·orJ ctthcr 9 01 7 bib acro~s thc tape (1 b1t 

wtll h<; a parity b1t). hj!urc 3-9 c;hm\'- a typica1 arr.lllj!Clllcnt of d.tt.t bi•Kks. 

rcconl g:1p· •. amllnnt~itudlll.ll check ch.tractcr-.. . . 
(d) ·1 :t¡)(' ('a,._dt~·/C:trtrill;;l' S~.,ll"lll'· ·1 :tlll' C:l''ol'ltl'/(':Hifl(l:,!l' Ullll., 11 1<! 

'l-111l.1r.: ,J~n1 .:r fl'r.1n·ptlh·r t•.tpc .,.,.,h,nh t.ll:t a~,; .. nlllll\l'l:::nt tn mnunt .md 
~h.lll¡'l' ih.

1
t th·:~ ,}¡,,u\,1 he ,U\ ~\ll'lknll..:l'l.'u·ml·nt io~r p11t:,h,d p 'l'd t 'í't:. 

1 

'. 
: 
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Forword motocn of tope Long1tudono1- por • IJ- chetk chorac ter 

t 

(4 to 8,192 choroctersl O 75 10 
Dato record j O 6_ to 

record gop 

. '-' t --~· 
3 oll- zero Ion~:; L 3 all-zero '"·~~ (end- of -record c¡opl 

Cychc- rt:!du,..·f'1cncy chorccter 

Fi¡:. J-9. Arr.mt:cmcnt or do.~tn ~n nmc-tr.<cl. t;~pc T;~pc nTnrJ•. corrc•r••ndmg to corc 
hutTcr• acc.,mmod.ltm¡; somc rc."''"·1hk .un••unl ••r inr.,rnt.ltÍ<'n (tdct}pc\\rlll'f hncl. h.l\c 
hci\\CCII 4 anJ R.192 Cl¡;ht-hit dwrmrt'n. c.1~h ch.1r.1~1cr cumc' \\Jih a nmlh h1t ttr.llh\Cr,e­
p:mty h11). Ea eh record '' tcrnliiLitcd hy thrcc all-1cro lmc< (cnd-o{-r" ord g.1pl. a e~ che 
~edundanq charac1cr, thrcc more 7cro hnc, .• uul a lon¡;lludm.d-p.lflly-.:hcc~ ch.lf.ICicr 1 hi< 
IS rollO\\t:d b) a r~c:orJ gap al lc,J<I 0 (,In long 1\j.tc" a group of record' lcrmm.11lJ h\ .1 J-m 
gap follo\\ed b) afi/¡o mark compnsin¡; .m elld-o(·J•II' dwrcHI<r .1nd a Iongll1H1mo.~1-p.1n'~·-ch~t:k 
characlcr · 

in many computcr systcms. Sincc thc small rccls hao,c limitcd storagc and 
also to spccd acccss, onc uo;ually cmploys mult•plc cao;c;cttc dri\c'i. ~ Both 
rormattcd ami unformattcd tape are ust:d, and a widc variety of sy~tcms 
cxists (Tablc 3-3). Accco;s tirn~::- are a little slow ror serious opcrating 
systems. ("a~~Ctll:S might be rcplaccd b)' simple "nexible" disks. 

3-11. K e) board Op{'rating Syc;tcms ~ith l\1a~s Storagc. With a mass­
storage system (wc hopc it is a disk), wc are rcady for rcspcctable gcncral­
purpose computation. Vfe inttially use paper tape or magnctic tape to load 

--· ~-·- --

. 
! - ·~-. 
\ 
\ 

~1 

. - -. ~·-- : J 
.... ~ -~ -· ;-

., .... .,;:\ .. ~--
-~ -~ -----·--~- ~ ...... ---~-.;. •• ..l ---- -

... ' ... 1 1 ··.:.:.::...-_:.__-- --

...... --
!oí¡:. 3-10. l\!Jnlcomputcr \\llh du.d tapc-c.l~'cltc un.ts L1ch umt ~lt•r.:' 250.000 c1¡:ht·hit 
h} tes on 30\.l ft of form.1ttcd to.~pc :11 :m 800 b.t,'m ckn,ny 1 ran,fcr ratc 1s Jll\) h) tc,;,cc al J 1n/ 
scc t:~p.: spccd; fa<t-rcwmd sp.:cd IS 90 m/scc 1/r.tadara, /nc., Model 1 computcr.) 
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an C'\ccuthc program (sor:;ctimcs callcd a monitor S)~tcm; dJITcrcnt manu­
facturcrs cmploy dJITcrcnt terms). This 1s a sy~tcm pro~r" m \\l11ch announccs 
its pn.:scncc by typing EXEC or MONITOR on a tclctypcwritcr or d1splay 
a nd t hcn \\a 1 ts lor /..c_1 hu,ml cum11wndL Thc cxccut i\ e prl1~r~1 m rc~ponds to 
an intcnupt (Scc. 5-9) \\hen a kcy 1s struck. rc.1d" keyho.1rJ commo~nd<., and 
branchcs to an appropriate subrout1nc for loaJ111~ and/or C\c..::u:mg pro­
grams storcd in corc or in ma-;s storagc. To savc corc stor.tgc. only the 
portion of thc exccutl\e nccdcd to rccogni1c kcyboard comm:md'i is 
pcrmancntly storcd m core (rcc;idcnt C'\ccuthc, rl.'c;idcnt monitor) and serves to 
call thc vanous loadmg and scrvicc subrouti"nc\ of thc executl\e program 
from the S)stcm dtsk or tape. Thc mtnicomputcr user docs not necd to 

· study thc dctaiicd operation of the cxccutive program; he nced only consult 
. the computcr manuf:lcturer's manual for thc available list of ~cyboard 
command" and opt10ns 

Suppo"c that wc h.tvc an cd•tcd FORTRAN sourcc pro~ram storcd on 
thc systcm di-;k unda thc file namc MYFILE. Wc \\ant to compill.' this 
program, comhinl.' it ~ith a binary ohjl'rt prugram mailahll' on papl'r tapl.', 
load, and cxccutc. \\"e \\ •11 a'\sumc that thc nccc'i!t.try S] stcm programs 
(compilcr and linkmg loadcr) are availablc on our systcm dtsk: v.tth small 
dic;k systcms, asscmbler5 might ha veto be loadcd from papcr tdpc or magnctic 
tape ¡¡<; nccdcd. · Thc folloning convcrsational-programming srqucncc ,,iiJ 
eJ~.hibit t) pie al fratures of minicomputcr kl.'yboard-c,ccuth e opcration. 
Picase note that spccif.c fcatures, codcs. and rules will d11Ter from system to 
systcm; conc;u!t ~·')ur mini('omputcr manual. 

l. Whcn thc exccuti\e is loadcd and rcady, it typcs out 

EXEC 

Wc nO\v typc 

FORTRAN 

to call thc FORTR .f N compila from thc systcm disk. 
2. Thc cxccutivc loa,1~ thc compilcr and rcsponds v.ith 

FORTRAN LOADED OUTPUT? 

Wc want to gl\C thc compilcr output thc file namc CPUT for ref­
crcncc and stor.: it on thc systcm dt'>k for \oading .lnd cxecution; we 
typc 

DISK 1/CPUT 

Wc coultl al<>o ha\~"· \..:;J CPUT on a bhr.1ry Ltpc (Scc. 3-1:!) by t~ptng, <.ay .• 
TAPE J CPUT. !'.t~r-t.t['C output collld .tho he ~rco!i~.l. hut ¡, u-.u.dl: ·' 
'''"'P•k• 't)ll•'ll he..: t•J,_.,, l ' 

1 

1 

1 

89 
3-11 

3. The systcm ncxt asks 

INPUT? 

We spccify thc compilcr input by typing 

DISK 1/MYFILE 

4. The systcm now asks us to spccify compiler options: 

FORTHAN-OPTIONS 7 

We typc. an option code (if any), and thcn a carriagc rctur11 to ::.t ... .-:. 
comp¡lat1on. 

Compilcr o~ti_ons could includc preparation of a hinary ohjcct-program 
p~per tape, pnntmg as? mhol tahle, and/or printiny a /i.Hing. Thc compilcr 
wtll use thc systcm d1sk for qui~:k storagc and rctricval of intcrmL·dtatc 
output. 

5. Thc_ sy~tcn~ com~lctcs comp:l.1tion and savcs thc output (CPUT) 

. Of, •f compl!at•on ts un~uc<:c~-.ful, prints error diagnostics. Rcturn to 
executivc control is announ~:cd \~tth 

EXEC 

We call thc linking loadcr by typmg 

LOAOER 

6. Thc system loads thc linking loadcr and asks for input: 

LOADER-INPUT? 

Wc spccify 

DISK 1/CPUT; READER 

and place our sccond object program (which was on papcr tape) ¡11 thc 
papcr-tape rcadcr, pushmg an appropnatc button to clcar thc rcadcr 
mtct fa ce (Tahlc 5-2). 

7.'-Thc systcm a~ks 

LOAOER-OPTIONS 7 

Wc typ~ an option code asking for a comlnnC'd ohjcc;~~lpc, a mcmory­
m~p pnntout, andfor LOAD AND GO to cxceutc thc comhincd pro­
gr.~m (wc cou!J abo !tlart cxccution with thc computcr front-pand 
SWitch or by typing RUN ). · . 

8. After cxccution, thc systcm rcturns to monitor control and typcs 

EXEC 
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We c1n, if \\C \\¡sh, wr.e tfze comlrincd progtam by.giving it ajife name, 
say NlJriLE, anJ t;.pmg 

SAVE TAPE 1/NUFILE 

If wc no long:r n::·:J our so urce program MYF-ILE wc can defete it by typing 

OELETE DISK 1/MYFILE 

To sm:eMYFILEnn a library tape, however, most opcrating systems rcquirc us 
to call anc•thcr S)Stem program (copying pro~ram, pcriphcrnl-intcrcllange 
program) spccific::tll;. dcsigned ro copy files from onc pcn¡,l!eraf dcrice onto 
imotl!er. Such a cop;. mg progra m must be g1vcn fm mar informar ion 
(binary, ASCII on raper tape, etc.). Other servicc programs callablc from 
the syo;tcm d1-;k or from a lrhrary tape includc listing pmynm1s, editors, 
tfdmqqllltf pro¡¡ra"''· l'.\Ira Cl\\CIIIhlcn all(/ compila.\, etc. (\ec also Sccs. 
3-12, J-16. anJ J-17 J. lltmbrare-di(}(¡tw\tics ¡noqrams are usually loaded 
separatdy from pap.::r tape, not through the cxccutive. 

Thc bctlcr c-...ct·uti'c programs can abo be callt•d from u<;cr pro~rams, which 
may rcqucst Ioadrng and saving of spccdlcd files. 1 h1s pcrmits, in par­
ticular, succcso;hc corc o;-crla)s of chaincd-prngram scgmcnts. Each 
program segment can call othcr overlays by simple externa! refcrcnces (such 
as CALL SEGMH~T 3 111 F-ORTRAN). v.hcrcupon the rcsidcnt exccut1vc 
causes loading of the desircd segmcnt. Su eh systcms v. ill, in general, 
indude a spccial hnklng !oadcr ("chain loadcr"), which loads all program 
segments (and all requircd hbrary routincs) of a chamed program together 
as one big file onto a di5k or tape prior to cxccution. 

3-12. More Opcrating--;ystcm fraturc)>. (a) lnput/Output Control Sy),tcm 
and Dl'\ÍCC A..,.,¡~nmcnt hcc al"o Scc~. 5-27 to- 5-32). SrnC\! the cxclutivc 
progr..tm \1,11. m a·1: .:as~. comprisc many inputfoutput routmcs, most 
soft\\arc s;.stcm' incorporatc thcir cntirc llbrary of standard 1/0 routincs 
(de; ice dri• cr"i or dl''l ice handlrr'> for the mo<,l frcqucntly u-.cd pcriphcral 
dcvicc'i) \\11 h thc C\:XUI I\'C program. All u~cr-pro¡;r.1111 rcq uc~t~ for thc~e 
dcvicc dnvcrs tale thc form of syslem macros (hke roRTRAN READ 

and WRITE statcmcnts) or subroutine calls linked throl'gh a portion of the 
exccuii\e prog1~1í'l uo;ually callcd thc in¡mt/nutput control S)~tem (IOCSj. 
111c u~cr nccd nnt '' ruc or know any tletw/.1 of 1/0 progt<111lS hut onfJ thl! simple 
ca/11 011 IOCS (S::~~ 4-2ll ami 5-31) 

In our tkscr;r~:o;-¡ of kcyuo.nd-cxccutivc opcration (Scc. 3-11), \\C 

rcfcrrcd to I/0 de\ ice e; for the executive, compiicr, and loadcr by actu.al 
dc1 ice nomc~. such a~ DISK 1, TAPE 3, cte. In a more clahl)r,ttc !-)Stcm. 
it jc; prcfcr.tb!c for s~-.tcm ami U'-cr prc,¡:r.¡m<; to cmploy logic:•l d,,,kl' 
r.uml,_r;. Thw .• rn th..: r:orn r~ .\1\: ,,,,tcm~·nt 

,· fH 1\0 (2. l;') 

' ., 
1 
1 
! 
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th~ ~e~cc numbcr 2 could be lll.ldc lo rcfcr lo thc p.lpcr-lapc rc.ldcr orto a 
se e~ te_ . rnagnct le-tape. tr.m~purt by a dl·; in·-a-,,i~nml·nl cornmand in the 
~xcculi\C program ll'tfliuut uny clumc¡l' ¡11 tltl' lt.W.:r prugtmll (rl!:lice­
Jntk_p~ndl·nt 1/0 progr:unming). Sunilarly, any tape tramport could be 
sub~ttlutcd for the systcm U1sk, magnetic tap~:~ could be lo·¡tJ ·d 

011 ofscvenl t· l . . . , e any onc 
.' .tpe _r.tnsp~r ts, etc. D~:v¡cc ass¡gnmcnl!> can be chan••cd by ncw 

e~tnes 111 a dc\'Icc-:w,•gnml'nl laiJll· in the cxccutivc program. th~re b 
diiTcrcnt devicc assignments for diiTcrcnt system and uscr pro~rams. may e 

Us~rscan asc~rtam thc current de vice a'iSignmcntsfor ,say, thc FORTRAN 
comp1ler by typrng a rcq~cst l1kc 

REOUEST FORTRAN ASSIGNMENTS 

(thi~ might he cont1 actcd into an ahhrcviatctl codc). 
answcr by lypmg out devic..: a-.~1gnmcnts, say 

1 he systcm will 

SYSTEM 

INPUT 

OUTPUT 

2 

DISK 1 (inlcrml·J¡,¡tc-pass storagc) 
TAPE 3 • 

PAPEA-TAPE PUNCH 

PAPER-TAPE READER 

Thc user may thcn clzcmyc dntu' (/11/!flllllciiH h) a l)pcd command liJ...c 

ASSIGN TAPE 4 TD INPUT 

for use in his COI~lpilation, but thc ~t.Ind,lf(( dc,ice ac;sl!.!nmcnts \\Jll be 
resto re~ thc ncxt tune ~l.w compilcr l\ loo~lkd ('l'l" ,¡(.,0 Scc. S-31 d ¡ 

(b) S)sl~m Gt·ncr:ttwn. A mmicomputcr .. y:-.tcm \\Jth an cxccutl\c 
~r.ogram wdl nec~l a spcci,Il :-.y~tcm prugr.IIll c.lllcd ,1 ~~\ll'm g1·nl'f:t!or, \dlidl 
t~ulors thc cxecu~t~c progr.nn toa .,p .. ·crfic nun1con1putcr l·onfi:,:u 1 .ttw11 ,11 thc 
t1n:e ti~..: sy~t~m-1~ rnst.tllcd t~r mod¡ticJ. Thc ") ... ~c 111 rc 11 cr.1tor huppl:úl hy 
lhL: m,muf.ll:tuiL:r on p.tpcr t.1rc or mag11ci1C t '/''') IP.td' th .. · .. ~ck·to 11 
c~c:utJVC progr.~m and complcll.:., 11 tluou,\-'h a ~o·o 11 \a\, 1 t 1 on.d '>l"\(ll'."lllC 111 
wl11_ch th..: U\l:r I'> a'>~cd. to typc 111 '"' m~:mor) .,11c, hl\ 1111 crrupl·'-\'lt·:n 
optiOll\, ami a (¡.,t of h1:-. pcnphcral dl:\il"l"'· ·¡ )¡ 1., proccdurc g~.·m- 1 , 1 ~~.:.., ,1 

sy.\lem tape (papcr tapc tJr magnct1c tape), \\h1ch is sa\~o:d ,1nd scnc\ tu 
rcfrcsh the systcm d1\k (if .llly). 

. (r) File l\l:t11ipulalion. Our cx.tlnplc of cxcLutl\c-pro~r.tllt opcr.tlltlll 
m:!udcd ~cvcra!Jmtancc~ \\hctc ,, prc>gr.tm ":t'- c;;l\cd nn {l>l rl.:lrin..:d f1,1111 ) 

a li~c-or.ICntcd"_ m,l\'>-<;lor:lgc dc\1cc (d1-.k or m:1_; 1,_t: .. t.:¡-:,·) .\ ti\· l'> ,1 
block of mstruct1ono; anJf_or data on a d1-.J.; or tape u::.uall) cnJ 111 g ,11 ¡f¡ :111 
cnd-of-.fi!c codc and startmg \\'Jth a file ht·:Hkr. \\hlch ¡o; a sct of \\Ords 
compnsmg thc file n.tntc ancl various lllfOrlll.!IJon about thc r.1J.· ¡-., .¡1 1 • 

d k 
.

11 
. 11 ~- •• ~o ·'P" 

.. or 1~ · Wl ha\c a dncdory tahlc ll::,ting all liks storcd (·tnd on .1 1 1 - •• 1 
~ d • . u ~ 1\ ~ ,\llu 
ormatte tapcc;, abo the1r addrc::,~c::.). Onc file c.1n co 11 tai 11 <;c\n,d piO-

gr.Ims or scts of data, but thc!>c Wlll not be listcd scparatdy 1n th·· J1rcctory 
tablc; they must be found by scanninr. thc file for rccord-hcad,'r \:.-m le 
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Thc cxecutivc prograrn has file-manipulation commands, such as 

FIND 
SAVE 
LOAD 

DELE TE 

RENAME 
READ HEADER 

92 

· each followcd by a de\ 1cc numbcr (or na me) ami a file na me. Note that 
SAVE, DELETE, and RENAME involve opcrations on the d1rcctory table as 
wcll as on thc file. A k e) board command '>tH.:h as 

DIRECTORY (dev1cc nurnbcr or name) 

will cause typmg or CRT d1~play of the dircctory tablc for thc narncd dcvicc. 
Cnpying nr updatmg a .file mvolvcs 11ro files and is u~ually accompllshcd by a 
copying prograrn (penpheral tntcrchange program) called by the cxccut¡vc. 

Othcr filc-rnanipulat10n operations mclude smtng ami rctner ing 1pcc({ied 
core arcas and protcction ·of specificd files aoain.\1 deletion or 01 cnrntmg. 
Assembly-langu,tgc opcrat1ons or narncd files (or namecl blocks tn a file) are 
done w1th the aid of READ and WRITE IOCS subroutines or macros (Sccs. 
4-20 anJ 5-31 ). 1 he firq READ or WRITE mu'>t he preceded hy an OPEN 
FILE(device, file name) subroutinc or macro, which rc-.crves a corc buOcr for 
commumcation with thc file and may init1alw; ~omc 1/0 opcration'>. Aftcr 
thc uscr"s pro~ram 1s fin1shcd w1th thc file, a CLOSE FILE (dcviec, file na me) 
subroutine or m .tero dJ<;misc;cs thc buffer and cntcrs thc file na me, if it is nt.:w, 
into thc dcvice d 1 rcctory. 

3-13. Real-time E'\ccutil es and Batch-proccc;<;inj:! Monitor<;. Thc cxccutivc 
program dc~cnbed m Scc'>. 3-11 and .:1-12 wa'> spec¡fically dc.,igncd for 
kc.1 hoard-cont1 o//("(/ gcncral-put¡)(JH' com¡wtation. 1 n rcvicw, \\C sce that 
the cxccutive\ main t.J~k JS lo call spccJticJ ::.lorcd progr.nn<; and data in 
response to intcrrupt-scn ice rcqucsts from the kcyboa rd. W1th thc ad(htwn 
of IOCS to thc exccutl\ c. it al so hantllc<; u~cr-progmm requcsts for rnutinc 
1 ¡o sen ice. 

In many important applications, minicomputcr sy<>tem::. must cxccute 
program sequcnccs for rcading in!>trument<;, proccssing data, or unplcmcnt­
ing control actions 111 response to intcrrupt rcquc<>t~ from real-time clocks, 
scnsors, or con~rol l0gic as well as in response to kcyboartl commands. 
An cxccutive program extended to handle such real-time scrv1cc rcqucst<; is 
known a'> a real-time c\ccuthc (or n·al-tirnc monitoi). Thc rcal-t1mc· 
execUtÍVC WIIJ aga111 COillprÍSC IQCS. pJU<; .\kefeto/1 interrupl-.\l'/"1 ice .lllh­
TOilliiH'S with cntry p0ints for uscr-writtcn ~crvicc programs. The u<;er w!ll 
wntc hi.., scrv1cc progrc~m.., and l.1ht.:l thcm for rcfcr.cncc by thc c\ccutivc 
pwgram, whi< h acld1 the tl'dlflll\ rortti/H'.I of thl' .1/..L'Il'ton inrc~rupl-ICTI ice 

, .pr(J(¡rmm, ::.tKh a<; !-a\ ing anJ r~~tormg rq:¡-.tcrs, 1/0 dn\cr-.. form.lttlllg. 
cte. (Sccs. 5-27 to 5-3~). lhc C\úllll\C pro~:r.11n v.lll a~~ign lllill.tl 

1 

¡· 
¡ 

1 

9.1 
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.1-14 

mtcrrupt-scrvicc pnoritics, which can be clnngcd by e 1. · · 
. (Sec. 5-14). ' cr .un uscr progr.tms 

An cxamplc would be cxccut1ve-pro<>r·1m control f . · 
·t, 1 1 "' ' o ·• fnllll~·omputer 

. s~s cm w IIC 1 mus! (1) pe¡ forr_n routmc data loggmg at clock-dctcrmincd 
t1mcs, (2) compute ~ome stat1~11c<; from thc (ht·1 (\) cc)ntrol . '¡ 1 . ' • • - v.1 ves or po\ver-
supp Y voltages superv1scd by tcmpaaturc or voltagc semors, and (4) 
respond to overload alarms. , 

- - - -- .._ __ ..,----- _ .. --

f-¡ f-trf ,.,. rr ---r -·=.·"" .. ' •• ~ 1 - ........... ~,~~ ---

.·,! ,.: :. :; ~· •' •r ., • '
1_. 1 !()'"¡ (>-(/ fN~\ 

"~ ""' • • • ~ t. ._.V / ' 
/ iJ rr ~ .,"'V r. ~~ ' ¡..~,. ~"': ,., • ... -,. ,...., 

L ~ ::¡ ., ( ~ 1 ' • ~' • 

_ - • ' 
1
• ., .V • V·'-' / __ ----- ·•.-J l -';<) ......... 

·- -- .:::-=:--:-V 8> -.J/ -----· ---- ------~ / 
. ----~./ 

Hg •• '-11. A lalhndc-r.t} -luhc, k e} l>n,trd lctnnn.d ft>r .dph.11111111 , 11, 
Dura \t ,1,.,1\. file) 111pu1 <•ulpul {/),-/,a 

Anothcr typc o_f c.\ccutivc progr.1m (necdcd lc-.s frclJucntly \\lth mini­
compu!cno tha_n \v.rth lc1rgc dJglt<d compute!\)¡, a h.l!rh-procl''"ing monitor. 
Batch ~r.occ<.~mg unolvcs e.<LTution nf mult1ple programs tran-.cnhcd 01110 
n~_agn~t1c tapc_or a d1!-.k frorn ptl~ll"hL·d cm!' or p.1pcr t.1pc. E.tch progr,1m 
'"'" havc a puonty codc dctcrrnmctl b) thc an 1v:d tJme. urgcncy. anJ rro­
gra~n lcngth. Thc batclt-pnlCC\\Íng monitor mu-.t l<l,1d ;111 J C\c..·~-~~~~· thc 
vanous prograrn!'>, tllgethcr \\ 1llt ar•y n.:cdcd l1brary rn•l'llll''> ,111d d.1t,1 l:k' 
according to somc prionty-scqucncc qrc¡tcn: thc IIHlllilllr nw~t ;1ho lll.ll-..c ·,; 
record ofthe time and rc~OUILC'> ~pcnt on c.1dt p10g 1 c~nt. 

3-14. Cath_ouc-ray-tubl·/Kcyboard Terminal'> and Othl·r l\·rip!Jrr:1! J>nin·<,. 
The convcmcncc of a kcyboard opcratlllg sy::.tcm is grcatly cnh,1nccd 1f \\C 

U<;e thc s!ow, no¡sy, and troublc-prone tclrtypcwritcr only whcn hc~ 1 d copy ¡., 
really wantcd and cmploy a cathodc-raJ-tul~fkcyboard terminal (fig. 3-11) 
for comrnunieating with the computcr (and for program prcparation and 
lh:bugging, Sccs. 3-16 and 3-17). 
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T~ p1..:al CRT¡'kc~ board tcn11in;l!s th·.pl.!y 40 to4R fort~·-c_l~arac~cr lincs on a 
sta 1HL11 d tciC\ 1sinn monitor Tl11~ l'i incxp:..:n~i\e and qtutc sat1~factor~ for 
most a~~emhly-lan~~uage ami fOR 1 RAN programming. If much tcxt or 
tabular mat..:nal i~ to be J¡spl.Iycd or 1f th~ ~y~km handles progr.1ms prc­
p;1rcd hy or ftlf a J.trgcr ctig1t;d computa, thcn 80-charactcr lincs are prcfcí­
able. An XO-charadt:r hnc can 01:-.play a complete 80-column punched-card 

image or a complete 72-ch,lractcr tclctypcwritcr lmc. . 
1 he p.1ttcrn for ..:ach ASCII charactcr ic; gcneratcJ by tahlc looJ...up 111 a 

MOSr·ET rc.1J-only mcmory (Scc. 1-14). lhc dio;play charactcr scqucnce 
¡
5 

pcnod1cally rcfn.:~hcd by a serial (l'vtOSfET-shift-rcgi~tcr) mcmory. 
Most such tcnmnals are tcfct_lfh'll'lita-con:patlhfe: i.e., th~y conncct to the 
sena! tclctypc\Hit-cr intcrf.tcc on a mum:omputer or communic,ttio~ ~yst~m. 
·lt ¡5 u'>ually posc;ibk to speed up thc sh1ft-pulsc ratc of such an mterface 
y.hcn thc mudt faster CRT/kcyboarJ ulllt is subst1tuted for a tclctype\\ ntcr. 

e R T;'J...cyboard control kcys are stmilar to thosc 011 tclct):pe\~ riters but 
can h.t\C mo1c plc.t'>lllg and con\e111ent arr.tngcrncnts. A blmJ...mg Cllí~or. 
\\lw.:h can he lllLI\CÚ up. dcl\\11, ldt, or right by control kc)S, ind1catcs thc 

currcnt point fl1r ch.tracter cntiy . 
. Otha mmJComputcr pcripherals includc smalllmc printers, card 1ea~fers, 

a nd pcncd-mw k readel S. Graphic e RT cbspfay.~ a mi graphic plot ters \\ 111 b~ 
dl~cu<>c;ecl tn Sccs.' 7-R to 7-12 
3-15. ,\ fir,t l 00 1,. at \linirnmputer 1 imc ~h.HinJ!. ll.tnd,·Pn an-Ime computa opcr.1I10n, 
espcc1,11!v , 1th CK 1 ¡l..cybo.m! tcrmw.1h. ".1 trcm·~ndotl\ly ciT,·<trvc w.1> nf "<ir~lllg for 1'• npl.: 
lt 15 ,11,; a \CrV 111 .thucnt opcr.1l10il for thl colll/'111•''· \\h~eh tcnd~ to be mo·.tly 1tllc \\IHic thc 
opcrator th 1 n!.~ .thoul 1he ncxl \tcp. "r,11chc' humclf. 0r mlcrprcl~ rC'ulh 1!1> 'urdy one of 
thc rmcr fc,IIUrC\ of thc IIIC\flLII\1\'C !liiiiiCO!llfllllt'r th,lt ll \lill f'dlllll~ tlll\ l~I'C of '.'flc/JI~Oil 
\t' h~ l.P't ~.,·n..:LII\L' llnrl\Lf,,l1tttn.tl CIIJHpul.,thlll on .a l.tr!!t:r tn.tLinn~ uwr..t hL ruth.:-,h.!rLdJ. 

Nc\erlhclc,~. c,p.-u.ill~ 111 .1 n·,c.trdt orr.,1n11.1IHrn. a t'"od on-lmc cnlllpulmg f.1uht} crc.11:s 

11 ~ 0
"

11 
~c.HCIIY (i1\cn ,1 , h.111Lc fnr crc.III\C "pl.ty" \\rth_thc on-hnc com.~utcr. r~'~·'rc~ 

v.or!.cr~ 
111

,1v fcl'l con\! r.ulll J nnt \011\ll< h ,lhoull"'' hut hy thc n.1n~rng fcdm¡! 1 .1111 de r•" ~~=­
Joscph Jllo\~ of co111 p11 ta tnnc" 1 or tln' rc.hon, 'o me 'ort ,,f tune ,h.mn¡; 1' ps)ch•:l·•~~~:.l.l.} 
as \\dl,1, cCilii\>IIIIL.ill) 111d1,,1!L·d Tune ,h,mng 111.1) aho he .lllr.lclrvc \' hcrc .1 mwrcnn.pulc_r 
super\ "e~ ,1 rct. 111 \ el> ~1 111\ .m11vmg e, pcruncnl or pro''" .111<1 " l.1rgcly 1dlc hcl" c.:n opcr .11 "'n > 

f'\CCUlr\e pwrr,rno\ hice ¡fr,,.,. tlc,cnhcd 111 S<~' 3-J ( ,1nJ 3-ll C.lll be 'rc.!<lrly C.\l~nd~J lO 
pnw1dc fnrl"r<tiHHI¡h:rt~¡:rnu:~rl pro¡:r.llllllllll¡!. lln' 1'• thc \lllll'lc'l \\.1) to tunc-~h.1r. thc 
computcr bc;\'l'Cil ¡110 pro¡;r.un> 1 h~ lm\cr-prrorrty lwc~t¡rou"'lf'rOI¡fllm tS rnlcrrup:cJ b~ 
k 

·h 1 do ·l. 01 othcr dcvKC rcquc'h for thcfi"'''l"""lllf'""l"lllt, \\ h1ch ~~ cnt1rd~ lnkrrurt­
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rrorr.llllO... ~trC' itll' .u • lHlH.: ) l..., z. ' 11 d ~, 
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ASR-typc tclr..:typcwritcr. An ad\antagc o( this prmcdurc rs that it c.111 be 
done o!f-line if a sccond tclct)pc\Hitcr is a\all.tblc for Lhe .:ompukr ib..:lf. 
Limitcd cditingcan he clone W1th the a id ofthe tclctype\Hitcr RUBOUT J...q. 
Thc rcsult b, gcncrally sp..:aJ...ing, a mess, although thc computcr can retypc 
a clean copy of thc program la ter; it i~ vcry h.1rd to h:cp trae k of succcs~i' e 
prog9m corrcctions. Patclung papcr !Jpc<. for corrections is, cs'>entially, 
impractical. 

Com:entivnaf pwnhed-card prvwam preparation.is prcfcrablc to such tclc­
typcwritcr opcration, as~uming that a card punch and rc<Jder are J\ail.1ble. 
Thc advantage of punchcd-card oper.!lion is that inchr iclual carel~ cim he 
cvrrccted. Punched-c~ud opcrat1on is abo employcd whcre as~cmbly or 
com pil.t 11011 of mi nicom pu kr progra 111'> is done wit ha l.trgcr d1gi 1.11 computcr. 

(h) Editor Prngr:~m<;,- ~lo\t min1cornputcr progr.1m prep:-~r.tli(ln is done 
with the a id of editor pwgram'> loaded from p...1per tape. from m.tgnctic t.tpe, 
or from thc systcm d!'>k. Thc t~:xt lo be cd1t~d (progr.tm or dat.t, usu.tlly an 
ASCII-charaeter formal) come-. from a tdetypc\\riter. CRT keyhoard, or 
papcr-tapc reaJcr, or from an unethtuljil.: on a ma.;nctic t:1pc or d1~J.... Thc 
edttor program mo\co; this tcxt to ,111 echtet! file or output dcv1ce by way of a 
norldng arca (\<ITI.thlc-lcnglh tcxt huiT..:r) m corc. 1 he tc\t m th~ \\nrJ...m!.! 
arca t!> ptin<cd out h) a tclcl!Jll.:'\rtter or (prcf..:rahl}) Ul'-pb~cd h) ~ 
CRT/kcyboard termm.tl and can he nwddicd, tkkteJ, or adJcJ to by mcans 
of thc tclctypc\HIIcr or CRT kcyho.tru. Thts is \eíy conveni..:nt but, 
unfortunatcly, !tes up thc computcr it~clf for on-l1ne ed1t111g. 

In thc input motlc (te.\t nwdc) of a t:o pica! ~Jítor pwgram (Rcf 12). the U'>CT 
can l)pc on thc current tc.\t lin~ and Jcktc ind1ndual clnr.tclcr<;, or the 
entirc fine, with control keys. The \\orking arc.t to be cdrtcJ may be thc 
last linc typed ora block of lincs. Tcxt may be output from thc \\Or!..ing 
arca linc by hnc (after cach hnc-fccdjrcturn), or an cntirc block may be 
output on comm<~nd. 

A Ctlntrt'l key ~witchcs thc editor progr.tm hetwcen input modc and 
commaml modc. In commond nwde, thc u~cr may typc edi!or collliiWII<Ú, 

such as: 

TOP M oves thc curren! fine Lo thc first l1nc of thc input lile (1f .llly). 
NEXT Mm·cs thc currcnt hnc to thc st.trt ofthc llL'\l blol'k or Jr.,pl.ty p.r~c 
BOTTOM MoVI.:S thc currcnt hne to thc J.¡-,¡ hnc 0f thc input fik. 
GET N UNES FI10M DEVICE t\dd-. ¡\. lm~-. frlllll a 'ub:-.!dl.lf)' lll[llll dnro.:c 

after thc currc11t hne. 
LOCATE (charactcr ~tnng) MO\cs thc curren! hr,· ~o thc lir~toc1.:urr~nce 

of thc quotcd string. It is us~d. for c-umple, to cbn,;c a vari.1bl.: r..tn.c 

cach time it occurs. 
CLOS[ (lile n.unc) Outputs thc rcmaindcr of tbc input file, cdtted or n,ot, 

and el oses thc output fik at thc cnd of an cJ1tin~ job. 
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Whcn a tclctypcwntcr is U!>cd, most actual cchtmg (tcxt' mod.fication) is 
done m command m o de: the u ser typcs comma nds u ndnnc• t h thc currcnt 
linc, e g., 

tNSERT (~tnng) 1 he stnng JUSI typcd 1s m'>ertcd artcr thc currcnt line. 
REPLACE (old stnng/new !>tnng) 1 he old !>tnng in thc currcnt hnc is 

replaccd with the ncw strmg (wh1ch can be longer). 

The editor can a)<;o be commanded lo retype so me or all thc text orto prepare 
paper-tape m11p111. . 

Editiny u·ith (J e RTjkeyboard terminal is hy far mnre C0/11 ('l!ll'/1(. The 
user can rype ot'er the displayed tcxt, inscrt charactcrs or fines 111th the md of 
control kers. and delete clwractcrs or fines. All thesc ch<mgcs are auto­
mat1cally ~pphcd to the tc.\l buffer. 

NOTE. [dolmg pro¡;r,oms can be vcry u~crul for ~d1t111g grne1altut (e g. rc¡c"b) as \\ell :ts 
eomputcr progr.1m~ .md d.tla 

3-17. On-linc Dchuggin~ ( Rd 13 ). A good prognun-dcllugging systcm 
· works with both FORTRAN and a-.scmbly-languagc progr"ms. The 
dcbuggcr is loaded w1th the linking loader, which loads thc u~cr's progra.ms; 
as a rule, the dcbuggcr d1sablc~ all 1ntcnupl!>, so intcrrupt-scn 1cc routmes 
must be tcsted scpar.1tdy. The debugger can: 

l. Inscrt brcakpoinl!> at spccificd mcmory locations. When started, the 
program wrll run and ::.top at thc ncxt brcakpoint to permit C\Jmination 
of reg1stcr and mcnrory contents. 

2. Remove onc hrc.1kpomt or all breakpoints 
3. Start or restart thc program at a !>pccificd locatron, c.g . artcr a break-

point. . 
4. o1~play the contcnt<; of a symholically aclcln;sscd mc~wr~ lo~atron .on 

.thc telctype\\Cikr or CRT terminal, step thc dr~r:.~~cd-locat~on 
addrcs5 up or d0\\11, or drsplay thc contents of the mcmory locat10n 
indircctly addre~sed hy a de-.rred symbol. 

S. Modrfy thc contcnts of mcmory locations addres<;c.d as a~u\1.!. d by a 
6. Search a spccified arca in memory for thc locatron ad rcs!>C 

specificd symbohc expres~ion or for specilicd symbohc co:1tcnts. 
1. Output mod1fied or cor rected program scctions onto a namcd file; 

thc new pro;:or:m1 sect10ns can contain nc\',Jy defrncd S)mbols. 

Less ctaboratc dcbugging program~ pcrmit only octal (ra~hcr than symbohe) 
addrcss refercncc-. (octal dl·buggt·r-.). R.cfcrcncc 12 contams a short examplc 
of a dcbuggmg sc<;<;ron; scc abo Rd. 13. 

HIT[HE:"CI·:s :\:--;D BlfiUOGRAPII\' 

1 Rcf<.:r ,1 ¡~.: , " m.111 uf.~o.:t ur.o.:r' • m.lnu.d., f•lf com pu \a-. a nd p.:r .ph,·r .a 1 d,·, •cc' 1 · 
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Minicnmp11trr Puiph1 ral (),.,in·~ 

l. Reuoad, W T 1dettpcH nttr /¡uzrlrml! '""/1 /fwz.!hor>k. Computcr De" un Puhlt>htng 
Corpor.tlton. Wcst Con<.:ord, M."', 197() ~ 

2. Murphy. W. J Cu,,ettc·C.•nrod¡;c 1 r.tn,pon'. Mr>.t Dr~tr1, Au¡:mt 1970 
3 K.t~hman, M. J Cotn¡ntto:r l'cnploer,,h lltt}cr\ (,u,lk, C ""''"1 1 '"1. 1 ehru.try 1970 
4 frcnch. M· Dtg•t.tl Ca"cttc .tnd C.nlrodgc R,cordl·r,, 1.'1 r.. l\.1.11 1'171) 
5. Syl.c:,, J. R · fk~tgn Appro.tLh for ,, Do¡;ot,ol (.."'elle R,·uorJi,;g S) ,te m, Com¡•ut Dl's 

Octohcr 1970. 

6. Dm:k, D. B. ami E. N Ch.1sc: lnlcr.t<:!IVC: CRT Termm.th. Moti. Data. M.
1
y-July 1970 

7. Murphy, W. J : Mecllum and Smdll-sc,tle Dt~l. Jnd Drum Dnvcs, :0./od /Jato. MJrch 1971. 

BASIC. l'ro¡:rammin;¡ 

Many minicomputer manufacturcrs supply UASIC manuals. Amen~_ ~b~ 
best oncs a¡c: 

8 Proqrammmq La11quor¡c~ ( PDP-8 H.tnubool. Sene'). Dtg•tal EqU!pmcnl Corpor.ttton, 
M:t}IMrd. M.t,s. (curren! }e.tr) 
Thts rcfercncc also describes FOCAL. 

9 2000U A Gzurf,• to llmc-'J""'·tl RAS/(. lk"lcll·l'.tLI.,oru Corpor:.ttllln. Cuperl!no, CJiof 
(current )ear). 

There are many books on BASIC. Thc class1c tcxt is that by DASIC's 
originators: 

10. Kcmeny, J. G. and 1 r Kurt1 B.fS/( P"'"'""""""t. Wolcy.ll:cw York. 1967. 

:\ltWl'fl.tlll'CIU' 

11. Pul,, J 11.: A Smtpk \.lc:ihou of ~1uillpll>gr.tmmtn¡: lhc PDI"-9 Computcr, CSRl. Rcrt 
207, ncctnc.tf l'ngtnccnn¡; Dq>,onnoenl, l:!!i\U\II} of r\r,/Pil,t, 1970. ~ce abo /'roe fttll 
DE( US Sunr. O•gotal 1 quopzncnt Corpor,otoon. M.nnJrcl. 1\la~s .. 1970 

12. lntroductton to Prtn¡rmnmu~t¡. I'DP-R ll.uJdhool. Scr.oe~. Dogot..! [..¡u•pmcnt Corpor,1loon, 
Maynard, Mass. (currcnt tssuc) 

13. Evans, T. G., and D. L Durlcy· On-ltnc Do:buggmg TcchnÍIIUCS' A Survcy, /'r{)( FJCC. 
1966 (contams further h•blto¡;raphy on dcbuggmg). 
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MINICOM PUTER PROGRAMMING 

\VITH ASSEMBLERS AND 
MACROASSEMBLERS 

INTRODUCTION Al':D SURVEY 

Asscmbly-languagc programming will cnable us to obtain ~:.e grcatcst 
po~~iblc ciTort from a d1g1tal computcr, i.e., to optinliZc co;nrutmg spccd 
and/or mcmory rcquircmcnts. This is bccausc asscmbly-lan_;JJg;; instruc­
tlono; corrc<;pond, more or Jco;s, to thc actual hardware opcr<~t..:,ns poss1ble 
w1th a spcc1fic machmc and pcrmit us to cxploil its fc,tturcs e:;:· . .::rly. This 
advanl,tgc of asscmbly-languagc progr.tmming i~ espcc1ally p~c'í"·0Unccd for 
small d1g1tal cornputers, who'>e algcbr;uc comp1lcrs (which ;~1u~t fit into 
4K to 8K words of memory) may not produce vcry enicicnt ccd::-. 

Modcrn symbohc a<;semblcrs not only translnte tnwuctirmm,·,·nwnics into 
mm /un!' e (1(/c hut a ho pe 1 1111 t .1 rmholu memo1 1 re (e•¡ en en b:-- .1 ~.- · ?= nt ng bt na ry 
Joc<ltlon numbcrs to symbob (Sec. 4-2). Thc bcttcr symho!ic :.~sscmblcrs 
c,tn also com¡mte addre1se~ hy erafuntinq sy111hollc nprcuions (S.::c. 4-3), can 
resen e hlvá.1 of storage locations (a e; wcll as smglc stor.tgc loc,H.oilS) for data 
or instruction<;, and can arrangc for storagc and formatting of decimal, 
doublc-pn:ci~ton, aml f1oating-point data (Scc. 4-5). Good gc.:;·.<?ral-purposc 
ac;scml>lcrs furthcr free the progr<tmmcr from a~<;tgning prc;í~.::-. r:.gcs and 
work w1th a compan1on ltnking-loaclcr program to f.:cil1tat~ r, 'nca1w11 ond 
} 11 t~ar¡c o{ mufllplc pror¡w111 .\CcJIIICfll\ (Scc 4-17, sec ;•:,~ Scc. 3-(1). 

l111,dly. /IWcrnal.\l'lllhfCI.\ can gcncr.1tl' u ... cful mullt-111\lruc:·,':i <;cqlll'l1l'C" 

from onc-ltnc comm.u1c.b (Scc. 4-21) a ncl, togcthcr "'tlh cm.J.: .r•;a{ a1 ICIIIM_r 
(Scc. 4-2:1). c,m combine some of thc progr.Hnmmg simpliClt;. 0f ;.¡ comptlcr 
l~tnt~uagc with a~<;cmhly-l.lllguagc dlincncy. 
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With a suitablc op·r· t' " t • · · . c •1 ~~" sys cm, a~o;cmhr·-la}¡::~uagc program scgmcnts 
ca~ be ncatly combmed w1th FORTRAN pr,·~·0 1 o; (St:c. 4-20} so that cvcn 
a httlc knowlcdgc of ~1sscrnbly language can be U\cd to improvc im ortant or 
frcqucntly t¡scd routmcs. p 

ASSE:\WLY LANGUAGES, ASSEi\:lBLEUS, 
ANO SOME OF TIIEIR FEATURES 

4-1. Machinc L::mguagc nnt.l Primiti\·c As-.cmbly Languagc. A typícal 
program scqucncc for a 12-bit minicomputcr, say 

2 6 
3 
4 

5 
6 

LOAD INTO ACCUMULATOR (thc contents of} 
INVERT ACCUMULATOR 

STORE ACCUMULATOR IN 

2 

3 

· specifies the _contents ofsucccuire memory locatim11 2, J. 4 , s, 011J 6. Loca­
han 2 contams a data word (5) given by our progr,un, hut Jocation 3 is only 
reservcdfor an as yct un~pcc1ficJ d,Jta word to be storcJ thcrc by thc progr.1m. 
The program propcr (1.c., !he first instruct1on) ~tarts at location 4. Tlu.: 
pro.hqr~m cow~ter _~~"ilf be initial~r .1et to 4 and w11l stcp to s. 6, and on to 7 as 
eac mstructwn JS exccutcd. 

Such a program is actually cntcrcd into thc computcr m binary 
machinc languagc, viz., 

000 000 000 010 000 000 000 101 
000 000 000 011 

000 000 000 100 001 000 000 010 
000 000 000 101 111 000 100 001 
000 000 000 , 10 011 000 000 011 

perhaps f~om a binary papcr tape or from front-p.mcl toggiL· swilchcs. Thc 
first 12-btt wonJ on cach l111c is thc mcmory addrcss of thc scconJ word 
Thc ~rst linc again locatc'> thc data \'oorJ (S). The seco 11 J lmc rc~;crvc~ 
locat1on 3 for a data word which 1s not ~uppltcd hy thc prol!ram, hut ,, 111 
be storcd thcrc at run time by our las! instruction; sume .t~<;~111 hlc 1 ~ ,, 01¡JJ 
depositO in such a location for the !tmc bcmg. 

1 he first word of thc thml !me ts, agat n, thc adJ n.:ss of thc s..:cl'nJ ,, 01 J 
This time, thl'> storcd-progr.1m worJ reprc~l·nt<; .111 llllltll< ; 1011 codc ami. 
since this is a mcmory-rcfcrcncc in~truction, somc addr,·,~ b.ts n,·..:dcd 1~ 
dctc:min_e an cn_cctivc mcmory aJdrc~s. In our sunplc c,,1111 plc.:, thc fi,c 
leadmg mstruct10n-codc bib 001 00 signtfy LOAD INTO ACCU M U LATO fl 

WJth _tl~c "pagc O" d1rcct-addrcssing.modc (Sec. 2-7). In tht' c.tsc, thc 
rcmammg scvcn addrcss bits o ooo 010 dtn:ctly rc.:prc.:scnt thc bin,try 
addrcss. Thc rcmaming two instructions are snnilarly transl:tt,·d. 
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h h Id ~ti·· 1..,t n1cntion ít hcrc. A typical aiHI c~(K'ciall: unportant 
t al \\-C S OU " ~· • / • a plication is mmicom¡wtcr automation of supemJ{//kc.t circe ~-ota sf(:nc s: as 
d~veloped by Honcywell lnformat10n Systcms. As tndtvtuual s.tlc<> •.tcn~s 
are chccked out, thc operator eithcr manually kcys a codc number pnntcd 

Clerk number, 
1 03 .... -:=:>checksland nunbe<, 

08 05 -------------- - ond !he dale 

255 327 MT ---

039 GR 
ltem code -•dentocal 
to the code number 

pr~nled on ecch 
produc! p·r~Ce label 

---2742 012 PR 

98 042 GR--

95 154 GRTX 

999 1 32 DX 

6 028 GR 

To1cl cus .o' ~:1 2236 045 DR-
l•slcd tlems, 600 3 49 MT 

tncludtng la•\_ 
9122 297 N:D TX 

Volue of o 12« - ------ 14 48 T T 

coupon 1cndercd ___ ------- ,._ 12 CP 
by the cus.tor1'?r ___ .._ 

14 36 
TT 

Ne" to•al- mtnus r 2742 1 2 CR 
the12~valueof 1424 TT 

tM coupon 

Net total- omount 
due from cuslarr.er __ _ 

r­
Amounl of la• pa•~ j 

- for cuslorr.er s 
recards 

3') CR --­

.- 1385 TT .... 

--23 TTX 

2 14 00 CT -----

138 015 CHG-

Oeporlmentol 
obbrevtattcns, e g, 
MT =Mea!. 
GR = Groce·y, 
PR = Produce 

15~ ct.é!";e dJe­
,plus 13'3 stcrr;~s 
deltveréd 1~ t~e 
custamtr 

1' ' 7-9 1\ltntu•mpulcr-pr~p.•r~d 'up~rnurkct ,,tic, r~<upl tndtc.lltllg lhc anwunlormrNm.l­
'1!· 1 , 11 1 h' 111~ rnlll!'liiCI w-,1<:111 1/fnllt'll\'1'1//11{0/ 1/ltiiH/11 S1 '/t'lll' ) 
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on the indlvidual c.tn or cereal package into a loca~ mlntc~t~lputcr, or thc 
1 . l ·tutonntictlly wtth a nwrk-rcadlllg scn~mg pro t.:. • 

co~ch~' :~:~~~-out t~n~tnal dtc;playc; thc itcm \ pncc (.t nd, if. r~l~v;~tt,. :ts 
. customer and compute~ thc total purcha<>e pnc~.: .tn sa es 

wetght) to .the , . (1:· 7-9) The checker nced not reaci, compute, 
t· x and pnnts a sales .. tpe lg. . 1 t ti 
.t '' · . . 1. t t· ls A romputcr-compatJblc sea e next o te 

or cntcr pnccs or s.l es o ·' . . . - - . 
terminal :- used to weip.h produce. 
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Thc store manager ha~ a cou nkrpart of the l·hc<.:k -out ter nunal ("rnanager"s 
intci-rogation d<:VtLT," MI D). Smec thc lllintcomputcr kccp~ track of thc 
sale of cach indrv1dual ítem, thc manager can U\C hl'> tcrmtnal lo a'>ccrlaln 
his inventory of any product, to determme sales up to thc momcnt in any 
dcpartmcnt oral any check-out stand, lo know total sale<>, to changc pnccs, 
to sce \\hether any purchases h..i\'C bcen paid for \\-Jih coupon'> or food 
stamps, and to detcrmmc whnt taxes havc bccn paid. In add!tlon, all 
bookkceping concerned with sales ami invcntonc'i i!> takcn care of by thc 
small computer; books are balanced more accuratcly becausc automatic 
computation has rcplaced human mithmcltc error!>. Thc minicomputcr 
will prepare daily sales rcports of thc entirc store, showing thc number of 
customcrs handled by cach chccker at each check-out stand, to pcrmit 
management to schedule and ratc storc personncl and thus to reduce costs. 
A datly sales report by storc'i and \\Ith tot.tl transaction'i pcrmits m.tnagc­
ment to evaluate store opcration, the cfTect of spccial promotiom, and to 
handlc its own invcntory problcm. Thc~c n::ports c.líl be printcd out .md 
scnt through thc matl, or the local mintcomputcr may be conncctcd to a 
supcrvisory computcr ata central locat10n through a communication link. 

CATIIODE-RA Y-TUllE CRAPIIIC DISPLAYS 
ANO SF.R\'0 PLOTTERS 

7-8. Cathodc-ray-tuhc Di<;pl:!)"· A cathode-ray-tubc grapbic display 
po-;ttions and bnghtcns a CRT bcam lo plot a sequcr11:e of po1nt!> (and/or 
brightens the bcam he tu een point~ to draw line scgmcnl<> or "vector\") 
Small dt~plays (up to 11-lll diamctcr) cmploy e/cctr01/atic d!'jlcction in thc 
X and Y d1rcction!> and c..1n plot up to lOÓ di~tliH:t pomts/scc. Largcr 
displays u<;c electtoiiW{fiiCtic d<Jlcction for bcllcr focmmg and rcsoluttcH:, 
but such display<; are slower (up to 100,000 potnhhcc). Íltgh-qu,tlity 
elcctromagnctic-dcnection dt~pl.ty~ may add fa'>l clcctro~latic Jcnccltc•n 
for Stnalf OCalll Ji,plaCClllCOh (c.g., lO dt-;pfay ch:llaL·Icr~ Jahcling_ :t J11CÍIIfC). 

l'igUIC 7-10 ~hO\\'~ how lite X alllf l'ddlcdton ampldicr~ ora CRT di,pl.ly 
urc drivcn hy X nnd Y digital-to-analog Cllll\'l'fh'r'i (DAü). A digit.tlly 
controllcd brightl'lling \Oltagc (Z-a:-.io., \Oltagc) is abo indicaled. 9-blt 
X and Y rcsolution is quite satisfactory for mosl CRT Jisplays, but many 
displays havc JO-bit DACs. 

Vcry cl.lhor.llC Út<pl.•y~ can U\C rull 16·hll rc,o1ult011 lo 'rcnr; (lllllll\ 111 ,, r:ctllrl'lllllch l.lr¿:cr 
th:lll aclually cll,pla~~d 011 thc Cln ~uccn 10-htl porltnn' or lhc H··hll X- .md l·U)IItdtlt.li~ 
Wonl' olfC lhcn ~htflcd tnlO pO,Illnll lo dl\pl.tj \lll,dl or l.tr¡;c porl!Uil\ or lh,; 0\Cr,tll ptllllfC oll 
dJfTcrcnl scak~ (ICI\Iomu¡) 

Displaycd picturcs rangc from simple 256-point graphs with coordinatc 
axes to claboratc de<>ign drawings with severa! thousands of poinl'>, plus 
aJ¡,hanumcric charactcrs. A storage-IIJhc CRT cil.1play (fig. 7-11) permits 
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you to vicw thc uisplaycd points ~tftcr thcy ha ve bccn writtcn only once­
the display rcmains visible until a manually controllcd or computcr­
controllcd voltagc puhc is applicd loan crasing clcctrodc in thc '>loragc tubc. 
Storagc CRTs havc cxccllcnt rcl>olution and grcatly simpllfy display 
opcr;ttion. But thcy cannot display moving picturc~ ami rcquirc complch: 
erasure and rcwr~ng for cli.1p/ay cditing. Most digital di~pla_ys, thcrdorc, 
use short-pcrsistencc cathode-ray tubcs (P7 pho!>phor) and mu'>t rcnritc 
(rcfrcsh} thc cntirc display pcriodically 30 to 60 timcs/scc. This rcquircs not 

(u} th) 

Fi¡:. 7-11. CRl J~'>pl.l}' (u) anJ ~en o plot lf•l proJuccJ hy thc "m pie J"pl.l), pl1>tt~r lir~ult of 
F1g 7-10 Doth POI N 1 anJ LJN[ nwd~' ~re us~J m f1g 7-Jia note rhc ciT~"t ofaJJU'>tmg !he 
hnc-hnghtnc''>·compcn'>atlon 11mc cnn'>t.mt l'crfcct cnmpcn'.tl~<•n f.>r thc c\puncntl.ll 
changc m thc \\rltmg rat~ "·" 111>1 pu,~•hk hccau~c thc compcn,.ttltm \oh.•gc tcnJ, tn Jdocu~ 
thc hcam (l/nrr<'"''J of Arr:mra) 

only many fast \HÍling Opcration~ OUt a di.,pJay-rcfrc'>hing tnl'llJOry cap.rhlc 
of storing coordinate and brightnc-.s inform,ttton for 1,000 to 6.000 pomts 
and/or vcctors. AlphanumCI ic charact(!n are gcncratcd and rcfrc~hc<..l as 
scts of points or vector!> (strokcs) u~ually storcd in spccial rca<..l-only mcmorrcs 
(charactcr gcncrators} and callc<..l out ny spccial charactcr-codc dt ... play­
instruction wor<..ls. 

Ea eh display point will rcquirc 1 X lo 20 bit-; of rcfrc-;hcr stora¡_!c for X 
<tnd Y plus, pos<;ioly, somc extra btt~ lo "PCl'tfy brightnc-.s or <;p1..·cial di-.pl.t): 
opcrations. Somc CRT <..fr<;pl.ty<;, cspcl'tally thc more cl.tbor.ttc tlr-.pl.t)<; 
uscd with largcr digital computcr!>, h.tvc thcir 0\\11 16- to 24-ntt rdrc-.hcr 
mcmoric~, pcrhap<; 4K to 16K words. A minicom¡mlcr di.,play can con­
vrnicntly !>ltarl' thc minkomputcr nll'IIJOry. This simp!ifics computer 
opcrations on display words and makcs thc extra mcmnry availablc to thc 
computcr whcn !he display is not u~cd; although thc time m·cdcd for display­
rcfrcshing opcratrons will nccc!>sanly siO\\ concurren! compulalions . 
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7-9. Dhplay Operation'i and Interfaces. (a) Simple Point Di-;play. To 
di<;p]ay a point, \\e tramfer its X- and Y-coordmatc word-. from a procc'isor 
rcgi~tcr or from mcmory into the X and Y DAC registcn, (Fig. 7-1 ::!) and then 
bnghtcn thc bc.un. This can be done through programmed 1/0 imtructions 
with d1ITcrcnt control b1ts and 10 pul'>c' (Scc. 5-2), but it i-. much more 
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...... 
........... 
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Lower 
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............ 
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...... ...... ...... 

X buffer/ 
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control· b•l 
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1NCREMEN ·L--.,,--.,------.--' 
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lo OSCIIiOSCOpe Or recorc~r 

Log1c levets controlttng 

br~ghtness, X •ncrement, 
ltne /po•nl, etc 

Fi¡:. 7-12. Oc"¡;n of ,, gr,tphiC·di'Pl·•Y mtcrf.!lc for ,m 1X·IHt llllllllllmputct Prugr,tnHncd or 
D:'-.1/\ d.ll.tlr.uhfcr- can tr,m,nul p.1dcd \" Y W<Hd' <ll '"·'" ,, hulkr v.11h Y anJ thcn tran,fcr X 
frPm thc huiTcr ,1nd } fr<'lll thc d.1t.• hu' 1t '' .thn P"'''hlc tn \llllply "'", ,,,.,, thL .Y hu ITa 
fnr I:!'·'Ph pl••ltn1g v.luk tr.•n'lllllll¡! Plll~ 1-l""rduLIIL '"""' fr,,m thc "'" 1 he 'l-l11t Lllllllul 
fL'I!"lcr '' ln.1dcd \\llh thc 1.1'1 l) htl' L'f an} ()\11\ d.ll.t w11rd \l.Jrlmg \\llh 1\XIOOOOOO. 
fl-1111""" of .111:1"'''· 'l'l' aho Rl·f J<J .IIHI Sl·c. 7-10) 

rflicient to crnploy dirt·ct-llll'lllory-acce-.._ block tnm'>fl·r-. (Scc 5-19). A 
Dl'vtA dt<,play tntcrface cau rcaddy rcquest and transfcr alternate X and Y 
word'> (from one array or two arrays in mcmory), but :m e-;prcially ncat 
schl·me ¡., to u<-c :m !S-hit minicom¡ntf(·r ''ith 9-hit X :wd l' hytc~ pacJ..l·d into 
a single \Hml; tlus /w/rr.1 the n;frc'>h memory nccdcd and the computcr time 
nceded to rcfw .. h thc display, and stmpl11ics the interface. Ftgurc 4-8d 
sho\\S a ~uitable word-pack1ng program. In F1g. 7-12, a brightness control 
btl gate~ the tramfcr pube loadmg the X and/or l' DAC into a pair of 
mono~table multivibr,ttor'> to bnghten thc heam. One u<;ually controls 
brightne<;s by changing thc clrtrwioll of the brightening waveform (e.g .• hy 
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ORtng outputs of diiTerent logic-controllcd mono-.tahlc multtvlhrator'>). 
Bsam curren/ Lhangcs vnll also control hrighlnc'>'>, hut ma'y dcfoLu'i thc beJrn. 

(b) Simple Liuc-segmcnt Gcncr;1tion. Ftgure 7-10 aho lllu'itratcs the 
Dcrtou7.os tcchnique of di>playing l111e seqment1 bctwccn di,piJ) pomt~. 
Tlte X ami l' DACs .1hm1'11 dnrc opellii/UJWI-ampfl}ter /ou·-pa11 fi/tcrs u·alz 
equaltimc constants RC so tlwtthe hcam u·tl/mote frum poinrtr! po1111 a long a 
straight fine aftcr ti! e X a/1(1 Y DA Cs hate hcen loarled .\llllltltancol/1/_r ( Ftg. 
7-lOb). This line is brightcncd ifa LOntrol bit gatc'> thc DAC tr.tnsfcr puhe 
into monostable multJvibrator l. Unfortunatcly, the bcam specd vanes 
exponentially along each linc scgment, so the beam becomes progressivcly 
brightcr. This is partially compcmated in Ftg. 7-11 by a dtiTcrcntr::t::•¡,;­
network in the brightness control cm:uit, but beam dcfocu'iing makcs pcrfcct 
compensation impossible (Fig. 7-11 a). Tlte simple Dertou:o.1 lmc-.H'<Jlllt'llf 
gcneration tcclmique is, lwu·cL"er, excc/fcnt fur produunq lund copy llttlt a 
simple se1 vo ploller. Ftgurc 7-llh shows a dra\~ing produced by fccdrng thc 
X and Y inputs of a servo rccordcr \\Íth thc d1~play circuit of Ftg. 7-lla; 
the brightne<;s voltage lowers thc pcn to plot linc scgrncnts. The tran,fcr 
ratc \\as about 10 points/sec, and the mono'>tahlc-multivtbr.ltor t1rne 
constan"t wa'> appropri<~tely longcr (Refs. 39 and 40). 

(e) lmpro\cd Line-<,egmcnt Generalion and lncrl'mental Display Tech­
niques. More claborate lme-scgment gencrator~ cmploy opcration.d­
amplilier integrators for stwight-!me intcrpolatwn bel\\Ccn succc-;;<;Í\'e 
coordinatc voltages so that lme brightness will remain comtant bct\\Ccn 
SUCCCSSIVe di<;play points. (f the lime inh:rvaf bCI\\CCn SUCCC'-.~tVC di'ipl.l}' 
points remains constan!, though, short lme scgments will nccc~-;.Jrily be 
brighter than long ones. For this rca'>on, clahorate di<iplays employ cbyrwl 
intcrpo!ation (hardware or software sirn1lar lo numcrical-control mcthods, 
Scc. 7-2) to place extra di~play pornts bct\\cen wtdcly scp.Hdlcd points; 
analog interpolation may still be uscd ElcctromagnetJ<.:.IIIy dctlcctcd 
CRT heams can. in general, follow short dt'>placements more qu1ck.ly than 
long ones. 

In many of the bettcr graphic dt~plays, DAC rcgr.,tcr., (or DAC buiTcrs) 
are implcmcntcd as ret:ersihle hinary cowrtcrs, which c,m be incrcmcntcd or 
decremented by 10 pulses to produce small bcam displaccmcnl'i. The 
incrementing pulse may be gated to higher-ordcr or )O\\Cr:ordcr bits to 
produce increments of a few diiTcrcnt sizcs, but many di~play~ __ only permit 

11X = -2- 10,0,or2- 10 L\l'= -2- 10,0,or::¿:-to 

so incrcmenl/decrement operations can move a display point ~nly in onc of 
eight directions separatcd by 45° anglcs . . /ncremcntiny-modc display 
programs can gcnerate any reJsonablc curve from such displ.1ccmcnts. 

In display picturcs containing continuous curves or small dctatl, incre­
menting-modc instruc~ions can save refresh memory and rnemory acccsscs 
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at thc cxpcn'e of C'\tr,! d1:.rlay-logic haru\\are. For cxamplc, the lO-bit 
X and Y coorcltnatcs ('1[ a smgle point require tiro 16-bit \\Ords. But a 
sinylc 16-btt word could sp:::cify up to 216 difTcrcnt combinations of X 
and l' mcremclzt~ (usual!) thc hardware will not pcrmit all possible combma­
tions). Wtth still more elaborate hardware, a display cañ be instructed, 
say, to rcpeat the sam~ bcam displaccmcnt n times to gcncratc a straight 
line from n linc segments. 

1 
.i 

fij!. 7-l.l. /1. ,tnlpk lwm.n· .': ¡:r.1ph1L t.lt,pl.l} ¡, Ct1111hmcJ wtth a 1 V-•c.tn alph.1numcrtc 
J1,pl.1v 111 lhl' 11111\lllllltput:r ':•t,·m fur on-hnc '"llllton of ord111.1ry dtiT~tcnll.tl cqu,llton~ 
Rcotdtn~! cot~rtltn.tk l.1l•cl· ,''1! <e ti;, .. tTthc .tlph.uuun,n~ di,pla} 1~ much hl.~ rc.1d111g .1ligurc 
lc¡;cml amlllllP"'c' no h.nJ.:,,p (ldllltr\111 o} tlremta) 

Even simple CRl dtc:.í)l.tys may permit incrcmenting thc X éoordmate to 
permit graph plot11ng t }"H·r->us X m equal incremcnts) w1thout any necd to 
fetch X-coordtnate \\O~ds (Fig. 7-1.2). 

(d) A Suggl''>!ion for Do-it-yours<:lf Di<i;1lays. Addition of alphanumcrics 
to gr;~ph<i and piel u re:; (e g., labcls on coordinatc axcs) complicale<; display 
hardware and ~oft\\arc. b.::c.1uc;c: 

o. 

l. 1 he display of ch,tracters adds m u eh fine dctail and man) d1splay points 
2. Ch.trnLkt ~ are ~cncratcd from potnls (livc by scvcn dot matrix) or 

stroke<; by rcfcrcncc toa fair-si7C tahle, which must be storcd eitha in 
thc comrutcr m.:-mory or in dt~play-controllcr hard\\atc {M051l~i 
rcad-only mc1nor) 1 

1 
1 
i 
i 
1 
1 

:..... .. • • • ~.. ... • ••• ,,¡1 ·- ................ ~ ........ .- .. --~-·-· . 

7-10 

-- 3. Thc necd for character spacing and linc rccd n.:quircs still more sorm·.trc 
• and/or hardware 

An exccllcnt \'lay tn !'>implify thh o,ituation is to pru\itlc tno di.,pl:t)'> -.itlc h) c,iM, 
viz., a simple graphic display (rcf1 cshcd or storagc-tuhc d1.,rlay) a1ul an 
incxpcnsivc TV-scan alph.tnumcric di.,play with. MOSI-ET thaructcr 
gcncration ami rdrcshcr !!hift rcg1~tcrs {Ftg. 7-13), which flcrmit!-1 con-.cnicnt 

· text editing áhd can work with only slight modification of tcletypcwritcr 
·software (Scc. 3-14). 

7-10. From Ois¡1lay Col'ltrol Rcgio;tcrs to Di<iplay Procc<;o;órs. Thc simplest 
gmph1c displays havc only a simple point modc wilh a single lirightnc<;c; 
lcvcl. Such a di..,play can be opcratcJ with only tn·o 1/0 in'itruction-;, 
Vil., TRANSFER X and TllANSFER Y ANO BRIGHTEN. lf \\C use packcd 
18-bit X, Y words, a single 1/0 in!>tructiOn w11l do (TRANSFER ANO 
BRIGHTEN). 

As Y.c notcd, though, it is hyfar more cfficíent to fetch altcrnate X- and 
Y-coordinate words, or packcd X, Y word<;, by direct menrory mTess. For 
example, the points of a simple piel u re m ay be reprcscntcd as packcd 1 R-b1t 
X, Y words storcd in an N-word block startíng al thc mcmory loéaHon 
PICT. 

To display thc picturc (i.c., its N successivc pointc;), thc progtam fir~t 

placcs thc addrcsscs of PICT and N ínto two pomtcr locations in mcmory. 
The program then cnablcs mtcrrupts from a real-time dock in thc di~pl.1y -
or proccssor to rdresh thc di~play 30 to 60 titne<;/scc through the followíng 
interrupt-service routíne: 

l. Programmcd 1/0 instructíons prcc;ct a current-addre.H cowzter ami '' 
word cmmter (Scc. 5-19) in the display (or in thc computcr mcmory, 
Sec. 5-23) to PICT and toN, respcctivcly. 

2. J\nother programmcd in!>lruction cnables a D:\lA rcqut·c;t-puhe 
OSCiJiator in thc display lO produce SUCCC~SiVC cyde-~tcafing CO· 

ordinatc-data tran';fcrs and to di.,play succc~sÍ\oC point'i. 
3. Thc word counter counts down from N \\ith cach DMA tr,m~fcr ami 

stops the requcst Mcillator when thc count rcachcs O, prcsum:1bly 
bcforc thc ncxt clock intcrrupt rcpcats thc ptoccss. 

More complicatcd displ.ty programs will di~play multiplc blocks of point<;, 
corre<;ponding lo d11Tercnt portions of an ovcr.tll ptcturc (S~c 7-11) 

Display options associatccl \\ ith mdtvidu:tl di'; play poml<;, such a~ dtOc~t·nt 
brightncsses, linc brightcn111g, and X incrcmcnt1ng for plotttng gr.tph-;, are 
controllcd w1th logic leve!<; from a di<iplay control n·gi-.,tn tScc. 5-4). "lm·h 
may havc bctwcen 1 and IR 01p-flops. Programmcd d1spl.1y in~tructions 
can include a fcw control bits, and therc may be spccial instructJO!l'> to lc1,1d 
the control re gis ter. To obtain the control-rcgistcr informal ion through 
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direct memory access: 

l. Control b1ts may be packcd into data words (c.g., a 16-btt word could 
contain a lO-bit Ycoordmatc and 6 control btts}. 

2. Thc dic;play may alwa)S rc4uc~t X words, Y worJs, and control­
rcgl!>tcr word<> 111 ~ucccc;c;ion. This can wastc a good dcal oftime. 

3. Thc d1splay may rccognizc ccrtain codee; as data words and some as 
control words. 

A~ an l:, .• mplc or thc ),,,, PC"SIOtl!ty. p.tdcd 1 R-hlt X. rwords nccd llPt r~rrc,cnt X = -t 
and r = -l. ~•ncc X = 1 and } = 1 Jrc not .tv.lll.•bk m 2~·compkrncnt eo1dc c•thcr. 1 hus, 
d..1t.1 ,,orJ, h, ''""'"UI or ene/m,¡ \\tth 100 000 000 l.on he U\Cd to load 1\\o 9-bot control rcr.-tcrs; 
such control \\OrJ, l.tn he rrccl~ tn~crtcJ mto thc J:,pl.oy lile,,,, nccdcJ l''l;urc 7-13 lllu~tratc~ 
thc dc~•~n ora ~•mpk grapluc·d•spl.o) mtcrr.tcc '"th ,, control rc¡;"tcr (Rd 40) 

Our dircct-mcmory-acccs...<; di'iplay interface can be rcgardcd asan acccs~ory 
proccs<.,or (di'iplay procc..,sor) \\hich ~h:uc<., thc computcr mcmory, accepts 
programmcd in.,tructions from thc central procc<;<;nr, and can rcspond \\ith 
interrupt<; (scc abo Sec. 6-12a). 1 he act:C!>!>ory proccssor has: 

A program cormter (thc DMA word counter) 
A mcmory acldre.u regiHcr (Lhe DMA currcnt-addrcs<; counter) 
A mcmory elata reyt~tt'l' (DAC r~:gi~tcr or hu !Ter) 
An tltllluctum ro:ql\tel ¡!In: Ji,rlay control rcg1<olcr) 

The simple "instruct10ns" exccutcd by thc di~play procesc;or are DISPLAY 

A POINT (using X- and }:coordlnatc infOimallon), CHANGE BRIGHHJESS, 

etc. W1th more elaborate di<;play opcrations, thc display procc~sor looks 
more and more like a small storcd-program computcr; it might implcment: 

Coordinate-incremcnt mg imtmctwns (S ce. 7-9b) 
Dnplay whwutine pmrp1 and retwns, using a display hnkage register to 

storc return addrc~~es 
Hard-ll'ired suhroutmes (ROM-1mplementcd character gcneration callcd 

by suitablc control words) 
Output to mult iple C RT consoles 

Display opcrations involving actual aritllmetic, e.g., 

X= aX' + b 

X = X' cos ,9 + Y' sin.? 

Y.= aY'+ e (TRA NSLAT/Ol'l' A ND 
SCAUNG OF I'ICTURE 
OR SUBPICI U/U:) 

l' = --X' sin 9 + Y'cos 9 (ROTATION) 

can be tmplcmentcd eithcr in the main proccssor or in tht:: di),play processor; 
a fcw display proccssors incorpora te' fast multiplymg digital-to-analog 
convcrtcrs.for rotaiion opcrations. The drsplay proc.essor car. be a complete 
mllllCOmputcr 
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7~11. l~he Di~play File ami Di~pby Sofl\\arc. Tlae di~play file fi>r a 
s11nplc plclure IS a block of words containrng Jr.,play-po 111 t-coordrn.ttc and 
d•~play-controiinformatton. Therc-mu<,~ also he "hcadcr" \'.ord~ ~pccrfvino 
thc block slarting addn:--.... and thc bloc.k <;11c (PICT and N rn Scc 1:10~ 
1~ will oc expc(IIcnt to structu1 e dr'>pi.I) liic'> for more cornplll akd pid u r .:'as 
lm~cd h\t\' (Sec. 4-!0c): cach Ilcrn In thc ll'>t I'> a ~ubpi<.lurc frie cndin!.! \'dlh a 
pomter lo the start of thc ncxt su_hpictu~e file and it<; hlock <;i 7c. DI>play 
rcquests can thcn _fetch each ~ubp1cturc rn turn, and it will strll be po.,..,rhlc 
to pc.rform operations such as cra<;urc, scalrng, or rotation only on sclcctcd 
subpicturcs. 

Suit;t~lc hcadcr or labd word~ can furthcr structurc suhpiclurcs in~~-- -
h•erarclllcs of sub-subpictures; so operations can be pcrforrncd on sets of 
sub-subp1cturcs which in so me scn!>e "bclong togcthcr." D1spl.ty-),t ru,:­
tunng a~d display-moJ¡fyrng opcr,ttJons can be callcd as a~sembly-l.tm:u:1 pc 
subr~utmes or macros anda~ FORTRA!'\ suhrout:ne'i, wtth symbolic r~. 1 m~s 
for d1splay files and 'iuhpicturcs. 

7-12. Opcrator/Oi•;play lntcraction. Jo) ~tick.,, variou~ t::~hld-'>1\ Ju ... co•:¡­
bina~ions, and thc "nwu..,c". rolllng on a tahlc 'urfo~cc a JI t:ont.Jsrl du,;l an.llog­
to-digllal comers1on dcvice~ v. l11ch en ter X ami Y coorulll.ttc' mto a 
computcr display file so that the opcr.1tor <..111 "dr-t\•·" r-últ~ .tnJ 11m: ... on thc 
CRT ~creen. 

A lighl pcn contain-; a photoccll, which is hdd ag.tin~t a CRT dl'.pl.1y !>~Jccn 
and wh1ch responds to thc flash of a di~play point v. ith an 1ntcrrupt or \Cn:,c­
hne response. Thc computcr can thcn mark the X and r coordina tes of 
thc point in questwn to cra~e or further bnghten thc point. Thc computcr 
can gencratc a d1mly lightcd ra\lcr or random-sc,tn pattern and bnL:hten 
p01nts touched by the light pcn (whrch contar m a button :O.\\ rtch Ll) d~ .... Ihlc 
this aclion, if dcsircd), so the opcrator can J;;m pi<.:! un::. 011 th~: CRT ~LíCCII. 
The c0mpu_tcr can nho genera te a tracJ...ing pallcm With a program dcs•gncd 
to movc this paltcrn morder to centcr it on the l1ght pcn: this can also be 
uscd for drawmg on thc scrcen _and for movmg suhpicturcs (e g., circutt or 
blo:_k-dtagram symbob) into d~.·~trcd scrccn po~itton), \'.lth thc lrght pcn. 

hnally, thc computer may di-,play a "mcnu" of poss1blc dcci~Iono; or 
commands on the CRT screen, cach with a "IIght-button" pattcrn wh1ch is 
touched by thc IIght pen to implcment thc command. :,. 

FI~ONT-ENDING, DATA-COi\lMUNICATIO;";S, 
ANI> MULTIPROCESSOl~ 
TIME-SHAIU;'IiG SYSTEMS 

:; ' 
' . 

7-13. Mi¡¡icomputcrs as Input/Output Proccssors. An cver-incrc.Ising 
number of minicomputcrs are cmployed as front cnds intcndrd to relieve a 
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largcr digital computcr of input/output opcrations ami its mcmory of 
multiplc tnput/output TC't:tmcs. \Ve di ... cussed in St·c. 7-1 O ho'' a data 
channd dc~tgncd to im¡'kmcnt hlock tran:-fcrs of mput and output data 
(ami to perform a fe\'- c\tr.t dcvtcc-control chorc') acqutrl'" many of thc 
fc.tl\lrl'"\ of a :-mall d1~.ul pn_¡ccc;c;or. /\ minicomputcr tr;tlv .. fctring d.1ta 
blodc; by d1rcct mcnWi) ;1ccc~s .md commun1cat1ng ''1th él largn digital 
computer through pro~r.1mmcd instructwns ami intct rupb (<.,ce also Scc. 
6-12) can pcrform data-tr;m~fcr and control opcrations cquivalcnt to those 
Of SC\eral data channd.;. like a d<ila channcJ, it acccpts programtncd 
in-;tructions to preset address counters, word counters, ami control registers 
and, in turn, speaks to the largcr digital computcr through prOl·cssor 
intcrrupts. 

But a minicomputcr c<~n do much more than tran~fcr data blocks and 
control de' ice funct¡on' Thc minicomputcr mcnwry huf{cr.~ externa! 
dcviccs, v.h1ch can thu~ C'pcrate at their optimal spcl·d \\itbnut \\aitmg for 
thc mam dtg1tal-eomputcr program. and vice versa. lf thcrc ts thc time, 
morcovcr, thc mltlicomrut~r peripheral proccc;c;or c.m pc1 fl,rm fnrmatling, 
scahng. and cnde-ch.mg¡q_:: opcr.1ti<'n~. scn~c ami antHlUillT crn'r CIIIIUttionc;. 
and pcrform parit) a;1d s: ntax chc<:b. What i-; nwrc. many mputfoutput 
progr.1ms, mtcrrupt-c;,·n :c:c routinco,. etc, can be slorcd 111 thc mm1computcr 
mcmory at '>llh~tantd!: ]O\\er coo;t !han is po<o:-1hlc lll thc: moí<' rxpcnc;ive 
largc-computcr memor: \\llh itc; grcaler \\Ord lcngth. Tcnc; of lhousands 
ofb)!es ofmain-computcr corc c;toragc m ay be savcd in th1s manner. Mini­
computcrs ha ve be en us;:J a~ ¡1rriphcral proccc;.,oro, for practica lly all typcs 
of pcriphcralc;. such as mult1ple tclctypewritcrs, CRT d1spla) '· line print~rs, 
d1sks. mult1plc tape ur.it~. and communication intc1faccc; (Scc. 7-14). Such 
arrllcati~.ms favor mmiCf11llputcr in ... tructtOn sctc; which r.:rmll 8-htt byte 
handling and llpcratwns on multib)IC data wonl". In partlclllar, micro­
prog1 ammed mmicun·pu~crc; m ay be furntshcd \\11 h instruct1on sets espe­
cially adaptc:d to tlwsc ,~r an a~sociatcd largc digital computcr. As an 
cxamplc. thc mlcropr~.·.;r:unrncd lntcrdat<~ Mmklc; 70 and SO kl\ e mc;tructiOn 
sets convcniently rcl~nd to tho~c of IBM S).,tcm/JflO ami .170 machinc:-. 

7-14. Minicomputl·rc; :1nd Dala Communication~ (~ce Rd .... 48 to 58). 

For data communk;~tion ovcr di~tanccs grcatcr than a fcw hundrcd fcct, 
d1gttal words are tram;;l,ttcd serially (bit by bit, Scc. 1-3) and modufatl! a 
caruer on a comnwr;.c~t!Oll 1•ne or Wlrclc'c; data lrnk. ;\mphtudc, phasc, 
frcqucncy rnodtll.llion. 0r combination ampl!tmk ami pl:.t'-C modulation 
is u~cd. CommunicJtion hnks ~pecially dcsigncd for dtg1tal data trano,­
mt<;'>ron may cmplo) radto-frcqucncy carricrs, but aud1o frcqucncics are 
uscd on tdcphonc hn~c; (..., hich are not primanly dcc;igncd fo~ data trans-

' , mi~sion). At cach cr:J of any carricr link, onc rcqutrcs a modulator/ 
dcnwtlulr:l·•r (motl('tn). 

lSI t l 
\_ , 

"7-14 

~ Simplc" transmi~s1on is ()~e dir~'(.twn ont>: h~lf-tluplc" p<"rmot~ (nmmuno.:,,t 1011 m hNh 
' d1rCCI10n~. bul only onc ata lime; full-duptc-. p.:rnu'' <lmull,,ncou' tr,,n,n 11,,1on ,11ut r"CPl"'" 

(e.(! .• on two two-wm: hnc~). 

Comcrsion bctwcen parat:cl computcr in¡mt/oulput lilll'" nnd serial bit 
strl·:uuo, is usually achievcd with .\lujt refJÍ\Ier.\ having parallcl 1nput/~cí1al 
output and/or serial input/parallcl output (Tahlc l-5h; !>ce al,0 S.:c. 5-I). 
Most digital data transmil> ... ion is in terms of 8-bit ASCII-charactcr bytes, 
1 bit being a parity bit (See. 1-4). It is nccessary to mark thc start and/or 

Id le 
(mor k) 
srore 

Time-----

o 1 o o o 1 o 1 Id le 
r-+-+- (mork) 

1 ...._ 
lteosr- 91 msee 
1 s.gnd•conl 
1 bll 

'-.,-J 

Stort 
b•l 

1110 sec 

\lote 

"'--......-''- --~.J 

Po,.ry 2 ~tcp 
bol b•ls 

Fi~. 7-14. Sen al rcprcscnl.tllon for ~~~ A 'iCII 7-hll·and-p.trit~ ch.or.o(llf Stolfl ,m,l ,¡np h1h 
"dchmll""thc scn.tl cho.~raclcr rcprc~cnl.lllün for a'>lllhwnnu, tr,m,m1"1110 lmun¡; ,, fllr ''" 
ASR-33 lclctypc\Htlcr opcr.11111g o.11 110 h.tuJ (ll!lsl,cc) or 10 ch.tr,1ctcr..;scc. 

end of each byte or word uncqu,vocally. In a") nchronou<; data trano;mi<>c;ion, 
this is done through starl/slop bits inscrlcd bctwccn data \\onl-; by thc 
transmitting shift-register interf.tce (F1g. 7-14). Sincc 3 start/~top bits 
transmitted with cach 8-bil byte wastc a good dcal of lime, a'i)Ill"hriJnous 
transmission is uscd only with low-coo;t, slow data-trammi,s1on s\c;tcms 
(up to 1,400 bits/scc). Faster data-communication systcm<> JLT'ttfy tÍ1c co"t 
of Sjnchronou-; transmission, ...,htch tran ... mits a continuous strcam of truc 
data bits and marJ...s thc ~tart of a me.\Ml{JC (not thc :-tart of a wonl 0r b~ te) 
with a synehronizing sig.nal (or thc Cll(/ of a LINE IDLE ~ignal) tran~m1tkLI 
Oter cm extra link or carricr jll!qucncy. In any case, thc interface hci\\Cl'n a 
parallcl computcr 1/0 buc; ancl thc scri;tl input/output of a modem rC'qUIIo.''· 
bcSI(lcs a shift regi~tcr, a bit-r.ttc-dckrmintng clocJ..., a b1t countcr. am! 'l'i11C 

logic wh1ch generales or f1.:cognitc:-. start/~top b1ts or synchron1Ling si~n.d., 
This interface, which is u<>ually designcd for a spcclfic computcr, is callcd a 
data-sct couplrr (data-e;(·! conlrollrr) and connccts to a gcncr.d-purpl"SC 
data sct combining thc functions of a modcm and vanous options, such as 
automatic tclcphonc dialing. 
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[,tf,l h.lrJ\o,\f(' fC'¡l'Ht'fS are ¡C'nLr:dh dL~trCJ tO hclp lntf('l~(' th CJ;CI.UtiC>n c;.¡ICC'•J o( a IJ:"1ChlnC
1 

but thcy r."'l' actu;).lh 5lo"' d':'·•n the lntC"rru,,t rcs¡,on .. c tlnl. 1( th{'" hl\c tc> be S"'l\e.l Thc problcm cC 
prC!ted\tl~ 011(' U"l.'f frCI, J,\,:o:~.cr 1" OnC' l"f tht• lC')5 to m.&'-.ang i1 ¡tncr .• al rllí[lOS~ 1-..il S)Sl':rn work 
smoothly Tht.rc Cln be r.' r•llancc or thC' gooJ w¡ll of oth!!r pro~ra:;~ hC"rc, as th1.rc could he 1 n a 
de-Jacatt-J "'\"hrl Th1cr. ~~ C~j'C<:Ialh tru.• ~hl·rc C~'npzlana; illhl llthu¡..¡;:lllt! o( pnJ¡..r.,Jit ,, to bt• Jonu 1n 
thc b~h.l¡tou,,,¡ wlulc tl.c S)(ti.'D u runn1ng 

lrllnn th1n~1n,; .1l•0ut the 1/0 S)Stcn, on~ rust cons1Jcr that nt•St or all o( thc I/0 "'111 he Jonc 
by the OtJcratlng S\He, tlil¡ll 1t h.anJlc thc \'lrlcty of dcvlCcs n('cd•d, a .. J how dlfflcult wdl lt be 
to llrltc .rul ~dJ srL'Clal 1/Cl routlncco to thc S\lst('m" Uocs thc 5)::-ll'lf' 0\.'C'rlu . ..ld lrrllr thl'" tran'lofcr 
rate of the harJ~ooarc" Ger:erallv, thc uc;er 15 not allowcd to gct at the I/0 S)Stc, 1n an RTE 'Hnce 
1/0 u a cruu .. al rt"source that u shued :unong all users 4 ~ac:un thc pr~bler~ o! prvt<'ct 1on ar 15 ~,. .. , 

SlnaLuly, fll!.'nOr) prote,uon a-,ong u<:crs must: be consldCrt!d ls 1t adequatE'' Oocs it aJJ ti~C 
to thc b.J"lC l".u.on , .. clr~ Jo: lt .1 h . .1Td'-;'!TC ora soft~are funct1on" AS!>OC13ted Wllh thlS prohlL';n LS 
th.H of \lrtUol r-c-,QT) "'<'":IS 0C'C<; tht• O¡'eréltlng S)Stcn pTO\lt..!e cach u~er Wlth a r:cmory addrt•<;s 
'r·h.-c th.lt lo<.·~c;. ,~ thoL~lot 1" 1s ti-c conh pro~ram on thc at.11h1ne' (f c.o, tow rruch :)vcrhead 1s addu.l 
to the S)"t(n tL• ;•rll\odc t...,b Jc$H,lttl~ fL"aturc' 'lcnory Sl.:'e thcn bcco-.cs of concern only 1n th.lt 1t 
&S b1g en•H •.. ¡:I tL• ,.,Id tt'-e "'~r\..1n¡ set of prog":unS l Thc r:.ulttpro&r:t..,m¡ng rperattng syHen then 
ht~•hllcs tr.t•r.,,n ;tllrcttl.:>n ;\'"I.J rht' C:'a¡Jrptn~ C'lf rrc~rL't!S, anll d.1t.1 are dt'r.•._,J~J by ettl•cr an 1ntcrrupt 
or thc sort•.uc schcJnlcr 

lf th,. ''"cr rn·¡¡:r'\.-c: Hl a tugh lc"el languac~., the worc.J si:c and l;¡rtructton Ht are prc.otty mueh 
in·Hc:~U!t.• to h11 fhey -a,. sho• up ln.!tr ... ctly in runrunli: (IMc 1f, for cx:t..-plc, too rt'\HY l'lnltlpl(" 
rrc;,:¡I,ICrl fet1..._l._ ilrl t'>~'1r; -,l.!C Or [('0 l:l.;l.O\\. SubrtllltiiCS 3fL~ CilllC'J to rcrf.H••:: C'¡'Ciol[I\•OS th;¡t are 

not tn thc h.H·J .. uc p ... , .. stru:non sct should contJ.ln fcatute~ dcs:~rtcJ t') helr thc orcratlllt. s)S 4 

ten 1n crJcr to óecrt.'J>L' n e 0\erhe1J For 1n~tJ.nCP, relatnc :~.:.!dre'>slr.e,: ts a tl'USt on c-ult1prCl¡r 3m4 

Q&ng !l)o:;tcr-s 1f a IJ:-&c 1-c_ .. t of tl-•e is not to bc "f'-11!. ::~n C\.Cry r.1cmon s, .. :¡o to relocate thc 
addrC'-.S.l"" to ~ccp frc""~ rHt-t: to load a pro1,r<~m 1nto t,¡r S'\"'C exJ.ct locHtOi' c .. ery t1me Is thc 
t~er-•-.r) )HC'tcLtlon an 1":.-:.;:--J.. ~.ut of thc lnstructton set. or lS lt ar. add-on aftcr thought that may 
cauo;(' .J,l,lltlon.ll S\~te, C'\t't''lC.d., Tne cor¡-.utcr m<~nuf.acturei'S soft~orare G"ra•t::oent "as t,c d1fhcult 
JOb of u .. tn&: the nstructtor; sct to wr1tc the operattng sy.,tem and thc co-f'llcrs lt ..,ould seec rc&-
sonab!c that LnStn.:[l.IJns ... oul-.: be tncluJed 1n thc tnltJal dcstgn to help h1gh le .. el languag:es h3ve 
&nc:rcascJ co-Je co-, r~c;.s¡cn anJ shortcr l.~t.:c:ut¡un tlmt.o; 

The prosvccti\C use"' ~o.;ould be well :.uJvtscJ to cnrefully e;w;.:ar:une t..,c soft•are prov1ded wlth an 
RTE sy:stc:n tose" ho• cff'l-:lct.t and casy lt 15 to 'J"C What h1¡h levcl J;¡r"'oJa~t..<: lntcrfa~t: w1th thc 
RTE"' Can bau .. h Jcbs toe run 1n the back.ground 1."'..! ta,.ks addcd to the fort¡rc..JnJ "''11le tn~ systc"'l lS 
opc-r..1t1n¡(' ls thcre a rea5-.::nable l1?rary •lth routln!S appl1ca.ble to tl·~ po at ~anJ7 Can tncs~ 
routln~'· b1. shared at rt..n tl::-f', allo~oo¡ng rcducnl core rcq11HC!:l!..0~~ 1 A1. ::hesc- q>JcStlor¡s ami D'l.l.O}' 
~:~ore shl.'\.lld bC' aske..! .• Slnt,. 1t 15 th-: soft•arc spcCl!'lc:ations th;t>: r:~alo.e ur' a C"<.1JOr p;Pt of any real 
tUle C'X.CC\1[1\.C c;.yo;tcn S;'CCifl:::J:II)n 

In su..,::-:..lr ... one ca.1 ~3) that the arclatec<:.ure of a reat tl;?C l·stf''ll '!.S r-'l.,ia up of D";~nv facet:s, 
lnClUIIIn¡ the harJl-aH", t'Le soft-..a ... t. a'"l.o iill thc dev.ccs conncctcJ ~~ u·,c S)t;.te-:- 1n the p<:.rth:utar 
arz>Ilcatum Th~ for"'' 1s not C;:)r;-~li!te an{l ca11r.Ot oe socctflcl1 \.!Thott al! c-f :hcsc cll'rc"'tS E:¡ch 
1nJ 1•.¡Jual spCLlfl<:.l.:lcn cl:-not be so:t up anJ c'ta'Tl\ilcJ al:.-.nc.. a'3 thuut:h •t Lo'Cre the dcCl•Hrg factor 
1n dc~q;:n 1 n¡ or p\l'"ChJSL:o¡;,;, real t1r.e systt"m, but must be tuen ~os: p1.:: of ere •ho!e In C:a'ld~slon~ 
ont> hopL~ that t..oth dc.:..tt:,n.:-r a.nd users w~1l go be)ond th•_ tiJdltlc-.ll o.rd p..1rry:::hLal eYaluatlon ot a 
potenCial S)Sler:t, JOlnlnt- ~e lila plea fo: Sdnlty 1n thcsc t~ho :or•.t..lH ;:h!! spr;:_5, !.nose w-ho b'Tltt: 
the spcc~. tnosc ~ooho rcaJ ti e specs, ard thosf' who analy:e the spco 1n tcrrns o:: thc rcquuer..cnts o( 

the ~rr.1ll ~~.!.2 

~~ 

H1nutcs o( Th1rd "orbhor on Standard1:at1on of lnduHrtal Lnnguages, Part 1, Purdue Un1vers1ty. 
Harch Z·6, 1970 

2. B.! SIC Control 5)Stc-: o fercncc Manual, Hcwlett-PackarJ. Febt"\..ary l9bS 
3 Ocnn 111 ~, P .. J , 'íne- totouJn& Set Modcl íor Program Buhav1or," (OI"JT'Unlcat:lons AC"', Vol 11, No s. 

p l23·lH, l-l.ly 19oo. 

16 

1 

\ 

) 

A rev1ew of hardware and software ... 

Comparative Criteria for Minicomp~Jters 

J. J .. RliTU~II. ri,J.rr Conlroh Co. 

M1n•computcrs come m mony vanct•eJ The outhor 
tobulotes doto for 45 mc-<1clo ovoolable fram 27 
monufocturers The roundu;:> •s not complete, but 
the m•n•comp\..oter doro presentcd here •s compre­
hens.•vc ond forms tf,e bos1s for on onalys•s of 
11pnce to performance ratiO ,. The O•Jthor propo-;es 
three cquatlons that perm•t cafculot•on of a m•m­
computer's hardware pr•ce/pe .. formonce {P,.), soh 4 

wore pnce 'performance (P.) ond overol! pr•c:e.' 
performance (P) 

LO\~ CO<;T IS Tlll" r \(1()1\ ilnt rn•~•·s '"znuu· 
rompuh r'- thL sm 11! (ctln1ulf,·n. •,o .Htr.u..tl,t· to 
mtfuo,fn ror IIH thu, ~100(J() a ~·ntrtl prf1\.('HOr 
and -t,ÓC'JG \l.ord' ( IJ..) of c11n' rrrn1or: <..Hl he 1lur­
cha'itt.l-h.u(h~.lrC' th.1r :1ppro'(lt!l1h.'s th, cnrnput­
mg: powl'f of II•C' top of tl1{' l111t r.nmpnlt n 1\,111-
ablc 15 )C~rs ago T}ns ecouom, h,,., bt ( n .1crom 
pho;;hr•c1 \\lth nH'd111m 'iC;"~Ic 111h~r1!1on (~ISI} 1ht 
\a('gf sr..tk mtq;rJ.ttOn ( L~l) tt ( l,nP~OI!"' \\ h1• h ,._ 
poh nt1J.l1)' n1o•r.• l'~)IIOJmu:t! l1.1.5= !-d fo l)L npplu d 
1n mdmtnal control 

1 lw f!nnd of nlllll~omQlltf'rc:; m lo thc m .u\..{ tpbcc 
con:uuu.' h, t.1ll':.e tlu: rnunher of ~)otcni •. ll 1.ppil·~~­
ltnn~ '" ;¡ln•u.;: hmtl~''"~ In tllt r:t•o-=e~'5 wGn~tncs, 
lhi'C..' '•11•11' '-'tH11p11f(fS are U!i<..'ci. ill IIICfl il"lfl~ 0111r1 

h< n m thr. 1ui•nr.HN\ .tnd fvr pn)t('c:;; cunln.•l as 
\o\t"Jl 3<; Ul d tti\ C'f'lfifllllfll' olhOI'S 3.iHJ dar a 3C'fi1115l­

h'ln ~" ... :trr-~ 
1 he· d: a,, mi<. n.tlurt• oi mllllt'(')nlpntr.•r kl hnolog\ 

prr,tlu"'~ o:; thc h~~~·r'it prnl1!1 m t'lllCUIIIIUL'd m a 
mtnKn•n{Hth r sur. l") Cnm¡mtrr rn,111uf IC'!,Irt·rs nf­
f<>r and fl'\1'i:l' n<"" .wd oiJ mndr 1. cnn!lnln'll\l,, 
,....., ~~ • prn~ up v. 1ri1 thr mH\lLOmpull rs could hr a 
iuJ! flnll' jOh 

11u'li. sun.q ::md 3ll,lh "'''§ of mullt.:"Onputcr hard 
":trt· ami sofr,\.trt' cu\cr\ ~) m1)(h '"' tJ,,lf are nudc 
by lhr 27 mar¡uf.H.IIIrl'rs Jr.,ll'd 1n T.1hle l D1~lllS· 
SIOfl " Jumtc•d to lh,. m.llluf.ICtlln n oF com¡mtrr 
mamframt"i, 01. \h an·n t llll..ludt•d Cotnp¡¡rc•rs s,,r~ 

•• the lll\1 1130. CDC 1700 .un! thr G~.IP \C 4020 
v..crc not r~'IC\\C'd l~·l;tuc;.c of 1lu·1r pntc 

Earh o( lhc 45 OlllliCOmpukr morlels m Tohlc 11 
costs ahoht $2.5 OC(l or ll·c;s, m afl cao:;rs. thr pnce 
includcs a •stand..~hl"' pri.X'C'.'.>smg umt, at lt .. 1st 4,090 

"ord!l o( cort" nu m•Jn znrJ so•nl'tlmt''§ a ¡,}, h ¡1-f'· 

\4-rtter T .. hle" 111 and [\' ror.L1•n d1i 1011 t!u 1:1\f 
1}1)0, hui onh su rlw cak-uf.trtd pnt••/pcrÍ•HniP<\t 
rartrr.. for nHIIIC'~'Jm 1Hit( ro:¡; t"uld 1)1.~ t nmp 1r1 ti n tlh 

thc FdtlO\ for a "'lng tc.~n~rulrr 

The «ntr.I! procec;~~¡ur\ joh 

Tlu~ C:t"~ll~llt prt~•TI~~ n .... i "lud\,to~ ('ll!'ll"'ll Cl't 1 

~ (, ,l!tLrl'~ ~Pll {rJll 1\ r,•¡~ ""'!11• 1'·1 ,~ ¡11 ~ ~~. pr•,:¡ 

ltlll' liH111111°lrtt! !n l1J!:I;¡ll'd r IJJI1 1 f¡,: !• :;, 

CdiiV' dt~o.~~rn fl,\111' l)fi-. [1111'~ b• lo"!(', 11\• h '' rl! 

be bf'rt• r 'ompn· ~ :~~ ..... , h •. ~ 1\lt'l :~ r :'•· ~ 
undcr\f •ncl tllt' 111111! r u-tun n Jl'!ll'lliiiC: \n ·u'· ,~1 

ardllll'(lllrt .. 1<; ll•lt ;pt ~!':J.,.d lcl ! 11 \ Hll~: -Jlt :1, 

t~cture \1nc;: \\l:h dw z;•;l11lli10II -\ h¡ 'l:d "-!­

tern confi~ur:HlrJ liS sl.m ... n t'', Í't-..!1'!1' l 
A CCIIIrJ.: pr.lt'('\SIIlg urr¡t íC t't ~ ('""¡¡,t,, l'i t>·~ 

Clfl\ilt'í to mt._rprd a.nd ~\t"C"ttt'' lrl~tna)Joln\ 1, ' 

CP!p rt ;!o.n:o:;; .. :lC fnlb,~ lP~ f"ndr-·"' 
o Kt•'p~í: :re~~:.. of tltt_ 'H'-.<T..J(~J(Jol },,.,r.,;: ,. '1¡• rJ 

m 1. "nms.:::rrtrn tlJlHH• r 
• fetchn 1n'itrw lfiHl'i frrJm nwrr1 'i) anJ l'1•t'i"­

pret'> or dt coJr¡¡; tht S(' 1ntotn1<. t,(J\1<; 

~ E't1'culcs the lmlruc_-tlonc; \\ 1tL tfw (1}\"f, ~}".r"!­
IIIS anrhn11 tlt lo,:,c te .. t. ;J.f'tt sl.,ft ll:Hth~..:•\' w ,t'; 

Q Dlf('lf<i tht· 1 O h~rd\ldrr v.hC'n 1, O ¡n~t711C'· 
tmnc;. art..· rnunmtned in the progr.un 

The \Pl1 ma' contJ.rn re-~.c;.h rs ror tmn,11d tl1n11. 

ack!rc'!iS mOIJ,fic.ttiOn, or otht>r puq};J"l"i, j_)lll~ t•rq¡¡-. 

dt tcllm~ l.lfUIIts to catch \:rrtam h.1rd\\ 1r1· (,¡J .. 
urcs Oin10ush.·, thl CPU h.ts a d1nd dTct( 011 trw 
spccd \\Hh 'Ahzch any progrJzn C'lll be cx,·~,.·l•tcc.l 
and d( ll'mliiiC"S how t'a.Sl1) a cornputcr can be 

~> 

Re~rmted ... 1'" r-"rro!SIIOn rwm /ntrn.ur, Ttchn~ 'OI 17, rr 67-.e!. ().: 1970 
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Toblo 1: Minicomputcr mokers 

Bus•"t'IS l~forl'n.JI·O" TrchnoloiJt 1"1( 

~ Stro~lhmo e RQJ 1 

1\o~• ... lt Pt'•n 01760 

Co~ngolt"' Sv\•emc In<: 
PO ~o· 366 
Ru1gef•e•d Con"' 06877 

Corruurer Auromar•on tnc. 
89~ \\ 16rh Srrect 
Ne..,.,gort Seo~ch, Cal•l 92660 

011• Grnerat Corpo•at•on 
~oult 9 

Sour~';toro M•ss 01772 
. - - . .:'--

Dato~ ftchl"'('llo-.v lnc 
•oso 1: Me,..,o ... \•rc;re 
P••o o\tto C•'·' 94J03 

C'aram.n• co~puurr Svstems 
Bo, l10 
B•u so .. og ro .. , 79720 

D•g•tal EQu•gmenl Corporahon 
14b •.· ..... S'•«:rt 

Mayn.Jrd ''an O 1 7 54 

Elecuon•C AssocraU!I lnc 
1 8 1 l\4onmcuth p,,., t-twy 

Wnr long B•anc:h N J 07784 

Generlll Autornar.on tnc 
706 VV ll:atella 
Orang~ Caltl 92668 

GRI Computer Corpor¡lron 
76 Ho>Ae Slreet 
Ne .... r•m Mus 02166 

Hl!!..,.ren Pac:llard Company 
150 t Pa~e M•ll Aoad 
P111to Allo Cahf 94304 

Honeyv.ell, lnc 
Comp.~ter Con1rol D•'II•S'on 
Otd Connect•cut Path 
froJM•"'Qholt1\ Mo~H O 1101 

lnf')rrnat•On Technologt lnc: 
164 \\otre Rold 
Sunrtv'lll.le Cal1f 94086 

lnterdJI• lnc 
2 Crucent Place 
Oce.•npor1 N J 0715 7 

BIT 

CSI 

CAl 

Q(l 

DT 

OC$ 

DEC 

fAI 

()Al 

GRI 

HP 

HON 

ITI 

INT 

Almo•t all mmko'Tl¡m!rr. n,-- ,-.:o'nv 3 p.1rallrl 
lntt'm.1l prON"'Ii\nr slmchtrt" E.·:: "t:"mr (onn o( 
m•ld•fi~"d stn,.;l,. :tc1drrc;" m:s~.,·~:--, word Form:1.t, 
ho\\t\f"T, th,.rt:" n rttrrmr \~n;:.~-:'1 t., the numbe¡ 
or d¡ffNent ;uld'"CfO\ mocltfica•,:·z .o.-_! m lhc rcJ.l• 
b\e .. po\'ocr· of mdt\'tdual h...r:..~o"J:e mstruchons 
for S" en machanrs. 

78 

IJIA Svsr .. ms lnc 
ll2 Si!!cllrod A"e ~ 
Wal!hlm M,tss 01154 

loc.llhtoed [1.-cttornn, lnc 
Data Produt:IS O•wiSIOn 

, 6201 E Aandolph Street 
Los Angi!IU Cal,f 90022 

M•cro Systems., lnc 
644 E Youny Streot 
Santa Ana Caht 92705 

Motcrolo~ lnc .,~ - ---
Bo• 5409 
Phoenu '"''~ 85010 

Phdco Ford 1nc 
l9l9 Fab•an W"Y 
PAlo Alto Celof 94303 

Raytheo, CompoJter 
2100 S Fau .... oew Slreel 
Sama Ana Calll 92104 

Aedcor Corporal•on--
7 800 Oect~ng Av o 
PO Bo• 1031 
Canoga Park, Cahf 91304 

Scren11frc Conuol Corporaltc.n 
801. 96 
Carrollton, Te.as 75006 

Svatem Engrnoenng laboratorres. lnc 
8011 9148 
Fort Laudrrdo~re, Flortda 333 1 O 

ferngo Cornpuler lnc 
340 W Collonos Av:e 
Orang'J Cahf 9266 7 

Var•an O ita Molchmes, lnC 
2722 M•chelson Orn.e 
lrv•ne Callf 92664 

West•nghoute Electnc (Of'por81ro, 
Computtr and lnstrumrl'tt•hon Ow 
1200 Wul Colomal Ouve 
Orlando. Fle 32804 

X ero• Dala Systems 
701 S Av•111on Blvd 
El Segundo Cal•f 90245 

IRA 

Lfl 

Al SI 

"PFI 

RAY 

AC 

scc 

SEL 

TlM 

VOM 

WES 

xos 

A rom¡mter·s \\Ord-From ;m rC"nnomic 'if.1mlpomt, 
the cnmpuh'r m=tnuh.truu r drc1tfr, on a ,t,lntbrd 
\\OTd lrnhrh (or lr1~ C'OIO¡llll•'f C'On'Ol'C']Ut'ntl). :.}mod 
all small cnrnputers ha>r a fott·d ""'" lrn~th 3nd 
tlliS '' tn•c nr nJtl\t compuh f\ 111 tht\ artl~ Ir 

Thc compuh·r word v. tll n·pr€.'•a nt botll m· 
struchons and data. Thc dctrnmnang \\Ord-lcnglh 

lnstrumenlation Technology 

Fl¡:ur~ l A mlnlt omJmtL., maw lool !'1714n t~nd llmpt,., 
bl.t UJ art"hllrtturc ñzn t:an¡ ~on.nd• ra!J/11 Thr cvnfigura­
Hnn o/ ~he CPU and 11t.e du: o/ lht~ mcmorll or mernorrcl, 
., d~r"nincd hr¡ ehr appru:atMn. 

fartor for data reprcsrntatioo is mually thc anth· 
mchc prrcuron necdcd h) thc apphcauon, but 
othcr lactors dctcnmne thc word lcngth necdcd 
for tlac" mstnactums 

1 he rmtruchon rs usually dJV!drd lnto 6clds, Frg· 
ure 2. "ho,r 517r u dctrmuned by thesc factors 

• Adrlrn• &dd-srze based on thc maximum 
aclrlr.·"" to he• rdc n n('('tl d~red1y in an mstruction 

• Adrlrt'\<·modc fi< l<l-sl1c hascd on thc numbcr 
o1 drlf<·rcnt addn « nandof.cat10n ami spedal ad­
dn·\Siflg h dmu¡u1·s (o¡,ucl• as &nd• xmg) 

• O¡l<"r.ltoon-codc fidd-Sill' ha•cd on the oum­
brr of dalfc.•rcnt l,,,,.,c h.trll\\3r(" mc;trul1JOns 
lllmt manirornputc" haH• a lf~bat wonl l<·n¡;th 
avaalahlc to pro\1de the cap.1lnht) to indrrcc!ly 
addrr•ss a m.L,IIIIUIIl 65K o( <1nc mrmory. 1 he 
lar¡:cst arlrln·ss that &rs into tire compu!rr \\ord 
grn•·rally ddummes thr largc<t corc confo¡:rrrabon 
off, rl'd For o particular miiHL"'mputl'r. Thl'rdorc. 
word lrn¡:th IS dan ctly proportaonal to thc "ex· 
parul.1halr!). of thc corn¡rnkr. E•prrknce shows 
that !he 16-hat \\ard as usually ol sufficicut lcngth 
to handlc thc ha 'le sin¡:lc·\\ ord lirld• mr uhourd 
Pfl"\1011\ly. Conaputers ,.,t], a slrorkr \\ord length 
(8 or 12 b•!s) pay a prcmnrm rn tlrat many doublc· 
"orcl ln\tnRIIous may be lll'r(lrd 

For mo't proccss applrcahons, tlac 16-bat word 
(15 data b•ts + sa¡;n) pro\1d,·s o prcci.,on that rs 
acceptahlr Thr acccpt•lulr!) ol shortrr lrng!hs is 
qul"stlouahlc, bt'C'.1USC 1t "ould be n('Ct.'Ss.uy in 
Dlan)' cases lo resort to doub1c pll'CISJon anlhm('tJC 
on the S- and 12-b•t computen. On thc othcr hand, 

··-

-· - ·-'--

a ~' unl lt n~tl1 J:n•,,trr th 111 JO t~ih l'i a v. :nfc _ 
or OltJIII') for OlfJ\t J'roCl'\\ applu .11i"lU\ 

Sonu~ ,,,,uput.·r"' lt.t\1~ an 1~ lnt \\''''''' ,,;:1h. l,ut 
u~11.1ll~ tlw,;,. tnmpulr·r,; are Jf'; lut n,,cJ,rr,r,;--\\ltla 
2. lnl'i for r1hJ~ hlr •¡nnl~ d••,L~~r,.:'" ilrul'or 
·m, mnry l'rt'h"c: t • 11ar nrod ""''1 1-m:th \l7(' as 
gt'R<'raU) ~ 1 hih, a Sl7e thot U\WII)• JIIICC' !he 
sm.J.JI rom¡n•h•r out of thc ·mmiro;n¡ultcr m~rJc,.r.· 

Kinds or adrlrr.,in¡:-As m• ulrnr,.,J airo• c. tire 
kuad nf ;ultln·""i mrhhfit".lhnu t•mp:n~•'tl ti• t•·rmwrs 
the "'" nf tlrr a.ldr<·" mode fi,Jd rn thc 1m!nrc!ron 
\\ord. Titt" :u1tlrrss ntt)(lrfilo~ti'JIIS tl\ually cu1¡l~tl) cd 
Úl mini<:'OIIIIIIIII'I"\ 3f('~ 

• Rrlatl\r oddn·«in¡:-Thc a•ld""'' f,.t.f nr rlrc 
~- instmchon is :u.ldl'd to cJdwr tlll' pmgram-lotilh'm 

ft'¡;r<trr (llooting pa¡:e coocrp!) or a p•:.:~ n•¡;alrr 
(6xl'd po¡:,• cone<·pt) lo arme at tloc cU<-..11\C a<l· 
dreu 
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• (nd•n·cl adrlfl•>~in¡;-11~r ad.!rr" G•ltl or ll•e 
iJL,tnl<t&on hnlds a •pomtlr'" to thr lfl('ahr•n dtal 
C"Out.uns tttr atldrr:"" ol thc oprr mrl. chh ¡.,. L-no"ll 
a• "srn¡:lr-lt'H'I" &ll<lrra·ct addre\<in~ lf llrc rmla. 
enh•d lotalmn doc.·"n t lOIII.un 1111" o¡x r.totl arlrlw" 
but dat•s cont:un anothC"r pnint<-r thr"n ·multllt'"d• 
indwrtct aclclr<'"smg 1.; 111 111110('. lndm·d :a•Mn·s,rng 
ufi117CS onc <'Xtra rnrmof} (}ele.' prr lnd o( an. 
dm~·ctun.; 

• lmlt'xrd :tdtln·"~mg-Thr contcnh of an inrlr·x 
ft'gistt•r (unpl('mc·nh c.l :u f'lth(•r a Rrp Anp r .. ,._;,,h·r 
or as a \\ord of corr mt·nwry) are :l':Mt·d lo tite 
addrr" field to arme at thc ,.¡r, • .,,.c •tl<irc« 11 a 
core mrmoT) Jocahon as ust·d for th~ indt'1 rl'bl,llf, 

Bascc tn,rnx:f•O't ·~~ 

Operofton ~dre.u 

col!e mode ·~"' 

/ ~' 
X wcl .. r I wc:~o~e .Rwch.:l! 

O ro 1 o 1 o 1 

Idenftfr o.rect Indtrttl A)J."~It Re:arne 
tndet re~'srer 

(0 for no •ndt•l a:j::Jrns gj.jrcu e1rtu -=~e u 

F•rurr 2 l'f1!ar7¡¡, a be~~" lnr1n.r1t,Pl k:t rlo.ru •pe.!, .. 
FPr a J5.(•at u~J. the 11ddttn mNf•'• ·StJEJ¡'i.. '3 carJ. hr.t,.. 
3 to S bll1, rhrn to 11 lo 1 J b111 ore aL.::;uc!tlt- lar rh~ 
othn two "ficld.." 

Ir 

r 
1 
1 
1 

t 
i 

\ 
1 
' i 
t 

! 
t 
r' 
1 
t 
¡ 

1 
i 
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Tabfe IIA: Hardworo data tor minlcompulcn 

Monufacturer BIT CSI 

Modal Numbar BIT 483 CSI·IB 

CPU ftt<ltures 
Varrable 16 lnstruct•~H• v.rorct lr-nQtr-.{al 

1 3 Ac~:umul.1:ors 
18 11 Hara .... cJ P re'l•st•rs 

fr.je., rr¡¡; r,rrn o 1 Hardware 

B•rs tor Or"t''atron corle Var•able 4 
8•15 '"''d.! 1•t'ss modes VarH~bte 2 
Ad;1r r ~ s m~,¡,! • s 2 3 
B•ts t~r a,1d•C'iS 9 10 
\\orJ~ t'• , ,! jl ~ 'f':S.!.,,J .. 512 1K 
VwOI'<''io r"'d•rt•C!Iy ,,.:Jre'-!.~Oie S 12 32K 
lnd•recl lf't¡j•ess•ng lle...elsl Srngle S•ngle 

lnstruct•on Sf'ts 
4 2 Store ,,.,_e llu!l .,.ord1 1oS'!'C 

,D.d\1 r.me 'fult Ylot...•d' ,_ S!!C Varrable 2 
Fu.cd C'l'•"'~l ,..Jrch-.ilrC X - No Standard 
FI~Jar.nu r•>•nl ,,_,,,.,.._.le:...,+ l'<o Slandatd 
Fta!'d P.l•"l I"Jit1ho1'e X t,... e • sec B 8 
F·u~1 pc:>-"1 h,1 ~ ..... ~·e •l•l"'ll! ,. sec 90 
F•lliP'd P•''~': snttw.!re X ,,,.,..e • sec I'<IA 
Foa~d p.:>•rlt 'IO!'wBr~-1•""-e • sec t./A 

Memorv 
1 o 1 o ,_,•er-oor o C'r-:1~ r.rne ,. sec 

8 (mulhglesl 16 Wtr'TIOI"f ~t~oorc1 'rngth tts 
M•nonlum t'Y1rmor'Y s•ze- vwOHJS 1~ 1K 
ft.h:mt:•'r •nc••:me"t $•lr wgr-js 4~ 4K 
l\.1a~·., .. "'" m~.-.c·ry s•ze wo•;ts 65K 34'1( 
Pd th CttP:Io..• ''.1 ~o No 

Mrmor., crc.·~o:t No Opt•onal 

M15cellan(>('US 
Slandctrd Sta.,dard PC\"t•r 1, ···~ ~·ro f""l Oot•onal No Au'•,tT•<H e ··~tl't 
ÜPI•Onal Opl•onal ReJ• ,., .. e< •ocio. 

Sy'ltem cosr ter u . 4,C,: r-e..,..-:-rvl S7.660 t~o 1so1
" 

an add 1t 1onal mf"mon ("\ele IS n~C'(h·d for cach m­
drxed mdnrt t¡on H11t rf a srp.tratt. flrp flnp n·grs­
ter 15 u~ed t11t rt. \" ,¡¡ he no nohcablc slowdo\" n m 
instnsct10n f''t('CUtlun fl'lH' 

lf all of thc abo' P fo:m< of addre« mod,ficatlon 
ore :J.\ai],,IJie m a n1mJcD.n 11uter, the ordu of cxe­
cuhon to t.alualatr thc "efJ._dl'e addrf'so;: .. t'ii gcn­

erall¡ 
1 Derelatni7C the adore>< s~ld 
2 Fct<h the md¡r.-ct addreB (repeot for mult•· 

l.-el) 
3 Perform the sper¡f,ed tndrlwg 

A lrs~ frt'qnt 'tth app1.ed a'tematt\C" to ~he ab .. o\e 
·post-mdf''ll1!( scht m(' a mlt_~ of ·prC" mdexmg In 
tJut; lattt r m~·thod the T"'t 1f.rd rmlrxmg: ,''i ¡x'T~ 
fonnnl pnor to (t"tcbm~ ot thf" 111d•rt·ct adur("SS 

Com:J•tten "hu.h cio no~ haH' thc rd.Itt\C ad­
dn·ssm~ ca1,,,)Hitt\ :~.re ! 1.rh common and thJ\ 1s 
not an unport.lllt hm1t;1t•.on rf thc.~ .lpplll.lhon lJn 
be h.1mlkd \\lth an '"'al\ C'Ort•"" computer lltnu'\t.'r, 
la.cL.. of rdatl\C ad~lrtHIII; n,lt_·s out thC" ¡>Os,,hrl1ty 
oí 1mplcmr n1mg a cor.-bulk m••lt1programrmng 
S))trm \\tth d)n:lntiC corc .. lloc:rhun. program'l for 
such a ntJ.dunt• are not rt'kl(.,atahle m ('Ore 

F1gurc 2 11lu<tr.;tes the numbrr of b1ts nr< drd 
1n ea e-h anstruthon Yt ord for thc abo\ e adttrc~s 
modúicat10n schrmrs S"bfit"!Js 1n thc addr<ss 

CJII 'C.i\1 DG OG 

POC 208 roe 2 1 a WlvA SurEn NOVA 

B' 16 16 16 1~ 1 2 4 
8 6 S 5 
o 1 ~arct""•''' 2 Hird,..,ue 2 .,..,dware 

16 ~h.·mo,., 16 Momorv 
~/A ~/A ... A ~lA . 
~/A ~/A ~ A ~/A 

4 8 4 4 
9 10 10 10 

S 12 IK u 1K 
16K 32• 32K 32K 

Mulltple Mult•!''' Mulr•ple MulhDIO 

8 S 33 S S 1 6 
8 S 33 S 9 • o 8 

No No ~o O~t~onal 
~o ~o No 

3 8 
6 1 

370 SS 340 68 
630 95 480 96 

2 67 2 67 2 6 08 
8 16 16 16 

4K 4K 4~ 4K 
4K 4K 4K 4K 

16K 32K 32K 32K 
No No No ~o 

Ophonal Oct•on¡l No Oct•onal 

0DIIonal Ooi'ona' Stand,ud Sland.trd 
Oot•onal Qpt ()na! S1an::tard Standa•d 
Opllonal Opto anal Standard Slandard 

15.990 S 7 990 S7 950 S11 700 

mode fi('lcl an.· sntrrprctl'd as 1.hown in Tnblr 11 
The rclclliH'. wJHl'tf, and wde"tt•d 3ddrr~lli mmhfi~ 
C&lliOIIS tan he unplrmrn~rú 1n :J tp 5 IHt.s {Üt'P('••d­
ing on th(• numll(_r uf ¡ndL·'l n_;¡.,!tr" tf on1} nl hat 
n uc;eÜ for lht. " firlcl o¡¡l,n\' 11 111 Fl)!\lrt' ... ~h(' 
computn c<ln h~' r nnh. unt mdt x r<"gt'iitrr \\ tth 
3 h.t' thL·n 'il'\t'Jl 1ndf-. r• ~~~~.tt r' 1.an he ldt•ntlfit"tl. 

wh1~:-h for a ''n1.H t111nputr-r 111 a pnK't 'i'i npph?· 
bon \\ 111 us11 di) ~u o\ u-t~ ~~.uriit u nt flt''\tluht} 

From 11 fn 13 lHtlli of a ¡r, htt ''e ni "11l be 
avarlahle to nt\n¡mnr)t!ltr both tÍH op<'r.ltiOII·C1'dc 
6eld ond th· a<ldl< •• r .. lcl 1 hi< ma\ lo"~ 1.~. fJr 
too fe" iut'i to hu u lit· bo~h of thcc;e fif'hh lul\\­
e,cr, computl'r clt)l~•t rs oíh·n .. how nwlh m­
gc·nurtv Out• rm. k TI dm-·t 'i th{' '1.\l'f' or thc oprnt• 
t10n-rode fit Id h\' grou¡HnC. tln· lll'itructums mto h\{) 
d.lo:;s{'lli thoco" thJ.t rt ferrnc-t' mrmor) nnd !hose 
that cb not lm.trad of :J\"'~mn~ a tum¡ur numhe-r 
m thc oprr;"tt 1ou-C"'NI( Fdd for ("ildl Jn'itnu;tiOn, 
ouly thoo;;c.· th.•t rt Ft·rt nc-e tht· Olt mol) are g1\ rn a 

unu1uc· rodc. 

l. 

ln'iitmconus that du not rt"ft n un- mt"mor) ha\C 
no 1wt·d for a ml'mOT) dll<ln·"~ aml ran hr ns­
SI~IH.•d Ollt..' o¡xr.at!Oil C'0<1t• num1H•r TI1r addrt''iiS 
fit·ld t}u·n codt e; the t;pt clfic lllllitniChOin nc. cau'iC (• 
most m'itructiOIIIIi ar<' nnnm•·moT) rdt·rrnu:• t) pt.'~. 
thc s.~v 1 ugs m thr s11r of tht' o 1,crdtiOn-coJc firld 

80 lnttrvmantation Technolo¡¡y 

or c~s OEC OEC 

or 160:l C.lt'!l .. :¡ ... t6 FOr 811 rr1P en. 

81 16 16 12/24 11í24 
1 1 1 1 
8 6 NIA '<'A 
o. 1 H.,d .... art 8 Mcrnory 8 Mcmory 

4 5 3 3 
2 3 1 1 
2 8 2 2 
8 8 811$ e. 1J 

S12 1~6 2S6 2~6 
16K 32• 31K 8K 
Mulllplt Mulfrpllt S•ngle S•-,gle 

24 2 3 3 2 
24 2 3 3 2 
No Standard Oohonal No 
No ~o No No 

7 ~/A 
9 NIA 

1 200 360 360 
1.SOO 460 460 

80 1 o 1 5 t 8 
8 16 12 12 

4K •• 4. 4K 
4K 4K 4K 4K 
16K 32K 32K 8K 
No Oot•onal Oot•ona• 0Pt•onal 
Opt•onal Stand•td S1cmdard StancJard 

8C'"IOI'Ial Slando3fd Oot•onal Optoonal 
0\101\,ll Standard Oot•onal Op~oonal 

Op1oonal Qp11onal Oplional Qghonal 

86 600 S14 900 012.800 $8 500 

h d..-;trnat¡c thr fiC"ld c-an oftC'n be rcducrd to 4 h1ts 
H onl} 4 h1ts nr(' aHti:JH'd to thc opc-r<ll1Un-ctx1c 

6dd. 7 to 9 b1ts rrm01n for the address field As­
sumt> th.1t onl\ lhrt:c mdrx regtstNs are spcufie-d 
-ltmlfllll! rh· \17C or the X flrld to 2 b•ts;, therrfore, 
th<· addre« 5eld "1ll be <r1 at S b1ts "h•ch can 
oddr< 1 'i vnh z.;r, \\ onh d1r,•cth Tht· addr<'.'iS moda­
f.c-:tt¡nn sup;tlt("d \l afl usunll) ha\e ('OmJgh flex.1 
bdH) to--oH·rcome th1s lmutatwn 

Progrnm eucution-11lc CPU ha~ a s¡gnrl-ic:tnt 
efi("(·t on tne Sp'!('d or profram e;~Cf'CIII!\111 Mtm 
romputt·n \\,'h shorrcr \\ort..l :rngtho¡ ("l or 12 h1t;;) 
mu"it rrh extrt.col' rh on doubJe-\\on.l mo;trudton.>, 
an e xtrd \~ orr! of merno~ and onc rxtr.t ln("mOI"} 

rcad·\Hilt• qde for cach doubk-"ord wo;,tmctiOn 
th.at 1s. u.rcuh·d 1n a program E\("ll thour,h the 
muucompu!rr that uses a shortcr \\Ord 1c-ngth nught 
haH a mcmnn. rrad v.ntc C)clc hmc \\luc-h 1s 

lash r thau tl1c lllnc for a corrt·spom.lmg lG h1t ma~ 
chmr, pro¡:ram rxrrut10n "-111 prohahl¡ he f••1rr m 
thc 16·b11 mad,•uc beca use 1t "11l cxrcutr fe" cr 
mrmon rr.u.l "ntc c¡drs for a g.-rn prog1.1m 
Th,• CPU m tl.r rompull'r "11h thc shorh r "ord 
lrn¡:th mu•t "ork l10rdcr to gP! thc same ¡oh done 

A trcnd to" ard thc utohzat1o.1 of mult1plc, ¡:<"n­
eral purpos.e n:g¡sten u opp.uent. 1 h("SC r("gl"tcrs 

.,-.-.. - ~..--
-.--...... ..._..~-~--.- -~ •-;;. '\"';·-·~:- -

81 

DfC 

ru"' 9, l 

18 
1 Sod. 1 Dpl 
N•A 

_. 

1 Mcrrnory 

4 
1 
2 Not•• ond nmbore 

13 
4K X/ ... m,:• p.,-/d 11-dt 
16K )C ,..,_,, rl• 
Stnglo + ""o. ~/A root •·• •=- • 

1 1024 .... 0•:::11 •• ,-.... ~ ~~' ""-"~·t 3 
3 

Qphon.aol 
No 

1 16 $ So''l'lol't a.~; •! e: •·· • =•"•' 
18 2 ,,.., .. ! •• ~:,:. )) lt. ~; .... • .. 
421 1 1-o· ,., t• t:: •" 
$28 S"'.C.)'O-~- .. -

G '":' .. Jtl ;~~ ... :•:1 o' D"C'·~ 

' 
, .. e .. ~ .. $1: ""': .... e• A,:.,, 

1 $ "'':)"''"' , •o· 11 C' 1-4 1 1 
18 3 ,.,,,.. ,....., .... E'-: e~ • ""C'.!I9 A') q ) ) 
4K o., • ,,, P :,; ·e o .. , .... :~· _'.'"', \~ •• 1\'c: • •.J tt :::~ .~ 

16K modo ,,.. O••a'"(I:O Ao•o· •~;~ r.~ o 1 

OPI•onal 
Qphonal 

Qpt•on.al 
Qploonal 
Qgloon.,sl 

, 19 900 

m thf' CPU c.1.n h<' u"u.l as ac.-c11mulators, :anth­
metJc ("Xlt·m•ons (ro r·ndt• 1,h d1\11'""· ('te.·) ;'!Ud 111 
d("X rcg¡,tero¡ to grt•atl\ d1 \ rt·acol' thr ("JITt uhou tmw 
rec¡uarerl for a gl\fh prn~r.un h} ntlucun; thc 
numhcr o( rdrr{'IH..'l'S n .1dr..• to n~t:mof) (~~u h :t~ 
load and store) tlm mnO\iltiOn ~~ a ddi111tt· plus 
m the ~' c~.luatwn of a nt'\\ romputcr's fraturf''i 

AnothC'r f('aturc cub cos.U onrl mcrt•ascs RI'XI­
blhty, man) ncw nHnlcomputPrs ha'e a ""mtcro-­
programmrng .. CJ.p..1hdJt) A m•cmpro~<lm l'i "'tilc 
S('qucnc- .. of e" J .. ,1rntar.. ste"ps "htcl--r pt·muh, t},c 
computn harG,,a.rt .. to C3rr} out a coruputcr 1 ,~ 
strtlltiOn - Thl o;.- e elcmrntan st<'ps are t"~!lrd r.t .... ,, 

ln'ilnJlttCIO, 
Sume rnmrcomputcrs prondf' a mmmn1m sC't of 

mlcrulllqructlons and allo\' thr actuJI m:\dunc 
arch1tecture to be clt 'ciop('d fro;n th1s haco•c .sct 
Tlus opproarh rould b,· of grcat b< nrfil for an 
OE.~f m lhat rt re!tult" m a \Cl) mf'lp< O'iiH' rrnln­
frome, hut 1t's probably of httlc \aliJe to o rom· 
p.1n) th;"t: must applv mmu::omputrrs to 111dmtnal 
control probl< ms Thc dra\1 bads for onc of a·lmd 
appl1cat10il'i are 

0 Extra pro¡:r.1mmm~ dTort to drfinc and rmplc­
mt•nt thc m:rcromslruchons from S(>q'ucncrs of 
m¡c-m¡no;truct•ons 

• lnhrrent loS< of romputrr s¡x-cd 'f{s~a11y 2 IJ 



-. -.. - .. --- ·- ·------· 
Tol>lo 111: Hardware -ilolo for minicompulcn 

Man~o~lac1ur"'' 

r~P-11 20 FOP 15 10 

(PV , .. ,'u''"' 
11"-:. ~J·J :rroi~Jl"fl) 
,.~ ..... ~~ .J'• ; 

t11 ,...,,. e''"~ ,1erJ 
,,.. • ~, J ... ~ ' 

16 
6 
8 
6 

18 
1SI~.10pl 

N A 
1 HartJw,are 
8 MemOty 

8 h f l~ O;t,. J'•l'"\ CC'1G 
8·1~ ft)r ,1J.!• ~~; ..,.::'1'"1 
Aofl't'U -.t !,.~ 

8 ·~ '·' ~. •'(.¡ 
\\1 .... .! ... ·! .. r.! : .... ,,.,t,re 
\\o ,¡ ... "! •:>'O.t~lf 
,,....., rco .. • ... • -;,.., lrveHo' 

ln'Strui'I•OII '~t· s .. ., oe 1 ., 'J •~o·' ..,,Jrj' asee 
,lCJ' -.- '' 1 -'::1 :• •I'!:'C: 
J ... , ; .. _ ~ ..... , 1 f" \ ... 

Flc l • ~ ... .,, ' lo'. 1 f' Y'-
J •t! .. ~:- • ,., '\J ·" ,,,. ~ ,.sec 
f.,,•'r-•••·:ho 'yo.~f•'-''""'- tJ58C 
J , •• 1 r. :os· .. , .. "' • ..,e ,. •ec 
1··~·' •"" .. ~~o:''·"' ~·11! ... ,,,"· .. sec 
,.,.,,.,nry 
n.·.. ,., .. t.lf' 1'"''" "set 
\'r• o o '1' ~ 1 ,'t'l lo ' ,. , -.. .. .. ., . :,. ........ ,. 
'.'• '"":. • • • ,.,. ... ,,., ) ·~ 'f\ l 1 S 

,. ,. -- "·'''f \•11! v-::."11<11 
P.tr ·~ ._ ... • e /'"'f 

~~ .. -:., r· ··-:: 

Moc,.,'l• .. •ru• 
~ •• ' ... :&>:1 
.1, , ·~ •••• ,• 
n ..... · .. ,. ~ _~. • 

4 
4 

12 
16 

32K 

Non e 

23 
2 3 
No 
>lo 

1 2 
16 
~~ 
4< 
32K 
'l. o 
r.o 

SIAI'Id.Jtd 
StoJ.,dJ•d 
0~1·0'1,)1 

4 
2 
4 

12 
4( 

32Y. 
5'"-.J'• 

1 6 
1 6 

Qphonal 

"o 7 
7 25 

200 
250 

08 
18 
AK 
4K 

131( 
Oot•onal 
0Dt•o,al 

Oot•onal 
Out•onal 
O~t•onal 

$yst,.JTt coo;t!t;PU • 41( ne1•1Jry1 StO 800121 115,600 

3 t111u ~; o¡]n,, n th.m 3 c'Jmpnti'r \\ 1th 3 fixt"d 10· 

stnu. huu n p• rln.rt• ;¡mi a C11rnparabl(• mcmory 
rr.ad-\' nh· c. H J, t111H'l 
\\ ht llll'r thl 1111t1.11 <;1\ lllf!'i 111 purcl.:l!Ol' pncl• (or 
tl•r" Lmd of m.u hu u can nfhrt t1•c add\·d pro~r.ml­
onu,: t'\Pf n<t' ,,. dt h.lt,th1t• 

Ttw pwhkrn uf t'\.llu.ttm; tlll'' mstructiOil SC'IS or 
\anou'lii t"~•tnp••l• rs 1~ \C"f"\ complt' Thr gu•at ma~ 
¡onl\ C1f m,, rnm•rnmpul< r!li ar(' hrmg pro­
~r.unnu ti 111 J. lO\• mbh l.m¡;w1~•·. so tl1•: pro~ipf'di\C 
u"' r ,Jh,ultl t.1L..c a du\• 1t'uk at thL· 111\lrtrllmn 

~t'f<;, or 111 tdllnt 11¡ tl.at drc of \p•·u,tl lllkn·~t. TIIC 
tmtnu.llflll ~~., 1~ 111 T.ablt 11 nm thc full rauJ.:t:' from 
\1 r) 'IIIIJ•lt.· fliiUtJoll'~lnrc.hrms Sl't'i to l.ugc.•, (l0\\('1· 

fullll .. fllu,llf•IIIOI..'l'ii 

1\1 " 111\t' of <o"t me"! "'"'·'11 ro nputt r" arr now 
pw).!r.unu.• d m a o,;~~¡, mhh l.wc.••·H!•'S 1 hr motH') 

!11\td ),\ IJ•!.tl.:;., llil~<h.u,l 1l.JUt lo, ,o~\11) Jo,t Ir 

all tlu 1'\lr.l P• nphl ral 1t.lhl\\ .Ut' m <'de.,¡ lo lom­
p11t· prtot•ram\ rnl\.H 11th '" a<hlul to tl•r s~ 'h m 
:\u t í.111h'IIIIC..II "'"m tlnt t'i pw~r.unm.1hlt' m a 
tut!lu r J, 'ti l.lll~li.H!\ h.l\ ) el l _, he.· 111fr01..luu·d 
A' a nawnai,Jt" ahl•matl\e to pro~rammmg m 
a\.u·mhh lang11ol}!l', pro~r<um: can hC' \\ nlll'U m :a 
C'\Unp•h ~ 1" H 1 l.ln~u.u.:e (th~..· <."l11np•1allons ar<' run 
on a J.,r~t nnc.luu"} 11ns approJ('h shm.._ s pr':'rmw 
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E Al 

E\' 640 

4 
3 
8 

9115 
512 
32K 
Mull•ple 

33 
3 3 

Standard 
No 

18 15 
18 98 

1 65 
16 

·~ OK 
32K 

No 
St.lndard 

Srafldarrt 
No 

Opl•onal 

126.500 

8116 
4 
8 

3 Hatd•are 

8 
3 ,, 

41( 
41( 

S•ngle 

42 
42 

No 
No 

N/A 
NIA 

20 
8 

AK 
~K 

16K 
OptiONI 

No 

Opttonal 
0DitOttJI 
Standard 

ss.ooo 

GAI 

SPC 10 Sys ,.- ! l.: 

18 1 32 lf2,. 16 
19 1) 
e ) 

• 5 
4 5 

11 12 
8• 16 8 15 
32< J¡, 
32< J~IC 
S•n¡le s~--. • 

2 2• 
l 2. 

No s •• -.:.,-.: 
No ... , 

di 
N/A 
N'A 

O 9G 09€ 
16 16. ~ 

"' .. .. •.. 
32< 32, ... S tr-:a--: 

No S • :•·: 

S!and t•d s-. ·-~<": 
Sfl"t(].Jr:j S·3··:.•: 
Standa•d Sta-.:v: 

SIO 000 ' 6 :: = 

ami ~hou1d hr('()nl(' mon· ro¡mhr in thr (· .... 
Mo<;f rnu111f1lltlltr-. <In 1101 olltr I!J't o~1•!r·_',\~ 
no\\, tlu rdorr,lll(' ('\alu:artnn uf htrrh' lrt" t o..•r·c· 

hon '\l'f'i 1' !iihll unpnrt;mt 
Parf~tu1..r .~ffr•l•,lft'lii: nt • (lt el m thr m~tf"IH 'l~ 

S<.·t \\111 \ill) \\tlh thc.· ,1ppl1<.ahun lf mm~ ar·":~ 
ID<' tiC (',tlc.·uJ.tfiOII~ óUI' 111 ( 1 ''·U~, .1 ft tflh\ ,lfl' fTI" •¡.. 

[1l) 'dt\ltk• pt<.\.:11.!• '"" ct~ .. u.th1t· lf t1w o~pplt~a~~-­
IS prt111Jflh loJ!I( OIH'IIh rJ tJ,, 11 ,\11 11\t al lOP ,~ :'r: 

\\Ou!tl 11.1\<' .. rrnnl: t ·'P·•'uhlu" m tluo¡ arra {" .:\.¡ 

¡¡o¡ lut m.uupul,tht•u .uul lut h''lm1!,\ 

Miu·f'll.mrcm'lii fc.ature\-lt te lffii\Oit.mt to n:·· .. 
\\ Juc lt f~ ,Jt!IU \ .trt' ~l.tmhfll :md \\ hu.h are (-;­
holl.ll 11rl' m.u111f n hllt r th.tf oHt re tl1t' lc.t't r t­
P<'U'ii\C mt111frunc u'tualh dncc uot nrft·r tl.l 1 '-tt 
t"'IWII\1\l' S)'tlt m In rral-tnnc :ll'('l•ral•nn.., !:: 
('li,,UI\ph. PO\\ 1 r r.ulurl' prof("( fiOn :lml ·' f(~J 1:· ·--! 

doc. k nrt.• lu~1,1y du.nilhh dhd J.h' "P' u:· ·J, :~: 
mn'>t ")'ltms lht~ m.unlftchtrrr ti,Jt ofit r<;, t •• ~~ 
(,•,lhtrt s no¡ 'tt.md.tnl cc¡tupmt ul 1~ usuJ.Il} :tht .,¿ 
or tlu· ~:\111(', In\ (lOl(' \\111 prohahl) be lmH'r 

Evnlu.1hnt: memoru."'i 
1 hl' m:1gm llc corl' mrmol"). mtrmf11("("d m t1'': f'=-· .­
IC):,O's, IS st11l tOtlJ.)' 's mo<ot commou, h•t:h s.:-.. ':! 

1 

(iRI HP HP HP 

909 21 I.A 2115A 21168 

16 18 16 16 y,...,bl. ' 2 2 2 
9 7 7 7 

32K MomotY o o o 

olll 4 • 4 
2 2 2 2 
4 4 4 4 

12 10 10 10 
32K 2lt 2K 2K 
32K 8K 81l 32K 
S•nyle Mulr•ole Muluple Mullrple 

3 52 4 4 32 
1 78 7 03 4 4 32 
Qphonal No Opt•Onal Opl•onal 

No No No No 
10 24 19 2 
14 26 20 8 

320 187 187 150 
600 387 387 310 

1 78 20 20 
'13 lllo 2 11 lO 

4K •• 41( e• 
4K 4K 4K 8K 
32K 6< 8K ~2K 
SldndoJrd QpltOn31 Qproonal Out•onal 
Standard No Qpt10ra1. Ophonal 

Standard Opltonal Qplo(IO.,JI Srandard 
Standard Opt•onal Qpi•On.JI 0DI•on.JI 
Opr,onal Ophott..ll OpttOI'OJI Opt•onal 

19.740 $9 950 '14 500 $24.0001 41 

r:tntlum :.n.n'lii, rr:ul·\\fth• mrmol} <11"'\tC"r All 
mnn('on'Jl'''''n 111 thi• 'liillf\ e·\' n h on tlus L.intl o( 
m• nmn For pnm U"\ dur:u,:r · · 

Cnrt• nu mnrw'lii r:tl•t:•· 111 ~1/(' From a fl''' humlr<'d 
tn \1'\f r 1f null•••n l•1h \\tlh l)c.l<' hmrs frmn nhout 
O) In 111 J"' e Tloc ollnlmto·• that mod<• !loe ma¡::­
nf tic ("Ofl• m• lllflf) m popu1.tr arr rt:asnnahl)· brgc 
C"ar:t(th·. lu~h 'tprt•d :tnd :1<."1'<'Pt:thlc ro10t, 

Tnhle 11 pro\ulc~ c"Omp;¡rati\<' i~iip<"nfication'ii cm 
thr me rnnn. tnnc.l•tfrs \\ llh rrfL·n·uct• to thC' dcfim­
liun• that fnllow Thc ".--ele time" rrfcrrc<l lo 
al'fl',.. r'lii tht· mt"mnry f(':ul-\\ nte (1·clr llm<' in 
utlu r "nnh. tlw hm1· n·q111rrcl tn tran"'fL·r on(' \\ onl 
nf hman •l•t 1 frum f'HrP mrmon· tn tll(.' r.ru. and 
tn fllliiC'' tlw \Unr \\ord in ("'~C •M,·mun \\orc1 
lt•n,;::th"" ¡,. thr 1111ml•t r of hth :IC('C",'tl'fl .in Onf" 
mt mon C'\ dr tht" lt•rm Íllii 11'malh 'lii\ 11011\ mnullii 
\\al la tlu· ""fj,, ,J "nnl lt-11c.th .. clt·'tc. nhc·d m tld:ttl 
rarJu•r llu• .. llll morv 'lll' .. 1~ gn 1'0 ól'lii numhf"r of 
\\Onh c·nn\l'fiiU 11th, "nwmnn. "'''' .. 11111\l J ... mulll­
rlu"<l In llH' ·,IH IIJOT'\ \\orJ ,, nt:th• tu oJ,tam thc 
fof:llnmnJu f o( h1l'\ C.fl'flf.llllf cJ 111 thC' ffiC"IllOr)". nu~ 
l.ltl1·r li~urr h un¡mrt:lllt h("('au't" al tmh• rrprc· 
srnh thr \tora~c- cap.•c•!)"" of a J!l\ en maC"hin<' 

Mo¡:nchc rores r:m~m¡: frorn !00 lo 10 nnh 
(thou'i.tntllh3: of an mch) in da:unC'tcr h.t ... c bct"n 

'IION wo•- '" tNf 

H 316 O[JP 516 4900 r.todol J 

16.32 16·32 16.32 16132 
2 2 8 1& 
S 5 16 18 

1 M.zrd,...,,., 1 Holfdware 6 H.atdw~e 1 S tUrdw.tre 

S J 8 

' 2 2 
4 4 4 l 

9114 9114 8.'16 • 16 
IK lit JZK Ull 
32K 32K 2K 
Mullrple Mulhple Multrgft ,.., ... 
32 1 92 1 95-3 5 8 
32 1 92 1 95 3 S 32 
()prronal Qpt•onal Opranal Opt anal 

No .. o .. , .. o 
88 S 28 lO 23 
176 10 25 38 
258 2 154 6 so 900 
368 7 :u o 8 100 1 020 

.l ... l'aaa 11n1" •,¡ 111 
4ll u •• 2K 
4K 4K 01( ~1( 
161l l'K 32< 31< 

No OpiiQO;;tl OOll•on.JI Oo:•onat 
No Opr•un~ Op:-o•..tl Opl ono1l 

Stlndard Stan.Jard Oc·o•al Qotol)n,JI 
0Dtton.ll 0D1•o•ldl o~.""'.)' Ctrl•on.JI 
OQI•'lno51 QploOttal Op; n-al Ogi•QI'I.I 

S9.700 123 800 19.950 S 10 800 
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m.tclt• anct n"·cl Tite." nm,f C'fluun•m SJ7•'" arl· ){), 
JO ami :!0 mals--m c;mt" nf tht u "'''~· 1\\0 l11 four 
\\·rrc.·~ an· thr, .ul,'fl throuch ('.uh nnt·. ll"'•·•lh hv 
hamL \\ uu1t: of 111(' C"flr<'' l'ii prolnlth- rfw gn .1tr~t 
oh'liit,ldc· tn clu ~pt r Ll\h'r. nnd l.•n:• r me nvnw~ 

Inda\ u1ual con· "'"~ is thr fartor dnt h.u lhe 
Jn¡.:<!("'tt t ffr·lt nn n~t mor\ eH Ir hml· Flll" r:c.unplr, 
rompuh n \\llh 50·mtl cnrt• m1·mmrr~ ¡;:rnrr.all\· 
ha't' C'\<'lt• t•mr" r.UI(!IIlj.! frnm ti tn 10 /l"r', Sum· 
larh lht• 30-nul ('flfL' ll'tllalh n ~~onlh 10 C'dr hmrs 
"r 2 tn 5 J~'f;.f'( ami lh<' 2n m1l <or,. prrform 111c.c 
r.mJ!r'lii From ~no 11"' C' lo 2 ''"' C' 

An unport.1nt pomt to r• m• ml"•r· thc- 'liit'II\P 
thrc·shnll or tht· ... ,¡.:ual'lii (lo rrJ.rl hnm ami \\ rth• 
in lo llw C.'flfl' rnrmnl)) "1ll \ an· in a mat:•uhull"" 
tlnt l'lii Jllopnrttonal In tlu <;,a7•• ,..f rJ.,. rw''' uJua) 
("'rt·~ •• r a CIJ!IIoll Ir\ ( 1 nr ¡ lllllt '" llf'l"M\.ol¡'\ t •• rr·.u1 
a ·,o 11111 <urt•, tlu n ,, 20 uu1 Lorr ua1J ,, .. ¡•nrc nnly 
ahout O j 111111\ of 'H!n.tl \lrt'III!Ch Jt', ob' 11111\ lhJt 
t)a(" \1J1,1Jit·r lht• C'Orr (1111"' (,1\lt r th1• m .. ·mnn) tJ.r 
morr suo;;t, p11hlr tl11"" m.u.htrJt' "1ll t ..... In nm"('~ 
unlnu'fl (IHI10111t•r (.ulun·o¡ 'ut ha'> c.Jrort¡,·d Iuis 

ll<·ra .. ,r of llw 1101\l' \f'll'ltl\ 1f} prolalf'm thc 111- ,., 
du ... tn.al tl'l'r ,hPuld l••· \\ ~n of a roniT'ulrr- llnr l'i" 
tnn fao¡t ror lht• arphc..lh~n R,.¡,,J,J¡'r nt.~y h<' 
Ion rr auc1 co't \\ •11 prnL,!J1) ht• h ~¡., r 

~ ., .. 
~ 

r 

1 
1 

.' 
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Table IIC: Hardware clara for minl~on1puloro 

M•nul•cturar 
Model numbot 

CPU le~ttur•s 
11"(! L.Cl •:"' ~od lt-n.;~r"'r•t 
A~·,l.r'""u!.sf:J·s 
t-fo~•-1A.lr,.-, .. ~ soers 
lnr,JI', rf':}o'll~rs 

B"' . .,. orc•:t'•o"'' cQ~!' 
B•t'S •~u i\lt!, .... s rncJc• 
AdLh?U '1 ~ , .. , 

B 11 tor oL(I'eH 
VV:; ds d c .. 11• a J,fre,Jt.lt 
\\'-;,t•!.h ,,.., •pct , t- ,,•, !~o;dr>:e 
I.N rrcl ~cl'IPS<¡ r•~ '••~·SI 

lrctruCioc-n JIPI S 
St:).•s r•-"' ''" • ""o•d• »St"C 
A(1 t ton•~ •1 l..l• ,..\:',,,~ ~'S"L 

F••eJ D'-' rr ''" I-\J e\ .a. 

Floa q ~.,ni hl c'""il'o;" ~ .... 
F',,,.J .' •.r, "J' ..., J e X.,..., .. p. sec 
fu p..; '-'J•nt hJ ,.,de~ !•Toe" pSCC 
F •1"~ ;-.cont s~P .. ., e'( l•'l't ~se< 
F·•Pl P"l~l t•>h ... l e-,.,,,_ ,.see 
~ernory 
"'t''l"':'f"r C)O:I.:O t ...,o: '-'S '!'e 
,_ ... ,.._, ........ ::-.; ¡ .. -:: ... bu 
~·,,,,,....v • .,..f'., .:"' S'tt' \\C Js 
'-~l' "..! •• ~_.,... r s :e """·=J. 
,.,.,.. ~, ,....., .. , •r1 ::.•tlll, ...,,) C:'i 

p J• ', ~.. "' ~ 
... v~·u 'r J''J N.t 

M~t:ftl!l'r•ooul 
F ._~o\ .... 1 • .rr p otect 
/. •••• J J e , .. ~· :t•t 
Pe.,¡ n1!' c'o-:c 

16 '32 
16 
33 

15 Hardware 

8 
2 
3 

6116 
32K 

Nona 

6 
3 2 

O.or,onal 
No 
23 
38 
900 
1 020 

Oot•onal 
o,:·onal 
Oot•onal 

S aJ 800 

IR'I 
SPIR.\S 65 

16132 
2 
3 

1 Harcfwllre + 
Accumularora 

6 
213 

4 
10118 
65K 
16K 
Mult•ple 

3 6 
3 e 

Standard 
No 
a 7 
JO 

1 8 
a6 

4K •• bSK 
No 

Opt•onal 

gg::g~:: 
Opt onal 

S a 2. 750 

;\s prt•\ IOll"l) n1rntmnrd somt' co:nputcrs uhlttc 
r1.tr.a b.t( u- r H. t, ".,~d o~" (_í' .. {' rv'rnon. for su eh 
dungo;; ao¡ ·p-.nt\o rt,r<..'...ln!;- ~nrl "mrmor) protcct • 
1 tu~; (('J.turt' ¡~; uo;;u,l1h Cr¡->tlonal 111 all but thc more 
f'~p<'ll'il\ e srndll comp,1tcrs l3r-cJu'ie of thr cost of 
thl5 fr'aturc ar.d tht' 1m pro\ ed rrhabJllt)o of corc 
mt mones, mo\t comr·u'~.:r mant'facturcrs ha\e. de· 
C'1d{'d th.tt tht> rxtra ciJcckmg IS not \\ arrantcU 
Sorne mantlfílcrurcrs \\ ho fe,..J stront;l}' about th1s 
don't o'fTcr P"n'' or mcmon. protrct as opttono;: 

Hcml \CT, :S•l'lll' fnm1 of ;LJ.nt". ch(•tk t5 m.1ndatory 
for a hui~ mcn•o~ dC'\ 1ce- (drum or d1sc). and 
mrmon prott.·ct as nrrdui 1Í a•n fonn of ou lmc 
dcbup',HI~ ¡o¡ :wt•c1p:1tC'd On-lmr drbHF!I!IIl~ In· 

d1t.lh, rorrrd1on of nC" \ p:-o;;r.tm.¡ aft!'r the ha•Hc 
S\\ttrn h.1o¡: bt·'~ mo¡f;dlt·d a.d d··h•l!!~td An opn<l­

tlon.d "i\Stl'lll (fHII·I be lmt'JIH'Ü h} ncn pro¡;rarns 
af 1t s v. 1t!wut a rn~mon pro•cct frature 

lf a nC"\\ m.mr om.-mtrr ~\ \t,..m 1.5 smJII enou~h 
toNo rmp!( n lntcd cm om ·a'l (Y)f(' .. macl'ml", p.1n~y 
a·1J mcmon I,ro!ut are r.o! \\J.rrantf•d, .... hcn taH.­
mt: mchJ\tn.&l cor1tro! a~pllcatJOn.lli of mlmcom­
puh.·:-.s, tlu!l ma> be the ust.al case 

Th• po¡>ulnr R0\1 

Rrad unlv me mor'\ has bcco:"lo 'ery pop11lar dur­
mg thc ¡nst fi\c )'-aro; TI1':.' I\0\1 as o mcd1um for 

LEI 
MIIC 16 

16 
1 
6 

4 Memory 

4 
3 
8 
9 

5 a 2 
65K 
Mull,ple 

2 
2 

Opt•onal 
No 
9 

a 2 
ISO 
300 

'o 16 •• •• 65K 
Qplronal 
Opt•onal 

Slandard 
Sran(Jard 
Standard 

S a 1 950121 

MSI 
eoo 

16 
15 
23 

o, 
4 
o 
1 
8 

256 

None 

,• 

1 1 18 blll 
a 22 
No 
No 

NI A. 
NIA 

'1 
8 9 or 10 
2~6 IRQ.al 

4K 
32K 

OOIIOilo)/ 
Qphonal 

Qpl!onal 4 

Oplron~l 
Qp110nal 

SS.700151 

\'S.I 

9a:l 

S 
J 
8 

8 a6 
31< 
2>5 s ...... 

• 61 116 bltl 
S il5 

Sta"'V.a<"d 
'lo 

6J 35 
90 86 

11 
e~ e• 10 

I\IOT 
MOP 1000 

8 
3 
6 
ll 
4K 
4~ 

Su•-.gle 

8 48 
4 32 

No 
No 

NIA 
N/'1 

20 

.:• .. 512 IROMI 
8 

4K 
4K 

16K 
<• 

J~· 
C•; :-~JI 
C;." :-~1 

C:•-cn.al 
C:. -1:-.a1 
0;::: :r•l 

ss 9.:ot61 

No 
No 

gg~:~~:~ 
Opuonal 

U.500 

stonug data m prm1an!'nt (no-.~ra...'t.J.blr) form tTs. 
uJ.H} a hrgh o;¡wt·d o;IJ.flt ~!n·a ;P de' IC"•'-:- n:clm1-
mg pa;J\'r t.tpc or otht r fo''~h r.f'T(tnt <-tne ROM 
prO\ 1d<..s rap1d accr'i'li to u.fo;;-1.· on of ~ pt'nlla· 
nf'nt nature Cornmon ~;qu;¡;e r0o1t :~nd f':tpon('ntla) 
routmcs can bt' '\\rrcd·m .. frr f.¡~~ <"l' cnnon from 
COJHUitJOnal rore mrmon opt r.l~·,. ... th Frnm 3 pro.. 
grJmmrr's p01nt of \1('\', tJ ~" rot ... \1 ~r 1~ tnt11stmgmsh· 
ablo 

84 

Tius conct pt lemh lf\t H '' a r..lt¡,rJI \\ay to 
Jmcropwg,r.1mm1nf! 111 \\ l.1t b (\e~ lll'itructmn lS 

a pennancnt subroutHH 111 , ~{ )\: \f¡Lrnprog:ram· 
mmg prm adrs t'Cononu. 1l rr.:o 7.l~ ln of complrx 
m'litructmn 'licts Ul mnplc· < o• t~~.L·r), and 1\ thr 
mam n·a-.on lor tht n'lit.. 111 po.;;;· .. T_··:. or the R0\1 

U ('\l'f\' mo;;tmdu'n 1s a \\J't'l ... , 'íllhtout1nc 111 a 
fl0\f, R ddfcrcnt .SC't of COTllpJ:~r L:l~'ruCtJOnS rn:ay 
hr obf.llllt'd h\ ch.l!ll:lll~ r'•r RO' f 1 lus nflt\On 
kad ... fo t•rnullllon (« ~crulu;:: .r.,~n chons o( onr 

corn¡mtcr on fht. h ml\\ ,1re flr _ ·.r~.rr COlmputt.'r}. 
S COIJC('pt appJa•d l'ltl'ml\(..;'\. ,¡, ',¡C \JriOUS lfl\( 
3('.0 anO HC.\ sJ·rn IIA 70 tY'l'71J'' •crs 

In the p"t· RO\Is hJ\C '-,.-:-. v.~n.-d at thc 
factvry to contam pro~r;¡n'> tt....:: '-"C'rc spt..~tfird 
prt'\'lOU\Iv After "'h•p1111'11t to thC' f,.. d. thco;.c RO\Is 
v.crc prJCtJcallv tmpos'id,lt' to r;-,(vl.f) A nC'v. dc­
SJgn rt.'C\'IItl) mtroducetl h} [)¡~,· ,¡ S~..Jcntafic Corp. 

lm!rvmer.lo!ion Technology 

PFI RAY RAY AC 
12 16 F 703 708 ~C·10 

16 a6 16 a6/32 
a 1 1 1 
7 6 6 5 

t Hardw1re 1 HJtdW~ratt t Hardwar1 1 Hardware 

J 4 4 8 
2 1 1 3 
4 2 l 71,4 
" " " 2K J1K 32K 16K 

32K 16K 
S"--ol• Non e Non e S•ngle 

4 3 5 1 8 1 9 
4 3 5 1 8 1 9 

Q~~On.JI or,~onll o~~onaf Standard 
No 

Ni A 17 5 9 6 5 
NIA 24 9 12 5 
N/A 14 7 75 
Nl'l 300 154 

3 5 1 75 09 o 86 
16 16 16 16 + 1 
•• •• 4K 4K 
•• •• 4K •• 16K 32K 32K 32K 

Qpt1onal No Oar.onal Srandard 
Qpl•onal No Opt1onal Srandard 

Optonal Oa11onal Opr,onal S•andard 
0Pioo..,.¡ Stand'o1rd Standard Sla:ndard 
Op~ronal 00(10no)l Opr•onal Stand •. ud 

111.900 .. 2 75oa21 S 19,000121 • a J.9ool71 

(S.m O~r¡:o, (..,¡,¡) chan¡:cs atl thís. thetr ncw 
RO\r aJlm,~ fl, hl pro--:ramnun¡; hv plugg1ng 
"<hip," mio a R0\1 Lo.m! 1 h" R0\1 con he 
r<'pw~r.unm• d dt a. m t1mc hr thc uo;;cr and form~ 
lfu· h ¡'li(' for D•~!I.JI Se H. nflfic :sO('\\ t'Ompult•r, thc1r 
ML:TA 1 ( not m tlus sunc>) '-' unu¡ue m that 11 
dot 'li not ll.a\r a fi.trd mo;;tn.ll.hon sl't of ars O\\ O, 

but it can e rnul.1tf' almo'lit any othcr com;.n.tcr 1 h15 
ex.unplr u c•tcd to emphastZe the utd.ry ol the 
R0\1 

Tho R0\1 prO\ad<·s a V<l'} po"crfullool for the 
computC'r dcs1gncr Sorne slrong arg:umcnts gen· 
<'r,,ll¡ ach anCf'd an fa,or of !he R0:\1 are: 

• L:conom¡ -ros!< m u eh loss than standard rcad. 
wrttr <,1rc mf'JTlory • s,. ··d-r, p•call¡ 5 lo .JO times raster than 
rca,J.,\ nrr rore 

o n. lniHill\-thc prrn:ram i< protrcted from 
O\ N'' nfm.'!: b~ <lO crrant pror=ram 

A numll!'r o( lhc small rompuh·rs rmploy RO\Is 
ln \.1r\ rng Üq .. ~rt <">li, tl,¡s ~~ an 1mporlant fa<..tor and 
should he ron<llh r.·d for s¡><'lÜ&C apphcahOns 

Bulk mcmories for thc mini 

lhc h' o mO<t popular and eronom1C':II bulk mom· 
ory de• •c., ollhc nonvobtllr typc are thc magncllc 
duc and thc ma¡;nrtJc L1pc Thc magncllc drum u 

scc 
4700 

a6:32 
3 

10 
1 Hardware 

4/9 
2 
5 

9116 
32K 
65K 
s.ngle 

1 84 
1 84 
Opt•onal 

No 
6 44 
6 90 
N/ A 
N/ A. 

o 92 
16 •• 4K 

65K 
Opt•onal 
Opr•on.11 

Srandard 
Ogt•onal 
Opl•onal 

Sl4,800 

SEL 
sao<~ 

a6 
2 
l 

1 Hardware 

• 2 
4 

10 
a K 

J1K 
Multoplt 

3 5 
3 5 

Standa'd 
No 
7 

10 5 

1 75 
16 
•K 
4K 

32K 
Optronal 
O~tiOn.JI 

Slandard 
Ootoonal 
Optoona1 

SIB 001)121 

SEL 
6108 

16 
2 
2 

2 H<1rdw1'e 

• 2 
4 

10 .. 
32K 
Mulllple 

1 S 
'5 

Stand~rd 
No 

4 5 
8 25 

o 75 
16 
8< 
B~ 

32K 
Stand:Jrd 
Opt,onll 

-~. 

TIM 
H~·eo 1 

I61J1 
2 
7 

1 HardwdiO 

4 
3 
8 

91 16 
5a2 
65< 
Mul!lple 

1 ~ 
a 8 

Opt•onal 
No 
7 
9 

Nt'l 
i<41A 

09 
'6 

"' ., 
65( 
Cpt•orwl 
Oc,•or'ld-1 

Sr.t.,dd•d 
Ocl!•o"d' 
Opt•On<ll 

., 5 oool21 

in .1 C"ho¡>~i 1'> llo:;(•lf he'< .t,,\t tl.'ll lOmult r 1bh morl!' 
{'\Jlt.'ll\1\l {J"\ r llil•t nf )tor 't.' ) to lini'l' 111111t, 

Small. IIH \jlCII'il\f' S)Stt m .. .¡ art.• t,._ mt: dt\f...11'~.J. 
thNdOrC', ma~nd1c drum~ "1!1 nut he ("O\ cn·(l 

8S 

~fagnt"hC dr"c.s-T'' o gt'nn,\t cb\St""i :uf" 3\ ;ul•l,lc 
0 dl"t"S \\ tth~ a .;m~lc Ronhng rt•.¡d \\ nh· hl :u..I 
0 and tho\l \\llh :\ fittd rC':HI·\t.ntc hracl for 

cada tr,,ck 
Thc fir~t dnc m('mOnf's b1d onh nne rr1.d·\\ nf<' 
head '' luch (m muh1plc d "C mo;t.llht.qr,\) h.1d te> 
.. stck"" lhe lorrrtt J1..\c Sdri.1ce J.nd tllln thc corr{'rt 
tr.¡cJ.. Although <J\('raht' 3ttt \\ hnlf' \\a'i \Cn. !.lov.·, 
th1s t\ ~w nf hnlk stor.a¡.;t> proH·U teonouuc.d autl 
"'alli popul1r \\ 11h mar•> C'arh ("'!Oputrr ll"'<'rS 

Thc dt•s¡gn "a.:;: tmpro\ rd b\ :JdUu.¡; a s¡•pJ.ntc 
read·\\ nte hrad for CJlh n·conhn~ sudar<" Popular 
totl;~), tJuo¡ J..md of d1st· p'..1d .. t.ut thC" 3\P(.l:,!C mem-
01) 3CC't '>S ttmr to ahout JO() nuiJ¡o;;c·conch rurt}wr· 
more lut tramfer ratcs gn•all'f than 1 \!ll1 arC' 
nov. common Thr co:st of ci1-.c buiL nwnmry 1.S 
onl> about 2 cents pcr h¡k (~hall}. and tlus co<l 
dccrra-.<'s as thc 51/C of th<' buJJ.. m•·mon l"lcrt·a.~co; 

Almo>l all of lhe 45 mlllll'Ompulcr; m Toblc 
11 can Le cqu•ppod "1lh a mop.ehc d~<c bulk 
ffiC'mory systlm Uut rnanv of du.· marutfacturrrs 
who ,.,¡¡ supply a diSC do not (as }Ct) oflcr a 

~ ,, 
'·· • 
) 



To!lle liD: Horcl .. are doto for min~ornp~rcrr 

M•nufecturtr 

CPtJ f• ,.\ rAI 

••'-'''-· ) • .. ..~., t'"\lth.sl 
A:~' .. ,., •. oe 

.. .~ :.,.. . ~ • q., .. 
•••• •• • ... !'•1 
'8<~t • ...... ~" •' o~ LC"de 
8 !' f} .......... "'l)l1fl 
A. • ,,$ ... _ • .. ¡ 
e ·• '·· ....... ... 
y_,..,,1, - • , a t,;·e·u,~ll 
V. e h r ' ,, ... ,¡, ""'.: .,,,.ble 

'IAl• ~<"1,. • • •'"" --~ lle-t'") 

lnlth•C'!I<;n •~r• 
S'r;r'" ,,-. .. '- ...,.} .!r, • 1« 
A;; 1 t ,_,. .•, • \'•' •• lt se' 
J.,,,. J ~l .. : .. ,. •• ..~·~~t X. • 
J. .•.:; ~ J L:O: •• _.,..,~.,.'A./+ 

'"e J r .•rt tl..- .-. ·' ~ \ •tontt ,. 11: 
, f ·v· t r• •t ,. • .! 'J•e ... f me • tt; 
•F ·~ t t'-.' •1 s:' 'e~· e}( 1 l"'t • ltc 
,fu~.! v--~·•·t S;> 1l..,JI! ti'T10, 'IK 

,_..,.,orv 
• V ,. .._,,, c~t .. r·¡-e. - se e 
.................. ,ct·• .. ;h btlt 

' , • 1 • , ~ v.~d .. 
~·,. •, '• .--~· ., .... , ,.,r. """'J' 
p,4 JI _, ""' ,...,....,....,,.,. 11/A lflpQII'JJ 
p,, • .. • r·· ~;J 

"''•"·'••..-·ll-1.,.1 

f.f ~--ll.o ,,OUI 
-r~ • .,. "' ! ~ J' .. :-·'>tr .. t 

¡\¡. 1 , 0 ,...,J'o\; Of' > • 1 

r:f,•' t ··~ .;l;;·· 

.. =-·-~ 
~N lo 

8 16 
7 
7 

1 ... ,;:~._,,. 
l 
l 

~~ 
·~ 32( 
Mullrple 

•s 
• 5 
lllo 
No 

o;¡A 
N.A 

1 B 
<:( 

·~ 32• 
0DIIONI 
Slln(lard 

0D1tONI 

s:;::~: 
17,500 

110\1 

GZO , 

18132 

i 
2 H•rC.-.¡ro 

4 
l 

' ~~ 11 
321( 
Mullrple 

38 

~: ..... 
No 

10 
14 

188 
1 a 

18 
4K 
u 
32~ 

0P1•onal 
()ptronal 

Optronal 
Ophon•l 
Op&ron .. 

t9 950 

<h-<'·np•·r.<lou¡! S\ \lrm \lllh tlorir S'lftuare pacl.a¡;P. 
1ht• l.lh .. t mnmahon 111 d·'C racl'- IS th(' "'fh;rd­

hr ,1(1· ctl""t '' lul h h1~ onl' rt•Jd "ntr hf..'atl ['Jl~r 
tra< L l'song llrl\ approarh th,• onh factor lhat 
dt h nnuu, arrt \S tlml' 1\ the '>pt cd of d1\<. rot.lllon 

o\\t'r.IC.<' 3lCt "") tunf' \\111 b" th-: hme n•qmrctl (or 
om·-lulf wr .• twn (an 3\<'rJ.~I tJmr of ilhout 15 
null&\CfOII(h '"' h plt.tl) D.tt.• trJn..:h•r ratc~ \ary 
("1111\Hirr,,hh frorn modcl ft) mo-:lt·l lmt all are 
rcl.1tl\ rh f,t\l lr.m~t.fer cJcqu·~ A 1"\ p1cal ñxcd· 
ht·.•d d1~c \tor1ld lrall'iftr at has.t 15'11\ b~t<-s .;re, 
a hot 1rau•l1 r rJtr of 1 ~ ~1117 11re XOS mo1ld 
7111 ';ll2 l1.t'li :m rxtr .... m ... t~ fJ.,~ b11 lran~r.fer rah.•, 
2~ \1117 Th•• pro<~ p<r b• te nn thr<e umts is 
t~ por.1ll• 3 t~ 1:; r,nl•. or al·~•ot (,() percent abo• e 
tlu fltJ,Ifllu: la,•aü u mis 
Th~ \\ ,f,·m tll liil¡:nrr f.1re' a C"hotu~ beh\l•t•n thl' 

ho<:h 'l'''ec.l. lu¡;h cnst, fiw,l-hcad do<c ami lhc 
,lo\\t'f hut mort• f'(unomu.al Pr1:mg-hr.ul d1\C For 
mo\t pr<l\.t''-' C'ftntrN and tht 1 JCf]llt'ithon anstalla­
toooo<, thr •ddo d rx¡orrar f,or thr fixrd-hrad umts 
pruloabl) "oll no! he \\3rrJnt•·J 

!\las:nctic tapc-lf ho¡:h speed data $lorage or 
rctm•\01 1S no! a major (Jctor tl.rn magnchc tape 
shlluld br considtrcd As a bdl sloragr dc\lrc, 
mag11[>tlc tape ha! sc\cral strong pomts Farst. 
therc u no uppcr hmot on stou¡;c capac•ty {c•tra 
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wrst91 ·~s xos xos 
P•O.:" 2000 Cl 1& e• 11 $1t;l\tA l 

16 1& 16 1&13Z 
4 Memory 1 1 J 

~ e 8 
2 JMd1U;t 2 Momory 1 tt""dware 1 ... a,dw•re 

J i !i • 1 l ' me t"' 81" 1' 
&6 2~6 IX 

65K 16~ 16~ 85~· 
Songlo Mwlllple Uull•l)lf S·nw•• 

7 l3 p• 1 95 
7 JO 1"95 

SriO'dllld No lllo Qptaan¡l 
Opt,onal No No lllo 
~a 7 8 

'•z 8 IJ 
126 NIA 
142 473 NJA 

30 80 z 87 o 98 18 18 18 18 
4K ·~ ·~ Bit •• •• 4< 8~ 

85K 16K 16< ~~~~ 
SI:Jrtd.JJd No .. ~ se .. rufolfd .... lllo .... Oploon .. 

Standard 8""onal Oploon•l gP.I•onal 
ODI•onal pl•o~l Optoonal ptl0ft31 

St•nd•rd Opt.onal OQtiOnal Ophonal 

110 000 19.980 t7.990 u• ooo 

tape rcds can b~ purdoa,edl The c-Jpncíly of a 
corumon 7-tr.lrl 2.100-lt lapr urors frorn 5\1 lo 
20\1 h~ h·s, \\ hith 10:: grrat('r th3n tlu· C":l¡•aot~ o( 
mm.t d1~ p.1rl.s Sct"mltl the coo;t prr J,, ll" of ~tor· 
agc.• p¡ mt1l·h lo\H:r th.m for :tu~ utl.rr lu1l\. 'tnr.as;:r 
mcdmm. 
Ma~nrhc tape" must IH· u·:u1 o::t•nJih a chort­

cormng \\hJrh meano; tlw :t\N,ll!'' :-c.t•~'- tnnl" fCir a 

pire(' of tnfonnatum " mra'>urr·tl 111 ot~.""tonc.lo. rnthn 
than nullr\t'<.nmh 0( ronr .. r. 1f ta¡"W. muo;t he 
chang_f'd to 3(.t.(''i.lil thr mfum~o~t•nu thrn thc.' acccss 
hnw c).ttud.; to mumtt·~ m .. t• ;u1 of o; ce. outh 

Mas:nctir tape i< ld1·al fnr a S\ •trm lhat farrs 
rxtrno;a\ e prv¡.:rarn d1 \ tlopmrnt \\ ht·n ('nmhuu·d 
\\ ath a kt•) hoard d.11.1 rnln mut ;md a rrt 1h~r.pl•y. 
thc lll:tJ;:nl'l1l t.1¡w ao; n \l'r} pn\\uful ~~,h·m dr­
Hiopm•·nt 11••1 DI'C lo.l< a 1:"'"1 '• unplo· of tlm 
t) pt· of 5\ "'lt•m m tlac1r l.l't. ~ and rlat•-12 rom­
putcrs 1'hc mat!nthc t.•pt• prn\lcl' s a l'llO\emrnt 
nwano;. for \tornu;: pro~ramo; 1lt1t1l r da•\t lopnwnt 
( mud1 more s1J th.an canlo; or p t¡l< r t.ql(•) ami thc 
kl') ho;ud i.Tl comlur~o~hnn 1lu-. '-ll't t.:•·nc·r.tlr nmun· 
tains o( P·'l)l.'f. n1t" pro-:,:r.lm tan hr \1Tith·n and 
dchugJ!,t•d \\ ith a muunmrn of "hard cnp\ .. outpnt. 

Anotlu:r ma~nt•llc tapf ffif thm1 h.u ln·«.:OIIU' ('C'(lll· 

br r('{'cntl)', th<· "Lr) -tn-l.o¡"·· unol nlln•H 1ho• mar:· 
nellc tape to n•pbC{' tl1t" punclu·d r.uJ \\1lhout 
changoug drashcally lhr Le) pun<h ¡;ul's dulirs. S he 

lnslrumentolion Technology 
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1 
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111111 lr3n<f<'n lnfnnn31inn rrnm lhr cndon¡! ... , .... lo 
a In} lffJ 1rd. lnat tlu· mfnnr¡.llinn 11 \lorc d m a l.o~pt 
ITf'l imtrad nf punchrd canh o .. ~r on lapr, the 
m(uJJaMhon ¡, of a mofL• p; nn.uwnt u.thm·. 1t·n 
hL.t·1)· tn hf" d, ,fro} rd, and mnrr con\ c·mrnt to 
han<ll<·. furtlu nrum•, 1t ~<n'l mnd• more •·x¡~rn<i\r 
lh3n llor 11ld Lr\'l"'n' h rn1 thod. 

n1t' ··ra,~rlh: l.J.Jlt" IJnii\IIIJ,:, rh)•'Íl:11J)• tim1!.1r 
to umh dt'<lt:n"'l for 1trn•o 1•1"' pl.<)t,., h k· 
comuo11 mnrc• pn¡;uJ.or The adohholldl ras~ nf hand· 
lln¡; and 1toruo¡: c•urttrA ls obvíous and tho I3¡JC 
sc•·t len r•romn· to almo•phrrtc lm¡lltrltlr• and 
dort p3rtodrs The dc,.,.lopmcnt of c:a•selle t•pcs 
for futurc computcr J) 1tcms wlll be romrtlung to 
•·atch. 

Intelfaces to lhe mini 
The equopmrnt necdcd for COh\ ersation "ilh the 

mlnícomputrr 1hould satisfy certain rr<¡uorem~nts: 
• f.qul¡nnrnt shnuld not be e•¡>rnSIVC; nobody 

wanb tu 1'-'Y $1.";,000 for a linc pnntcr that wlll he 
connrdrtl lo a ~10(1()() coonpuler. 

• Th1· C<1"'1""''"1 <hnul<l hr relaUvcly fas!, con• 
vt·mrnl lo u•t·. anJ rt"hahlc • 

ni(" ct.unl uli 11111 rf.ate of the mlnrcnrnpulC'r in· 
dustry 1< pr•rlf.olol) thr Tcl<·t)IJe A<ll·13 This •en~· 
till" "''"In m rro\ ldt S Le) hoarrl mput, printct1 out­
pool ""'' pap<·r tap<' 1 o~and all al reiJh-el~· low 
ro<t of ~honl 81.500 Thc dosa<hantagps of thiS 
tdeh p1'" ntrr are "rll k non n: low sprrd pnntrd 
out¡nol (ahoul 10 characl•·rs.'•<'<'). low spccd paprr 
tape 1/0, and papcr t•pc ítsclf whldo is um¡ucshon· 
ably the le:ISt convrruent hull storngc mrdmm lo 
wórk ,.,¡h 

Altcmah\CS to pap~r tape arr punchrd cards 
and ma¡.:nchc t~¡w Cards nre con\cnicnt to \\Ork 
\lftth ami ca\&cr to slore than tape but unfortunatcly 
thr card handhn¡: eqmprnrnt (rcadcrs and punchrrs) 
15 \t'l")' f'lJll'll'lol\c wlu·n comparcd lo p:tpcr tape 
Cfjlllpnwnl flao,tonLa11y, map;ní.'tiL tape hJs hl'rn 
C'\ t•n rnorr t''lpt'mol\ (., hut 1t .apl>Cars th.1t 1ow C'O\:t 
c:u"·th"' f'liUIJ'111t nt \\ 1ll snon hl" compchth-e "1th 
p>Jl<'f !.1¡•· nor dddr<l < Ofl\1 nor ncr of the ma¡;. 
ncllc t.1pe mnn tl11n uffo;c ts thc adth•d rxpcn~c 

\\1wn m.•J.:nC'fll ldfM" ts ("Ontlunetl \\ 1th a slmplc 
lcr)looanl "'1"'' <l«it<' nml a crt do<play, thc s~s· 
!cm IS Vt'f) P"" 1 rful Wt• oro· not f,lf from tlw da y 
"h1·ro tln< Luul of '>'''''" "íll he nmLh loncr m 
C<l\1, •• ln·ady a\dol.ohlr ls thc !nA S)sl<·ms IMScort·, 

o '"'"1"'' k<·¡ Lnard-m¡out crt prnphcral that sells 
fur umlrr $G,IJOO 

Tiu· oul) l'IJIIIIIIIIJUt.IIIOn c.Jr\iCT mis~mg from thc 
ai>O\r •>•h•m (l.r¡board, rrt and ma¡:roeloe taprliS 
snmr kuul of a pnntrr, or coum·, thc old tdc· 
I}¡JC ;, nh<a)S a\nllalolc "ilh ils low sprrd hando­
cap Currrnt pnnl••rs lnchulc Sl'\er•l me<lrr-diO·Io· 
high spccd mo.Jcls Teletypr's ¡:.nllnl'olC ter· 
minal 1s no...- a\ aolablc 115 a rcrrl\·c-onlr moJel, a 
moderatcly h1gh 5p<'<d priutcr "othout movm¡; 
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pdth in Íh rñrat mu·f.:UIÍ'\m r:Jnrcrcl p.•rf¡<frt Of 
an\. ,J..- ... ,1 hr\\ .arel rmllllll')' Ir !t 'H"'" 1' •p• r at ,. tarP 
of (('j 'J. lf·•t te ,,,.,..C'. (,ah011f JO lm1• \ f,,..,, r d1.1R 

tlor .,.,.li¡. 11u• rat1• 1""'1""'' .J,1n11 'Ilion", m.n. 
Af,, OL\ .ul thlr· arf' .,. ,,.,,,, hi.·'• 'P'" ti. ,,.J.,tau1;· 

ln"•CO\I ¡Jtllltl n \IIth R\ tl1'! (.Jt'\lh.• 4'-JiO \l..}tlt.h 
pronh 1 '>00 ( '>r. chararll'r) lu•"' lnoín, awl d"• 
(.¡Utrn fr,tJu .. tri,·s ll-\TAITif: J,fr-~'-111 "'h1th í•flllh 
fi ()(()(e;.', ( kH.It..ft•t} fmr'i.'ITIUI. nu \f' 'rnaJI pnr,tr n 

•rPmr lo hr ul•.ll for tlw •maU wmpulrr 'l •t~m. 
in ad1lotoon, th") "ould rlominalc the Iom: tome 
rcquored In grt hard copy oulpnt rrorn a telct~ ¡><!· 
wntcr. 

lnput/outpul control 
Prnsr•mnoro 110 1• a term l!ut can d~scribe lhe 
type of l/0 opo:rahon m wlut h tloc dala (onp111 to 
or output fMm the cumpnh'r} mu\t r1n ttrou;;h 
an onternal "¡; .. trr or tloo C.PI,;. t''''·'"> 1111· OC• 

cumulator n tlu· rc,.::istt-r dmM.Jl!h \\ l111 la tlu• d.a:a 
pasn·s. Tha§ mt anos tl11t thr· CllnJ¡lufrr mud be 
dcdtc.J.tf'd 1 nhrdy lo 111(" in¡n•t ,.,, '1~ ';1•1t o¡wr.a .. 
llnn thrum:hout 1t, cmn[•l~ te qc-lr-a lu¡;, tlr.t\\. 
b~ .. k 

Th" m• th'KI of 110 cor•lr•tl rro¡mrf'J lloc lo ••1 
rxtr.1 h.ud"arc, hctduo;e af.., tlu• l• .1\l • 1¡lf 11'-l'e 
to implt.•mt•nt it\ [n ml'l'it nunn·um¡uaft r~. rro­
gramnu d 1 '0 ~' dt>fimtt 1~ a dr.n\ hu L. •fllu.· ;,r¡,t•­
rahon ft'llllltt S i1 hrCt' :nnnnnf c-f J 0 (\ut 1f tl1t." 
npphc.tflou nct.•th. infrt•r¡utul 1 ()ami onh. m !ohort 
.. b•rrsb." thcn 11rOJ.:r.lmlnt"ll t O i-. 0111 t"xcc;llt.nt 
m~ans o( ),1\ lllí: IUOII('~. 

Mosl mmatPm¡n1tno; \\ath ¡m-.crumml·d 1 O \\tll 

pm\;d,.. onh ont· irotrrrupl \\ ,lh thl' l,,,,ll "~'''m 
Ir IIUIIC' titan OIIL' l'• nplu•r\1 d•.,.1Cf' 1"' tn hr tnn­

flt'dtcl to th1o; t.nmp11ter. th,· dt \IU'~ 01111rot 1.<' cnn· 
nC'ctC'd m "part~·lmr'" fa,hmn 6nt couw. finr.t 
senrd-thrr(" 1s no pnnnl~ otlwr than thC' datc.U 
b} thl" mtnmpt h:mülmg 'ofh, ~n· lo st e "hu. h 
dt"\ te•• l'lli m.•\.mJ! thf' mh·rm.,: n '111• '>f , 

M111il'omputl'ro \\ luch pro\uk ouly tlus m,·ans of 
l/0 C'(lntrol art• 

Compul<'r Automahon PUC-Zil3 
!Ir .. lo lt-Pa<L.~rd 211~.\ 
Data Tcchuolog~ DT ·11.00 
Xero• Dat• Sr,to '"' Ct.-lll. CF-16 

1ltt"!oe compuft r'i ofTtr no opliuo to thf' pro~rJmm•·d 
1 1() nu thoc.l . 

Direct mrrnory orce'i\-Tiu• c!ir~·ct nu-mon DlC't'\S 

(0\1,\) lli:uuu 1 IS a pnpul.1r :.Ttcm.&IIH' • ''' prn­
~ranum J 1 O, but D~l \ ft r,uit• !1 more h.1nh' are 
SO afs IIIOfl' ClplU\1\ l \In~( mUIIl'Otllí'Url r~ \4 ¡lh 
tlu~ [C'.llurc offt•r 1t 3'i .111 opt•on (uot anclull•:d m 
thr bam pmr). 11oc D~l:\ d>Jnnt 1 rna!Jlrs au 1 ·O 
d.tta tran~fcr to be ímflah·Ü undt"r program rontrol 
and thru carnC's out thC' trJn\Íf"J inJrpt·udC'nt of thc 
CPU Thr d.11a path u usuallr lo from thr p< n· 
phrr2l de\lrc oor('{'tl) from/lo lhc corc memo'). 
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Complr!lon of th<· 110 lr>mftr Op<'rahon is then 
sq;n.dt d J,, a Jlllt~nh 111tt rr''P' 

"'Actua11), OlJIIIC"'Jm¡mler' don't rr.tll) carry nut 
tfH' 1 (l tr,, .. .,f, r" u1th cornplt h unlt pt ndenu· frorn 
tht• CI'L -1t Jll"l loo~" th 1t \\3) The C'Ornputus 
utiiJ7l' a "<.htrm· ,,,llrd "'c,ch· "tt'.l1111~ .. 111 ''hKh 
th(" J, O p~Ct<."' o,o;;or df,·cts thc- dJ.ta transf ... r, U'iu;dl}' 
011 a "ord h' _,, ord ba"'" \\ ILIIl' lhc CPl' C\ LIL, 

os dcla)t'd The "C\rlr str.1lon¡:' m..thod dO<·s not 
1mp:11r a computrr's ah•ht" lo executc othcr pro­
gr.uns "luir the 1 U tramfc._'r 1S proccedmg lt 
onh mr:HJ'i th1· progr:tm v.1ll not be ext·cutcd at 
ruJI "'pccd, ("H n IJu, l'i. a \:1St lOllHOH:mrut 0\Cf 

pro~ranun"d 1;0 111 '" hKh no prf)grams can be 
r:u~1tul dunng the I. O opcr.thcm 

Of thr <-omputers m thlS sun C\, the followmg 
off, r IJ\f \ ·'' stJnJ.ud tqUipnwnt. 

8u4iinoc; lufonnat10n 
Tt'<:hnolnC"> 
Comp1h r S\ strms 
DJIJ Gt•ntrAI 
Dat.un.1tt· Computt rs 
D1¡:.t ,¡ Lr¡lllpmtnt 
G('urral Automat1on 

BIT-~SJ 
CSI-16 
:'\0\'.\ 
Oat.lmate·16 
PDP S/l,-11, and-15'10 
S)STE\1 18130 
and SPC-16 

Loc\Jirt·d El• llromcs ~1-\C 16 
R "tl,eon Compnlt•r 70.3 706 
:\•·ro• !J.,t.l S15h ms SIG\IA-3 

Al! other t-ompnÍer< ma' bt a<sumcd lo h3\e D~IA 
a .. dable on an opllonal bam 

Sofh'-are for the mmiromputer 
In gt>nrr.1l tht• soft,,,.Hr turnnth off<rrd IS mml­
m 1l \ fe'" ru.lllnf.tctqn•r.., kl\ r f.urh compn ht>n· 
SI\ f." c;oft<,\,lrt' P·~(Ja~t S hut thC\o are t.IC'finltt'i\ In 

tht> nuuont\ Pt·rhJp'i onr rt·.1son for tl11s l<illuat10n 
u thJt the computl'r firms sunph haH' not had 
enouf:h t:Jme to dr ... t'!oJ;> ~oft,,arr packatt:C'S for 
lhf·tr m•" romputers 1 h1s condthon JS oc..·rt<unl)' 
pl.umhlt· b('C'ausc mo\t mm•romputcrs now on thc 
marlct ha\e bren mtroductd dunng the p.lSI 18 
months 

Pn thctabh. thc rompuler< "1th the m'l>l soft· 
'"'are are prod11do; of thr old( r comp11trr (.Olllp~amcs, 
thr comparw ~; tn tlu.s catrl..,'1r. are D1ptal EqU!p­
nlt'nl Cnrp E\1, llr"ltt! F•rbrd. !lone)"dl, 
fla\ tht·on ~' sh·m.¡, Engmt'• nn~ l.abo; all(l Xt ro"( 
D.1tJ s .. 4items ~11 or thc~e nnm manuf.1cturrrs 
offt•r a b.t~J( snft\\ .1r(" pa(.kJg<· th;,t uo;u;11ly con 
snh of a compdf r, ·"~rrnblcr, utd1!\ routJ:u s math 
11hrM) and .tn opcr.Jtlll).!: S\ stnn (mcludn1g !10 
dnH·r C('IUtJ.IC'"-1 In ~ul<ht•un. mo'it h;nc ),branrs 
of apphc:1t1on orlt'ntl d pw:::r IOJS , .. h1rh can ~t'Ol'r· 
alh be adaplt d lo Sp<'Cifit ap;>ilral•ons DI:C ap· 
prars to ha' e thP lrad "' thlS fi•ld '"th a hbr•'} of 
appla.a.hum. proc;ram~ th.tt s n' ad.tblc through th('lr 
DECL'S ort: .. mt~lJOn Of cour"c. many compamcs 
are happ) to pro\lde programmmg amstanro lo a 
user, sonwtunrs at not-so rcas.onnble ratt·s 

Other romp tnu 'i mtt ml t'l oiT t r a c'('lmprt h("T''tl\ e 
soft\\J.r{' Jl.ll~ol\!f' hlll d(· ,,,r ht\f' thtrr p.tt~'\¡:~ 
crnnplrrcxl )' t '·f•,..t pf ll•r v f.r.no; h,l\(' thr ~ 1:-"l'! 
(l•U L.. 1~1' ,¡o¡ 1111"''' JUI \ hHt' h lollll'IO'It'tf-\, ~~~~ t~l{' 
C''h t p: 1011 of .m Pp• r ttun.: '' q, rn 1!11' "<'tun~! pottí' 
Uldudt•s BII\IIH''S lu(c 111.t ttiPn Tt"tllllnlot:\, IJ.t:J­
n11t(.' Comp11h•r, (.uwrd \ulnm.tftnn IH.\ ·,~r.t,.:n,, 
l.oclhr,d rlntnmt<~; Jk,ln•r Trmpo Com¡"l.'M', 
\\'t"'ihughou<;t r:lrdnt a11rl 0Jta C'-<.nrral 

<\11 utlu r fllllllt"(llllputNs m tlu'li' o;ur.c) are m.ade 
h} a tlurd t...tlq;nr} of \t mlw·s \\ ho can he c-har.lc­
h n7l d a o; nHl'rmg ;:m :t.'i.\1 rnhkr, a ln.t~1C'r, sone 

Ulllil) routuu·~;, hut not r:1111 h rhl" Thrtr M"Tl­

p•lh f\ are rnlt ndcU for •pplu"attnm tlr.1t rC'tl'llh' a 
sm 11! c.1cdlr.th>tl m.H hu11 ont m '' lnt h tLr pro­
gr.tms ar<" <;hort .mtl e ao¡1!} \n•tfr ·r m ;ll<il<il~h:) 
langu•gr, ami onc m \\ luc.h thC' pru¡,:rm110 \\ 11! not 
be <.hangt·d r..arur.•lh thf' l"f''1'1j'ltltt ro; m tluo; th~d 
group are H'm.tll) thr kast E''t;po.:'mt' (' 

SeH•ral soft,, an• p.tt 1.-.q::rs h:1\ C' h'-rn dc, r!C'{"NJ 
(or mdustn.d d.1ta a<"}~IIO::itiOn and proc('\S ro~•t::_.l 
In p.1rlll"lar. "'o p.ltkJ::"s Il\al the IB\f·l>.Q 
rnosi'HO ~) 'itt'm 111 p<h' « r the DE(' ''nA.C'-S a. ""'d 
the Foxhoro COflr\C' ft\TCH 1 A.~l ;m"' borh \I.Ttr:cn 
for thc Df.C rm·-S hnul¡ of compu•• ro .md l'<'!h' 
f("(JUir(' consldC'rahl) more h.vd\t. art• than f~,Jt 
found m a '"mmunmn c\<-h m- Annrlu·r soh"A!C 
system that u m rou;hl) th[' SJ.mE' class m the 

SEL CQ\(PA' P·" k.·~· 
In grncrJI, S) 'itt.•mo; thilt ut!l1ze thC'sc soft,.A are 

packa~es '"11 be pncro "cll out of the "mmoron· 
puter" cla'is A mmunurn confi;::,trat&on to unrle· 
mrnt any o( e ha se (HC'l ·'~rs uw~lh <lit uH at al>O\lt 
s;nooo \\lth m.tn) ronfiguratl0n5 rr•rtd "rll a~\ e 
$100.000 

Ont.• trcnci m the com¡>ut!'r tm1u.,tJ:--and the 
miOIC"l>mputt·r fitld ¡~; no exC't'ptlon--IS the mo"e 
tov.. .1rd Sl par .• t .. prtC'tnf! of hardu. are and soft"A ,l.."'e 
Thr foil?" lllf! cmnp<mH·s now ch.trge Sf"paratrly 
for o:;ofl\\.ITC 
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Cnmp1lc r S\ o;h m'i 
CenC"ra1 Automal1nn 
Xcro~ Data s, slt.•mc; 

Sooner or l.ttr; mo.,t other m1nuf.lch.nrrs ",n 
prob.,hl) follo\\' tlus .. unbt~nd:m:( trrntl 

Rel1ílh¡lrt'to nnd 'if'rvice 
Another po111t ro lrt p tn mtnd \'\ hrn ("\o1lU:\tJng 
mmtcornptlt['n: for a spc c1fic ~rP''c-.JtJon m m1n~ 
crtc;rs. h1gh n I!.!IH!ttr '" m"n trnpnrt;mt t1L,, hn:;h 
Sp<'C'tl ¡\~ pn•'I.IOH"h nl{ ntiOill'J U"llafh. thC' fas!t.'r 
m;1rhU1r" h,l\'l' ~m '''l r t'Orc~ 111 thr1i mf"morlC"S .1rd 
arf' more •m<;rt·pt•hlr to f•h ctn<-11 nnt'>r th:m lhc 
~;lo" er m H )Hm•o; ""1th the ln~cr cnrr.., Of tltmno;t 
lmpnrl.tncc to thC' romp .. att r u'l;.('r \\ ho phr.s 
rr;ll hfl\r apphr:H1011 IS thr spt( m"s rrhabhty 

TI1c cou1¡>ulc.T mJnnf.lt1urcn art' al! '<"ry Oíltt­
ml'litlc obout prodm:t rt llahllltY \fa m arE' so O?h­
m!Silc that thr)' lnfor·":~lly 'i"nlt• \ITIJF fi¡:ures of 

lnstrumentotion Technol~Y 

Toblo 111: Poromcrer •ol"cs for colculotíon of príce/pcrformonco rar;o1 

... : l 1 

1' ·::. 11.,1,.,;; .. ,, ••. ~,.,.;.. -· --~-. ~. -----·&011 .... : ~:'""~-· ••• •• ·] 

'"' ( .... ) '1'" lllt JI (lol&' IJ. 1•.1 

811 err c&l 1 615 l•o 
(SI ('')1 18 12 95> 100 
CAl PC•C l08 6 99 50 
CAl POC216 799 o;.o 
OG ~~ A 1 ss eo 
OG SVrfR P.OvA 11 7 70 
or 01 16oo e a Jo 
OCS O.rt,tR-'ol81•9 90 
OEC PUP 8 11 12 8 60 
OEC PUP 8 L 8 S 80 
OH. PDP9/L 199 55 
CEC POP 11120 9 30 60 
OEC PQP 15/10 15 6 65 
IAI (A/640 :Z6 5 90 
GAI SPC 12 5 O 50 
GAI SPC 18 10 0 60 
CAl Srs11m 18130 •B O 90 
GAI 909 9 74 50 
t-tP :Zt14A 995o 60 
foiP 21154 t45 65 
HP ~1169 240 '70 

:g: ~~~~~HJ 7~! ..~~~ 
ITI 4"l0Q ~ >:~5 7!1 
IPIIY y., ••' l 10 8 ·~ 60 

::~ ~-. ~~.: e"s :~ ~s ·, :g 
1[1 YA' 16 11 95 50 
IWSI B'iO !1 7 50 
MSI 810 ti 9 75 

~r~r ~ 2 ·t6 '1ooo 1 ~: 1j :~ 
PIA.'I' 7~3 11 2'!!1 .:1 &O 
AAY JOij 17 5 55 
AC R.., 10 IJ 9 1: 90 

·:;é =~~~ ;; ~ ~~ ~~ 
:E'- 9TOR Jl O 1] ~~ 
"~~, ~~ci~~ 1 1 ~ : ·1 so 
;vo•t •HIJ • 9 gs ;, 65 

\fo.(<, ••• , 1 7o}OI'\ IQ 'J l 90 
)IIJS \1- ,,. '1 99 .l SO 

;~; i 1 ~ 2 ~ ~9 ~ :~ 
18~ ldUU 45 81) ,;1 90 

~o ~o 
o 90 

50 70 
50 70 
es 10 
EIS 70 
so so 
SO SS 
65 70 
65 70 
65 70 
90 SS 
es 10 
BS 85 
65 70 
90 80 
es 10 
so 70 
70 80 
70 80 
10 80 
70 so 
10 80 
70 7& 
(10 15 
150 7S 
15 75 
65 as 
so so 
80 60 
65 SS 

100 65 
70 80 
70 80 
BO 80 
65 70 
80 BS 
ao as 
60 65 
eo eo 
80 60 
ao e& 
es 10 
85 76 
as 90 
80 100 

'2 1 
84 10 
32 1 
64 10 
64 10 
84 10 
l2 o 
64 S 
4a a 
4a a 
72 13 
64 o 
72 12 
s• 9 
32 4 
&4 a 
12 a 
72 12 
84 10 
154 10 

128 10 
84 9 
64 .. 

•• • 04 o 
64 • 
64 10 
64 9 
32 o 
32 o 
32 
64 11 
84 11 
84 11 .. ' 
64 • 
64 10 

120 10 
64 9 
l2 o 
64 9 

•• • 
04 S 
84 S 
72 • 
72 e 

oS 
a 

11 

•• 16 • 
S 1 

lO 2 
12 1 

12 ' 
la 1 
16 S 
16 1 
16 2 

6 4 
18 18 
la 2 
16 1 
16 2 
16 2 
16 2 
16 ¡ 
18 2 
10 8 

"'" 18 18 
•• 2 
16 ' 
9 .. 
o 2 
S 5 

16 
16 
18 

" 16 
16 
16 
16 

S 
16 

•• 16 
•• 1 
16 2 
16 • 

ahout 20 000 hour<. and ,nost do r.ot offcr hanl­
"arr p.1r1l\ tht ,Lun! I"H'< au'ic ( thcy say) the 
mC"mnnt"'i an• so ,, 11 1hlc tlnt thc cxtTa cost 1'i not 
\\,IIT.IIlt• <1 t:\rll 1f t!w cornpntt r m.umf.H.lurrrs arr 
ng:ht O'lt' o:ohouiJ t"'IUI..,Idcr h.trd,,arc p.trtt) dwd. .. 
m~ a o; a "''f} dt \IT.lf,lr opt1u11 "hrn an au'\'tllary 
rot tllng mernory 1s to bt.' uscJ "1th the mma­
c•umpntt.r 

\\ltt·n the mmJC'f:Hnpltter s poptlbnt} rose 1n 196-1), 
thr tn nd \\.t\ ttm.nd o:;ellmg h.1rd"arc Thc f'OI'-8/1 
"a~ mtrflo(lm'-ll \\lth 11ttll' or no sofh\a~rc, thc fir .. t 
bu\c'f<; l.rH\\ th.tt tht·y Y.ould h;"t\t' to dc\clnp mmt 
of theu c)\\11 sofn, are As thc numbcr of mmK'Om­

putt-r mannf.tchtr('rs multtp!,cd, the rompctttaon 
grrw tou~her, and mo .. t m:muf;lt.1Url•rs offt•rt•d more 
sofh, are ",th thctr m:1chmcs PrcsC'nlatiOn of otl1cr 
St"n1Ct's to nmuromputcr pun.hascrs follo" cd a 
surular evolullon. 
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lo 
lo 
2 67 
2 67 
2 6 
os 
a o 
lo 
1 5 
1 • 
1 S 
1 2 
09 
1 6S 
20 
o 96 
o 96 
1 78 
2 o 
20 
l S 
1 • 
o 96 
l 70 
1 • 
lo 
1 S 
1 o 
11 
11 
20 
l S 
1 7S 
09 
o 60 
o 92 
1 7S 
O 7S 
o. 
1 5 
l • 
lO 
80 
2 •• 
o oa 
40 

1 1 ... 
1 1 •o 
o , 92 
o , :11 
3 1 10 
3 1 04 
o 3 30 
3 1 63 

, 80 
1 1 28 
o 2 17 
2 1 22 
o 1 41 
2 314 
1 1 10 
3 o 8& 
5 , 72 
4 1 u 
o 1 ,, 
O 1 DI 
1 , 80 
1 , 2J 
1 2 4l 
n , 21 
o 1 la 
o 1 u o , • 
3 1 31 
o , u 
o 1 l2 
o 1 9& 
o , 715 
1 '44 
1 1 73 
5 1 28 
1 1 61 

3 •• 
, 63 
, 48 

1 , 74 

O 1 3D 
J 1 411 
O 1 DI 
o , 27 

zo 
o u 

o ' n ,';.f"'oa 
l .J'l t'JO 
o o ¡u 
o' o z u 
O O l 1 D 
o o • ea 
o o 2 84 
1 O J JI 
s n on 
s n o 44 
5 7!t ~ 03 
o o l 7.Z 
S JO O 11 
1 go 2 es 
o 80 o 7e 
1 80 1 06 
1 90 2 Q 

o o l 01 
1 90 ' 11 
1 90 1 01 
1 go 2 67 
2 90 e a 1 
2 90 191 
o o J 1 o 
1 so 1 Da 
l 
1 
1 
o 
o 

1 o 
l o 
2 z 
2 • 

1 

o 
l 

!.0 1 97 
!tO 1 02 
!.O 1 71 
O 2 BIJ 

JO 1 'l 
l '2 
• 78 
o •• 
l 09 
' .. 
, ~l 

JO 
o ,. 

90 

"" 70 
50 .. 
•o 
o 
o 

60 
o 
o .. 

100 

2 •• 
3 •• 
1 Dl 
lo 
3 21 
IU 

••• 319 
21& 
JIJ 

127 

'" J 10 F 

, 02 
2>4 
2DI z ., 
2 42 
1 28 
o •• 
1 •• 
: H ---
111 
¡a; 
o 98 
o 99 
1 •• 
202 
122 
1 7C 
12! 
1 oz / 
2 20 
227 
1 •• 1,. 
1 71 
1 01 
1 98 
1 02 
Z Ol 
327 
1 1. 
1 •• 
1 •• 
137 
2l7 
zee 
' 7l 
237 
1 DO 
l 41 
2 Dl 
Zll 
2 29 

••• 
Tracl1honall). sen 1ce has hecn hard to ~e! !or 

small computuo; Tite ong.mtl ,lppru.tch (o( mD-.t 
m:muf.lc.lur('rd \"-.a-. f,, M 11 thl.! (OIIt.,~¡;t of "al! )Oll 

ha\C to Uu t'i fi•td ihe bn.mltlLJt 110 had ami r1 p! H.~ 
1t'" Onl} 5 lo iO hoJrJ.., an· 111 mo• r llllllll'Oinpuh n, 
so th1'i Unt sn't snwH.I unreaJ¡o;.tac unttl o·w runt m 
bcr'i tiwt lht• rnmll"'IJ!Ilpllt( r nn t th,... onl) ptCt"(' o( 
hanh,:Jrr m thr 5\."it<'IB :\ftr•r thc U~f'n rtJ!Jt"t J 
tlm (,,)udt d1dn't t.tl..r too IPu¡:;) lht') drm.Hldld 
and .trc o.;t.trt1ng to rl'l'<'I\-C mort• :s.«:na<t> 

Ciir\l'ral m:mufJc1urer~ ( llmH')''t.·ll. DL.C, am1 
H('\\I!II·P..t:..L.Jrtl) alr<ad) h.~d ntcn"il'toC S(T\JC'{' 

Oll! Hll7allon ... but most of thc othrn 1'-wú tu dt·· 
H'''·P srn ICt.' groupo; Somc \t'ndors contrac-l«'d 
l.jr~n romputer lUmpamcs to St.'r\ lct" thnr s~ stt·mo¡ 
For c:t.1n1plr, BCA IS S('f'rJCmg Ccnrral AuhJm,1t10n 
ronoputcrs. and Control Dat~ funu<hrs fe","' for 
Computer Autom.1hon. ·.;-
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\fo.¡t m.umfu-hm·r~ h:ut" h: ·n a:-vl stt11 arr un· 
\1nll111g t1) rt nt nr J, ,-.~ t!1r-.r ~ .~.~1mpnln~. th••)' 
\\111 C"t'lhl•l•·r nnh an u•1'r -~~ ;- il'hl~~ nr snrn~?­
lml•"' a 11urc:1 puh .ur.m~' ..... • ~ .\ ft""' r·'C~·phuns 
art· C:t'nc:·r.•l :\utn•n.lh!líl J: .,.. -n• .... u. na) thNln. 
R,·,J.w. •n•l !'1:1. XDS ",·: : -n: nr lc>'lt" thc 
n '', 3 hut not lhr o lf, C1"' n :'1 r.llr'ill'Omputrn. 

_C"ritt"ri.• for r.lliur:: mini("(rz•.ru•rrs 
A h nn tl.at " nfh n mcnht'tll-d ! ·ut 011t "l"D dcfined 
is ·l'"'·"t' tu pe rfonntucr JJ~··'l • Tius uumht•r (1f 
ac."t"•uah:) ((lulc.l h JI ;¡ u(.rr ' "t. eh t'Omputcr "all 
fumí<h tlu· mo"t ·(wrfnnl ,.,:---"' hr luc mout")'. A 
C"C'mph tt· ;uu.l a~C'umtc. c:lt !i· :·-:., of a pnCf" 'pcr· 
fnnn mee rllll'l (ora C'11m¡1•"!"' 1 °n1¡J0\51hlc. how­
f'\t"r u•.1l,!t· f.lh•" ( 111 be.· (Jk-,.'1' ~d In lhiJ Sl'Chon, 
~· .. •tmu\ arl." pr··~· "'• c1 for .-.. ·-::~ entena: 

• f,-htnh\,lrl'(~rur pt-f.-;--:.:'1C~ 
• P,-.. ,,ft\\.lrC pnv: ,,._rfo::-1:-.ce 
• P -lut.•l 1'"''' '¡'<'rfor'"ll"<"e (thc a>erage of 

E', ¡>lu> P,) 

""""'"r~ •• ~rfonn•nct-n,• hc:~r< th>l nffectthe 
h.1rd\\ .tr• l'" rf•JniiiiK""~ C"f .1 "-·~;"'1~·=r Ea.ll anto scv~ 
rral catt t:onl·~ f•r"t ct rt.s - '1:11h!cs are ñxcd 
(bJ\t.d on the man,,f,ctl·rc.:-"s s;-.... ·-:.fic.tCiont) for a 
gl\("1\ c:nmpukr nhl<l•·l Thc~!" pudmt'tl~rs are con­

str unts. 

,\1 = Core mrmnl"} s!nra;:e c-a~.1dty of a basic 
m u:-hmr tot 1l ha!~ 

F = ;\UJ,,I, r of l11l< m ll•o ocueoss lirld of smgle 
\\Onl 111\trnt.flnn~ 

U'== \\ ord lt·n~lh hB 
R:: '\ •1 .·~ r , T ;t 11r~ ,, ; ---;~ ,.: rl'gt .. trn 
r:::: Ct.,fl mrtWir\ rt•Hl-\\"';" 0

':" qde tu~e 
N= ~umllf'r (t( .. C',tr.J~- ,-. 11-r b1sic cost of the 

m u.lum·. mclmhn; 
• RrJI-hmr dtxk 
• Pmq,r fnlun· rr""" '::'In 
• Automahr r1·\t.u1 a·, -r po\\Cr fmlure 
• ~lrmot'} put"\ c~~~- .. g 
• ~lrmmy pn•trct 

Othrr p.uamf'tt•r; ~l(.o .: .q'>:":• a. com¡mtrr•s ha.rd­
w.tre pc.·rfnnn mcT hut a.r•• -,:y.~ .H e.\.li\ to arr1\C at 
as thc ah-1"' Antl•m~'hC, 1'·:.: ¡-d J 'O capahtlihC'i 
mu'it rdlt·c-t <nm•· cf, t:rr-:o r~' c-;-·r¡c,n, tn mmum7e 
o¡nmon. tht· (n1l•mmg ~~w~ .. , --:;are su~~rstcd 
~=A nmuf,, r prop·J:-t : -1• to thc anlhmf'tic 

c:Jp1luht~ nf lhc c""C·--, .. ·~·r-\\ 1th a rangc 
of O 1<> 100. 

O No anlhrn..:-tlc M;·lb:llty 
2.3 ll.uth\arc add ~:,d cornplcmcnt 
50 lbnh.,rc add a·d sobtract, soft"arc 

nmhoply ao.d d.·.::!e (o•od poant, slow) 
75 llard" ore add .,.<~ n,b:ract, hardware 

mulhply and e -,J" (fi•cd poinl, fa<l) 
90 Jh.rJv .. arc aGd 2nd subtu.ct, hanh\arc 
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mnhipl•· dllfl d"ulr rr,,,.J poinl), soft. 
"rrc• 11(\=lfm¡;: po1nl :ln!!'un•·hc 

J()(l l[.lflh\ oUI' fi'tr c:l¡l•lÍ"It 1nd erlating ("'IIIt 
aratlmwlit• 

L, = ,\ munh• r ¡'ruporhon<~1 to tht.· ln~c ora· 
b1hly nf thr l'l•npllt-r-r..IIl~e of O to 100: 

O "\o lut:ll .;:, 'P ,s.,J.tv 
2.1 ·A,Ifl .. aml "'or· l1arJ\\ ue 
50 ·.-\•ul- ·nr • .ami ·e ldt•U\t' or• 
73 All ,,¡ ti ... •'·"~· .1,., ""'d t~sr and 

nntelU1on:•l 1,1 1m l1 lll"'nH. h•ms 
00 All nf th~ a!Jo,~ al•o hl lo·st and bit • 

m.mlpulthon 111\fnlrhnn• 
IUO \11 ,,( o~hnH' aJ,.o anllmu tic rat•nnal 

h·~t in'tn•chons 
1, =A numh<r prupnrlumJI to thc 1 O ''i"'· 

bol.ly ol the computer-r.r¡;• of O lo 100. 
O No 110 

2.'i Progr.unmcd 1;0 through inlcnul rcg· 
"lcrs only 

75 S.1me as aiKI\'t', olso D\1.\ slao•brd 
100 AU of oho,e, al<o m"ltiple 1;0 proc· 

e~•ort 

Thc (ll10C'1p'll rartors tlnr aiTo>L'"f C'OIII(ltlff'r prr­
fnnn.tnC'C can hf. m:rd in f'm¡t rac:t 1 rqu1t1•1nfii Cor 
the (\tlcufatmn of ""pnrl' to ('""rlon.l me-e'" nhns 
The hard\\dfC p:tramt'lC'r"ii, '1 to N and Aa l~ la. 
are on thos C'f¡llatton fur calculahon of P,, the hard­
ware·pru:e/pcrfonnance ratio: 

[ (
\1' F ] 

Pa = Banc "J'I' m cost (!) -1 O 1.\f 1- ;_,..) 

+ .$¡ (Ao+l.o+l,) + lifi:-J + 51JRl (l) 

TI1c \'an.ohlrs nre \\eigl.tcd in rroporloon In thrir 
n•lahvc import.mcc In S) 11rm pcrfonn mee Equa­
hon 1 h slr11clurl'd so that a "gM<I" c,mp11trr "tU 
ha\c a P, v.,Juc nf ahout un1h thro hu!~~r the 
numhcr. thc lc~1 (K'rrorrn1.me (''t ,1.,11" The rqua· 
tton for P, docs not couhtn r 1c tror'lljj f,u opcratmg 
S)'Slcm~ or cnmp1hrs. hmH'\rr. thc \alue of P, 
doco; g1 .. e ;~n mrlac:·.1hon nf hO\\ r1·ulr the r.uchine 
can be pro¡;rammed al the a§Srmb!,·r le\ el 1 num­
bers as\lgned In A, and l.,). Ca!culatcd \3lun of 
E'a are on Tahlc III 

Thc dcnnmm~tor in thc aho\C formula 15 an t-x~ 
pressoop of thc ha <oc hard" are p<'rfonnance The 
6rst tcrm In the drnommotor of Equot1on 1 

[ (\1'-f')] o.w 1- 2\V 

takcs into condilrratioo tl,c ef!....ct: .. e reduction in 
rore sí1e for m>chonM tloal nrcd many double· 
\\ord in,tructions lt u am.med th>t the larger 

lnstrumentalion Te,hnology 

i 
1 

1 

1 
~ 

thc ac!.lra·" Grl<l in sin¡;lc·\\ nrcl imtruclions, thc 
lc•uT dnuhi•··\Ourcl in•tnn1um< \\111 Le rn·t·tl,•d. Ir 
F =O ( trur r,r m'll) f. hit ('(>m¡>llkr• ), thc rlfcc· 
lhl' '"'"sur "ill lte unr·h.olf nf ti ... actual sozc. 

The KronJ tt...in m the dennmin>tnr --

•20 

r '"'·+"·+'·> 
prn\ iclrfii a mi" 1surc nf arithmC'Iic, !ogic. ami T/0 
·¡xmc r· (lr a (-.lmpuh r. 11u- l'Orc mt mOl') rcad­
,..,,lc cH!fo lunc (T) h.o< an elfcC1 on thcsc param· 
dt•rs, lhcn forc·, lcrm< A,, T.,, and l, are di'lded 
b)· T. The f.1ctur of 20 ra""' thi< !rnn to mu¡;hly 
thc same oulcr of m>gmtudc as tl1c Gr>t leun in 
thc df'non1Í11.1tor. Tla.c Laste' crTc(ii\C memory capac­
ily and tl•c hasoc prO<.-c"ing ¡>O\\ er are c:onsidercd 
of ahout rqual importam:c in dC'tcrmuung the com­
pnlrr's "hard\\ar<" pcrfurmancc" factor. 

Thc thinl tcrm. lOO Y, is nchtc<l to hoost m,C"hinc! 
"'llh h.mh\ nrn f•·ulurl:"l that AtL• st.uul.ard. roatlu:r 
than opt1on.tl 

1111° , .... r ll. nn. son. rccogmzC'S thc (act th~t a 
m.H IHIU' \\ ,, .. a l·n:c.·r nnmhcr of gnl!'ral purposc 
fl ~1\h r~t 111 th(f CPlf l"i CótSICr lo program Tius is 
(rtu• )N (,UIC:(' f)¡(' numhc.r of ni('JnUf) rdcrCOC{'S 
011 ,J, d "' a S" •·n pro¡:rom ,.,n be rcduccd. 

Solh-are pcrfom~>nce -Oh .. on<l) thc hard\\ are 
pnn,perfurrnamc r.aho cxpl.umd aho .. c is only 
halE thc stOF), bccau~Jc mn .. t Ct>mpulcr manufac­
hlr~rs suppl)' softu are ns a p.art of the ba~u:- "'ii) s­
tem p:ad.agc> 1 hr fiiO(h, .Ht· ra•1gt" !roan a Simple 
a~ .. •·mhl(fr to a \rry f'()mpl." :md romprchcnsavc 
pad.aJ.:•· 'illlh a~ a rcal·lun(' ('XI'CUh\r for a S)stcm 
"lth a lmiL. mlmol) dt'\IC'l aucl an on-lmr com­
p•l•·r In !:'''" r.•l !he ba<Oc pncP of a m>chmc 
tcnds tu onw a•r 111 propurllon to the quanhty of 
soft\\arc snpphrcl \lllh thc bacic madunc. 

11 isn't possoltlc lo c-aluatc •¡nal•tah•cly thc soft­
ware package of a given maclunc wothoul thc 
bcnrfil of "hamkon" cxpcncncc For thJS reason, 
onotl1cr qu111ht.1th e (aho cmp1ocaJ) equation U 
pmpo"·cl 1hP foiiOI\Ín¡: 'anal·l~< \\oll be in Equa­
!iln 2 for sofh\3re pncc/pcrfonnancc rntoo: 

D = Olf.lmc doagnoshc routincs supplied: 
f\0=0 YES = 1 

8 = Ot•bu¡:~lns routmes snpploed: 
f\0=0 YES= 1 

l. = Loaclt·r rouhncs supploed 
NO=O YES=1 

A= Numhcr of nsscmhlcrs 
C = Numbcr of com¡lllers 
S= Po"rr of on·lonc opcrating systcm {ran¡;c of 

o to 100). 
Thc rating of the on·lmc opcrating sys~'"" (S) 

only lndiCJics how mucb tl•e s¡ slcm docs-no! how 
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Toble IV: Tol•l price/performoR<e 
of m1nir;:ampyhu 

Manulactvfltt. Model number P 

DIQ tal [qu pment Corp • POP 8/ L O 8 7 
Gen11ral Automlt•Oft, lnc • SPC-12 0 98 
General Aulomar.on. lnc • SPC 18 O 99 
Har•e';'NCII. lnc. , tt 316 1 02 
O•Q1t~l Er¡~•pmenr Corp, PDP IS/10 1 11 

A1~Ciloon Compuror, 703 1 14 
He<Nieii-Pitkard Ca ,11144 1 22 
Bu11nns lnformauon Tectlnology. lftC 81J_.83 1 2 J 
Olg•tel Equ1pment Corp, POP-811 1 28 
Comp•ler Syslems. lnc., CSI 16 1 36 

Sctentdtc Conlrol Corj) •• 4 700 1 37 
Rao,,heOI\ Computer, 706 1 41 
West~n¡housa (letln~ Corp • ProdiC 2000 1 4 1 
lnterdala. lnc •• Modal 3 1 48 
loclr.l'leecS Etecuon•CI. lnc. MAC 15 1 51 

Ulcro Systom•. lnc. 110 t 01 
Aedcor C01p • RC 70 1 81 
O•golal Eqtupmena Carp. POP 9/l .J GS 
IRA Syllems, lnc, SPIRAS 65 1 71 
Temgo Cornpuler, lnc. TEMP0-1 1 71 

lntllrrdata. lnc P\'o:lel 4 t 7S 
Hewletr Pac~ard Co 2 liSA 1 78 
Vauan Data Mach•nes lnc. 620/1 t 80 
Generoll Auroma~ton, lnc. Sulem 18/30 1 86 
Compute• Automallon, tnc , POC·Z 16 1 92 

M1cro Systerns, '"' , 800 1 98 
Motorcla, lnc:. MOP 1000 2 OJ 
O.na General Corp, NOVA 2 14 
Computar Automa:1on, lnc • POC-208 2 l !t 
Honeywell. lnc. • OOP-5 16 2 20 

tfewlell Packard Ca. 21168 2 13 
Xeroa Data Syitems, CF 16 2 73 
lnlorma11on Tet.hnology, lnc. 4900 2 27 
Xero• Oa1i Systems. SIGMA 3 2 29 
System Eng•neenf"Q L•boratouu, lnc. 8104 2 JJ 

Vau•n Data Mach1nos, lnc. 520/t 2 37 
Datamate Computer Syltems, Ollif'nlte ' ' ::Z 42 
Drg•lal Equ1pmen1 Corp, POP 11120 2 47 
GRI Computer Corp. 909 2 52 
s.,llem EnglneQIIng Labora1oues. lnc. a so a 2 69 

Data General Corp, SUPER NOVA 2 86 
Elactron•c AssOC1iiiOI, lnc, (AI-640 2 89 
)Ciroa Data Systems, CE 16 2 93 
Data Techno!Oi!'t, lnc OT-1600 2 97 
Ph•lco·fotd, loe , 12 16·F 3 27 

lnlern3IIONJI Bus1nou M.cP'uocs Cor¡J. 1a•.t 1800 4.64 
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Murro.~y Hlil, N. J. 07974 

Abstract 

Thuc h:ls bccn an exploshc ratc of gro»th of thc t~pcs and thc ::~ppli· 

cation5 of minicomputcr5. This gro»th is a rcsult of employin¡; small 

computers in a new 5ct of applications thnt »ere pre\iously unex· 

ploitcd by thc manufacturcrs of lar¡;cr computers. To place thc cmer· 

gcncc of mimcomputcrs in sigmficant pcrspcctite, the followin¡; anal}sis 

is attcmptcd: 1) t) pical minicomputer charactcristics are outlincd, 

2) tcchnological rcason> for thc emcr¡;cncc of minicomputcrs are 

suggcstcd, 3) thc architccturc of contemporary minicomputcrs b ghcn 

in terrns of hardware structure, instruction format, and input/output 

configuration, 4) a sofmarc system that implcmcnts a shared emiron· 

mcnt on a typical minicomputcr ~stem is dt?scribcd, and S) thc ad· 

v~ta¡;cs of using minicomputcrs are discu55cd and reprcscntative 

applications are sketched in the arca of tcsting, control, c:ommunic:a· 

tion, and laboratory experimentation. 

Manuscnpt reccived August 13, 1970. 

l. lntroduction-Thc Emcrgcnco of !he Minicomputer 

The Minicomputer Growth Role [1] 

Ovcr thc past fi>c yc:.ns, thc computcr arena has wit­
ncsscd thc cmcrgc-rKc of Iow-cost cvi~}rvtcr systcms (scc 
Fig. 1) wh1ch havl.! bccn namcJ ·'minitonlputas". As a 
mattcr of f.1ct, the gn:atcst growth 1n thc computcr in­
dustry in this pcriocl has bccn in minicomputcrs. 
Th~ first m111icomputcrs were mtrodtíccd m 1962 for 

aerospace appllcation~. Thcy 1ncluJcd such m .. u::h111cs as 
thc Arm .. t¡Micro Computer, thc Burroughs D2IO, the 
Hughcs HCH-2Cl, ancl thc Univac Add-1000. Commcr­
cial n11nicornputas by such m¡¡nuL1cturcrs as Honcywcll, 
Scicnlific Control Corporat10n, Xerox D..1t..1 Systcms, and 
Systcms Enginccrmg Labora tones a ppcared on thc sccnc 
about 1966. 

Tod.1y, so me 1 O 000 S) stems h:H e be en installed rep­
resenting over 100 di!T.:,·cqt mmicomputer typcs manu­
factured by more than 50 companics (not countmg an 
add1tional 15 varietics by IO foreign compan1cs). 

Minicomputer shipmo.:nts grew approximately 75 per­
cent bctween 1968 and 1969, rcachmg about 6000 units 
pcr year. Thc mdustnal and d .. 1w commun1cations scctors 
p:1ccd this growth. Cont1nued expans10n m these sectors 
combmcd w1th that 111 thc business and l:.iboratory sec­
tors JS suffictcnt to support Lhe anttc1patcd growth shown 
by the median of F1¡;. 1, ind1catmg an 1ncrcasc in total 
sh1pments from 6000 unl[s 1r1 1969 toa prob..1ble 40 000 in 
1975. If the educ,ttlvn .. md transportat10n markets bcu 
come sign1ficant, product10n could reach the upper bound 
ofFig. I-over45 000 un1t:> 111 I975. 

F1g. 2 indicates substanual growth for the industrial 
market-from approxmwtdy 2500 unirs 1n 1969 to over 
15 000 units in I975. Other arcas with str'ong potential 
are data communicat10ns (650 to about 5000) and busi­
ness (less than 100 to mcr 9000). Growth in thc ),¡bora­
tory markct will contlnuc (2000 to ab0ut 5000 units), 
but this will bccomc a lcss slgndic.Lnt portion of thc totJ.I 
markct. Only modcratc appl1cations are anucip.1tcd for 
typcsctting and cducatlon. 
' Markct stud1cs ind1cate a sigmficant downtrc.:nd 1!1 
average costs for thc c...:ntral proccssor un1t (CPU). Ncw 
technologics should begin to reduce CPU costs signifi­
cantly in the not too d1stJ.nt future. Thus, although unit 
shipmcnts are cxpcctcd to ns;:: pcrhaps ñ\cfold, thcir 
dollar valuc should incrc:1sc only about thrcefold, from 
about S lOO m1llion in 1969 to about SJOO million m 1975. 
The ratio of total systcm to central proc~·s~or value is ex­
pcctcd to adv..1nce from a bout 2: 1 in 1969 to about 4: 1 in 
1975, rcncctrng thc growing valuc of thc pcriphcra] dl.!­
vices of thc sy~tcm. Total ~y5tcrn valuc w!ll fl»C fr()ll\ 
about S200·S250 m1llil1n 111 J'J(¡9 tu $2-SS bdlionl!l 1975. 

Over thc past fivc }car~. thc numbcr of mmlcomputcr~ 
in use at Bcll Tclcphonc Laboratoncs h<~s grown to sorne 
120, comprising 34 d1lfcrcnt typcs from 12 manufacturcrs. 
About half of thcsc systcms are employcd in somc sort of 
testing applicativn, most of th!.! othcr hJ.lf are for lab­
oratory systcms and communication cxperiments. 

Rcpnnlcd from/EEE Trans Audio F.lcctroacoust., vol. AU·II!, pp. 354-3 79, De c. 1970. 
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Fig. 1. Projecloon of the annual delivery grawth 

role al minicomputers (alter Arlhur D. LiHie, lnc. ( 1 )l. 

Today's Minicomputer lndustry 

The Jndustry Structure: Early in its dcvelopment, the 
minicomputcr industry was dominatcd by a fcw mam­
framc manufacturers. Thc suppmting software sector was 
compriscd esscntially of smail firms: .the largcr soflware 
companics tended not to catcr to this markct. More re­
cently, thc industry has expandcd to includc many com­
putcr and systcm manufacturers,.suppliers of periphcrals, 

· independcnt software suppliers, and systcms houscs which 
supply turnkey systcms. Lct us briefly characterizc these 
industries. · 

The Mainframe .Mmu!facturcrs: Today, Digital Equip­
ment curpMation, Vanan, 1 kwlcu-P.td .. ard, and the 
Computcr (\•ntrol 01\ Í'>1(111 of llouc) wdl, 111 ordcr of 
imp01 taucc. k.ru th~ indu~try, accoul!trng fM about 80 
pen:ent of tnt.d u111t ~.deo., du11ng 1 CJfl9. Original ClJliiP-

.. ment manufacturcrs (OEM) reprc!>c11ted about 50 pcrccnt 
of total ~ale!> for Digital Eq lllpment, the Computcr Con­
trol Division of lloncywcll, and Varian, and :!0 pcrccnt 
for Ile\\lctt-P.~ckard. The rcmaining sales are for ap­
plicat ions where the cnd u ser ts purcha ;mg a systcm in 
\\hich thc mintcomputer is only a component rathcr than 
buying thc minicc1111puter as such to incorporatc in a 
systcm of h1s own d~St,!;11. 1 kwlctt-Pa •. :kard's ~rc.ttcr em­
phasis upon cnd uscr systcm~ i~ duc to itli acti\ity in thc 
indmtn.1l m~trumentation markct through tls othcr 
dh Í~IOilS. 

Oth..:1 ~llnrp.llltl''> 111 the lltÍtlll.lllllpukl hll'olllt.:~:-. indudc 
lar ,:.o..: l'tll<.:t pno.,._:o., Ir l.. e Xl'Til\ D.rt.t S,y~t..:lll, \\ l11dt Jhl~!->1.'!->S 

thc r~:.our.:..:~ n~cc'>:..try for pcnd rallon uf this 111.1rl..d. 
Additional firm~ wtllundouhtcdly dcc1Jc tlut th1s markct 
is suflicicntly comp.ttiblc \\lth thctr othcr corporate ac­
tintics to addrcss thcmsdves to it for c1tha OEM, cnd , 
U!>crs,' or both. Somc comp.lntcs auning for thc cnd uscr 
markct attempt to cntcr it by initiating thc1r own dcvcl-

f•O· 2. Pro1echon of the u•e d"tnbuloon lrend of mini• 

comput~rs. The opplicot.on catcgorie• are defined 01 

follow> (alter Arthur D. lollle, lnc. [lj). 

11 Industrial: managemcnl control, such a• dato collcc• 

t1on, ond manufactunng includ~ng productaon control. 

2) Dato commun•cotion: batch lermonol controllero¡ 

•lore-ond·lorward meuage •w•h:hong and preproceu• 

1ng equipment, ond dolo concentralon. 

3) laboratory opplication• phy>ical.ciences, e.g., gas 

doromotography and acov•tiu, medicine, e.g., chnicol 

analysi1. 

4) llu>inen applications: flscol manogement, e.g~ poy• 

roll and invoicing. 

opmcnts or by beco1Í1ing associated with a significant 
system and sen·icc cap.lbtlity. 

The Pen¡J!leral Manufacturers: Until rccently, the in­
put, output, and storage de' ices uscd with low-cost cen­
tral procc<.sors wcrc thosc devc\l1pcu fl1r Jargc sy!>tcms, 
anJ 111 nwny imtanc..::. thc1r pcrform:rnce, ca¡KtClty, and 
co..,t wcr~ not c11111p.rtrble wuh thc rcc¡u1rcmcnts of sys­
tcms u~111~ min1comput..:rs. In f.r.:t, <mly a fcw of thc 
mlllicomputcr manufa..:turcrs havc suppltcd periphcral 
de., 1ccs of thcir own makc. 

During thc last two yc.Hs, a ncw cl.t!>S of periphcrals 
for use with minicomputcr systcm~ Itas bccn cmcrging. 
Thc class 111cludcs lo"cr cost and lowcr performance sec­
ondary storagc mcdia--Jisk.s. drums. ond ma¡;nctic 
tapes; dat.1 entry ~wra:;c ~·sine magncti..: tape cassettes or 
cartndgcs wh1ch comp.:tc 1:1 cost .1nd cün\cnicnce with 
papcr tape anJ c.1rd ~."qtlipmcnt; linc printers; and alpha­
numcric catl11.1dc-ray J'i,pl.tys. IIi~hcr performance serial 
prinh·rs are abo now ;1\nll.tblc. 

ln tlt..: 111.'\l fl.'w ~l'.ll '· 111\lfl' \lf thc \.rr¡.:~-r ~uppliers of·. 
l11tl111.'\lll1Jlltkr~ .tre 1.'\Jlc~·ll'd hl dl·,..:l,•p a ~tr,mg l-.tp.tbllllY 
f1lr manuf.tctming thl.'tr own l1ne of l.'l'lllponcnb with 
bro.1d perform.1nce .mJ co!>t r.m¡;c;;, \\ htk a numbcr of 
new companics spcci.tliling in subuntts for minicomputcrs 
w1ll ofTa linutcd product bncs. Thc 1mpctus for such a 
de\clopment 1s thc ratio of total systcm cost to com­
putcr cost, wh 1ch rangc~ f rom 2: l to 10: l. 
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Thc SojN1;re Supplicrs: Systcm software and applica-
tion programs are dc\l)op..:d by computcr manufac­
turas, cnd u,ers, progran'.mmg !lrms, and ongm.tl cquip­
mcnt m.tnuf.tctur..:r~ (OEM) customcr::.. Typic.dly, com­
putcr manul',tcturcrs supply sy~tcm softw.1re for thcir 
pr~1duct llnc, ¡¡nJ thc largcr firms asstst wnh appllcation 
programmin~: and ~upply programs for tunJ..cy ~yst~.:ms. 
In gencr.d, l.owcn.:r, .tpplic.ltion programmmg f.tlls to 
th~ uscrs r.tthcr than thc m.uwi':Kturcrs. Thc appli~o:.ttion 
libr.trics of cst.tbltshcd manuf.tcturcrs> J.rc ).lfgdy thc 
product of u~cr group assoc1ations. 

Progr;-~mnung st.llh of manut .tcturcrs tcnd to be small 
(with thc C\Ccption of thc maJor supplicrs); thcrcforc, in­
dcpcndcnt software firms are important to both computcr 
manufacturcrs and thcir customcrs. Expenditurcs for all 
software de\dopmcnt ha\e becn cstimatcd at about S lOO 
mil110n in 1969 ,md could rcach about Si billion by 1975 
whcn the total population of machinc~ m this class wtll be 
more than 100 000. The greatest number of thcse will be 
smaller machines in dedicated app!Ications. These ma­
chines WIII uulize modularly constructed software sys­
tems that con~ist largely of a specialized combinatJon of 
general-purpose software packages whose dcvelopment 
cost can be amortized ovcr many appl!cations. This tcnds 
to keep the average software cxpcndrture per macbine on 
the low side. 

Tlze Systcm Supplicrs: Independent S)'Stcm suppliers 
offer a capability based pr¡manly upon knowlcdge of 
specific application arcas. These Indcpendcnt system 
companics compete "'nh · minieomputcr manufacturers 
selling dircctly to end uscrs. A typtcal company in this 
class will develop, or have dcvelopcd for itself, thc soft­
ware for an application, but w11l purchase nrtually all 
equipment from cstablished computcr supplicrs, pre­
fcrring a single soqrce for all cquipmcnt, if possiblc. 

Thcsc companics faec the usual sen· ice problcms of thc 
cqlllpmentmanuf.tclurers as wcll as a fcw that ¡¡re ur11que. 
To grow, thcy must recruit pcrsonnrl with a strong com­
biOation of techrm:al sk1lls ,tnd th~: abiltty to apply thcm. 
In addition, the devclopment of workahle, mtc,;r.ttcd 
"turnkey" systcms rcquircs thc sckction of appl!cauons 
with a suf1icrcntly bro.1d markct that the de,:dopment 
costs can be amortizcd over a rc.J.sonable numhcr of 
sales. Sen ices dcmandcd by custonu;r:., ~uch a~ mJ.m­
tenancc of softw.trc and hardware and trarnmg programs, 
are usual! y suppl1cd by the combincd cfforts of personncl 
from both thc systcms firm and the computer manufae­
turcr. 

Profile of Conlt!mporary Minicomputcrs 

What is a Minicomputcr?: Minicomputers are having 
a rcmarkablt- unpact on thc computcr 111du~try sincc m 
somc r..:spech thl.'lf perform.IIH.:c 1-. cv..:n bcttcr tÍl.lll th.tt 
of thcir b1g bwthers whrch have built up thc wmputcr 
mdustry O\cr thc p.t~t 20 yc.trs. f'or lllStancc, many mim­
comput..:ro; h¡¡\c core cycle times and penphcr.tl tr.tnsfer 
ratcs which Jrl! considerahly h1ghcr tban thc convcn-
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fig. 3. Typicol ronge• of mmicomp"ler choraclerostacs [2j. 

tional la1 ge-sc,i!c computers. Core cycle u mes of lcss 
than 1 ¡.¡S are eommon and some machines are in the 
re;1on of ~ ¡.¡s M.1:-.rmum I,·o transfer ratcs are frequently 
determined solely by memory speed. and wnh 16-bit ma­
chmes transf..:r ratcs of over two mill1on 16 blt-characters 
per second are q uitc common. . 

It JS interestm~ to compare these paramctc:rs with an 
IBM Systcm 360/50 which has a core cycle t1me oi 2 IJ.~ 

and a max1mum I/0 data rate of SOOk bytes per second 
on the selector channcl (wh1ch IS the fa~test channcl). 
The 360/50 could in no scnsc be cl,tssificd as a mini­
computer ~nd. of course, in other arcas such as corc size, 
instruction rcpert01re, range of periphcrals, standard soft­
ware markup, etc., 1t is iar more: powerful than any 
mrnicomputcr. Ncverthdcss, th1s does indic.ne that for 
those appltcatH)ns whcrc h1gh-specd minlmum-com­
pkxny proccssurg 1::. rcqlllrcd and r.rpid 1 :o transfcrs are 
necdcd, nunicomputcr~ may well be more cfTcctive than 
thcir l.trge count..:rp.trt~ 

How, then, Jrc n11nicomput!!rs ddined'l 
1t appears tlwt any attcmpt at definin.:; mmicomputcrs 

must be in tcrms of their price, performance, and ap­
plic.Itions. Lct us, thcrcfore, consider thcsc f.tctors. 

CharactcrÚIICS of f.fuucom¡}llrerr: Mrnicomputers have 
oftcn lxcn t.kfincd by thcu pnce rathcr th.tn by their 
performance. As rcc..:ntly as early 1969 som.: obscners 
v...:rc cl.~~~lfylllg !1\lllli.:Olllputers a~ tho~e wnh a mimmum­
systcm cost of lc~s than 550 000. Today a more rc.lson­
ablc figure woulcl be <;;20 OIJO .md some pct)plc rnay prcss 
for SIS 000 or cvcn SIO 000. 

Nc\crthclcs~. consaknng th..: performance oi m;.~:­
computcrs on·crcd l<Jd,ty, 1t ~~ found th.tt thcy t) predi y 
h:I\C f.t~t proc~.:>~ln; rat<:s, rd.1t1\dy ~hort worr.i lcn::;ths, 
and vcr~.tttlc 1nput-output structurc~ [2] (F1g~. 3 and 4). 
Thcir Ctl~t 1<> gcncr.tliy rd.tt.:cl to won.l Jcngth, ~ope of 
thc instruction sct, .r nd thc Jc¡;rce of vcrs.ttii•ty of the 
input-output structure. 
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Pig. 4. Typicol ronge1 of minicomputer characlerilliu. 

' Thc central proccssors are singlc·addrcss binary proces­
~ors with ncgauvc numbcrs cxprcsscd as two's comple· 
mcnts. Thc processors vary thc mo~t with rc~pcct to the 

· ,numbcr of accumulators pr.ovidcd. the instruct1on scts 
·impkmcntcd, the instructlon decodmg tcchniquc, and in­
tc~rupt handling capability. Most processors ha\e an in­
strucuon sct of 64 to 100 instructions; some have many 
more, toa max1mum of over 200. Many of the hardware 
fcaturcs of lMger processors have been carried over to 

' mimcomputer designs and can be reco¡;nizcd in the 
· t.lbul.1t1on ~)f Figs. 3 and 4. 

E qm1n1ng thc typic..1l appllcations of minicomputcrs, 
it i~ di'>covcr.:d Lhat thc mmimal sy!.tcm is usualiy dcd1· 
c;,t.:d Lo control funcuons, data acqlil~itlon. and displ.1y. 
Typic.1lly, thc~c sy~tcms are u~cd for Jlll)nitoring and 
c~1ntrol of a proccss, or momtonng a proccss and dls­
pl.lym~! appt ,lpnatc Jata for manual control. Thc J.1ta 
re..; u.:uon ,¡nJ analy~is cap:1 bllitics of thc .n cra¡;l! cqUJp­
mcnt imply Jor.gcr word lcngths, a more comprchcnsivc 
instruction scL, Jargcr primary mcmor), and usually a 
necd for a sccondary store as well as more sophisticatcd 
d1::.play equipment. The di~pl.-1y equipmcnt may be a 
pnnter, an x-y plotter, ora cOJthode-ray tubc to gencrate 
h.1rd copy and/or on-hnc intcractivc d1spl.1ys. The maxi­
mal cqutpmcnt is usuJI\) dedicatcd Lo pcrform all of thc 
functions of the lowcr-typc systems and 1s programmed to 
opcratc in a t1me-sharing mode. support1ng forcground 
ond background modes. Thus, an operator may intcract 
with thc systcm in the bc~ckground moJe, e g., for pro­
gram di!\ dopmenL, as it monitor~ and co1.trols in~tru­
mcnt.ltion in the foreground mode. 

It 1s clcar that no simpk ddinition of m;nicomputers 
C'\ISts. E\cn the ch.1ractcnstics of contcmpor.1ry mmi­
computcrs ha ve a "'id e rangc. Still, comt •utas whosc 
chJractcristics fall w1thin thc rangcs ~umma· 17ed in Figs. 
~ and 4, and wl11ch are u'>cd in dcdJc.ltcd real-time typc of 
appllcat10ns, are gcncrally classificd a~ nun rcomputers. 

11. Tho lmpact of Componcnt Tcchnology on Minicom­

pulcrs 

Tcchnologicol Background 

In thc years !>mcc Wor!d W.1r II, clcctronics has pas~cd 
through two d1stml:t pcrioJs and h.1s cntcrcJ a thirJ onc, 
namdy that of intcgratcd ckctronics. 

Thc first pcnod ccntcred on the vacuum tulx. lt rcachcd 
its culmmat1on and Sllnultancou ... !y ns cconom1c lunlta­
tions in thc 1950's. The sccond pcnod was mtrod uccd by 
thc imcnllon of the trans1stor. Thc b.1sic bt11ldin¡; blocks 
of thc Lranslstor-b<,o;cd tc:chnology are tr,m~btor~. d10des, 
rcsi~tors, cap.lcttors, and inductors. Thcsc J1scrctc com-. 
poncnts are mountcd by mass-soldcring on thc ubiquitous 
printcd circlut board. 

TidnSistor tcchnolo,:y dcvclopcd ata r:!p!d r.1te in the 
dcc.ldc bcg1nning in 1950, bu.t lcvckd off 111 ~ubsequcnt 
ycars. For e:-.amplc, frequcncy response increa~cd from 
10 to 10 000 Me, failure ratc per bi!hon elemcnt hours de­
crcased from 50 000 to about 1, and the cost pcr transis­
tor dropped from about S iO to about SO. lO. 

The cnsuring lowcr r<1te of improvemcnt in transistor 
tcchnology has bccn offset by the grcat stndes maJe by 
integratcd clcctromcs, which rcquires C'\i:.cns10ns and rc­
fincmcnts in the processcs of trans1stor technology. A 
sldt:-by-side comparison of discretc silicon transistor 
manufacture and s1licon mtegrated c1rCu1t manufacture 
may bcst 11Justrate thc significance of contemporary in­
tcgratcd c!cctron1cs. 

Both fabrication proccsses start with a slicc of cpitall.ial 
s1hcon. For d1screte sih~on trans1stors th1s s!icc may pass 
through about 88 consccutlve !>tcps of d1iTus1on, ctching 
photollthography, and vanous clc.ming oper,ltions. Thc 
fully proccsscd shce wlll thcn contain sorne 3000 transis­
tors that are ~raratcd to proJucc 3000 inJ1v1dual d11ps. 
Each chip 1s thcn furthcr proccs~cd to produce a hcr­
mcllcally sc.dcd d1scrcte tran::.i-.tor. Th1" "paáagmg" 
procc~s 1s vcry co~tly comparcd to thc mtnnsic co~t or thc 
tran~1~tor chip. 

In the fabricat10n of silicon intcgratcd c1rcuits the same 
kinds of proccssmg stcps are pcrf ormcd e.\ccpt that the 
numbcr of steps is about 50 perccnt largcr. Thc proccssed 
sllce w1ll typically contam 20 000 de\ ices (1.c., 400 in­
tegratcd ctrcu1ts cach cont:uning .IOlHit 50 elcmcnts). It is 
scparatcd into indl\ ldu.lllntcgr.ttcd circu1ts each ofwhich 
contams mtcgral k.1J~ thJt pcrnut ca~y at:.1chmcnt to 
thm-film sub~tratcs. E..ch integratcd circuit is fully pro­
tectcd both chcmically and mct.lllurgk .. dly agamst the 
atmo.,pherc and does not requirc an C\p.:nsi\c protcctive 
can. lnteg.r,Jtlon, in .1dd1tl~m to rcducin.:; s11.e ..1nd cost, 
abo reduces thc fallurc r.1te by orders of m.1gnltudc. 

Thc leve] of integration of dtg.1t.ll clcctronics has moved 
from onc functiOil.ll c¡rcu1t, such as a g.1tc oran .1mpldier, 
pcr ch1p t() the dozcn ctrcults pcr c1Hp now found in com· 
puters. Se' eral tcns of c1rculls pcr chip are ;¡\ready a 
prO\cn rcality, and scnous work 1s progre~sing towards 
the 100 or more c1rcu1ts pcr chip arca. Thc projccted 
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numbcr of circUits pcr clup' a\'ail..1blc commcrci .. llly ap· 
1 

pc .. 1rs to grow at thc ratc <)f o,1e ordcr of magn1tudc cvcry 
six )Cars. 

Thc st..ttistics are c\'cn mol e imprcssivc whcn cxprcsscd · 
in tcrms of actual compuuc.1tS pcr ch1p Con~1dcrmg thc 
logic in dclncrcJ machmcs, thc dcnsit)' today is of thc 
ordcr of 100 componcnts pcr ch1p, anJ ts ¡;rowmg at thc 
r.1te of about an or<.lcr of ma¡;mtudc evcry four )cars. • 
Production announccmcnt represents a Jcnsity of about 
an ordcr of ma¡;nitudc hi¡;hcr and advanccd dc .. ·clopmcnt 
i::. at~cmpt1ng sttll anothcr ordcr of magnttudc of h1gher 
dcnslt)'. Exprcsscd in circuits pcr squarc inch, thc lcvcl 
of intcgrat1on uscd today 1s about 100 and has grown 
about two ordcrs of magnitudc O\Cf thc past ten years, 
starting with a dcnsity of 0.1 c1rcuit/in~ in 1960 with dls· 
crcte componen!<;, and progrcsstng through a dcns1ty of 2 
circuits/tn~ with hybrid integratcd circu1ts' (1964), 10 cir­
cuits/tn~ \\ 1th intcgratcd circUits ( 1967), and is expcctcd 
to reach 200 circuits/in2 wtth larger ~ale integr..1tion in 
1972. Regardless of the degrec of intcgrat1on cvcntually 
reachcd, this approach aircady oll"crs the poss1bility of 
reducing circuit costs to a few cents pcr c1rcu1t, of im­
proving rdiab11Jty, and of ofTering thc ultimate in high­
speed paformance. 

However, to obtain low-cost integrated devices, pro­
duction must reach sufficient volumc to make the startup 
cost insignificant. These startup costs include des1gn and 

· debugging, gcncration of test procedures, paperwork for 
p.roduction control, and the cffects of inttial inefflctency m 
making a new product. Today, for examplc, it can eas1ly 
cost between S 10 000 and SI 00 000 to dcvclop a 50-cir­
cuit chip and put it into manufacture. Unfortunately, 
however, the greater the number of circu1ts on a chip, the 
more difficult it bccomes to obtain multiple usage of th1s 
chip and thus achieve high production levels. This im­
plies the existence of an optimum scalc of integration for 
a givcn situation. 

Two approachcs are bcing pursued to enhance the po­
tenllal of intcgr.th:d dcv1ccs. Thc startup cos~ 1~ bcing re· 
duced by computcr-aidcd d~o:s1gn mcthods and slmpltli~.:J/ 
autom.ttcd fabrication tcchniC¡ucs, thus rcduc1ng thc 
pro\e-in volumc rcquircmcnt. Thc othcr approach aims 
at dcfining standardized gcncr1c funct1onal componcnts 
from which Jog1c systcms can be con~tructed. Mcmones 
are one such ~tandJrd1zcd componen!. Thc bcnefit af­
fordcd by applying integr.ttcJ dcctronics to such a stan· 
dard1zcd componcnt ts vcry sub::.tant1al, c~pcc1.llly \\ lH:r.: 
the restrtction 1mposcd by such a standard1zat1on ts 
negli~iblc or 1gnorable. 

Thc si~n1fic.mt imprO\cmcnts in d1gital dcctronics ha\e 
bccn thc kcy contributors to bringing down thc co~t of 
the early comp..1ct acro~pacc mlnicomputcrs, and thus 
opcning up thc cxplo~ivc cnmmcrc1al markct for mini· 
computcrs which wc are currcntly witncssing. 

Functional Minicomputer Devices 

Whic/1 Functional Daiccs ?: Sincc the ad\ent of in-. 

1 This tcrm 1s oftcn uscd to mean the combinauon of s1hcon 
ICs and thin·film componcnts. 
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tt:gr..1kJ ckctí'Wics tcd;nolot;y, ~t:vcr .. tl ~chcmcs have 
cvol\cd Cor thc utdlt.ttiQII nf lar¡;c arr.1ys to thcir full 
potential 1 n <.. cnmmoq J nd str,llghtf orwarJ appro..1ch 
thc dcs1¡;ncr n;~(r!c:ts llllli~.:lf to thc equipmcnt undcr con­
~IJeration Jt thc momcnt. Faccd with only a Jimited set 
of probkms, he hcts littk d1niculty ·sp~clfy1ng thc in­
tegratcd a1 ruy lypcs th .. lt w1Jl efficicntly complete thc dc­
Sign. \Vluk thc rc~.ults ,m: qu1tc cncouraglllg for spccific 
ca~cs, thc drawbacks of any mass adoption of tht:sc tcch­
nlqucs are obv10us. Th1s, thc so-callcd ''custom ap­
pro.tch," would rcqu1rc thc semiconductor mam:f.J.c­
turcr to he rc~p.m"l' e to cach cu~tomcr by mak1ng nu­
mcrou~ low-output productlon runs of highly spccia!izcd 
devices. Thc pcr-umt cost to th~.: uscr, for his own cfTorts 
as wcll a~ thosc of thc mc~nufacturcr, would be qu1tc high 
bccausc oithe l.lltcr"s 1n .. tbtlny to spread initi..1l co5ts over 
many devices. Also, thc complcxity of 100-gate-plus ar­
rays is such th<~t it 1s d11licult to sub5tttutc ont: for another 
(with eílic1cnt results) 1 r.1s would se\crely lmut the o!T­
the-shclf c~tp,tbtlltics for both user and manufacturer. 

An obv10u~ <;o}utlon to thesc problcms is thc introduc­
tion of a sm.tll sct of standard, integrated, functional 
componcnts Semiconductor suppl1ers, m~tking tcntJtive 
advanccs into integratcd circuits product markcttng, ha ve 
airead y proposed su eh dev ices as addcrs, counters, and 
sh1ft reg1stcrs. Howc\cr,_ th1s represents thc soluuon to 
only pan of thc overall probkm. A design heav!ly com­
mnted to the use of thcsc dcv1ces mu::.t fall back on hybnd 
circuttry usmg clcmcntary tntegrated circUits for the large 
remainder of the circuttry. The reason 1s that addcrs~ 
countcrs, registers, and other orderly, wcll-dcfined func­
tions rcprescnt the regions of the system with thc highe~t 
ratios of logic gatcs to the number of pins throvgh which 
the functional untt 1s acccssed (i.e., gate-to-pin ratios). 
After these port1ons are l1fted out of the system," the re­
maindcr is characterized by vcry low gate-to-pin rat1os, 
notably w1thtn thc control and data roL.ting functions. 
Unable to contmuc ~at1~fy1ng thc tntcgrated clcctronics 
dcs1gn entena of hi!.!h ",ltc-to·jJin ratios thc dc~i"ner 

' "" b t .:::;, 

mu~t look to mote standard (1.e., d1::.cretc) componcnb. 
Unfortun.tt.:ly, lor the prL1bkm of partitiOning log1c sys­
tems to makc bcst u-;c of 1nh:gr .1tcd clcctronics, any pro­
posed ~olullon th . .it l.1cks a tot,d systcm approach tcnd:; 
to dnft toward tlm p1tf..tll. 

Two conc.:ptually d1ITcr..:nt approachcs to partitioning 
are bcing pmsucd tmby: b1t siic1ng and funct1onal par­
tltioning "1 o J!lu~tr.llc th-: J¡ifcrencc, cons"ler the J.tta 
port1on of tb..: computcr. 1 n functtonal part1tton1ng one 
m.ty spcc1fy an adder as onc tntc¡;r.ttcd arr<~y, rcg1stcrs as 
anothcr, a ::.l11fl rcgi~tc1 as a timd, and so forth. On the 
other hand, in h1t ~l1cing onc \l.OulJ desi¡;n an intcgrated 
array con~1st1ng of a comhin~o:J onc- or two-b1t addcr, 
rcg1~tcrs, ~hift rcgiSter~. ct..:., tl:en bu1IJ up h1::. ~y::.tem from 
this ch1p typc accord1ng to thc dc~ired WMd \cngth. 

Thc b1t-sll..:c appro.1cil has rcsultcd in ~ome not.1bl!.! 
advantages, p.lrti..:ttl.trly tih.: <~btltty to ach1c\e wry high 
_gatc-to-pin rat1os and 1mplcmcnt systcms using a snwll 
number of dt!Tcrent arr.~y typcs. Howevcr, bit-sliccd 
modules appcar to be quite ~y~tcm-dependcnt [3 ]. Func-
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ti~111.tl p.mitl,,ninJ! ha~ abo bc~n appli.:d ~ucces..,fully. 

Cl'lllhming. b1t ~l11:ing .111d fun.:tlon.ll p.1111liomn,:: gi,cs 
the ~1ppro.1..:h ti u.: 'er!>allllly lo m1pkm~nt bolh complcx• 
und ~impl~ ~y~h:m~ of thll'~rent word lcngths with cqual 
cnici..:ncy [3 J. 

Thcre .1ppcars lo hl! ¡;.:n.:r.1l agrcemcnt that contrl'l 
funcli,,n:. .1r.: mMc Jinicultt,, nwdul.1ri7e than funcl1ons 
rdatcd to d.1t.1 ''pcrati~lllS. i\licn,mcmnry contrt'l tech· 
niquc:. u~mg Rl \D-OSL \' memorics with built ·in ~c­

qu..:nccr and m~tru.:tinn reg1~tcrs knd thcm~ch e~ wcll lo 
lxmg p.lrtili,,ncd 1nto thc largc moJuk~ nccc~~.lfY for 
inll.:_:!r.n~·d unplcmentalions. Thcsc moJulcs ha\e a wdl 
,"'rd.:rcJ ~tru.:tu1 e th.1l mah.c!-1 th,·m c,,..,ia lo proJucc th.1n 
complc:~. c¡rcult arr.1ys. Contr,,l funcl1011!'1 in lhi:. formare 
then amcnabh: to rcproduction in largc quantities of 
id en tic a 1 Ullll s. 

A representa! i' e ~et nf functional de' ice~ for lllllliCOlll· 
puters thcn could be: reg1ster storagc. general lt',glc, 
arilhmelh.: logic, input/output, micromemory counler, 
microin!>tructl\111 rcgistcr, microarray, scralch pad mcm­
ory, up 'Jown countcr, ~witch, and mamf.ame mcmory. 
Wh1ch set of functlonal dcviccs w11l cventually form thc 
&tapk componcnts of minicomputer manufactur.:rs rc­
mains to be sccn. In any case, thc as-;umption that in­
tegratcd funct10nal devices w11l be used in large quan· 
titics, and procuced with improvcd manufactunng tcch· 
niqucs, suggcsts a declining cost trend. As lhc costs de· 
crease, thc specd range of b1polar intcgratcd circuits will 
contmuc to unprove. The bcnefit from this specd im­
provemcn~ is !1kely to be small since prescnt b1polar cir­
cuit spceds are more than adequatc for most minicom­
putcr apphcalions. Typical MOS intcgratcd circuit 
spceds, v. hich general! y are significantly lower than thosc 
of bipolar Clrcu1ts, can be expccted to improve by about a 
factor of 2 to 5 during this period. As the specd of MOS 
circuits increascs, thc conslruction of aii-MOS high· 
pcrform:mcc pmccs~ors will bccome fcas1ble. Howcvcr, 
prescnl !'dOS c1rcu1t performance is alrcady ndcquatc for 
m.111y applications. 

Partltith"'lllllg of minicomputcr:-. fl)r thc most cfTectivc 
U!>C of lntcgraled elcctronic:. 1llmtraks the econom1c 
cri~er1\1n undcrlymg thc engineering design for integratcd 
cmbodimcnts. The conventlonal cnlcrion of mimnuzing 
thc numbcr of componcnts is changcd by lhc introduction 
of the intcbratcd ell!ctroni~ technology, Wllh modularity 
(or c0mmonahly) bccoming more 1mportant and wilh 
component count becoming less important. 

;\/(.,nframe .Hemorics: It turns out lhat more than half 
of lhc cost of the central processmg unit of most conlem­
porary computen. is attributnbk io primary mcmory. 
Usually, thc mor.: sophbticated computcrs come with a 
larga minimum ~izo! of primary mcmory. 1 ll~tmic.dly, 
thc tc.:llllllll':'Y u....;u 111 llll'llhlry !-~Y)olcms (m:1:!nd11.: dt:­
\'i..:c') ha:. bccn ~ullic1cntly dill'crcnl from thc tcchnol\l1.!Y 
uscd in thc rcst of thc mamfr.1mc of computers (semi­
conductor dc\'iccs) that memory systcms havc bccomc 
important funclional dcv1ccs. 

Thr~-c mcmory tcchnologics appear to be of grc.1tcst 
importancc at this time. Thcy are corc, thin film (includ· 

ing pl.ttcJ wirc .1nd pi.11Wr lhin film), anrJ ~cmlcunJul:tor 
(uH.:Iud1ng h1pol.1r .tnd MO~i lnlet.r.Lil'J t'lr'-lllh). Cl1rc 
mcnwrie~ \\111 be ch.llkn¡;cJ hy pl.1t..: w1rc .1nJ ... ...:miclm· 
diiL'IOr 111CI110Th;!. in thc lllllllL'UÍ.Ile fulurc. 

ScmK·onJuctnr mcnhlflc'i promi ... e t<) oilcr b,llh CO'>t 
anJ pcrflHI11.111CC aJ, ,mtagc'> m cr cnrc lllL'Ilhll y. Thcy 
ab\l olla thc p\llcnu.d for h1gha )opccJ .1nd ~m.dkr ~izc 
than m.1gnctic thin-film .mcmoric~. llnwc,cr. thc powcr 
Jc,cl will gcnerally he highcr, although not C\L'l'~i,cly so. 
For thc ncar tcrm. the pcrform.u~ee 0f '>emil'llJH!uctor 
memoric~ '' 11! be thc mo~l llliJ'•'rl.llll ..:on'>IJcratllll1. Thc 
cmb inlll:dly are l11ghcr than llwo;c for ~ore lllL'IlhHico;, but 
are expccted to Jrop rapidly. 

¡\lagnclic Mcmm ies: Throu¡;h all of thc 1960's, mag· 
nct1c ~h,ragc ckmcnts h,l\ e b,·cn thc pr...:Jon11n.tnt m.:m· 
ory de' ice:. in all cla~scs of d1glt.l1 ..:omputcr~. Thc ~pced/ 
Co'>t rallo 1mpro,cmcnt of se\ c1 al hunJrcd to onc that / 
has been accrued dunng lhc 6ü's by ~Y~lcm de<;1gncrs us­
ing fcmtc corc syslcms makcs thc con: a r:,p1Jiy moving 
tar¡;ct for any ncw tcchnolo¡;y. Corc mcmonc<; 1emain an 
clu~ivc co~t t.Hgct due to contulUcd unprovcmcnts, forc· 
most of which are trends toward two- and threc-wire 
~tack designs, rad1cal unit1zed packaging, and the use of 
integrated circuits. 

Core memorics achieve about 0.5- to 5-JlS cycle times 
and are c>.pcctcd to rcalize a factor-of-two improvcmcnt 
O\cr the nell.t fivc year~. The cost per bit is a strong func· 
tion of the sizc of the mcmory; 1t is halvcd for every 
ordcr-of-magnitude mercase in bit capac1ly {e.g., 3 
cents/b1t ior 100 000-bit capacny in 1 970). 

The highcr spced, nondestructi' e READ-OUT (NDRO) 
c.1pab1lity, and lowcr powcr ofl'cred by plalcd wirc pro· 
v1de a tle:\1bility for accommodating a varicty of system 
storage nceds wh1ch corcs cannot match. Platcd wirc ha.s 
the greatcst advantagcs rd.1tivc to ferritc corcs in ap· 
phcallons rcquiring less than 500-ns cycle time. It IS in 
lhcsc arcas that the initló.ll grO\vth of platcd w1rc will be 
concentratcd. 

Ncitha pl.1tcJ w1rcs nor fcmtc C\)rc~ aJcqualcly 
s.tu ... ry thc t.:Cllllllllllcal intcgratcd-clrcult comp.lllbllity rc­
qlllremcnt today. Thc pl.1tcd wirc b1t current, 40 lo 50 
mA for 5 n11! d1amelcr wirc, will drop lo 15 to 25 mA as 
2- to 2.5-mil diamcter wir.:: is introduced. Thc platcd wire 
word dri\e current, 800- to 1000-mA turns tou.1y, can 
be reduccd to 250- to 350-mA turns by s..:vcr ... l means. 
Thc lcngth of thc bit will be reduccd from 50 to 60 mils 
to 20 to 25 mils. Fcrrite corc memorics have a dccidcd 
ad\'ant.tge in bit packing dcns1ty comparcd to prl)ducuon 
platcd wire mcmories. Ferntc corc mats achicve 2500 bits 
pcr :.quarc inch rclat1vcly easily, whilc production plated 
w1rc memory planc!> are 550 to 1000 b1ts pcr se¡ u are in ch. 
Pbtrd w1rc mCillllTic:-. e>.luhit a tcmpcr.ltUrc Cücffici..:nt 
(apprm.imatdy -0.07 to -0.1 pcr<.:l'llt p.:r {k¡:.rcc ccn· 
tit!ro~uc) lh.1t 1~ !'lllbstanll.dly le'" lh,m thc lcntpcratur~ 
codlicicnt of standard ferrite corcs. 

In thc pa!>t, commcrcl:~l m.,gnetic mcmorko.. h.1vc not 
bcen dcs1gned lo mimmizc pow.:r consumption Howcvcr, 
powcr consumption will bceome incrcJsingly important 
as mcmory syslcm pnccs contmllc to dccrcasc and storage 
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c.1p.1c1t)' 111cr~·."..:~. lt h.t\ hl~:n c~lilll.tk'd th.tl thl! lif..:tunc 
..: 11,¡ 11f pw1 1d1n:; pow..:r to :tllc :o;t'>klll .tnd rcmm 111"! Lhc 
hc.tl from Lile ~y~tcm and ft:om thl! Wt111l r.tng~s from S2 
hl 'ilü pcr \\,tlt. 

Thi~ ~~ 11~1 ion:;cr a ncgli,:;ihk co\t fo~ch1r. For c:-.amplc, 
if c\h'ndcd 111.1111 mcmory pricc-; drop Ll) O 5 ccnt pa b1t, 
thcn 1 mW p.:r b1t r.li!->O.:S thc total'cnst to twicc the ac­
qlll~itlon c~1~t. In this contc\t, thc rcduccd powcr con-· 
~umption tlf platcd wirc mc'nwn~·~ comp.trcd to that of 
corc mcmonc~·(typ,cally 1. 25) may bccomc a ~ign1ficant 
¡Hhantagc f11r pl.ttcd wirc mcmonc~. 

Scmic rincluctnr ,\1 cmoric.1: lmproH:d proccssi ng. out­
standing pholt1llllwgraphy, and rclincd clrcu1t configur.l­
tions h.t\C rcsultcd in .tdi\C semiconductor mcmory cdls 
h.tving arr.ty dcn~1t1cs outstnppmg bl.llh corc and platcd 
wirc. Th~: .1d1 antagcs of semiconductor mcmon~:s in­
elude t::\ccptlonal spccd. nondcstructi1e RI:AD-OliT opera­
tiOn, s•nalkr SIZC, (poss1bly) lowcr powa. compatibtltty 
with proccs~or electronics, and rcallz.ttion of Joy..-cost 
mcmory modules. These are the stcpping stones for the 
adaptability to provide a univers.1l mcmory potential 
that ma¡;nctics cannot mcct. 

Semiconductor tcchnology offers a single-technology 
approach which can combme storage, dccoding, and 
sensmg on the same ch1p. This featurc promiscs to have 
significant ad\antages m tcrms of cose. reliabilay, and 
flex1bility. 

Probably the strongest single argument th.1t cxists for 
the single technology rcalizatlon JS that by this means 
the total number of o!T-chip mtcrconncctions in the mcm­
ory systcm is minimizcd. Such intcrconnections not only 
make a major contnbution to fallur..: rate. but contribute 
significantly to intcgrated circuit opcrat111g costs toda y .. 
Their mmimization thus 1s a long stcp toward lowcr 
initial cost and improvcd rcaliability of operation­
probably thc two mo~t important mcasur..:s of mcrit for 
a mamframc mcmory systcm once adcqu.ttc spccd is 
achicvcd. 

Rcli.thíllty h.1s bccn onc of thc b1g problcms of semi­
conductor mcmory. Ficld d.tta .1rc bccoming :n.ulabk to 
indicatc that 10' hours N more o( mean t1mc-to-fadurc 
for intcrconnccted intcgratcd-circu1t chips can be as­
sured. Store rellahtlity apprcci.tbly grcater than actual de­
vice reliabtllty 1s poss1ble through the use of error-cor­
recting codcs. 

Sto re voiaui ity is anothcr aspcct oi the systcm rcliabíl­
ity probkm. lnfvrmatíon 1s h1~t from a ~cn11condw:tor 
mcmory \\ hcn thc pl1wcr ::.upply is intcrrupt~.!d. Thís 
lunitation m.1y cllmin.tl\.' ~cmlcondLiclor mcmonc<> for 
ccrt.tin appllctli~111S, but .tppropri.lt..: systcm Jc.;;1:;n may 
satisfy thc r..:co-.cry rcqlllrcmcnh of many .tppltc.ttlons. 
O na solution i~ a b.td..up P<)\\ cr supply; anotha St1lution 
JS thc prl)\ i~ion of a llOil\\ll.ttdc h.u:kup ~lvrc: ~t1ll 

anothcr St,Jutit)n may be thc dcvclopm..:nt uf nonvol.ttdc 
scmiconducttlf mcmoncs ~uch a"> thc cxpcruncnt.d mctal­
lic nitmk scmiconductors (7\10:05) m..:morics. 

Thus, it app::.trs that thc O\'Cr..tll systcm rcliability may 
be compar.tbk for ma~nct1c and semiconductor mcmorics 
of comp.1r.tblc stNagc cap.tcttics. 
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REA 0-0 N!. Y ,\f,·llrOJ ie1·: Rl !\D-m.JL Y m~·monc'> linJ 
two domll\,liJI .. pplic.tt,on~ •n computa m.unframcs: 
micropro:;r.um111ng and macroprogr.unnung applica­
tion~. 

In thc mll'ropro.:;ramrning applic.tt,1on a HEAD-o:-JLY 
mcn111ry is uscJ to 1nt..:rprct he lll~truclltlll ~ct hy con­
trolling thc s..:qucncc of logtc:d opcrations r..:qlllrcd (for 
cxampk. r,,r an add l1pcration M á shift t)p..:ratlon). 

Fa~t RE·\D-o:-o.t.\ mcmorico;, ata cost comparabl~ to or 
lcss th.m th.tt of th..: IIHH.:h slowcr READ-\\ RITI. mcmorics, 
ofl'cr thc c.tp.thllity of impkmcnting soplliStiC.tLcd m­
structton scts, anthmct1c routlrh.:S, and nWJor :.cn·icc pro­
gr.tm~ in minicomputcrs u~1ng ~tand.trJ¡z.tblc rcgi~tcr 

b.mks ami transfcr g.tt..:~. Ripolar RE·\D-0!'-.l.Y mcmvrics 
of 102-l-bit SILC anJ 11 tlh accc~"> times of lc.;;s th.m 50 ns 
are now avail<.~blc. Thq pcrmit Impkmcnt.ttlons of in­
structlOn sets th.1t ha\C performance spccds comparJblc 
to tho:.c rt:altzabk w1th thc more costly, fully cu~tomizcd 
handwircd dpproach. Tc~tmg of computcrs whose in­
structlon set 1~ rcalized through a m1cropogrammcd 
READ-ONLY mcmory 1s gre<~tly fac1litatcd. 

In the macroprogr<~mmmg appl1cation a READ-0.'\;LY 
memory esscntwlly rcplaccs a port1on of thc main mem­
ory with a fixed rathcr than an erasable mcmory. The 
RE .. D-OJSLY mcmory then containc; instruct1ons in the 
same scnse as wouiJ an erasablc memory. 

Therc are many vanat10ns for 1mpkmentation of READ­
ONL Y mcmorics. One poss¡bJiity, which is appiicable to 
both n1c1gnetic and semiconductor technolog¡es, 1s to h.1ve 
the w1ring pattcrn for mput and output fixed to rct1cct the 
approprwte macro- or microprogram. This .1pproach re­
qulres a ncw ROM 1f programming changcs are made, 
and represents a disadvantage ¡f frequcnt. program 
changes are cxpectcd. 

This problcm can be avoided by using HARD-WRITE 
mcmory, such as thc p1ggy-back twistor. In this approach 
ncw m1cro- or m.tcropH,gr .un~ are e lec: rically wnttcn 
11110 llll'IIIOry ami, 011(:..: th..:y are wnttcn, pcrnut thc mcm­
t)ry to he opc1.ttcd 111 a ltt:'IO-ONL Y modc. Anothcr possi­
btltty 1s thc cap~tor-typc mcmory where a rcmovable 
ma~k cont:lins thc progr.1m. 

Impkmcnt.tllon of all of these typcs of ROM in semi­
conductor form is bcing pursucd. The most 1mportJ.nt 
cand1datcs at th1s time appear to be RE'ID-ONLY diode 
matnx memoncs and senuconductor memorics. 

The Technologicol lmpact 

Th..: r.1p1d ad1anccs m componcnt tcch¡wlogy ha\e 
haJ a ::.pc~·tacul.tr elkct on computcr h:chnology. 0\cr 
thc l.t~t dcc.tdc, computcr 5opccds havc incrcascd by a 
factor of 1000; Clhb <)f compul.ttion havc clc..:rc.b<.'d by a 
factor of thc ordcr of 500, ami thc mcmory c.tp.tctty of 
d1~1t.d cnmpukr~ h:1s _:!<)nc up by som~: Lhr..:c ordcrs of 
m.tgnttudc. Tlu~ rcmarkablc kchnologic.tl progrcss has 
made po::.::.tblc t:1c con~truction of low-cost ami ::.trippcd­
do\\n co,nputas, i.c., mini"·omputcrs, wlwse performance 
charactcnsllcs ~llll m.tk.c thcm mo::.t ~uitablc for a wiJc 
rangc o!' .tpplic.ltions and, d..:sp1tc thcir vcry general 
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cap.•hihu¡:s, hi¡;hly comp¡:titi\e with !>p~ci.lli7cd lhgit .• l 
contHlllcrs in tams of both cost and pcrform.mcc. 

Sm~·c thcir introJucti\ln, thc CO!.l/pcrl"orntancc r<ÚÍO of 
minicomputcrs has itsclf improvcd by two ordcrs of mag­
nlludc as a r¡:!>ult of aJ\ ••ncc!> in intcgratcd cJrcull, corc 

. mcnwl)', •md pad.aging tcchnologics. Thcre is littlc 
UlHlht that the trcnd toward even more cost-ciTccti\ e 
minicomputcr proccssor hardware w•ll continuc in thc 
forcsccahlc future. 

Thc poten tia! of intcgratec! elcctronics will ha vean in· 
crc.•sin¡;ly bcncfic•al ciTcct on the co!»t/pcrformanc<: ratio 
of tllimcomputcrs .1s 1) thc fixed costs associatcd with 
citcuit Jcsigns are rcJuccd, 2) thc minicomputcr manu­
facturcrs bcc1Jntc largcr so as to ju!>tify incrca~ingly au­
tomatcd production facilities, and 3) an incrc.1sing stan­
dardization of prl1Juct and functions is ••chicvcd. 

In particular, thc impact of semiconductor mcmory 
upon machine architccture will be great. As a rcsult of 
the highcr performance of semiconductor mcmory, the 
nced for general rcgisters which serve primarily as spccd 
buiTers for proccssors will be diminished. Also, in those 
instanccs whcre input/output buiTers have bcen incor­
pomted into the channel controllcrs, it wlll be fcas1hlc for 
many systems to make a dtrect data transfcr to main 
mcmory. For minimum-cost systcms it may also be pos­
sible to incorpora te' arious control rcgistcrs into thc main 
mcmory. Thus it appears that intl!gratcd elcctronics may 
~emovc .the designation of the ·mainframe memory as a 
historie di~tinct functional computcr device. 

It llll.s bccn spcculatcd [4] thatan entire proccssor may 
be fabricatcd on a single ch1p in the not too distant fu­
ture. Thc ultima te cost of such a processor, utilizing MOS 
tcchnology \Vith 1000--16 000 components pcr chip, may 
be in thc S 10 rangc. A computcr can then be constructcd 
from such a proc~ssor chip by combining it with a RI.AD· 

o:-;¡_y mcmory and a scmicondudor HLAL>/WRITE mcm­
ory. 

Befare a fully intcgratcd proccssor is produccd, how­
evcr, thcrc will appcar an cvcr·incrcasing numbcr of 
mini.computers (5] which will cmploy varying dcgrcl!s of 
integration based on the availabillty of a rapidly growing 
nunibcr of integratcd circuit devices which challenge the 
ingcnuny of thc system designer. 

In the meantimc, however, the rapid and significant 
advances in integratcd coinponcnt technology also ap­
pcar to be causing a profound change in thc structure of 
thc component supplicrs and computer manuio~cturers. 
Thc use of tncrcasingly soph1sticatcd intcgratcd circuits 
has made the computcr manufacturer incrcasingly de­
pcndent on proprictary intcgr Jtcd circuits to produce 
uniquc computa systcms; the Cl)lllputcr systcms diiTcr 
kss in thc combination of componcnts uscd and mvrc in 
thc typcs of componcnts cmplo)..:d. This has thc cfTcct 
tl~o~t computcr m.mufo~..:turcrs tcnd to builu up their own 
intcgratcd electronics c-Jpab1lltu:s (this trcnd IS somctimcs 
rcf..:rred to as a downw.1rd integrallon). Conccrncd by thc 
gradual crosion of thc depcndencc of their cu!>tomcrs, thc 
intcgratcd circuit supplicrs are cxpanding thcir systcms 
dcvclopmcnt cn·orts, going cven as f.lr as dcvdoping thcir 

own computcr~. whid1 puts thcm in d•r..:d comp.:tition 
with thc1r customcrs (tlw. is somctimc!> l.d;c<! upward 
intc~ration). Thc hig qucstion tod.~y 1s lww thc computcr 
m.mufacturcrs wlll dc.1\ with thc supplicr~·turncd·cllffi· 
pctitor!>. 1 t is quite concci\ ablc th.lt bnth computcr 
manufacturcrs and cornp1111Cnts :.upplicrs will graJually 
bccomc largcly sclf·sunidcnt suppllcrs of intcgr.ltcd sys­
tcnl'; of incrcasing sophi!>tication that are aim¡;d at dilfer· 
entmarkct scgmcnts. 

111. Systems Architecturc for Minicompulcrs 

Functionol Description of Minicompulers 

General Sequence of Erents: A typical mainframc con­
si:.ts of a memory scctil1n, a proccssing :.cction, and an 
input--output (1/0) scction. Each of thcsc s.:ctions con­
talllS severa! rcgistcrs; in particular, thl! proc.:ssing scc­
tion includcs a program counter, an accumulator, an ac­
cunl\1\ator extcnsion regi!.ter, and one or more indcx _ 
rcgisters. AH of thcse rcgistcrs are conncctcd by severa! 
data buses. 

During program exccution, an instruction is moved 
from thc !ocat10n pointcd to by thc program countcr into 
the instruction decodcr. Dcpcnding on the instruction 
fctchcd, a data itcm is moved from one register (or 
memory) to another rcgister (or memory) via the data 
buses; also, the instruction decoder may cause the data 
to be modtfied or comhmcd with prcviously moved data. 
The instructions rccogn•zcd by the instruction dccoder 
are exccuted by the proces:.or control unit which sc­
qucntially opcratcs a sct of tran:.fcr gatcs and thus im­
plcmcnts the instructlons. Whcn thc cM:9ution of the in- · 
struction has bccn compktcd, thc program counter is ad: 
vanccd and thc ncxt in~truction is fctchcd for c'.ccution. 

Thc trad1tional control units are thcd wircd. Thc use of 
microprogrammcd control units is rclativcly ncw in 
mmicomputcrs though old in conc..:pt. Microprogram­
mmg is thc cmploymcnt of a storcJ program module for 
the control umt of the CPU rathcr than thc traditional 
fixcd wircd control unit. Within the storcd program con­
trol unit, a sct of microcommands is storcd. Thcse micro­
commands, when addrcsscd from eithcr a microprogram 
location counter or from a microcommand rcgister, are 
dccodcd and cxecuted. Thc microcommands normally 
pcrform clcmentary proccssing opcrations and are each 
exccuted in onc machmc dock cycle. 

Stored Prop,ram Control Unit: In computers which use 
thc m1croprogram tcchniquc, basic opcrations are de· 
termincd by a stored program rathcr than by hard widng. 
Sincc thc storcd program can be casily changoo or ex­
pandcd to !iuit th~ appllcation, thc harJwarc of thc com­
putcr nccd ncvcr be altcrcd. Thc rc:.u\t JS :1 more flexible 
systcm at a lowcr cost. 

Microprogrammcd computers gcncrally opcrate from 
two le veis of storcd pr11grams: 1) a micro!~:' d stored con­
trol unit, and 2) a macrok\'cl using commands in core to 
spccify thc m1crocommands performcd by thc control 
unit. 1 n thc \,1ttcr a macrolc\ el in~truction 'that can be 
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f 1g. 5. Lowcr cost, more vcnat•le computen 

ore feasoblc through e><panded use of ROMs 

for m•croprogrommmg. Computer •n,truchons 

and caunter supply oddreu inpuh lo ROM, 

whos.e outpuh are used as m1cromstru<.llon1. 

uscr-gencratcd calls a set of microcommands in the 
storcd control unit to pcrform a spcc1fic funcllon of sub­
routinc. Hcncc, a m1croprogrammcd computcr 1s cmul.lt­
ing the opcration of a fi \cd control unit. 

Whilc the m1croprogram technique can be applicd to 
the enure computcr opcration, prcsent u-;age is a com­
bination of hard-wiring and stored programs. Th..: micro­
program storage unit typic.1lly cons1sts' of a READ-o:--:LY 

mcmory (ROM) since the storcd program usually need 
not be elcctncally alterable dunng normal oper<~tion. 

Minicomputcrs that use ROM to storc microprograms 
attain a high dcgrcc of flcxibllity but sacrificc somc speed 
in comcntJonal mstruction cxccution. Dcspitc thc h1gh 
specd of ROM (typically 100-m. cydc time) anú the high 
spced of microinstruct1on c\ccution times, the total m­
structJon exccutJon time mercase smcc a convcntional in­
struction cons1!.ts of severa! nucromstructions. Howcvcr, 
the user can define an in'itrucuon set specific to his ap­
pllcation. This may mean that the overall throughput for 
the spcc1flc JOb may be incrcaseú and the con: storagc 
requircmcnt ckcrl.!a~cJ. M1croprn:•ra'nuning ¡., a h:ch­
lllljliC fp¡ l'.olllllll)!, f'a\(CI C\CCU(ltlll of Cnllljlnlllhi ÍII\(J IU:· 

llum Wilhou( p.t)'Íll):'. thc Jll ÍLC nf' l111kagc~, jlllllp\,1\-C, ollll] 

othcr fcaturc'> rcquJri.!Ú 1n tr.H.lllJon.d gcnc1,d-purpmc 
. software. 

U~c of a R0:'-.1 in a microprogram is ¡llu-;trakd m F1g. 
5. Hcrc, thc combinat1on of lhc computer in~tructJon and 
a countcr are u~cd .1s the auJrc5!> input!> toa R0;\1 anJ thc 
rc-;ultmg outputs are used as micromstruct1on:.. Thc full 
micropro¡.:.ram scqucncc begÍn'i w1th an instructh'n th.1t 
has bl.!cn rcau from memory at thc locatiL'll spccJficJ by 
the aJdrcss in the audrC!>S rq;¡stcr. The opaati011S codc 
of thc mstruction sch:cts thc rl·qu1rcJ mícropro:,!ram hy 
adúrl.!ssing a p.1rticubr P•)rt1on of thc ROi\1. Th<.! first 
output worJ of thc ROM (thc microinstruction) 1s gatcd 
into thc microinstructíon rcgistcr and an opcration is 
pcrformcu in thc control un1t. If thc rcsult of thc opcra­
tion 1s incomplctc, thc control unit aJ,ancl.!s the micro­
location countcr and the ncw addrc~\ sclccts a sccond 
micrl_)in:-.lruction, and so on. 

.Whcn thc control unit compll.!tes its opcrations, it rc­
qu;sts a new mstruction by adv.1ncmg the adurcss 111 the 
KA[N[L MINICOMrUTJ:RS-A PROJ lll: 

aclurcs!> rcg1sta, tla:n r..:.,ds thc microlocat•on ccunta ~o 
that it i~ pr..:p.tr..:u ¡',,r the ncxt nllcroprogr.Jm :.cqucncc. 

Program E.\Crttli0/1 lnterrupts: 

Jnterrupr c,,¡,ahtf¡ties: J ntcrnam sys~ems cquip mini­
computas for qlllc~ response to 111'put,'output <kmanús 
or othcr c"cnh thc~ t rec¡ uirc immcdiatc attcntion. A 
priority intcrrupt ~y~IL·m pn.l\ iJcs immi.!J 1atc rco;p()nc;c. 
conscrvl.!s mcmory -.p.tcl.!, anú lmprl)'>'CS pro¡;ram runn1ng 
spccd. Tho.! alt..:1natm.: tcchniq t~<: of !>l::mnmg r pülling) 
deviccs in ~cqlll::ncc IS much more c\pcn..,l\C m terms of 
progr.ml kn~th, ml.!mory spa<X, and program running 
time, and docs not provl(.lc immcú1atc response. 

Jnterrupt systcms for nllnicomputl.!rs are quitc exten­
sivc anJ eons1st of mtl.!rnal and c.\ternal intcrrupt k\cls. 
The interna! intcrrupt levels include power fail-safe, 
memory parity. ml.!mory prot::ct, and real-time clock in­
tcrrupt ]e\cls. Usually, thc memory protcct le'd c.tn be 
mlubJtt'u from thc opcrator·s console, but the othcr in­
terna! intcrrupt lcH~Is cannot. Thc bas1c externa! i~lter­
rupt systcm usu.11ly consists of one or two lc"els: addi­
tional mterrupt levcls can be added in modules of'two. 
four, or eight le'>'cls prov1ding maximums from 16 to 256 
le veis. 

Externa! inkrrupt le\cls are undcr program control 
and can usuallv be d1sarmed or Jnhib1tcd indiviJu:.~lly. A 
disarmcd mter;upt levcl ignores an interrupt signa!; an in­
hibit..:u interrupt kv el stores an interruptsign.d but docs not 
cause an inter~upt unt;l the inhib1tion has been remo,ed. 
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/nterrupt Sequence: Usu..1.lly the interrupt procedure 
implcmcnted in the hardwMe consists of suspcnuing 
proccssing and compkt mg a set of instructions out of 
sequen ce; thc intl.!rrupt Ievd providcs the core"addrcss of 
the fir!>t mstruction to be executed out of sl.!q uencc. 1 f the 
intcrrupt sen icing subroutine consists of only one m­
struction, the contcnts of the program counter are not 
ch.tngcJ, .mJ the mtcrrupted pro~r.11n is continu.:d after 
tlll· intcrrupt lll~truclhHl i'i fin1~húl. 11' lh<.! intarupl 
O.,l'J \'Íl.'lll)_! o.,uhJ lllllÍIIC l'CliJO.,Io.,(o., of' '>l'\L'J,tf Ín~lllll'(ÍOII!>, hnw­
CVCJ', thc Jmtruct1on storcd al tllc IP~o:.tli•Hl addrcssi.!J by 
thc 1ntcrrupt in~truction must he a tran-.ra of control to 
the irllcrrupt scrncing subroutmc. The 1ntcrrupt procc­
durl.! thcn C\CCUll'!> a tr,lJl~fcr of control m!>truction toan 
indJrl.!ct .1ddrcs<; 111 a core location sckcto.!d by the inta­
rupt lc\el. Somctm1c" thc proccdurc incluúcs storin:; thc 
proces!.or status bcforc tr.1nsfernn¡; control to thc intl.!r­
rupt savicing ~ubroutinc. 
~ümc h.lrdw.JTc prl)\ ís10n is m,tde to block out all ín-­

tcrrupts unt1l thc intarupt sen icing subroutine h.ts 
storcd the st.1tus of thc proccs:.or, contcnts of thl! ac~ 
cumulator, inJc\ rcgi~tcr, progwm countl.!r, overflow, etc. 
In aúJition, h.lruw.~rc provis10n i:. made to block out all 
intcrrupt kvds of an cqu,li or llnvcr priority untll thc 
currcnt intcrrupt lc\(:1 is rdcascd by instruction. 

Functional Description of the Minicomputer Sections 

Tlw A1cmory: c,)lltcmpor.lry machines use core mem­
ory cxclusi• el y for impkmcnt.1tion of the memory scc~ 



tion. Mcmory si Les ran¡;c from 1000 lo 65 000 \vorJ., and 
mcmory ::-.pccds frtltn 0.5 to S ¡¡.~. O,)tions otTcrcd for 
mcmory induJe a p.mty check bit pcr \hlHI, \\hich serves 
to detcct rcad crrors, and ,1 mcmory protcct bit, wh1ch 
prohibits writing into sclccted mcmory !>cctions cxccpt 
whcn thc computcr opera tes in a rc~tnctcd ~upl.!n i~ory 
modc. The mcmory protect mctlwd is u~cd to pcnmt 
p.1rtrtil)11ing mcnwry mto scparatc banko;, cach contain­
ing a separa te program, so that cxccut1on of a progr.11n in 
one bank cannot atTcct thc pro,gram loc.tlcd in an ad­
jaccnt mcmory bank. Anothcr unpkmcntation of thc 
mcmory protcct feature is by uppcr- and Jowcr-bl1UnJ 
rcgistcrs that define thc protcctcd core arca. Thi~ fcaturc 
also incluJes a set of instructions that is ctTcclÍ\C only if 
the machine operatcs in its supcrvisory mode and that 
pcrmit<. sctting 'up thc protcctivc fcnces. An a~~ociatcd 
intcrrupt lcvd ~tgnals a protcct violation or a parny 
failurc. 

Thrcc memory adclressing modcs are customarily n1.1de 
<t\a1lable: 1) dire~ addrcssmg by which the mcmory 
location specificd 111 a mcmory rerercnce instruction is 
acccsscd, 2) indirect addrcssing by which lh~o: locauon 
spccificd in a memory refcrcncc instructton contains a 
pointer to (t.c., addrc~s of) thc location to be acccssed, 
and 3) indexcd addrcssing by \\·hich the contcnt of an 
(indcx) rcgist..:r ts added to the direct or indircct addrcss 
to cstabli~h the etTcctive address of the location to be 
accesscd. 

Thc entire core is usually addrcssable via indexing 
and¡'or indircct addressing. In some cases, an address 
cxtcnsion rcgister or doublc word kn;th instruction pcr­
miis direct addressing of al! of core. l ndircct addressing is 
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follow1ng scvcn rcgnters ore pro"•dcd .n thi' eaGmple. 

The accumulalor (A) and •ndc11 rcg,.lcr (X) are the 

princtpal regt,.tcn used for workmg storage. Most 1n· 

•truct•on• which opcrute on doto (operand,) moke use of 

these lwo reu,.tcrs and lhe urilhmelic logic unil. The 

m•lruchon countcr {P) holds lhe in,lruchon address. 

Reg1>lcn R, W, und M work on conncchon W1lh the 

memory. 

ll\u,dly rccur~tvc (ch.tining of IIH.lircct .¡JJrc~~cs) with in­
tkxing .11lnwcd at cach k\ el. 

Ikc.1u~c of thc ~hort wo1 Jlcngths, mo~t mini~.:omputas 
use a pa¡;ing tcd111iquc to aJJrc"~ cor~.: l_;y ,, onc-word 
mcmmy rcf~.:rcndng. tn~tru~.:tion. Thc kn:.;th of th.: pagcs 
~~ ddin.:d hy thc numbcr 0f cor.: loc.llil)ll~ that thc ad­
drc:-.~ lidd can ~pccify. Tlu.:~c in~trucllon.; c.m Ólrcctly 
addr~-~~ thc local pa~.: th.ll cont.lino., thc m~tructton .1nd/ 
or a ~rcctficd base p.tge 111 corc. Tlm b.1sc p.tgc i~ u~ually 
thc lirst p.1gc in corc. S0mc machmc:-. pcrmit ~pcctfying 
thc Iocalton of tlw; pagc hy a pa;;e r..:¡;t..,tcr. Dc~pitc lhe 
p.tgcJ use of mcmory. O\ crl.1ppcd timing f,)r thc p.tgcs is 
not mcd nor 1s 11 uscd for thc b.uü.~ of p.1rtttwncJ mcm­
orics. 

Thc S-bit mimcomputcrs ditT~.:r httlc in addressing 
ca¡Mbthttc~ fromth~.: 16-btt tn,,chtncs bcc.lll~C thc mcmory 
rcf.:rcncc in~tructwn~ of thc S-bit machines u~c two words 
pcr instru'ctlon instc,td of onc. 

Severa! nunicomputcrs includc a RL\D-o;-o;L Y mc1~1ory 

(ROM) eithcr as basic ho~rdwarc or as opt.onal cqUip· 
mcnt. ROMs havc a shortcr cyck time thJn core mcm-

- oncs or e\cn semiconductor RC,\D/WRITE mcmones. The 
ROMs are uscd in two d1fkr.:nt wa;rs: 1) to storc, pro­
tcct, and dccrcasc the cxccut1on tune of real-time pro­
grams, cxccultve fl1Utmcs th,Lt allocate thc proccssor time 
to diffcrent applic.1tion program~. and frcquently used 
subroutmes, and :?.) to storc microprograms that dcfin~ 
thc processor's instn.cuon, ~ct. 

T/Je ProceHor: As mcntioncd bcforc. thc processor 
s~ction typ¡c,tlly cons1sts of gcncrJI rcgi~tcr~. thc arith­
mctic Jogtc, and a control seC\i,)n which cJn use ctther 
microprogrammcd or harJwtrcd. log1c hardware. The 
principal variations tn contcmpor.~ry proccssors are in 
the number of registcrs prO\ tdcd, the instruction set im­
plcmcnted, fhe instrucuon dccoding tcchiHCJUC, thc in­
tcrrupt hanJlmg cap.1b1ltty, aml the bu~ Mrangcmcnt. 
Thc gcncral ¡cgt:-.h:r~ may ,,,ry from 3 to :!56. In most 
ca<.c~ thc prlK'C'>:>llf l)pcr.Ltc~ 111 a word modc, but 111 somc 
ma..:hmcs thc untl procc~.,cJ IS a b) te wnh thc liiHl '>lorcd 
111 a m.:mory rcgt:-tcr bcing onc nr two bytes. ln:>truction · 
scts impkmcntcJ by thc conlrtll untt m combmation with 
processing umb r.mgc from ,, \ cry rudm1cntary sct with 
funcllons !>uch as muluplic.ttlOn, divlslon, and f1oating 
point ava1lablc only in software toa complC\ sct which is 
a subset of th.1t for thc IBi\1 360 s¡stcm. Thc instruction 
scts pro\ ided Jrc discus;~cd in more dct.til in the section 
on proccssor opcrat10nal capab1ltties. 

Two d1stmct bu-. !itructurc~ :1rc uscJ. In thc type 1 struc­
turc [ 6] a mulllplicny of buses mt.:rconncct mcmories, 
accumulators, anthm.:uc U111l', tn~truction and index 
IC!!l~kro.; .llld .llhcr kcv cknKnh (.,,.e Fte!. 6). In thc 
lll:Hc rc~:~'lllly llill•'dllL·c~l l)J'C 11 'llll•·tutc [7]. [~]. ;lfkn 
rcrc. red hl ,, ... ,, Ulllhuo.; ~lructurc, .111 lhc kcy .:!ClllClll~ .lrC 
att:whcd to two bu~cs, 1.c., tlle sourL~ and d.:sllnation 
bus, s (se~ Ftg. 7). 

T:1c t)'Pc l ~tructure is not as function.11ly oricntcd as 
thc typc 11 structurc. In thc formcr :-.tructur..:, thc proccs­
sor is prinunly ,,riL·nt~:d to accumul.llC d.1t.1 from a sub­
~y::-.tcm, pcrform arnhmcttc c.llculo~uons on 1t, anJ rcturn 
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fog. 7. The elemenh are broughl outside 

the oc:tuol processor, ond oll computer 

devices ore connccted ocrou thc sorne 

ou1 structure os the devices to be con· 

lrolled {71. The bus modofier provodes a 

progrommoble poth thol permols toking 

dolo from ony onpul dcvoce and movong to 

ony outpul devoce, ond performong oper· 

aloons on the doto as they pass from ene 

·devoce to the other. Progrom control pro· 

vides lhe signols thot ondocote when a 

source device is lo send dota, seh up the 

routc the dota ore lo follow, and specofies 

the deslonation devoce lhat is lo receive 

!he dolo. 

thc rcsults. lt was not conccivcd in tcrms of controlling 
ahd scqucncing actinttc~ that n1.1y not tnvolvc lll.lthcm.tt­
ic~ at al l. 111 f.tct, thc u~cr of .1 typc 1 ruirlll:omputcr must 
program control ~y:.tcms function in tcrms undcr!>tood 
by thc more .mthmctJc,¡lly oricntcJ .;¡ructurc dc~pit..: thc 
fact that thc~c terms mav bcar lilll..: rd.tuon,htp h1 thc 
functlllll.tl rcqu1rcmenh. :rhc .ILtu.d l'lll~,t.illlllllll~ of thc 
conlfl'l flllll.'llllll 1:. lhl'll oltcn turncd tl\cr toa pr(lgr.IJn­
mcr spec1.l11~l who rcbtc.:s th..: -;) :-.tcnh r..:qu1rcmcnts to 
equtvalcnt terms that c.1n be translatcd ,¡o; Jnstructions to 
thc computcr. Ho\\cvcr, 111 so dclc;,!at111g systcm dcvclop­
mcnt ta~ko;, proJCCt control bccomcs 1110rc Jillicult and 
de\clopmcnt cost incrc.1scs. The type.ll structurc has 
been chosen to facthtiatc thc functton.d programming for 
control.applil·attons. Tlus wtll b.: illu~tratcd in thc scetton 
on proccssor opcr.llional c.tp.!btlittcs. 

Tire 1/ O Structures: 

Respo111iccne.\S of tite f/0 Sdl('mcs: In th~ many ap­
pli(.llilllh of 11111\t(tllllputcr,, thc tiiput and output of 
(1.1!.1 1\ ,¡ d<lllllll.llll f,ll'lPJ'. \lttllúlllljlllfl"l' ,IJ'l' hl'lll)', ll'ni 
c.\kll,l\dy f,,l p••'L'L·~, ,·ullltol, d.1t.1 111\llliplc\in:,~. l'<llll· 

munit:.ltl,'ll 1111..: et'lll'L'lltr.lltl•ll, ::.wtldl:n.:; .. 111d (lth..:r ar(ao; 
in which ((,¡t,l .1rc l't1JllllllH'lhlv tr.lnSIIIilll.'d lx·t\\(L'Il th~ 
computcr .1nd •:xtern.d de\ te.:~. RL'l(lllfL'Illent~ for mllli­
computcr S}~t~:11s 111 C\~n nnc 1:'0 aprltc.lttl)l\ .m:a can 
vary grcatly. For e~ampk. wiH.:n niult1plcxing communi-
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f1g. 8. fully sequenlool 1/0 >eheme. The left side of the illus· 

trohon funcloonolly ondocotes the sequence of evenls for o typocol 

1/0 operotion. The roght 11dc shows o rcprcsenlotove implemen• 

latoon. The peripherol dcvoces IP,) ore enobled for 1/0 by the 

decoder corcuotry Doto lronsfer lokes place by the dota bus. 

cation ltnes. a typ1cal srnall-scale systcm might consist 
of an in-hou5c ttn1l.:-::.h.lring cornputer wtth a minic:om­
puter front cnd. The minicomputer would be used to 
handlc thc communtc.ttlon hne processing for say 10 to 
30 low-spt>cd lines, cc~ch connccted to a stngle telctype­
writtcr, or it can serve as a line conccntrator for up to 
64 full duplex !mes at spc..:ds up to 4800 bits pc.:r sccond. 

The basic factl1ty for transfernng data b..:tween the 
computer and tho.: C 0 Jc\ ICe is generally refcrred tO aS 

the 1/0 bus. 
Signaling on thc I/0 bus may b..: eithcr nonresponsivc 

or responstve (h.lmlsh.1king). Nonresponsive srgnaling 
may be simpkr J nd k~s co:-.tly: sign.ll:. rema in on thc 

'lmes for a pr~::.ct ttm.:: (d1ct.1teJ by thc wor~t anticipatcd 
condttion~). and are tl11:n removed unck;r thc a~sumption 
th.1t they havc hccn dct..:ctcd at th~ rccciviÍ1g cnd of thc 
bus. Rc~pon~ive signa! s~ ~tcms prcscnt d.1ta to thc rc­
ceiver, cominuomly or rtp.:tltl\·cly, unt1l an "acknowl­
cdgc" ~1gn.d 1~ rcturnl·d Ad\.111t.1¡;es l)f th..: l.lttcr ap­
prt1.1Ch are: 1) ~c..,, '>ltl<.l ¡,,lcr.rnce, or fa~l..:r opcration, 
2) src.1l<.:r cuntrnl, alhl 3l flc\lhdlly 111 adapt111g to varia­
tion~ m contrlJllcr spcL'd" or in bus kngth~. Vtrtl!:dly all 
mi n 1computcrs u~.:: a rc~p,,nsl\ e I O sch.::mc. 

15 

Two categon..:s ot tc:.pJnSI\c 11 O schcrncs c.1n be dis­
tin~uishcd. Thcy \\ tll be rdem::J to as 1) fully ~equentwl 
schcmc~. and 2) O\WI,1f'p..:d sch..:mcs. l\·IL~st minicom­
putcrs use. a cumbitt.ltlon uf thcse schcm..:~ to match 
thcir intnn~tc spc.:~d "it~ the response r .1te oi thc I/0 ¡ 
dcv•lce. 

In the fully scqucnual schcm~s (c.g., F1g. 8) an I 10 
opera IÍOil ÍS fully l!\CCllh:J befo re the lle\t oreration ÍS 

inttÍ.ltcJ. A~ a r..:sult th..: required hanJ~ha~in; ~cgucncc 
,,,.,11c't.l!cd \\ 1ll1 .1 '{ll'L ¡fic 1 () npc·r.ttinn 1'> l'•'lllj'ktl·d hc­
r'Pil' lhl: n,.,¡ ,,.qll<'lll'l' 1\ .r,·tJ\.ttcd. lkc.111''' ,,f lile 1t;•.1d 
h.ltld,lto~l..ln;~ ('1 •ll""''l, llhhl '><.''[llc'llll.d l, ( l \o..'hL"Ilk'~ ll'>l! .1 

h.trdw1rcd l O llltcri'.tL"L' k1 pcrfl1fm the handsh.1king 
sequcncc \\ tlllln a co111puta lll::.truetll)ll cyd..:. 

Thc h.uHl~il.li..Jng ~l·qu(ncc ,,s,ociated w1th somc 1;0 
opaations can be tntrmsK.dly slow. l·l)r cxatnplc, 
acJ.. nowkdgmcnt of a ''st.1rt l. O de\ ice" may takc Se\ eral 

,, 
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f,g. 9. Ovcrioppcd 1,'0 >ehcme, Thc lefr "de of the piclurc 

funchonolly de.cnbe> o lypicol 1/0 1equence of cvcnh. The 

right ••de iug1Jeth a repretental•ve implcmenlahon comprising 

o >el of pe.,phcrol de'""" (P,) connectcd in 1erie1 olong o "9" 

nal bu .. 

milltscconds, wl11ch i~ VCIJ long comparcd with thc micro· 
sccond cyclc ratc of mo~t contcmporary mm1computcrs. 
In thcsc in~tanccs 11 is prcfcrablc to inltlatc thc l/0 
opcration and determine thc succcss of thc cx.ccution of 
thc I;O mstructlon ata latcr time. 

Using an unplcmcntation similar to that uscd by a 
iully scqucntial 1¡'0 schcmc, thc proccssor can deternunc 
the I/0 dcvice response by qucrymg a register assocwted 
wnh thc de\ ice unúcr program control. Thus, the hand­
sha!,.ing scqu~ncc JS brokcn down into programmcd 
distinct 1/0. operations. 

The unplcmentat10n of an overlo.~ppcd I/0 scheme 
shown in Fig. 9 is assuming incrcasing importunce in 
communication~ oricntcu· systems. All 1:0 de\lccs are 
scrially 1ocatcd on a common I/0 bus. Each devu.:e is 
eqU!ppcd with circuitry that recognizcs thc opcration 
codl!s that are addre::.sed to the device; cach device is 
also cqlllpped w1th circuitry that aso;ocio~tes the responses 
wnh an ¡Jcnufk.lt&on code des1gnating the dcvice from 
wl& h:h 1 he 1 c'>polhC flllL~Inatcd. In ~<lll1C ... y\l..:m~. 1 he de· 
\'1,<,: addll"•'·l'\ oiiC l'\Jl]lt ll[y !'1\'l'll (',\'llalJy llldcd tlf 
tran:,.n¡¡tt..:d .dung .1 p.11 a lid hu'>): 111 tllllcr ~)'"t~·n¡::, cad1 
dc\'icc is :l'>SOClo~kd wnh a d1~11nct tnnc slot (tune mulu­
plc\ing), simpl•fying thc dccoding circuitry. 

Thc data strcam to thc pcnphcral I/0 dcvices is 
placed into an output c¡ucue from which it is trans­
mittcd to the 1.'0 de\'ices. The inputs from the devices 
are pl.1ccd lllll1 a re~pono;c qucue from which thcy are 
fctchcd to be unalyzcu by the proccs~or and rcl.ttcd to 
thc proper 1, O <lJh:t.lth111 111!-.truction. 

Somc O\crl.1ppcd I,'O !>chcmc~ prov1dc means for 
rap1dly dctcctmg specllic rc~ponsc codcs wh1ch can 
cau!>C a processor intcrrupt. Thcsc responses can thus 
be pron1ptly rccognJ7Cd and thc pwpcr acllon immedi­
atcly takcn. Other sch.:nc~ pro' 1dc mcans for automatJ· 
c.1lly &fllOrin~ codcs tnat mcrcly rcprc::.cnt a ~t.1ndby 
condiuon (1Jling code!>). 

Scquential 1/0 Scf¡,·m~s: Thc most widdy uscd 1,10 
schcmc~ are of the fully scqucnll.ll l)lJC. Scvcr,¡J schcmes 
of this typ~ .~re currcntly offcrcd with v&rtu.11ly all mini­
computcrs. Bccuu~c of thcir &mportance, thcse schcmcs 
wlll be bnefly discusscd. 

_._-.~ ...... ,-.J.-.II_:;...•loo., ... .,.._...._..¡,;,.. __ ~...._¡..·-W• - ..... ,.,. :..,..,....._. ••••w-~ .. --•~· ........ ·--a-

In thc scnsc that ovcrall systcm opcration is undcr 
control of thc pro¡;ram, it may be said th.lt .di input/out­
put tr.w~fcrs are aho undcr prl1¡;r..1m cnPtrol. 1-lowc\l!r, 
thcrc .1rc widc \ ari.1tions in th<.! amount of pr~1gram con­
trol nccc!>~ary lo cllcd a transfcr. 

Fui/y Prngram-Conlrollcd 1¡0: Thc standard 
mcthod u~cd 1s a pwgrammcd p.uty linc channcl. This. 
mcthod i!> unucr full program control. E.1ch word is. 
trJn<>fcrrcd on thc I/0 bus bctwccn a worJ..mg rcgistcr 
and thc 1/0 dcv1cc, and storcd in mcmory by mcans of 
program instructlons. Thus, thc m,l\imum ú.1ta tr.1nsfcr 
r.1tc O\cr a programmcd p.my 1inc 1/0 channd 1:> lunitcd 
by thc program overhcau for sen 1cing the I/0 dcviccs. 
rcq uco;ting scrv¡cc. 

D~1t.t transfcrs pcrformcd on thc !>t..ll1dard 1/0 bus. 
rcqUJrc pro;;r.tm mtcnent11.1n f•1r cnch word tran~icrrcd. 
Thae are two mcthods fM u<;ing the progra:n to control 
tran~fcrs. In thc first mcthod, thc transfcr of c.1ch word 
is dfcctcd by mcans of a pro,gram rcqucst. Thc program 
addrcsscs the desired I/0 de\ 1c..:: and thcn waits until the 
dev1ce JS rcady to transnm or receivc data. This dclay 
lcads to proccssing mcffic1cncy. Th~rcforc this mcthod 
is rcson.1blc only in case!> whcrc thc I/0 data is highly 
disciphncJ (prl!dlctabie and program synchronized), 
or whcrc proccsslllg reqlllrements are low. 

To free thc program für othcr tasks during the waiting 
p.:riod, thc intcrrupt ml!thod is uscd. Aftcr thc- 1/0 device 
is instructcJ on the funcuon to be pcrformcd, the pro­
gram n1.1Y contmue proce~!>ing unul an interrupt s¡g'nal • 
is rccl!I\Cd, md1c.1ting th.1t the dcvicc is rcad) for the ncxt 
mstruction. W 1th tl11s mcthod an mtcrrupt followcd by 
an 1nterrupt procc~slllg scqucnce are sllll requircd for 
cach woru that is transfcrred. . 

A·~f!mory Acccss l. 0: The throughput c.1n be in-
crea~ed hy rcducmg 1: O interrupts ami program control 
llf 1 O tr.lll:..fer..,, i.c., hoth d1rect·pro.:cs"ing time for th~ 
tl.lll'>kl illHI lhc 111111' l<'lJillll'd t'tll J1f0)'10illl lllll'flllpl'>. 
·¡ ¡¡,.., rcdul'!it'll i-. t~htalncd by Clll[lloylll~~ add111o11:,¡ 
cqUipmcnt 111 which I.'Ü tran~fcrs bctwccn pcnphcrai 
de\ ~o.:c~ and m;unframe mcmory are controlkd by hard­
WJrc in~tc.IO or by thc storeJ program. Whcn data is 
transfarcJ d1rcctly betwccn an 1.'0 de\ 1ce and memory, 
program mtcnention is rcquired only at thc bcginning 
and cnd of the transfer. or \\hcn there is a dctcctcd error. 
DcJ¡catcJ !LK.ltlons 111 mcmory pro' 1de the bcginnlng 
anJ lin..tl corc adJrc!>scs that Jdinc block kn_sth. Thus, 
Jt 1s poss&blc lt1 transfcr lar:;.: hlocJ..s of 1nformJ!JOll wlule 
~imultancou!>l)' proccssing other data. Tlus allows rela­
ti\cly h•gh·spccd deviccs to intcrf.1cc to thc channel for 
Jat<~ transfcr. 

Thrl.'.:' mcthod ... ar~ uscd for tr<~nsf~rring J.1t.1 dircctly 
bctwccn thc 111.1in mcmory and thc pcnphei.ll devices.. 
In thc lirst mcthod a d1rcct mcmory acccss channd 
(D~IA) prov1Jcs a d1rcct d.ll.l path to thc m~mory. I: 
permit!> thc h•.:;h·!>p~cu tr.1nsfcr of J contiguous blo..:k of 
d..tta. Contrlll and aJJrcss111g ll1g1c ure in the cxtcrn:ll 
dcv¡cc which rcqucsb scrncc, and conncctJon JS made 
d1rcctly to thc main mcmory r.1ther than through pro-
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l'L''~'lr regi:-.ter~. The Dl\L\ Cllllncction pcrruits stec1lmg 
l,¡ m.1i11 memory cyde!> from the pr,1ces~1ng urut whcn thc 
,1p,)ropnatc pcnphcr.d Jc\ Jc:c Jcm.uH.ls ~en ice. Onc of 
l\10 modcs m:•y be u~ed for pcrforming cych: ~tcaling. 

Onc is to sw•t..:h control to thc Dl\1A •nterf.u.:c anJ pcr­
f,H m a blo.:k tr.•n~f.:r. The othcr 1s for thc input-output 
contrd lo¡;ic h1 check for a penphcral "rcady" st.1tus; if 
the pcr ipheral 1s not rcq uc~t1ng :-en 1cc, control is rcturncd 
to thc procc:,~l'r untll a pcriphcral transli:r is rcady. 
Bccau~c most nun•"·omputcrs lla\c only onc mcmory bu._, 
tr.m~f.:rs \la D;\1A su~pcnd pro..:l'~'>•ng if thc proccssor 
Jnd D~1A try to accc~s mcmory smlllltancou~ly; the 
DMA ch.u111d h.1s priorlty. Severa! dt:v1ccs can usually 
intcrft:rc toa Dl'v1A channd, but only onc Jcvicc can use 
the channcl at a time. 

A second intcrf.1cc method is dircct multiplcxcd mem­
ory acccs-; (Di'v1C). W1th tlliS arr.1ngcmcnt a number of 
pcripheral J.:\ ices are ~crv1c.:d by a hardw1rcJ input/ 
output progr.1111 that is c\ccutcd wh.cn a data tran~fcr is 
to occur. TlliS program ellccts th..: data tr••nsf.:r by way 
of the stand.1rd mput/output bu~ .1nd a~sociatcd pro­
ccssor rcgistcrs in ""hich th.: data are as~.:mbled and 
bufTered. Thc multiplc:-..or channel consists of a numbcr 
of subchanncls. th<lt are scanncd in sequcnce for sen·ice 

- -Gr can..rc~¡~st_:;cn 1cc by an interrupt. A pnority channel 
is usually u sed to support high-~pccJ de\ ices.· -

Two pairs of corc locations are ded1catcd to each 
:~ubchanncl to pro vide! initial ( or currcnt) and lnnit ad­
dresses for contmuous block transfcrs. Thc subchannels 
usu.11ly share a data bufTer a~d current addrcss and lunit 
address registers. 

Thus, ¡¡cveral memory éyclcs are rcquired to transfer 
~ach byte.: of data bccau~e thc channd mu~t automat1cally 
access memory to load thc currcnt addrcss and limit 
addrcss rcgbtcrs, to pack thc currcnt byte.: 111 thc currcnt 
word, and to rc~torc.: thc currcnt addrcss in mcmory. Up 
to s1x mcmory cyclcs may be rcqlllrcd dcpendmg on thc 
numbcr of subcho~nncls acti\C, thc ordcr in which thc 
subch.1nnch rcquirc s.:rvicc, .1nd thc d.:.,ign of thc ch.tnncl. 
Tlm causes thc DMC to IM\l' .1 data ratc noticc,tbly 
bclow th.lt of .1 DI\IA arrJng.:mcnt. 

The th1rd mcthod 1s a hlock-muluplcx.:d acccss mcthod 
(selector channcl). At .tny onc t1111.:, only ,,nc l/0 un1t 
can acccss mc.:mory. The othcr unns can gain _mcmory 
access only dt thc cnJ of ,, bk1ck tr.uhf.:r. 

It is ckar from the forcg,1in.:_: J1:, ... u~~~on that thc hard­
Wdrc for 111Cllll)ry acccs~ l. O mu'>t ,tutomo~tlc.dly pcrform 
mcrnory adJrcs~mg Thc currcnt audrcs~ anJ thc.: cnd of 
thc J,tta block mu~t he ~torcd o~rHI o~c~sscJ. As cach 
word of dat,l 1:> tr,tnsli:m:d, thc currcnt mcmory aJJrcss 
is. upJatcd, and a check IS madc to dctcrminc 1f thc fin.ll 
adJrcss has. bccn rcachcJ. lf so. an 1ntcrrupt must be 
gcnerakd. Thc currL'nt ,¡JJrc.:~s is lllllla)¡zcJ hy thc pro­
gram at thc bcgmning of thc tran:-.f.:r op.:r.ttlon a~ thc 
Stdrtl11g .1JJrc~s of thc.: Jo~t<~ tramfcr. 

Currc.lt and lin.d mcmory adJr.:s~cs may be ~torcd in 
rcscncd loc.ttion:-. of corc mcnwry l)r m o;cp.1ratc .:xl\:rnal 
reg1~tcrs. Thc l.1ttcr ca~ rc~ults 1n more c:-..r.an~i'c but 

KAf ... r:L· MI:O.ILO\IPUlJ:RS-A PROFILE 

fa~ter throut:h 11ut. Thll'>C dc\iccs which M..: co~pahlc.: of 
mtcrl.!crng tr.tn'>fcr., by word rcquirc a sct of currcnt 
and cnd111g ,tddr.:,~cs for e<tch device conncctcd, or fL'r 
thc maxunum nüillbcr of J.:vicc~ capable of ~imult.~ncous 
opcr.ttlon. 

Othcr rcgi~ll.:r~ are olkn provided, cspccially in com­
mun1c.1til1ns 01 i..:ntcJ computcrs, to do.:tcct spccral C1Hllrol 
codcs cmbcdJcJ w1thm thc data ~trcam. 

Sincc thc rcg1~ta 1s associatcJ with a control unit <~nd 
is pro~r,1m lo.tdabk, thc uscr has widc llcxibllny in his 
~ckct1on of Lflt..:rl,l w1th which to cnd u <.latd tr.tn~fcr 

unJ intcrrupt thc progr.un. 
Priorlly Conli o!: When a numbcr of units are con­

nedcJ togcthcr on a common bus, sc\cral kchn1c.¡uc~ 

are dVallo~hl.: for c~t.tbh~h111g pnority and r..:sol\ mg con­
tcntlon bctY...:cn t\vo or more unit~. lf l. O dat.t ar..: Ji~­
ciphncd, tramf..:r:. can. w1th rcasonable dlicicncy. be 
undc.:r progr.1111 control. Thcn thc ~ckction of the i/0 
U111t may be by any apprupriate algorithm. Altcrn:Jtl\cly, 
if control1s by mc.tm of intcrrupt, thrcc basic t..:chn1ques 
are cmpll1)'Cd, a~ follows 

J) A s1nglc common llne is used by all l 1 Os to sigrí~ll 
an mtcrrupt. \\'h..:n thc intcrrupt JS allowcd, thc program 
polls each de\ 1cc, accorJing toa polling tabk, to deter­
mine whkh de\ 1ces are bidding. T~c priority JS implicit 
inJ.bc orJcr in.,., b1Lh I .-o~ are listcd in the polllng wblc. 

2) A ~Ingle intcrrupt·lme Js-u~cd, anda singl~: go-ahcad 
is uscd. L O dc\lccs are connccted in. a J •• isy-chain 
arrangcment on thc go-ahcad linc, with pnorit-y assignco 
in thc orJcr of conncction to the line. Highcr priority 
umb obtain acccss · first, and whcn not b1dding, re la y 
the go-ahead s1gnal to the lowcr priority dcvices in order; 
the de\ 1..:c .,., h1ch 1s successful in obtaming an interrupt 
~cnds 1ts •d.;ntlly on thc aJdress Jines. 

3) Scp.1ratc mtcrrupt lincs anJ scp,1ratc go-ahcad 
lmc~ are prondcd for cach dcvicc. Contcntlon is n.:solvcd 
on a pnlmty bas1s by son.1c typc of haruw.lfc. 

In a numbcr of computers, priontic~,arc progr:un con­
~:ontrolkJ by \\ ho~t is u'ually rcf.:rrcd to a., a mask111g 
1n:,truct1on. Th1s t)V<: of lll.,truction can sclcctivcly prc­
\Cnt an 1/0 un1t fr~.1m gcncrating an interrupt untll the 
instruction is ncgatcd. This facll1ty provides an cfficient 
m.:c~n~ fl1r .di,)\\ 111_:;. only h1ghcr prior1ty Jnterrupts to 
111t.:rrupt IO\\t:r prJOnty 1ntcrrupts. 

Operotionol Description of Minicomputers 

Tlu: ,Uuuc/llllj'lllcr ln.\lrucrions: 

Th<' 111\tructwn Sct: Most of the opcration Cl1dcs of 
thc m~truct1ün sct ,1rc uscd for memory rcfcrcncing in­
'>tructl,m~. Nonmcmory rcfc:rcncing instrw:tions use 
adJitional bn::. of thc mstructlon word as p.trt or all of 
thc <.)pcr.ttlon cndL', so thc numb..:r üf in,tructions is not 
n.:ccs~.mly ~m.tll. Thc.: mod1fication ficld furthcr qualifics 

·thc 1nstruct1on by Jclining th..: ,1Jdr..:s~mg mode (¡,hrcct. 
mdiTl'Ct. anJ/or indc\cd) or spcc1fy1ng that thc addrcss 
fidJ COÍltaln'i a Cúll:-.t.tnt (i.c., the addr.:~s fic)J contalllS a 
lltcr .1!). 
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A"' Ji~u's~J c.trltcr. bcc.n~::.c of thc ~hort in•;truct ion 
\\('rd kn~th. m.,,t ll111llú'lllPlltcrs u,~· a p.l.t:lll~ lcchn1quc 
ll1 .ld,lr.:"" Cl'r.:. :'\l~·nwr) -rct".:r.:m·1n~ ln,trucll<lll~ can 
"hrú·tly .1ddrc~s th.: p.t~c th.1t ~·nnt,llli" th .. · 111\lrtl~'tlnn 

;md: or a h.1-..c p.1.c:e. In 1111.., C.I"C. thc .1dd 1 ~-~.., h.:ld pr•" 1dc" 
:111 aJdr~·,, llll.'l~'lll~'lll. Thc dkttlh' .1ddrc..,.., ,.., cakulakd 
in .lcc,,rd.lnc.: \\'lth thc ~,d,lre's nw.k; ll'\Wlly .1 b.1'e ad 
dn:~s of ;ero ,,r thc ct111lc11l of thc pr•'¡!r.un c\'ll11l\:r 
:.pcc1fy lhc pJgc 11\llllbcr (1.c .. thc b.t~c .tddrc,s) .uH1 thc 
;¡dJrco;.:; ti.:ld .;p,xlfie:-. thc corc .1ddre,., rdatl\c 1t1 th.1t 
p.1gc. Thc en !Ir.: C<1f~ 1s _scncr.llly addre,s.l hlc '1a llld<.'\lng 
or llhhrcct addres:-.111g. In somc c.1::.cs. an .1ddrc~.., c\tcll'>l•11l 
rcglst,·r or dnuhk wordlcngth in;truclll111 c11.1bk~ thrcctly 
addr~·::..,il1g all of corc. 

M o;t Cui,ltcmp,1rary proccs,ors :.tre singlc-adJrc ... s 
binary procb.~,lr"' with licgati\.: 11lllllbers e\prcs,cd .1S 
1w,1's compkm.:nt. Thc bas1c in~t¡uctiol1 sct of typc l 
slnh.:turc machmcs usually induJcs 1hc anthmctic opcru­
tions 0f fi\cd-p.'il1t add, sublwct, multiply, .tnd dlvJdc, 
althou¡;h mulurl;. and d1\'idc are fr.:qucn1ly avail.~blc as 
optlonal featur.:s. Vouhlc-prcc•sl01l li\ed-point add and 
subtract are frequently providcd. A few of the larger 
machines ofTcr lloatmg-p01nt hardware as an opllonal 
featurc. Ail offer sorne form of.logic, compare, and 5hift 
operat10ns: many also ofTer by1c manipulation •nstruc­
tions. The I/0 instrucllons are u~ually \cry general and 
complcx. Commonly. the l/0 instruct1on aJso pro' ides 
control for operational features, wl11ch are addressed as 
l/0 devices. 

Gcncral-purpose machines ha\e a grcater number of 
im1ruct1ons a' a ¡Jable, a nd thcrcfMc g.·ncrally ha' e a 
more tra.d!tlonal fhed-\nrcd proccs~or. Thc controller­
l) pe n1.1chmco; h.1ve a more limited numher of lnstruc­
tion, and frcquc11tly rcly more 011 nlllroprogr.ll11llled 
0rf:l111Z.Ition to penlllt spccwh7cd 1n~truction sets and 
uscr-:;~·ncra ted macropro¡;ra mmed 1.1 nguag.:s. 

\\ h..:n a lllllll.:omputer 1s cquipp..:d w1th a memory 
pro1ecl f..:aturc. thc instruct1on ~d 1nclud..:" a protcctcd 
sct of instruct•on5, ~uch as 1ho>e tho~t lo.H.l the uppL·r- and 
'Iow.:r-hound reg1sters or change 1hc 1ntcrrupt status and 
l/0 in~tructions. 

Typc 11 structurc machmes coulJ spccify an instruc­
tion ;ct :.~km w thJl of typc 1 mach111es. lfow.:' cr, rccog­
ll!ZIIlg the .:ap.1blin~ 0f tran;fcrnn,:: d.lla d1rcctly h.:t\\.:cn 
thc '.lll<lU> proc~ss1ng un1ts of typ.: 11 machmes and to 
onent thc,c machllleS more to\\,lrl..i C\llltr0l appll.::ltlons, 
thc instrucllon set con~1,b of 0111: m:11n mstruction: 
"D.:\ ice X to Dev1cc Y". Prm 1~1011 of tl11s t~ pe of in­
struL'llon h:.ts b..:cn found to grc.llly f,ICI!Itatc cenain 
control applicat1on pro,::r.~m~. and. prov1des a natural 
en\ JWnm..:nt for rccogn111ng thc numcrous 1/0 de\ ICe; 

conne.:h:d lo type 11 machines. 
Tht' !nlfltlction Furmat M~1st J6-h1t proccso;ors of 

typc 1 ;¡r'"'hitcl·turc U'-e onc-word lmllucllon~ v.ith thc 
follow111g format (o;ce F1,::. 10): a 4- lo 6-b1t opcr.1l1on 
codc. a 2- to 4-hll moudicauon ficlJ. a11d an 8-b•t addr..:ss 
ficld. Thc S·bit mtn1computers ddTcr l1ttlc in :.tdJrc..,~mg 
C.1p.1b111ty from thc 16-bit mlllis bcc.1use thc menwry 

Fog. 1 O. lmlruci•On lormoh of moch•nes ol 
type 1 and lype 11 orcholeclure•. 

rcfercnc1ng in~tructions of thc R-h1t m<~chmes use two 
words per Jll">trucllon in::.tcaJ of one. 

Somc S-bit proce~sors opcrate snllll.lr lo the 16-bit 
proccssors by us1ng two worJs pcr ln"truct•on. Othcrs, 
however, rcc¡uirc only one progr.unmcJ byt.: for many 
1nstructions by us1ng a b) tc-sharing tcchn¡que. These 
instructlons al'>o use two bytes per u.strucuon but only 
thc first byte 1S ~torcd .1s part of the program. Thc second 
byte 1s storcd as a constan: (sharcd hyte) 10 a ded1cated 
core arca and is refcrcnccd b) thc first b) te. The S-bit 
instruct10n word format u~es lhrec or four bits as thc 
opcrJlion cüd.:, nonc M on~ bit as a mod1fication, and. 
four b1ts as the addrcss ficld. 

The opera\1,111 code ~lKCities an instruction class, such 
as compare, anJ a dcd1catcd corc are.\ of 16 locat10ns. 
The addr .. ·o;;s fiL"ld of th.: lll<;\nlCllon selccts a location 
\\ 1tlun the d.:d1C.Ill'd .:0re .~rc.1: thc .llX<.:'~ed corc loc.ltion 
conta1n; thc shar~d hytc th.1t fu1 thL·r cldinc, thc in,truc­
lln11, such ;!'- t: pe ,,f "''111p.1rc .111d adJre::.-111g 1cch11ique. 
Thc 5h.1red b) t.: dn.:~ 11111 lllcrt.:.l>.: thc number of opcr.1~ 
t 1011 cod.:s :.t\ ~ 1!.1 hle, nor docs 11 Jcl·rc.IS~ thc in:-.truction 
cxecutlon tnnc: it d,,cs dccrc.¡o;e thc anwunt of core stor­
age reqtur.:d to st.,rc prog.r<~ms. 

The 111Slrucll\)ll:,O r.)r m.JChlllcS of t~ pe 11 .¡rchitectures 
havc the Slll):!k form.1t ..,hown 111 F1g JO. Tbe actual 
opcrat10n performcd b:·: ;:r. nbtru.:liPn is d.:rcndent on 
the umqu..: comb111at10n 0i :-..1urcc aJdrc;:;, destination 
:.Jdurc:.s, ,u¡J moJifi..:r Thi-, i:. pe of f,1r111.1t .1pp.::ars to 
i1.1tura11y ,tnd nKai111l):!Cully r..:prcscnt thc l) ¡Jical control 
computcr en\ líonmellt \\ nh 1ts ch.tr:t..:t.:n~tic:•lly large 
I /O control de\ tecs. All 1nt.:rn.ll .md e:-.tern.1l syst..:m 
clcmcnts are thus d1rcctl~ .tddrc~~.,blc by tbc of a com• 
p1lcr-llkc funcll•'na: l.m.:;u.t~e r .• th.:r th.tn a m.lthcll1J­
tlcally oncnkd lan~'Udgc. The pr.,_sr.lmmcr does not have 
to dc\'clop thc 111\ ,1h.:d C<1lllmand ~qucnc.:s th.1t will 
tr.lll;;\.nc prü.:c~s d.: 1.1 11110 a lo~ n.:;ua¡;t: th.tt 1 he computcr 
c.u) unJcrst.llld. ard thcn h.tLk .1;.un lllto lll~truclJOnS 

th.1t the cq\llpnll'nt c.m rc.1ct to. The ummpcJcd tlow of 
datJ from de.:\ 1cc \\' de' 1cc ~.1\CS tcmpor.Hy ::.turagc loca­
tions for bl1okkcqJing purpo,cs and pro' 1dcs the de-
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signcr with moJul.mty and flexibility to c.Jd<lpt thc com­
putcr to spcc1fic systcm reqUiremcnts. 

The Minicom¡mter /, O Interface Systems: Since 
\lrtually all mmll·omputas are uscd withm an cm lron­
mcnt that is strongly dommated by I/0 dcviccs, the I/0 
interface has an opcrational significance similar to that of 
thc instruction rcpcrt(')lrc. It is through the su1tablc 
applicat10n of thc instruction rcpcrtoire m combination 
w1th a propcrly configured 1/0 mtcrface that a nuni­
computcr is madc to pcrform a uso.:ful function. 

Functionally, the 1/ O bus permits the transfcr of data 
bctwecn I/0 units and the working re;istcrs of the com­
puter. Sorne computcrs ha\e dedicatcd rcg1stcrs for 1/0 
transfcrs, reducing hl1usek~cpmg rcqmrements. The 
nurnber of dcvices which may be conncctcd is dctcrrnmed 
by the size of thc addrcss ticld of the compt!tcr's I/0 in­
struction, and corrcspo;¡J~ngly, thc number of addrcss 
]mes in thc I/0 bu'i. Thus, a onc·b) t..: addrc~sing ~tructurc 
v:ill accommodatc 256 indiHdual 1/0 units. Tl11s is, of 
cour~c, a thcorctical m:.l'\imurn anJ <.loes not unply that 
thc logic dcv1ccs can be containcd in onc cabulct, nor that 
thc computcr h.1s tlu: c.1pahility of acc.ommod.1t1n~ the 
throughput of any combinc.Jtitm of 256 dcH.:cs work111g 
simulta no.:ou;ly. 
Th~ 1/0 bus \'.IIl cont:J.in communication lines for the 

following purposes (see F1g. 11 ). 
l) D.1tc.J. output lines for tramfcrring data from the 

computer to th~.~ dcvicc, and data input lincs for tr.lns­
férring data from the de\ ice to the computcr. Transfcrs 
may be onc word ata tm1c or 111 multiplcs or submulliples 
of a word. 

2) Output addrcss lincs for cnabling thc computcr 
programs to sclcct onc of thc 1,'0 de, ices conncctcd to 
thc bus, input aJdrcss lines for cnabling an 1/0 dcvicc to 
idcntify itsdf to thc pro.:;r-1111. function lincs with "'l11ch 
thc pH•~r,un Jc;¡gn.llcs th..: functinn~ to he pcrformcJ by 
thc sclcctcd 1,'0 de\ IC~', ~t.1tu~ 1111cs whcreby thc de\ ice 
ÍndÍcc.J.tCS lO thc úllllpUtcr pw,;r.1lll ll'> Sl.ltUo., of' bu-.y, 
rcady, etc., pro~r.1m int..:rrupt lineo., with wh1ch dc\i .. :cs 
sign.d thc progr.tm to rcque~t an intcrrupt, p.1rity nror 
lincs \'.hcrcby a de\ 1cc mdic.ttcs to thc prt1~f,llll thc d.:tcc­
tion of an error, and \ .lfh.1US ml::.ccllaneou; control fum:-

KAL:"EL· Ml:-IICO:O.IPUTI::R5-A PROFILE 

tions ~uch .~s sctting and clearing of intcrrupt mask, 
~ystcm rc-;ct. 

3) Timing lincs whcrcby thc dcvice opo.:rations are 
synchronizcd. 

To reduce costs, sorne of thc abo\ e functions may be 
combincú on the samc lincs. For examplc, thc data lin.:-s 
are oftcn u:.cd also for thc device address and the func­
tion information. Add1tional signal lincs are then used 
to indica te the typc of data present. The tirne-multiplexing 
of lincs by JifTcr..:nt p1cccs of information achicvcs lowcr 
cost at tla: c:-.pcnsc of slowcr opcration. 

To connect an I/0 device to the computcr f/0 inter­
face, a device controllcr is required. Quite a large sct of 
signal lcads rnay have to be connected to facilitate the 
handshaking scquenccs of a rcsponsive I/0 scheme [9). 

IV. Software Systems for Minicomputers 

Overview of System Software 

Systcm software 1s designed to assist the user in pr.o­
gram prcparat1on and in system imtialization and op.:ra­
tlon. For program prcpar.1t10n, an assembly language 
plus various <llds to the prograrnrning of the machine 
are usually ¡nailable including trace; editing. breakpoint, 
Jcbug, and llnkage routines. Quite a fcw manufacturers 
also supply a bas1c FORTRA'< cornp1lcr to aid thc user in 
developing anthrnetic prog.rams, and some al:;o provide 
a standc.JrJ roRTRAN compller. For system inÍtiallzation 
and opcr.1tion, th~ manufacturers customarily make 
ava¡lable such uids as periphcral operating systerns, real~ 
t1me monitors. partitioncd (multiprogramming) operating 
systems. loadcr und ut1lity routmes, rnachinc diagnostics, 
and rest,m;'fallback routmcs. 

Asscmbly langu.lgcs vary in structurc frorn onc ma­
chinc to .uwthcr. Mo~t asscmbly languagcs are indications 
of thc spccif1c machinc's O\Wall h.1rdwarc architccturc 
<llld lo¡_:1c. An mcrc,1~1ng numb..:r of ,,~~cmblcr ~ysh:ms for 
minicomputcrs th.tt run on largc gcncr,d-purposc com­
putcr systcms are b..:coming available. Thi~ avoids the 
ncccss1ty of cquippmg thc minicomputer sy~tems with 
general-purpose líO deviccs that are usually not needed 
except for program de\clopmcnt. Some oi th.:se systems 
are sirnulator packages ior larger machines which permit 
progrc.Jm deH:lopment for thc minicomputer direct!y in 
thc a!)scmbly language of the large machine, .1nJ thus 
make convcni.:ntly available thc sophisticatcd macro­
... sscmblcr cap.ibllltics of thcse large-systcm asscmblcrs. 
~hu1y of thcsc systcms havc bcen dcrivcd from the com­
pilcr sy:.tcms uscJ for programming thc largc computer 
by pro\ iding suitablc pro:- .md post-proccssors. 

EOic1cnt CtHllpllcr opcr.ltion 1s dlf1icult ll> rc . .li'c in 
:;m.dl m.tl'lllnc~. and '1rtu.llly impt,~'>lblc 111 ..¡¡){¡{) Wl)i•!S 
,,f core. :\lnst 11llnieomputcr con:pll..:r~ requlíC Süü0-
1.:! 000 \\Oíd~ of corc. This rcprcs~·nts a grcatcr cost to 
thc bll)'l:f f~1r thC U~C Of a Compikr f.ICility, and m.Ü .. CS 

mor..: .1ttract1\ e thc us.: of Ct1mpllcr:> t:1.1t ar~ t'po.:r.Llll'f1<~l 
on J.~rgc maclun..:s of computcr '-O.:ntcr~. lt ~houiJ b-:. 
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not..:d tl1.1t "hil.: many of thc traml,\tors are tcrmed 
úm;pikr'-. m.1n.; ~trc <11:tu.11ly int..:rprd..:rs: lll thcsc th.: 
l:lfllll C0lk 1~ tr.111~l.1tcJ ln an lllh:rmccli.lt:: l.m.:;ua.:;e that 
1~ lnh:rpr..:tcJ dunng thc C\C.:Ullon 1.1i thc progr.11n. Thc 
;,d, .. snt,,~c l'f th1" appr.,:u:h ll> thJt k~s tune is r..:qlllrcu 
<lurin,;; ..:,,mpllatlon anú k!>s storagc 1~ n..:c.·-=~~;¡r~ t\1r mtcr­
mcJJ.tlc ,,m.lli1;al forlll'- of thc tran~latcd C<)Jc. 1-luwc,cr, 
thc ~h.'r .1;;c anJ .:ompllation tunc s,,, in.:;" are p.1iJ for by 
thc HKr..:.,-...:J C\c-.·ution lllnc cht~r.!CtcrbUC of ull·~rprcU\ e 
l'ly~tcms. 

Applicction~ Software 

T,,,¡,,~, .tpplK.!tlc111 l1br.Jncs cont.un pro,:ram modules 
or ~ubr,,uun..:~ \Hitlcn f,,r c.mllr,,l oi ccrt.llll l.~borator) 
ln<.tn¡mcnt'. 1 O lntcrf.J.:c routmcs. typcscttm,: machmcs. 
graph i.: úbpl..1ys. and specific industrlitl PH'CC!>~c'. Despne 
thc c,,ntnbution of thc largc manufactur..:rs, nlOl>t appli­
catlon hbrJrh:s are uscr generatcd ami supplied through 
usa .JSSc"~clations. 

J\1.m~ .~ppllcation progr.ullS are supplicJ as part of a 
tot..1l ""turn-kc~ .. package wh1ch cons1~ts of a complctely 
sclf-containcd hardware 1SOftware S\'Stem. OITcrinl!s exist 
for laboratory, data communicau~n, mJustrial ~instru­
mentat¡on, and specializcd business systems. 

·Real-Time Monitor Systems 

.\lot1wriolz for a ,\1onitor S,1 stem: F or· many of the 
appli.:ations of minicomputers an operatmg systcm that 
supp0rts the use of thc computcr 1s supcrfluous. These 
.s: stems C~"~mpnse program routmc~ that a1J 111 the prepa­
rath"'!l '-"'f appl~o.:auon programs (1.c. asscmhkr~ .md com­
plkl q.·t".t.:dlt.l\..: thc pcrf,,rlll.llll"C 1.1f input ,,utpul<.1p::ra­
u,,ns (Le .. 1.11put ·<.)Ulpul control "Y'h.:lll'), ""'"¡ 111 thc 
dcbu:;;;111g ,,¡ programs {1 c., dchu,: TL'lllinc~). ami Cllll-

, trol thc c\..:cution of md1' 1du.1l program subs: stcms 
(i.c .. e\c..:utl\ e systcms. oftcn al so rcfcrrcJ to as moni­
tors). H0\\C\cr, whcn the S)~tcn"l opcr.ttcs in" real-tmlc 
en' 1r~"~nmcnt and must rcsponJ to intcrrupts from a 
numbcr üi sourccs, thcn some t) pe of an C\ccuu' es~ st..:m 
is needed. 

Se• me re.:entl~ described nccuu' e sy5-tc:ms ha' e aJ­
\anc.:a cap.1bllit1es. Of parucul..1r mterest are sc\cral 
systems v.h1ch mcludc a l111l1ted form vf muluprugram­
nun:;. S0mc of these penmt forc_src>Urid operauon in 
real tm>e "hll.: other ~lCtl\ 1Ucs occur in the b<~ckground. 
F '-'i comput..:rs intenJcJ fL,r both prucc~s control and 
othcr acU\ 1t1cs. thc foreground is generally U!>Cd for thc 
control aprllcation ''hile the backgrounJ may include 
the c~.~mpll.ll!C>n of programs. 

Thc J..::-l~.,bolny of using a real-time nwnitor system 
1s b;:,.!>cd on the cconom1c aJ, .mt.,ge of sh.1rin:; rcsüurces 
an:,~n.:; 'iltlcrent t..1~k s, ¡f po~s1 blc. ConsiJcnng the co~l 1 

pcrf0rlll.t1KC trad..:oiT of ~\l)r,,:;e el~·' ~~·es h<-'C F1g. 1 ~) 
makes ll quitc app.1rent th..1t wh~·nc,cr t.1~ks bccom.; 
inactl\1! f<-1r more tiun somc ~pcutk tlmc, thc: shou!J 'b.:: 
mo,..:J li<.~.n the C\pclhi\C h1.:,:h-~pced lll..lllliranie mcmory 
toa nllllh k~v.cr co~t bu!\... ::.t,"~r.l:;c Jc,,¡;c.l\t,)~t real-t1mc 
app\¡c,ltlvns are struclllrcJ to pcrm1t this t:ve of rc.lllo-
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Ftg. 12. Typical ca•t; performance relal•on­

•hip of 1lorc •y•temt. 

cation of task resourccs: the re •• l-time monitor system is 
thc instrument that c~)ntrols the reallocatlcn operation. 
The performance char<~cteristlc of s"..lch monitor systems 
are pt:rhaps bcst outlir.cd by a spccific example. 
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Example of a Muluprogramm111g, Virtual -'femory Sys­
tem for Afwicomputers: 

Orerriew: Thc system descnbed hcre iür ¡lJustration 
supports a 'irtual-mcmory addressing ~cbemc and a 
multiprogrammmg us.:r en\ 1ronment on a Honc)-wdl 
DDP-516 nHmcomput..:r ~ Thc ::.:~te m ~upports '1rtual ad­
drc::..,mg h) pr'" Id m;; .t mcch.tnl'lll to l<.>ll\<.:rl \ inua~ , 
addr.:,..,c~ le'~ 1\:~d ma1nframc llh.:llWI)' aJdr.:~,.:~. a t.1~k 

th,1t rcyuir..:s Jll>.:111l>ry mana:;cmcnt ¡f th.: aJdrcS'>Cd Jata 
are not curr...:ntl~ in thc m.unfr..1m..: mcmor). It managcs 
mcnwry by llll)\ 111;; pwgr.11n:- ..1nJ J~tt.l b~twc..:n th.:: mam­
framc me mor: ( l"l'r..: stor.tgc) anJ bulk ~tNagc (di~k) on 
J.:mand: 11 ahl) pro' 1dcs ,, k'~\\ -k' d intcrru;)t hanJJer ior 
1 O. The multipwgr.llnming support i:; pro\IJcd in thc 
iorm of thc t.tblcs and mcmor:- m.m.tgemcnt required to 
automat!call\ S\\ neh control from one u~cr to another 
\\llhout mte;fcrcnce (10]. 

Th.:: 'aric~c~::. progr ,\11i5 to bc C\ecuted on the computer 
s: stem are ~tored on d1sk as sc,;mcnb. Thc progr.ml·seg­
ments ar~ m o' .:d to corc by th.: 1r:.omtor s:- stem whene,cr 
thcy bccome .H .. tl\C .1nd are to bc e\ccutcd. 

A ~cgment i::. ..1 contlfllüUS block. oi stoia_ge whieh can­
not be subdl\ 1Jcd. lt i!> thc b.:~:-ie bUildm.:; block of pro­
grams and dat,t. Thcrc are c1ght ~•zes of ~c.;ments irom 6-+ 
to 76'S words, althuu,::h 6~ is tl·.c nwst co:nmon since all __ 
data fiks are ür;,;.~lnlzcJ 1ntu ~'nngs ~;f 6~-"orJ ~cgmcnts. 
\\'hcn a scgmcnt 1:> alk,¡; • .tcJ. n 1s ass.gn..:d ..1 uñ:que 
name (ID) \\ J1¡¡;J¡ 1s uscd h, rcfcr..:n..:.:, th¡~ ":>Cgmcnt. To 
m;pkment thc s:- ~t.: m. a l><:_:.:mcnt a!s,, cont.uns \\ or9s of 
he.ld...:r or O\ crhc.1J ior mcmor:- m.ll'a.;::cm.:nt purposes. 
Thi~ mdudc:. thc •:- p.: of sc;;m.:nt. '-U..:h ..15 J.Jt.1, pio~ram, 
etc., llS ~IZC, anJ an 111JI<.:.ltl<.lll c1l US.I_:;C tO J..:t..:[lllili~ 
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lute, and Y1rtucl addreues. 

which segments to throw out of corc when more spacc is 
requ1red. 

Thc process of dynamicallv mo\ In!.! thc ~e!.!n~t.:nts from 
d1sk to corea~ th..:y are rdcr~nccd anJ b.li.l-. ;o dbk \\hCn 
thcy are no longcr necdcd 1s not app.~rent to thc u~crs, 
who gct the unpress1on of ha\ In!! a lan.!e \ irtu,d mcmorv 
availablc. Of course, time 1s thc pnc..: p;1J for not ha\ mg 
all. of a uscr"s program and d..tt.L 1n ..:ore at onc.: But m .1 

multiprograrnmm¡z em iron..:nt, v.hllc onc us..:r 1s v.aJtmo - ~ ~ 

for a referenccd segment to be transfcrrcd mto core, 
anothcr u~er w1ll be makmg use of thc procc'>sor. 

There are problems assocmtco \\Jth th1s t:pc of Jy­
namlc memory management. For C\amplc, if a segment 
contams a program, Jts interna! addresscs must be re­
located relati\e to the slot 1t occup1es (rcloc..ttion) after 
it is transferrcd mto core. Also a mech<tnl~m must be 
providcd to pcrmit one program scgmcnt to c.dl or ad­
dress anothr.:r (linkal.!c). Thcrc are .d~o mcn1orv man,l~c­
mcnt probkms Fo; ex..tmpk, fctcl11ng a -.q;r;lcnt fr~rn 
di~k rcqUlrc~ that onc or more s..:::;r11cnts be pu,lJcd out of 
core to m<ll--C room for Jt. The.,e pmh..:d ~gmen.b nwy 
not be adjacent, so the S) stem !.hith thc ~c¡;mcnt~ 1n core 
unt1l al! holcs obtamed by pu~hmg scgmenh t~rc ¡¡d­
jacent and c..tn be mcrgcd. The n..:.,., segmcnt c..1n thcn be 
transfcm.:d ir.to core. 

lt has prmed comenient to pro\ idc four di~tinct .¡J­
dressing moJes fur segmcnts (~ce Fig. 13). 

1) Intrasegment addrc:;,s..:s pro\ide a mcthoJ f\lr pm­
gram segmenb to rcfercncc them~cl\t:S 

2) Absolute :.~ddrc~scs .dl<lW "c.;rncnt'\ to ref..:rencc thc 
systcm. · 

3) Virtu.d audrc .. ~cs are thc g.o.:ncr.di/cd lllta~..:gmcnt 
link.1gc~. 

4) D1r..:ct <~dJrc,~c~ are a ~pccl.llilcd form ui wtcro;cg­
mcnt link.1ge. 
Let u~ discu~s thesc addrc~sing modes 111 turn. 

AddreHmg /-.forje\; Thc m/r{l\egmcnt uddn•H IS the 

KA[ :"oll !\.ll'itO'lPl-11 R'>-·A PROI JI [ 

normal t~ pe of intr:,progr.ml rcfcrcncc-· a refcrencc tv 
dat.t a~~mokd 11110 a progr..tm or a tr.¡mfcr of cvntrol 
\\ ithm the pwgr,1111. Thc problcm ari~ing from th..: u~c of 
scgmcnts 1s ¡¡dJrcss rcloc..ttion- thc addrcsscs must be 
correct v.h..:r..:,cr the scgment h..tppens to be ¡,,.;.¡ted 
v.ithm ..:ore al thc time 11 is executed. Reloc.ttior diffl· 

· cultic~ ha\C txen a\ oidcd by using thc index regi..,tcr iJS 

a b~tSc: regi.,ter. Th..: index rcgister is lo.1deJ wnh the ad· 
drc~s of thc currcntly c.xecuung scgment. Thus . .1ll mem· 
llr)-rcfcrcncc in~trucuons and ind1rect addrcsscs .... hich 
point "itlun thc ~..:,;mcnt are asscmbled usin~ thc r-:l..tti\e 
,,cJdress "ithin thc ~cgment and ha\e the index bit set. 
;\lotJce th..tt this schemc works smce indirect <..ddresses 
canta m thc: m J..:, b1t \\ !11ch are automatically sct by the 
as~cmblcr. 
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Thc f..t..:t th.lt a memory-rcference instruction has a 9-
bit address ficld m..tkcs it con~o.cni..:nt to limlt progr¡¡m 
segmcnb to 512 \\ords, which is quite a rcason.1oie limit 
cor1'>1dcnng thc small ~ile of core memory. Howe\er, 
largcr scgments may be written by making appropriate 
uSe: of mdirect addrcsscs .. 

Thc ah~o/ure addre1~ points to a fi\ed core location in 
~cctor O v. hich i~ p.1rt of thc area of the monnor sy~tc:m. 
T<l re.1ch ~cctor O, the mdcx b1t is simply sct tu Lero. Ab· 
~olut..: adJn:s~cs are U'>cd to id..:nufy frequcntl: rcfcren..:cd 
lllflHm..ttion. Th1~ usc w1ll be discusscd below. 

Vrrwal addH!He!> pro\ idc interscgmcnt l:nkage. They 
.1rc mtcrprct~.:d by software routmes and con~1~t of two 
v.ord'>. For exarnplc, assumc that scgment A cont .. lins a 
subrouunc call to scgment B. At assc:mbly time thc: cal! 
~t.1tcmentt~ con\ ertcJ mto a subroutine transf.:r toa sys­
t~m C.\LL progr.1n1, followcd by a two-word \ i~tual ad­
drc~~- The fir~t word of the Virtual address is the tdenufier 
(ID) of se.:;mcnt B. The second word contains the relati\e 
addrcss (RA) within the referenced segrnent and the LL 
ficld (,c\en bJt~ wide). The LL field :s a "loase link" which 
!.peeds up thc prol:css of locating thc referenced segrnent; 
it~ function Will be e.xplaincd bclow. Thc ID contains 
thc ,¡JJrc~s "'herc thc scgment is stor..:d on di~k (13 bits; 
:·

1 X 16 = 5001--) o~nJ th~.: se¡;mcnt sitc (three bit~. designat­
lng one of cight po~s1blc s1zes). 

Thc dlrl!ct addreH ts a more pri\Jle¡;ed addressing mode. 
lt abo J..:ts asan mtersegment lmk, but Jt is simpl_v an 
absolutc pointcr to .1 ~gment. Hcnce, it must be updated 
e<ICh wnc thc rcfer..:ncr..:J ~..:grn~ut i~ remO\ ed. This re· 
q uirc~ th,,t thc rdercnccd ~cgmcnt be held tn corc as long 
.~~ Jny dir~o:...t adJre~~ pomts to it. This addrc:ss mode is 
J~o:\ir.thlc bceau~c it i~ mu..:h ra~t..:r than virtual addresses 
h<)ft\\.lfc mterprct.llion), e\en though it ts sub~tantially 
more difh:ult to set up anJ tJkc Jov.n (grcatcr sy~tcm 
oh·rhcad). lt iS. thcrefmc, uscd for linkagcs to data which 
.lfL' rcft:rred tn frcqucntly. 

D1rc~.·t ,¡Jdrc.,.,c., .~re c\pliLitly '>Ct up by the pro~·am. 
B: C<lllllll.IIIJ \\ lll11n the ¡>r<•gr .un, .1 ~rccJficJ \ irtu.1: ad­
dre~., ¡., HllerprcteJ to produlc a Jirect addrc'>S thJt iS 
~tored 111 .t ~re~.-JticJ ¡~,...:.ttion 111 thc thread block. Simul­
t.lllcou')ly, th..: ducc.:t .1ddre~'i cnunt of thc refcrcnccd '>.:g· 
mcnt h au¡;mc:nteJ by one. Thts dire~o:t address count JS 

.· 
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• :~red in the dc~cnptor tablc \\ hicb 15 physicall} loc.atcd 
;¡,"'!he wp of C\cry sc~mcnt {scc F1g. 1-l). Thc progr.11n 
.:n thcn rcfcr !ndlrl·ctly to thc '1rtu,tl :u.klrc~~ loc.atl\111 
~'l.thc :addrc:>!o 'torcJ 111 th,;: known loc.alltlll 111 tilt" 1 ¡.,~,·.ad 
~h:. \\'hcnc,cr an C'I.Í!.Un~ lhrcct aJtho·n b rcmo,cJ, 
r.:. l.hrc~t aJJrcs.~ count in- th..: d.::-.··· aptor t.lhk or thc 
'.l!mcnt Cl1nt.l1nm~ th~ ,,Jdrc:.s is dccrc.a,cJ bv onc. Thu~. 
-i.~nc,er thc d•r.~..:l ,addrcss count is ¿ero,. thcrc i~ no 
tt',:rcncc t.• 1l1.1t scgm...:nt by darc~t addrcso; and thcrcforc 
¡¡~th•ns that Wl'IUld rcquirc thc !lcgmcnl to r..:main 1n cl1rc. 

íhc .\lt'/1101) .\fwwgcmmr Rout111e~ e!( tiH' ,\fo111tor 

~stl'lll: Thc scgmcnts that currc11tly rcs1Jc 1n corc are 
.:l.tcJ in the scgmcnt tablc of tbc monitor systcm (scc F 1g. 
Z). \\'hcn a '1rtual adJrcss rcfcrcncc 1s madc, a S) ~te m 
mltme ~.1r..:hcs th1:. scgmcnt tablc to dctcrn11nc whcthcr 
c.c p.•m,;uhlr :.q;mcnt (idcnllf1cd by Íl!> 1 D) i:. in core. 
1\is routme bc,;;ins alS search at the loc.auon pointcJ lo 
~· the LL fkld of the ,-inual addrcss blt)Ck. 1f thc actual 
:ctry is d1ffcrcnt from that pomted to by thc LL ficld, 
hen the. LL field is updated with thc ncw location. Thc 
,,¡rtual address (consisting of ID and RA) ts con,erted to 
tile proper core location by addmg thc relat1'e address 
~A) to thc base address found in the segment table. If 
oontrol is to be transferred to th1s new scgment, the base 
1:gister is Joaded with the base address, and control is 
nnsit:rred to thc rclati-.e addrcss withtn the segment. If 
ne LL fidd points to the correct entry in the segment 
:::1ble. then the conversion from 'trtual address to phys­
i:al core address is rel.ni,ely rapid (in the order to 20 ¡.¡S). 

lf the correspondlllg 1 D of the desircd segmcnt cannot 
:X fNmJ 111 thc segmcnt tahlc. thcn thc ~cgment is not in 
.:ore .mJ mu'-1 be f,·tcheJ from d1~k. Rcmcmb~·r that thc 
ID 1.., a ~e~mcnt ILknllfi~·r and ·""'l I.'Lllllo!lll'\ the lllf,mn.t­
lll111 r~.·qtmed lo fetdt a "l'1_!1l1t:llt fl,lll\ ,l!o,k (lol.:,llhlll :1nJ 
sizc). Thts grc.atl~ f:.J..:Jill,ltc~ thc ktL'h111g n¡x:rauon. UpLm 
mo' m~ thc r~.·qlm~·J ~egment 1;1W corc. thc propcr scg· 
ment t.ahlc cntr~ JS m..1dc 111 ,, ,,,ca¡¡t t.1hh.: \,lc.ttlon. 

\\ hen CllT<.: 1:> filkd with ~egm..:nt"- .and ,\ ncw ~c~mcnt 
is reqlnrc~L ..-~nc Llf ;,h,rc llf thc 111-..:,,rc segi11L'Ilh must be 
.pusheJ (\\ritten onto d1sk or d1~carJcJ) to makc Tl'0111 for 
thc nc\\ sc,gmcnt. Thc algonthm for choosmg the seg­
mcnts to be pushed out of core 1s sunple and u~es the 
dc~cnptor ublcs. A sequcnt1al sean of thc dc~.::nptl1f 

tabh:s pr0Ju.:es j)USh cJnd1Jatcs. The sean bc~1ns \\hcrc 
thc 1.1:.: push sc.1n L:ndt:d .md cnds \\ hc11 successful pushcs 
h,l\..: ~ 1eldcd thc dc<.~rcJ .1mount of <,pace. A cand1d:1te ~~ 
pu~hcJ 1f anJ onl~ 1f the dmxt Jddre!>s .1nd mterrurt ;hf· 

Jress counts ~1f the dcscnptur tablc are hoth zcro. Thc 
kaJii13 h1t ,l( thc segmcnt-typc cntry tclls whethcr thc 
~·~mcnt nna ... t he writtcn lll1 d1~k \\h~·n 1t 1s pu~hcd ('r ~.111 
he ~11nply dl',l.',1r<.lcd. 

\\'hl.'n Clll'ugh 'c~menh ha\ e hccn pu<,hcJ out of l'nrc 
to 111.1kc thc dc..,lrcJ amount of ... p.1cc, thc IHlk.., kft h; thc 
)lll..,hcJ L1lll sc~mt.'llb ,1 re _!!.lthcrcJ at the tnp of corc. Thb 
l:. JCCompll~h.::d by m." 111g a\1 thc ..,c~mcnts aho'c thc 
holcs do\\ n O\ cr the hlllc!>. MLl\ 111¡; thc ~cgmcnts 111 corc 
.rcqlmes that .111 d1rcct addrcsse~ be chan¡;cd to rctlc~t th..: 
.:Me ~h1it. Thc~ mduJc thc sc:;mcnt Jddrcs:.cs 1n thc 

SEC~IEHT HEI., 

Q 
1 ' • 1 .. _________ J 

Ü~:;t.;PPiCH lt.::..tt 
r ........ ~- .... _,,-; 

1 

~EC !tri 

i 
SEó 11/1 

L. 0 Tet a:) cc\·•t 
1 !Rl!Hl'T JO tl>,,l 

loO 
1 o-·-· 

HOUSE r.rErn;~ 
l.\ HES .--- _ ... --.... , 

,: IGBS Yt I.IT:N¡ 
1 

1 

~~ 
. T.;::~¡r,¡s 

,1 f!~IP•(ULS 
·1 ~HCGI 
~ 
1 
1 
1 
1 
~ 

PI~IPh!RlLS 

TDlll 

nt. 
'1 
.•-.-~ ..-....... ___ ! 

1 ¡·-·· ·---·-·¡ 
1 Tn;:l) ··~t l 5:1' f~~;l liT 

1 1 >ti;¿;¡ •::;g¡ t !J.,! ~~a 

1 1 

'-----------J. 
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loble conloin1 such 1tem1 as thc 1egmenl type, seg• 

ment S1Z:e, d•rect addren c.ount, and interrupt ad• 

dreu COYnl. 

segment table, the uscrs· cal\ pushdown lists, the direct 
addrcsses m the thread ta ble, and \'anous pomters to 
system subroutines wh1ch ar~ rclocatablc. Sincc th1s is a 
long list and shtfung the se~mcnts do\\n is a long tas~ 
(about 50 m~). an attempt 1s made to free a Ltrge block of 
space mste,ld of JUSt the amount rcquc~tcd. Tlus makes 
thc next fcw spacc requcsts casicr to fill since a segm.:nt 
push and corc ~h1ft are not rcquircd. 

\Vhcn a c.dl to ..1 ..,uhrouune 1'> madc. ·thc rcturn d1r~.·ct 
addr~·~t. ,)f th..: c.dllllg "cgln~·nt anJ thc d1rcct .1ddrc..,~ to 
thc c.dkJ ::-c~lncnt.., are pthhúl on a ¡,..,t l'lll11.111h'd in thc 
thread t:.Jhk. and thc dlrt.'l'l addrc~s count fvr thc c.dlcd 
..,q;mcnt 1" 1\Krement..:d Thc d1rect .1ddrc~s ot" thc C,¡\lcd 
!>cgmcnt 1s pu ... hl.'ll to ~wrc thc b.1 ... c .ad,\rc~.., Llr th.lt scg-
mcnt. Th1~ b.a ... e adJrc~s m.a~ be nccJL·d 111 úllllblnJtlon 
\\Jth thc return addrc5:. uf th..1t scgmcnt :-lwulJ tl11s scg­
ment e'l.ccutc a call to s\111 anothcr sc~mcnt. Cp,•n e\ccu­
taon of a rcturn. tht:~c d1rcct adJrc:>:-::s are rctr1e' cJ frGm 
thc hst to find thc rdurn adJrcs~ fr,1111 \\ J¡¡ch point 
proccssing 1s t0 rc~umc. Jnd the c,1unt lS dc.::rcmcntcJ. 
1-I..:n..:c. a 11 ~e:;.menb on use¡ pmhdll\\ n ll~ts .ll'c lockcd . 
mto con:. ,h Jr..: all SL:~m,·nb pomtcd t .. , oy dn..:ct ad· 
JTCSSCS CSt.lb\l~h,·J b) th:: \l~cr 1 Ü llltCTf\ljlt h.lndieTS dfC 

also allowcJ to be se:;.mcnts. \\ hcn 111 use, th.:; .1rt: locked 
mto corc b~ 1ncrementmg the llltcrrupt :.:JJ¡ess count. 
Th1~ t~·chn1que f,lr J..ccpm~ tr.lck o( thc rcturr1 ?:lth of a 
scrh.:'> ot' ::-ubi L,.ninc ,·Jils lllÚII,:.I~·.aily p.:rmns thc use of 
rc .. ·ntr.ant ~ubr, uune:.. 

At ~"~cmhl~ UlllL', pro::-.r.uns rcl·er lll e'-.t.-1'11.11 :-c~m~nt 
loc.IUL11lS h: n. me. Dunn1.~ \,1,1d tune, .1 n.1111c '.:r:.us 10 
tablc 1s fir:.t CG ,..,tructeJ (Juring the :irst ¡,,,~..¡ p..1ss); ~his 
t..1blc is thcn u.,L·J to m~crt th..: \'irtu~d .ll:Jrc~s mto the 
sc:;mcnts (duT1:1g thc sccllnd load p.ass) an.) to ~onsüuct 
thc pr,lper Je..,.::nphlr tablc cntry. 
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Rout111n for J.fu/([progrcmmung: Procc~sor C<)ntrol 

1S autom.ltiC.l!l)o allocated to \anou~ U!>Crs m a mult1· 
programm1ng crl\ironmcnt In general, time c<~n be al­
loc<~ted cnha by roadblod,s or by mterruptmg C\cnts 
such a!> .1 t11111:r. \Vhcn aliLK.tting tflne by ro.tJblod.s, a 
U!>cr IS pw..:..:~~..:J unt1l he necds I, O, such .1s a me!>~agc 

/ from a tckt~ p..:. 9r ;u¡ out-of-core sc¡;mcnt from d1~k. · 
Then he i~ r\l,ldblod,cd until 1, O compktion, JIHJ thc 
monitor !>equcntwlly ~cans the Ii~t of in.tctJ\C uscr~ until 
it finds onc rc.1Jy for furthcr proccs~lllg Thus. s.:n ice 
is gr,mt..:d on .1 round-robin b.ts1s, not accordmg to sorne 
priora y schcmc. 

The hc..nt of thc multiprogram111ing routincs in general 
is a thread tabk (Fig. 14) which is continu~u~ly prescnt 
m corc. It cont<~ins an entry for ¡ach of the possiblc 
threads. Thus, a uscr is dcfined by h1s thread table entry. 
This forms the bas1s for thc proccssor allocauon descnbed 
abo\e. · 

Part of the thrcJd tablc is mO\cd 1nto a predesignated 
arca in corc sector zcro whcnc\er a thrc.1d bcco111cs ac­
tive. Thc "thread sa..,c" block conta1ns all the data and 
pointers requircd by systc111 and uscr to 1mpkment pure 
procedure programs. Bcfore a thread Sa\C block 1s mo\cd 
into core sector zero, the sa\ e block 111 corc sector zero is 
restored to the previous thread sa\e block. This data 
IDO\ement constltutes 111ost of the O\erhead in,olved in 
changing threads (m the illustrati\'e example it t<~kcs about 
one 111s). Howe,er, 111ost of the roadblocks that occur 
when a thread is using hard-core systcm programs re­
quire only four of the data cdls in the thread t<~ble entry 

· to bt: in core sector zcro. Th us, 1110" ing thc thread table 
by parts can reduce the thread changing time by a factor 
o( 20. 

A thread can roadblock for severa! reasons. If the 
thread rcquests input or output, a roadblock occurs and 
the I; O procecds undcr interrupt control. Whcn thc 
1/0 •~ complete, thc thread is r.o lon~o.:r roadhlocked. A 
thrc:•cl c.1n al so addrcss a se¡;m..:nt \~ lnch 1~ not 1n corc, 
which c:.tuscs a roadblock untll thc !>C~Ilh:nt 1~ hrou~ht 111 

from disk. If J thread 1s ~llll roadblod;cd (l/0 not cum· 
pleted yet) when 1ts turn comes around again, it will be 
skipped. Thus a thread is gi,cn control only when its 
roadblock 1s rei110\ed <~nd nc; turn comes around. 

The demability of 1110\ in.:; thc thn:ad table by parts 
into core sector zero is !>hO\\ n by thc follow1ng na111ple. 
Whcn an out-of-core sc¡;mcnt ~~ .lddre'>~ed . .t thread could 
be roadblockcd thrcc or four times fur th1n~s l1I..e re.Jdmg 
the d1sk ID tabk, m a k in~ sp.1cc f or thc ~egment, and 
finally tran~fcrnng thc ~cgmcnt mto core. Only aftcr the 
s.cg111cnt is 111 corc and thc addrc~~ i"> about to be com­
puted 1s the cornpktc thread sa\c block rcqlllred to be in 
s.cctor 7cro. 

Therc are ~c,cr .. d other mtcrec;ting ro.l(lbl•x!..s which 
can occur. F1.1f t:.\,lmpk. a ll)\\·ll~.l~c pro!!r<~lll 111ay be 
more comp.H;t .1nd ~1mplcr 1f ll"' not purc prnccdure (rc­
qlllrcd by mulupro~rammm~). 1 h1~ i~ .dlcmcd hy u~1ng a 
GATE statemcnt at the ~t.1rt lll thc pr,)~r.1111 The gat~: .d­
lows only onc thread to be m thc prllgr.1111. Any othcr 
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thrc,1ds that tricd to entcr would be roadblockcd untll 
thc first thrc.1d op..:ncd th..: gt~tc on 1ts way out. 

\\'hen thc S\~tern IS othcr-wisc idlc it scans the thre.tJ 
t.1blcs for .1 th;cad thJt is r.ot blockcd (roadb!ock b1t = 0). 
\\'hen such .1 thread is found, 1ts four tc111porary data cdb 
;,¡re tro.~nsfcrrcd to corc ~..:..:tor zero, and thc thread b rc­
~tartcd at thc addrc~S sp..:~·¡ficd by thc thread tabk entry. 
This restart aJdrc~s i~ .1lv..~ys within thc hard-corc ~y~tcrn; 
bcforc control 1s pa~scd tJ an outsidc program scgmcnt, 
the thread sa\c block is ·no,cd into core sector zero. 

Routinerfor 1 '0: lt is cu~tomary to pcrfor111 all in­
put/output opcrations unJer thc mtcrrupt sy~tcrn wlth the 
ó.lld ofthe I O t.lble. Th1~ tabk contam~ an entry for cvery 
1 '0 de\ ICC <1ttached to thc computer, specif1ying thc Ín· 
tcrrupt handler .1ddrcs~ for the dcvlce, the buffer ad­
dress, the buffer s1ze, the buffer cursor (currcnt charac­
ta pomter), e~capc character, the 1nit1al character, and 
thc link to the thread usmg the 1 ·O dev1cc. 

Whcn input or output are dc~1red, thc appropriatc 
progr<.~m is c.llkd With the buffer seg111cnt ami thc escape 
charactcr suppl icd as argumcnts. Thc callcd I O program 
then filb in the 1 O tabk entry, primes the I • O dev1ce, 
and roadblocks the thread. When an interrupt occurs, 
the syste111 gi,es control to the Iocation specificd by thc 
mterrupt handler address in the 1, 'o' table entry for the 
interruptmg device. 

On mtcrrupt, a character is i:ransferred bctween the 
l. O de~ ice and the buffer spec~fied in the Ji' O table, usmg 
the buffer address and the current character pointer. 
When an escape character match or full buffer are en- . 
countcred, the thread table pointcr in the 1/0 wble cntry 
cnablcs the program· to clear the roadblock, and thc 1/0 
functlon is complete. 

To accom'modate a large number of different I/0 de­
vices, with only a few of them active at one tllnc. intarurt 
h.1ndlers are allowcd to be progra111 segmcnts. When an 
1/0 de~ ice bccomc~ .tcll\e ib intcrrupt handkr ~cgmcnt 
1~ fch:hcd ami Joded mto corc for thc du1.1tion \lf 1t~ 

activity. 
The I..ey 1.'0 routine for thc systcm is the di~k h.tndkr. 

Di~k LO is controllcd b) the d1sk I/0 qucuc which con· 
t.1ins a max1mum of t\l.cnty cntncs, one for cach disk I/G 
rcq ucst. Each entry cont::nns mformation such as the 
disk addrc~s. thc core address, and thc thread t.1b!c 
poultcr. A di!>k. tr.111~i'cr ~~ initio~tcd by finoing an cmpty 
qucue cntry and mscrtmg thc address of the appropn:.tt~ 
dt~k transt'er progr.1m and 11:1 arguments. The rcquc~tlflg 
thread is thcn roaJbluc!..cd. 

The di~k 1:'0 handkr i!> ;,¡n autono111ous process whKh 
gocs on 111 thc b.tckground oi thread proce~sing. \\'hcn 3 

cil~k l,:o tasi.. 1s fini~h..:d, thc currcnt d1~k rotatlonal pos:­
tJOn is read and the d1sk addrcssc!> on thc d1sk l/0 qucut: 
are sc.Jnncd to pick thc I O op..:ratwn th<.~t can be pcr­
formcJ mo~t iml11..:di.ttcly (1.c., thc ta'>k wuh thc ka>t 
LLtcr...:y). Control i~ then gl\cn w the choscn cntr;. ·~ d•·,L: 
tr,¡n•f..:r progr.tm, \\hll .. h sch l•P thc d1sk i,tO. L:p,ln ~·nn1· 
pktinn of thc t.1~k, thc thr~·.1d i~ unblocl..ed u~mg tb.~ 

thrc.1d t<.~blc entry addrc~~ in thc queuc cntry. 
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fig. 1 S. The merits of a 1tored 

progrom conlrolled 1y1tem. 

V. Application Areas of Minicomputers 

The Merits of Minicomputer Applications 

Thc cxplosi\'e growth of the minicomputer markct is a 
resu\t of cmploying minicomputers m a new set of ap­
pllcations that were previously uncxploitcd by the larger 
computer manufacturers. 

In thc pa.st the larger computcr companics first focused 
most of their attcntion on commercial uses for data 
proccssing. Thesc companics pionccred the apphcation 
of computcrs in financc, manufacturing, and marketing. 
More rccently, they have madc thc computcr cncroach 
progressively into the engineering uesign process. Im­
tially, the computcr was mcrcly put to the task of analyt­
ical computing, taking ad\antagc of its most obv1ous 
capo..~b1hty; thcn 1t was more 1nitimatcly lmkcd into the 
l\.)tal cngineering dcsign cycle w1th the introduction of 
1mpro\cc.l man-machinc commumcation techniques such 
as graphic input devices and problcm-oricntcd languagcs. 

St11l, thc l.1rgcr computcr manufacturers, \\ l11lc thcy 
b:l\ e grcat computcr cxpcritisc, ha ve in general had 
n~ith~r thc J...nowh:Jge nor indination to automatc rc.ll­
timc proc~s~.:~ sud1 :1s the control of chcmic.•l pl.lllt"-. thc 
control and acq uisllion of d:n.• from sc•cnufic expcri­
ments, and the automauon of test proccsscs. Thc~c ap­
plications, for the most part, havc bccn scrved by com­
P•Illics who ha\e an undcrstanding of lhe procese;. lt is 
this type of organization that has pionccrcd thc bulk of 
thc mim.:omputcr applications, prcdommantly in the 
arca of real-time apphcauons. · 

Thcre are five compclling motivations for using a 
pr0grammable minicomputcr 1nstcad of spcclahzcd h.ud­
vmcd lo.sic(scc F1g. 15). 

Onc of thcsc mouvations is the possibility of devclop­
ing thc hardware p:Jrtion of thc applicauon systcm con­
currcntly w1th thc software pMtlon throu~h a ck.~rly 

lkfin.•blc intcrf •• ~~. Le., in~truct1on rcpcrtoirc ami tumng 
lilagr..1m~. Tlus can ~•gn•ficantly accckratc thc dc\clop­
mcnt of thc systcm. Oftcn wrnt~n fur a computcr J.1ta 
ln~t..lll.nion IS a ~imulation pn1_sr.1m th.1t p..:nmh cxtcn­
SI\C dchugging and -.ystcm tc:~t111g long bcforc thc hard­
"'·lrc ~y~tcm i~ opcr.1llon.d. Tlw; capah1hty 1s a h1ghly 
cff~:cu' e Jcvclopmcnt a1d, sin ce the software ~)~te m 
u~u.llly cont..1111~ thc dd.ub of thc ~•pplic..1tion wl11ch are 
.1lways subJCCt to substanti.Ll changcs dunng thc ~y~tem 

fog. 16. lllustrahve casi per camputaloon for simple and comple" 

dalo·proccuing tosk1 os o function of the compulcr system 1ize 

(ellpressed in lerms of rentol COII). 

definition stages. Such a simulation program also permits 
the writing of diagnostic programs that can be used for 
the efficient dcbugging of the hardware system. 

As a result of this hmited yet cruc•.Ll interdcpcndcnce 
bctwcen the hardware and the software portions of a 
system, the system offers a high potcntiJ.l for growth, and 
associatcd w1th tlus, a much longer uscfullife. Expericnce 
has shown that most real-tune applications are <.lynamic 
in thcir capabihties. Each successful application re\cals 
other associated applications that are cconomically, tech­
nically, or admimstr~tivcly dcsirable .. Programmable 
systcms pro\ ide thc flcxibility to cconomically accom- · 
modate thcse C\cr-cnang•ng system rcquiremcnts .. 

Dcspite their ftexibillty, contemporary programmable 
systcms oftcn even rcprcscnt the lowcst cost implcmenta­
tion. This is probably thc most •mport.lnt motivation of 
all for u~ing minicomputcrs. Thc pos~ibility of !>haring 
rc!>ources Wlth a pw~rammcd !>yst..:m (.ls was discusscd 
111 Section 1 V) and thc use of gcncral-jlurpo!>c 111tcgratcd 
cumponcnts madc in largc quantJlló (as discusscd in 
Section ll) are the two main rcasons ior this cost ad­
vantage. 

The Eco,nomics of Minicomputer Applications 

Thc rclationship of thc cconomy of size in computcr 
systcms has bccn w1d..:ly discusscd [ 11], [ 12j. lt is gen­
crally agrccd th.lt thc cost cffccti,cncss macJ.scs with the 
sizc of thc computcrs (sec thc trcnds dcp1..:tcJ 1n F1g. 16). 
What is mtcrcsung to note are thc po11Hs of d1minishing 
anJ 1ncrcasmg rcturns Fm complc\ programs, ~uch as 
accounung, 1t has bc~:n shown th.lt a mlnllnum configura­
tJon is nccdcd to rc.•ch a rcgion whcr..: thc cconomy Q.f 
!lile is signdic.Jnt. l Iowc,cr. 1t can b.: ~HgucJ that for 
simple progr.lms, such a~ that for conH1HIIliC.Ition which 
uses an clcmcntary mstructwn sct .111d fcw pcnphcral 
dcviccs, a pomt of Jimini ... hlllg rcturn ck.1rly lunits thc 
rc<~llzahlc eC(.)nomy of s1zc. Fl)f thcsc .1ppllc.1tions it ap­
pc.~r::. that mimcomputcr!> dc.lriy off.:r thc mo::.t cc,)nom­
ic<~l solutions, sincc thcy he bdow thc ptllnt of dimini~h­
ing rcturn. 
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F.g. 17. IUustral•ve casi per computation as a funcllon ol 

the complex¡ty-miJI of lhe dala·procesSing lasks, shawn far 

d•flerenl ••ze compuler syslems. 

What are the conscqucnces of thcsc cconomy-of-size 
trends m a data proccssing cmrronrnent? Lct us consider 
a hypothetical cxamplc (rcfer to Frg. 17). 
As~ume that a "low-rcnt" computcr 1s opcrating with 

a program mix of which 20 pcrcent are !>implc programs. 
Assume ncxt that the program load doublcs, rcquiring 
cithcr two "low-rent" computers or one "intcrmediate· 
rcnt" machine. If the program mix ratio remains the 
same, then it is more economical to tradc up to the larger 
computer. However, if the program mix increases in 
simple.programs (c.g., 50 percent), thcn it is clearly pref­
erablc to add a sccond "Jow-rcnt" computer. In fact, it 
may be evcn more economical to rcplacc one of thesc 
computers with a minicomputer and thc other by a 
slightly more powcrful machine spccllically designed to 
process compkx programs pnly. Most mimcomputcrs 
handling the communrcation tasks of largc data proccss­
ing installations (i.e., front-end communication pro­
cessors) are doing just that. 

Typicol Minicomputer Applicoti~ns [13], [14] 

It is uscful, for drscussion purposes, to group thc mini­
compuie.:r app!Jc.rtrons rnto thc follov. rng catcgorrcs: com· 
munJL',ttton, control, !Jboratory, .u¡J (Üta proccssing. In 
all of thcsc applrcations the mrnrcomputcr opcratcs m an 
environmcnt wbcrc re.:al-time responses are important. 
Thi!> is e\idcnt in the <rpplic,rtJon of mrnicomputers to 
operating departmcnts v.hcrc the:>e sy~tems are alrcady 
u:.cu to tran,.tct routmc bu~im:ss (e.g., inventory control 
or crcJrt \crrficatron). 

Gcne.:rically sp..:aking, ,¡)J minrcomputcr ~y.,tcms com­
pri~c a combm.~uon of thc follov. rng dcment~ (scc Fig. 
18): J) OllC or .1 muJtipJ¡c¡ty of llllllll'Oillputcr:i that pro­
\idc thc ccntr.d '>Y~lcm control. 2) 1nput/ourput dcv~...:es 
that furnr~h .tn clfccti\ e man·machrne conununr<..:.tthln 
f,tcllity for ~uch u~c~ .r~ opcr.tt,>r cont1 ,11, .1) hulk ~toragc, 
such as d1~k fik~. to ~lllgmcnt Jn.¡¡nfr.lnre mcmory ~o .~~ 
lo pcrmit thc CCOliOilliC,tl llllplcmcnt,ttWJl tlf cO'ccti\e 
~y\lcm-opcralm¡,! and applic.llron ~oftw.rre, 4) com­
munil-.ttion cqurpmcnt for garning ,lll[llJII,ttcu accc~s to 
othcr computa S) :.te m~ for !>uch purpu:.c~ as augmenting 
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Fig 18. Componenh of the mosl general m•n•computer system 

configurotron. The components rncludc a m•n•compuler, '10 de• 
vice1 for moo-moch•ne commun•cohon, 1/0 devrces for control 

appr.catoons (sensors and controllers), bu!k storage devices, and 

deviCes for communrcol~ng wirh other computen. 

the compute and storagc capabilit1cs of thc minicomputa 
system, and 5) instrumcntation that couph:s thc systcm 
to other sy!>tcms ~uch as a manufacturing plant. Con· 
sideration of a few specific examplcs within the applica­
tions arcas listed before wil11llustrate the use of thcsc ck­
mcnts. 

Data Communications Applications: Thc cost of ~r:1all 
computcr~ rs dccreasing [aster than the co~t of data com­
munrcation r.~crlitres. Notwithstanding this, the utrhty of 
ccntralrzcd d.rt.l bases and cxtensl\·e program libraries 
a\<:.u!dble only with large computer systcms otT~cts thc 
ddded communicatron linc charg.:s of using largc rcmotc­
acccss computer systcms in:>lt!Jd of using small, locally 
mstallcd systems. Howc,cr. most large computers werc 
designcd basrcally for batch proccssing, ,and thc conccpt 
of high-spccd real-time intcraction v. nh thc~c ma...:hm..:s 
often has bcen addcd a~ Jn aftcrthought. Thus, v.hcn it 
is attcmptcd to u~c thesc machme~ for syst..:ms sud1 as 
~nrlrncs rc!>e.:n .1trons, time ~h.trrng, and mcs~agc ~WJtch­
ing, rt is found that 1t is rei..Jtl\cly easy to burden thc 
Iargc proccssor with the simple ta:>ks of handling com· 
munrcatron lincs, attending to e.\tt:rnal intcrrupts, and 
mterrogat1ng large data iile:>, thcrcby lca\ing no time for 
thc b.t:>i...: computJtron that ma} nccd to be done and for 
whrch thc~c compute.:r~ wcrc spccrfically dcsigncJ. Thc 
reJ)rLation of thrs has lcd to thc orl'-lo.tdm.:; of t_he s1mpk 
jobs handlcd by large ma~hrnes onto minr~\Hllputas 

wl11ch can he ~..·~..·onomi(ally dcJicated to thc high-sp..:.:d 
but rclatr\dy ~implc t.t~ks and which prO\ idc a sy:.km 
of grc,r ter cost ctl'c<..:tr\ ene~'>. 

D.1t.r communJcatlun .tpplrL'.ttrons can he mc.ulingfui:y 
groupcu 1ntn pure.: tdccomnnlllll'.Jtron .tpplrc.nr,ln~ wh~..·rt.: 
llllllll'Oillputcr~ llpcr.ttc a:> an 11111:gr.d p.1rt of a corn­
rnunic.ttlon ne.:twork, and prcprocc"ln<! (fmnt-cnu) <tp­
plicatJ¡)ll~ whcrc mrnicomputcr~ pro' idc a llc\lhlc intcr­
f,tcc bctwcen input,' output de\ ices ,¡nJ a d,tt.l pr¡_)ce~sing 
f.tcilrty. In somc configuratJon:> thl.! tv.o applic..Jtions arl! 
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int~gratcd into the same minicompute· systcms [ 15], [ 16] . 
.._0,ne tl_C:1!-":~0.1,l'l;tl.mni._eati0n .arp1icatil")n is for mcssagc 

sw~t~h.i.n,g .... ~~.<l.t.l;l.b.lc ~cl~phonc .conununication systems 
u~ing linc swttchi.ng factlttics appcar to be ·economically 
an.d t~cluuc~li.!J· :tncfli~icnt to mcct typic;~1 communication 
:.rc.gpir,cm~.n~s ofif..f ~o,tcr,conncvtcd .computcr systcm~. Thc 
,tr.a.d_ttto_¡¡al 1Hc,J:b.9..cl •Of routilag 1tnformation through the 
,comm""n-c.arr,i~r ~w.iJ~hcd nctw,0rk cstablishcs a dcdic.1tcd 
palh fur ~.~~b ~<:.9J.l·~,c.r-&:ttion. W~th prc~nt tcchnology, thc 
tim~ (or this .t.a§'l:\ ~~ in thé pr,Jcr .of :.l·conds. For voice 
commlmit·.ati9n .. :t:l~i.s mwhc.1d .time is nc;;1igiblc. But in 
th~ case .p.f .m.an:Y §}10rt tr;~nsmissions, ~uch as may occur 
b.c~Wcl!n cpmp,u~r::-• .this time is e>.ces~t,·c. To mcct thc 
rcguircm.ct),ts {~r :lxurst-typc cpmnmnication profilcs, it is 
pr~fcrable to ~mploy widcbJnd lcascd hncs O\cr wh1ch 
mcssagl'~ ar.!! r.outcJ by comp_utcr-controllcd switching 
cc¡.tipmcnt ac.cQn.lir.¡; t.o ~he address thc1t cach mc:-sage 
carnes. Minicompui~§ l~o/.C bcen cfTcctivcly uscd for 
1mplcmcnting ·nJess_ag...e.-§whs:híng nctworks of this type. 

Anothcr t~)l!communkat-iQn application is for data 
concentration, which j~ ºfwn made an integral part of 
messagc-sw1t~hing n~tworks. Data conccntrators sub­
divide a high-speed COJ,ffilUnicatJOn channc\ into severa\ 
low-speed communication channels to rcali7..e som~ of the 
economy of siz~ in the tclecpmmunication field M inicom· 
puters havc PS!en found to be an effcctivc method for 
multip!c,.ing in time severallow-speed channels onto one 
high-spced ch:,mnel. 

Still other telecommunication applications l,lSe num­
~omputers for controlling swnching matrices of pnvate 
branch cxchang~s (i.c., priva te switchboards), and for the 
digital processíng of signals for such uses as rcduction of 
data redundancy. In al! tclecommunicat10n apphcations 
the minicomputers are often USed for SUCh ólU\lhary tasks 
as converting codes and data ratcs, inscrting error con­
trol information, formating and assembling characters 
and mcssages, pcrformmg echo check control, conducting 
trame accounting, and accumul:lting nct\york statisucs. 

Lct us now turn our atlcntion to thc prcproccs~in¡; typc 
of mmicomputcr apphcations. Severa! functions mu~t he 
providcd at the remote-access computcr site facility to 
control dat4 ¡;:ommunication. They includc means for 
asscmbling bits to charactcrs and thcn the characters to 
messages, mcans for converting charactcr codes (e.g., 
EUCDIC to ,\SCII), means for controlling the communica­
tion !mes and the input/output devices attachcd to thcm, 
and mcans ftlr huffering the mcssagc<> to smooth out the 
pr•KL'\'>tng w0rklo.td. This i-, P·ll ttcui.Hly IH.:cc-,-.ary whcn 
tltl· nw""·'t'l'" .11 nvc in a rand<llll fa~l11nn .IIHI 111 lluduat­
ing quantllics, as in comnH:rci,tl tnnc-~h.trmg ::.y~tcm~. 

Thc~~.: fun~t1ons are incro.:as111gly dclcgatcd to prcproccs­
sor mimcomputers which communic..1te only complctcd 
messagcs to thc dat~ proccssing computers. 

Addit10nal functions, which bencftt ncithcr from a 
complc>.. and cxten:.ivc instruction rcpcrtoirc nor from thc 
considerable bulk storage dcv1ccs a\ ailabk on the l.lrg<! 
data procc::.sing computcrs, are oftcn also dckgatcd to a 
minicomputer prcprQCCs.sor. Thes.c funct•ons. mcludc 

f,g, .19. A typical min•camputcr syslcm prav•d•ng a ilcx•bic inlcrface l:le• 

twcen 1/0 devkcs ond o gencral-purposc compulcr ccnlcr. 

cditing capab1litic~. intcr.1ctivc compi!.mon ~y~tcms, and 
centralized control fur.ct1ons for s.opimt1catcd input/ 
output deviccs. 

The use of minicomputcr .prcpr.occssors .not only in· 
creases the cost efíecti,cncss ,of most sy~t...:ms, but also 
greatly facJ!itatcs interiacing •,cguipme:1t :from d1ffcrcnt 
manufacturers. W1thout ,prcprocessors .thc tcchnical 
problcm of intcrfacing is usually a very Jtfiicult one, in· 
volving both hardware as wdl.a!' software ·incompatibili· 
ties. Today minicomputer preproccssor<> ·for al.l major 
data processing systems (e.g., lBM 360, Umva.-; 1108, 
Durroughs B-5500, and Cont~ol Data CDC-6600) are 
available commercially. 

A rathcr effcctive and advanccd u:;e of a mini•omputer 
configured to interface· graphical tcrmm,l!s to a large 
batch-processing computer 1s shown 111 Fig. 19. lt uses a 
system software system of the type descr.~iJ;:d undcr thc 
section on real-time momtor systems. Ti1c sm:-~ll computer 
can provide the graphic.ll terminals with rc.tl-timc process­
ing for gcncrating. cdttmg, nnd manipubting graphicnl 
or tc>..t files. The small computcr pass!!~ r.cqucsts along 
to the large computcr f or lar~c l..tsks and ptll' td.:s acccss 
to thc Jata base in .thc lar¿:.e .c0mput~.:r. Th.:.c,Jnflguration 
also pro\'ldcs rcmotc .concct~tr..lllon. Th:.: •terminal::; rtre 
connectcd to thc system .dírcctly or through s.:\·cr.d low· 
speed data sets .(300 btts/sccond). Th.: small computcr 
thcn is connectcd to the largc computcr through a smgle 
highcr spccd data sct (~-+00 bits/sccono). Thts configura­
tion reduces communication costs for ..1 ¡;ioup of ter­
minals located remotcly from the lar:;e computauon 
ccnter. Thuc;, the S)Stcm appears as a !ar.:;c autOI11)1110Us 
f1k f.tciltty to thc mmtcomputcr ~ystcmo; which c.m .ti~,) he 
alt.tched to tia: ~y-.tcm. 

A min11.:o111putcr sy~tcm of this typc ha~ bccn con­
structcd [lO]. In ltS prc~cnt r~.mn ¡t COI~::.l'>lS of a 16-b.t._ 
H\)neywcll DDP-516 Wtth Sk of core, anj a 500k 11xcd 
hcad disk. Thc sy~tcm accommodat..:~ u¡1 to .::1¡;ht stmul· 
tancous uscrs and al!ows thcm \O .¡cccss pro:;ram and 
d.lt.t scgmcnts on d1~k as if thcy .wcrc 111 corc. Thus the 
corc mcmory appc~·rs to thc us.::r h• t'oc vc~y !Jrgc. The 
DDP-516 w1th ns dtsk conncch:J throu¡;h a high-spccd 
{hrcct memory access port prov1dcs thc h.1.rdw:uc four.aa-
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tillll for a\ trtu.ll mcmory '>y~.tcm. A 201 D.1t.t-Phonc' ~;,;t 
w1th .wwmatu..: calilng un1t NO\ Kk~ rommunH:at10n Wllh 
thc 1ar6c computa, '' 111ch 1~ a Gcncr.ll [kctric 635 op­
\.·r,tllllg undrr thc Gl ro~ 111 ('•pcr.tllllg ~y~tcm. 

LahOialtll_l. App/¡caf¡onc fht..• aull'lll.llll)ll l'f l.tboratory 
imtrumrnts hy computcr~ 1s an · accompl1~hcd f.tct. 
Whcthcr thc autom.ttion computcr ts a minicompuh:r 
dcdicatcd toa ~rccific appl1caltllll, or a lar¡,:c t1mc-sharcd 
~ystcm that sen ICC'> ~\eral C"<pcrina:nt., !>tmult<~ncou'>ly, 
ucpcnds 011 ~Uch f,u;l\)f~ ,¡:-, thc r.tlC .tt Wh1ch J,¡(,¡ are 
t.tkcn, tht: accuracy rt..'qlllrcJ. and thc comput.tlllmal 
complc.\11)" of J.tt.l rcductton. lt al~o dcpcnd~ on such 
nwn.tgcrial quc.,tion~ .t~ hudgcts, thc wllilngnc~s (.1110 dc­
~irablltt)) of ~cicntt~ts to karn ~1mpk prll,:;r.llnming, thc 
;1\ailablltl~ of support per-.onncl. and thc r.ttc of changc 

. of thc laboratory cnvtronmcnt. In etlhcr ca~c the system 
rcc¡uirc~ an cffcctt\1.! m.tn-m.lclllnc COIIllllUnic.ation mter­
face that f.tcllttatc~ control of thc Julomah:d laboratory. 

A propcrly automatcd l.tbor.ttory lcaH~S thc scrcnttst 
or enginca more free ltmc to ~penJ on truly crcati\c 
parb of h is job, i.e., re~ean:h .mJ dc\elopment. Such a 
systcm can free peoplc from the ttme-consuming chorcs 
of collectmg d.tt.l. At the samc t11nc 1t can impro\e thc 
accur;.tcy of the data by remo~ ing human errors resulting 
from thc performance of repetittve opcrat10n~. In addi­
tion to spceding up thc acqUtsitton of data, the data re­
duction proccss can be cxpcdtt.:d and factlttatcd to be­
comc a real-time proccss. Tcchniques of inft..)rnlation 
th~ory can be applted to the data in real time to imme­
dtately produce rcsults that are mose mcanin¡;ful and 
lend thcmsehcs bcst to interprctatton. These tcchniques 
include filtering, spcctral an.tly sts, correlation analy~i~. 
signal-to-nOI!:>C enh.1ncement·, and st,ltistical cstunat10n. 

The automated laboratory can opcn up new experi­
mental dtmensiOns. lt makes possiblc cxpcnmcnts wtth 
more vari.tblcs, f.tster mca~urcment rateo;, and more data. 
This pcrmtts thc uwc~ttgation l)f phcnomcna hcrctofMc 
ln<ICl.C~'>Ibk by cla~'>IC,d lll'>tflllllCIII.ttiOil. 

1 hcrc 1~ a growtng acccptancc of dnltcakd mintcom­
putcrs for 1..ontrolltng thc tmtrunlcnt.tltoll of l.tboratorte~. 
Thc~e computen; are usu.dly more cconon11cal than J.ug..: 
timc-!:>hanng sy~tem~ wlnch rcquirc costly c\ccutl\c 
monitor ~y~tem:,, mvohc sophlStJc.tted input-output 
dcvices, and necessitatc comple"< intcrf.tce~. Al,ü, dcdt­
catcd mmicomputcr systcms allow tlic u~er complcic 
frccJom of act10n within th..: ltmll<~tion~ of 111~ computcr. 
Thcy do not impo~c thc ltmtt.tlllm~ of lar¡;..: t1me-~h.1ring 
sy~tcm~. such a~ tlllllll~ JJllcrfc.:rcncc'> hl.'lwccn dt!Tcrcnt 
cxpcrimcnb, .tnd Pfl'gr.Jmllltllg re~tru.:tton<; a~~octated 

with the nccutl\c nwnitl'L 
Mp~t progr.tms of lkdu.:.tteJ ~y~tcms are written in 

asx:mhly l.tnguagc. Tl' cnhancc thc comput.ttton.d c.tp.t­
biltti"·<; of the~c ~y.,tcmo;, there tS ,1 ¡!fll\\ tng tcndcncy tn 
intcrfa.:..: lhl!ill to .1 l.trgc tlml!-~h.trlllf cumputa w1uch 
proviJI.!~ comput.ttll)ll:tl c.tp.thtltltcs frl'lll 111gh-k'd 
languagcs, as wcll ,ts l.trgc ~Ct..'llnd.try d •• t.t ~tore~ .llld 
powcrful tnput (llltput ctp.thtltllt..'~. Thl'> hit..·r.m:hic.d 
structurc of lnlt..TC~lnnc.:tcd computcr~ appe.1r~ to oiTer 
1mmensc p"1tcnuals. 
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Thc o.~ppltc.1tions · of · minicomputers for .lutomattn¡; 
l.tboratory ~ptem~ are m a ny. ·In thc phy'>lc,d ~ctcnces 
they mcludc f,¡ctltttes for rcscan..:h 111 ~tgnal proce~'>lll_:;, 
for spcech and vi~u .. il rcscarch [ 17], for chcnlll:.d .m,t!Y'>I~ 
(e.g., ga~ chrom.ttography), for nud~;;·r.:p·h~ ~~e~ satjiL'S 

(c.g., nucle .. tr m.1gnettc rc~onancc), anJ for ~L'I'Illngr.tplllc 
· 1•1\C'>tt.:;attnn~ (c.g., probtng for 01! '!>ourcc'>) In the medt­

tal ~c1cnc.:~ thcy incluck factlttic~ for thc cllllll.:.tl labora· 
tvry (~:.g., autoanalytcr~). for automatcd w .. tvcform 
,,n,dy'>JS (l:.g., EKG .tnd ErG), ami for p.ltiL'Ill mollltor­
tng (e g., in th..: tnkn'>l\e c.trc untts). Thc Jcdtc~l!cd .IUto­
lllatcd l.tbor.ltory C\Cn has founJ Jts way 1nto thc art<; 
for such appltc.llions a~ mustca1 composttlon .1nd chorc­
ogr.tphy, and wtll probably c~t.~bli~h 1ts pl.tcc in areas 
noi conccl\cJ of today. 

l11d111trial A¡,plicai/0/IS: M inicomputcrs ha\ e be en 
controllmg prl)(1uctton f..tctltttc~> for ~omc t11nc. In ~omc 
applic.tttons thcy are uscd stnctJy as a Jata ~ourcc that 
transmtts sequ~nces of conm1..mds to hardwtred numert­
cally controlled (N, C) machmcs. Thcse m.1ch 1ne~ perfMtn 
such tasks as metal workmg, asscmhj¡ng (e g, bond¡ng 
or robot-type .tssemhlmg), and mask-making (i c., photo­
Jithographic Sl!miconductor de\ ice f.¡ bncatton). 1 n othcr 
applicatiom mmicomputers send actuaung pulses di­
rect1y to the sen omotors att..tched to thc m.~ch in e too l. 
At the same time they may perform calcul<ttions for 
contounng and mterpolatmg, and thcy may e\ en control 
anothcr nwchinc tool. 

E \ten si\ e computat10nal power may be requin:d to 
prepare the ~cquences of instroctions for thc N :e ma­
chines (e.g., for contourtng N,'C machines or N/C mask­
m.tkmg machines), and largc amounts of cor~ storagc 
are usually r..:quired to implcment highcr lc\cl program­
ming langua¡;es (as for APT and xn!ASK). It is the'n cus­
tomary to produce a compact instruction scqucncc on a 
largc· gencral-purpose computer and submi~ th1-; Sl!qucnce 
to a minicomputa f,lr plht-prl)CCS<;ing. Thc re.,ulb may 
oc rcta111cd 111 the llllllll..:lllltpltlcr ~Y'>tclll wh 1ch thcn dl­
rcctly C<lntrnb an N,'C mach111e: oftcn the rc~ulb are 
punchcd out on p.1pa t.tpe wl11ch ts then nwuntcJ on th..: 
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N/C m.tchinc for c:..ecutton. 
Vtrtually all computa-controllcd test facilities cmploy 

a mtntcomputer for generat111g thc ~cq ucncl!s of tc~t 

in~tructions that .:ontrol thc instrument.ttion (c.g .• 
•olt.1¡;e suurl.c~. current ~ourcc~. pulse gcner.ltor~. and 
\Oitmctcr~). In thcsc appltcations thc mint.:omput..:r~ al~o 
analyzl! thl! Tt..''>Uit~. \\ htch m ay determine thc ~ub~cq lll!n t 
tc~t ~ter~ to he e\ccutcd .1nd .lllllllll,ttlcally proJw.:c a 
ll)g ofthc tlclll~ th.tt h,t\C hccn te'>ted. 

Minicomputcr~ are also. cxten:-i\cly uo;cJ il) rcgulatc 
thc 1l1)W in Ct)lltlfllllHI:-. opcrattnn.;;, SllCh .1~ the tlOW of 
material in chenue.d pfl>cc:-~c~ and thc llow l,f clcctrtclly 
111 powa :-;.,tem.,. Two appw.khe'> are uscd · ~et po111t 
.:untwl and dtrc~.·t dtgtt.d Ct)iltrol. In ~et Pl'lnt control. 
whtch IS thc tr.tdtltl)nal .tppm.tch, thc Cl)lllputcr ~rves 
0nly a~ a ~uper\'l~or for the .tn.tll)J; controlkr~ .• tdJu~ting 
the dc~ired \ .1lue~ for the prl'Ce~s ( 1.c .• thc ~et potnh). 
If thc lllllli\.'Oillputcr or onc l)i tt'\ .~~~oeiated penphcrals 
fatls, thc procc~s can continuc oper.nion undcr m.lllu.tl 
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,,,ntrtll, ~llh:c thc an.dog controllcr::. are prc.:-.cnt. 1 n th..: 
nwrc rcccntly Jntrndu~·c.:d dm.:ct digital c~llltr,l) ·•rpro.ach, 
th\' .m.ll<';! ~.·ontr.,llcr function-. .ar<.: paf,Hmc.:d hy tllc 
minll·,,mptat~·r \1.1 ,~,flw.trc pw~r:m1' c:~.ccukd hy thc 
Cl'111putcr. Thc miuil.'\'lliJ'Uicr dn'<.:' thc pro~o·c~s ac.:tu.•tor'> 
dlrú·tl~, 11'111l: ''l'~·raiHlllal amplilic.:r-. to maintalll thc 
pr.,p~·r d1 i' lile 1.'1lllditi1lll hct\h'cn :.uccc.:''i"c output cal· 
cul.•thlll' f~,r cach hli'P· In thi., :•ppr1l.1d1. 1f thc 11lllli­
c.:•'I11J111ll.:r Of an a~'OCl,lh'd pcnphcr.d f.nl-, thc ClltlrC 
pr,,l·e..,, i:. wlthuut "·,,nlrul unlc ... ~ C\t<.:rhi\c h.td,up f,¡c¡J­
Itlc' h,I\C t-~·~·n pro' idcd. 

Thc rc.:~¡111rcu cnmputcr pafnrm.lnlc dc.:pcnd.., on thc.: 
r.tlc.: of pro..:c!-~ \ari.llhlll. High r.IIC'> ,,f \.lflall\lll rl'l¡ulr.: 
l11ghcr mc ..... urcmcnt .,,unpling ratcs and h•~h~·r ratc-. of 
ú'ntrol C<llllnland~ than ~low r.11c.:.., of 'o~rl.lllon. Aho, 
thc tlirú'l d1grtal c;1ntr1•l .lpprnach pl.~cc-. a 111111..:h larger 
C~llllput.ttion.tl load on min1computcr~ than dnc~ thc 
set point :.~pproach, sincc thc C0mputcr must simulta­
n.:ou ... ly scnc a multiplicily of C<1ntwl loop~. To implc­
mcnt thi!t m u !tiple control loop en\ 1ronmcnt, cach con­
trol loop cumprisc!> thc control progr.rms and a !>tatu~ 
t.1blc that contains a listing of thc control param~o:tcrs for 
that lo~"lp. intcrmcdiatc values wh1ch are C<~rricd forward 
rr~)m ¡m.:\ ious control calculation~. and branch codcs that 
indlcatc which of scv.:ral control algorithms JS bcing 
<lpplil.'d. Howcvcr, thcre is an incrc.tsing trcnd toward 
implcmcnting thc more !>ophistlcatcú control sy~tcms by 
thc dirccl digital control approach, thercby ,noichng thc 
C\p.:nsc of complcx analog harúw1rcd controllcrs and 
uiTorJing thc flc~ib•!lty which pcrmits thc control systcms 
d..:signcr to uJjust thc conlr<..ll mcthoús and par .¡meter::. to 
obtam a nwrc cfficiént proccss Oj')c.:r.•tion at minium cost. 
Contcmporary dircct digital control systcms may have 
typic.llly from 50 to 1000 controlloops. 

Still anothcr mcrcasingly important industrial appl¡ca­
uon of minll'~11llputcrs •~ 111 thc arca of m .• kn.d h.1núlm~~ 
and w •• rclwu-.ing. F\lf c\.lllljlk. minlúilllpllll.'r'> are now 
u-.,·,1 lt' control thc full <•pcr.llillll of a fkct of ftlri-.J¡¡"¡~ 
and ptcl-..mg \cllldc~. L1eh \c.:lll..:h.: communic.lll.'S .IUIO­
maucally "rth a ccntr..1bzcd control m•nrcomputcr up to 
s.:,cral times a sccond, rcporting ns c.'\:lct po!.ltion in the 
warc.:housc. Thc ·control c~1mputcr scnds the tr.n·cling 
and opa.ilion commands dircctly to cach vcl11clc \'la 
complctcly buricd <;abh:s. Thc cabbng both guidcs thc 
\chicles accuratcly and allows two-way dat,l commulllca­
tlon bct\vccn thc control computcr ancl each vchiclc. 
Such an automatco systcm ofl'crs sc,·cr.•l ad\'ant.lgcs; 
thcy includc fastcr and more accuratc ordcr pwccssing, 
hi::;h.:r \'chicle usagc, po ... siblhty for bcttcr in\'~:ntory 
control, and impr<..l\Cd spacc utihzation. 

S1milar m.1tcrial llhl\ cmcnt s~ ~tcms cxist u'ing st.1dcr 
crancs and ra•l-ba::.c.:d c.1rricr \Ch1clc::.. Each c.1rricr is 
m:.rkc.:ú ~ ... ) th.ll J contrlll computcr c.m .1ctJ\ a t.: thc propcr 
switchc~ f<..1f C.ICh C.trricr. 

Thc use of J"Ílinicomputcrs in industrial applications 
promi:-,cs to r •• cihtatc thc adminlstration of mdu:-,trial 
activitic~ by automatic.r!ly !-upplying tm&cly and accur.lh! 
productJOn and i1ncntory data to administrative sy~tcms 
(1.c., mangcmcnt information sy~tcm~). Thc~c systcm~ 

c.1n h..: progr.1mmcd to Jn1ti.1t.:: routinc .ICill\ ti<.:'> auto­
mau..:.llly and ~lll¡;k 0lll ~•gn1fic.ant or C\ú:pt.onal li<~t.i. 

on wha:h man.1~:~·m..:nt mu~t act.. 
Admiiii\IIIIIJL'l' Appl/( utio/1.\." Thc admi:Ji::.tr.lli\1.: appli­

c.lll~lll~. a~ unda~l~'~'d hcrc, mcludc úllllputcr-b<~'<.:o 

~) ~{<.:111'> for pr~ldU<.:llOil lll,lll,l¡;<.:lllCill (c.¡;., ,ICli\ ity S(;IJ<.:J• 
uling, al.'ll' 1ty rqwrt1ng, oHh:r proc<.:!l'>lllg, i1n..:nl•1ry 
..:,Jntrol, and mat..:rial lllan.•gcmcnt), pcr::.onnd ¡¡¡,IIJ,Ig­
mcnt (c.g .• payroll, ... t.1tus rcports, vac.1tion ar.J ~1ck 

k.i,c, pa~nnncl 111\Cntnry, l.1bor di-.tnbuuon, tumov..:r 
stati ... ucs, ~..:hcduk of hours rcport, .1nd ,1\ld•t rcpurts), 
fi-.cal m.•na¡;c.:mcnl (c.g., in\ 01<.:111_:; account::. rccCJ\'abks, 
gcncr.li kdgcr accnuntmg, nonopcrating. cxpeno;c,, operat­
mg C'\pcnsc~. and bud¡;ct control), anú !>tatbtic.ll analy~is 
(e.g .. !-.llc~ analy~1::., saks forcc •• ~ts, proúuct1on pl;.¡nning 
allll sunulatlon). Using mimcomputcrs for thcsc ajlplica­
tums has h..:cn only a rc.:ccnt dcH:lopmcnt, largdy for tVvo 
rcasons: 1) thc mm•computcr manufacturcrs are ju::.t 
bcginnmg to commlt rcsourccs to thc pro\'ision of train­
ing, product scn•c•ng, and software support as rcquircd 
by small commcrcial data proccssmg inst.dlation, and 
2) low-cost pcriphcral cquipmcnt for business appilca­
tions that makc minicomputcr business systcms cco¡¡om¡­
cally attractive are only now bccoming a\allablc. In most 
business appbcatlon~ the pricc,'pcrform..Jncc ratio of thc 
pcnphcrals. thc softw,m: pro' idcd, and thc 1,.'0 spccds of 
thc central proces5or are far more important than the 

· comput.1ti0n fcaturcs of the central proccssing unit. 
Thc duef advantagcs m thc use of minicomputcr- 5ys­

tcms for adminl~trati\C applications are thcir low cost 
ano r.tpid rc5ponsc time, providcd the systcms come 
cquippcd with thc appbcat10ns program~ that completcly 
mcct thc uscr's nceds. Many organizations that c~>Uid not 
justify a largc data pro..:cssmg ccnter find that thcy can 
cas1ly afTord a minicomputer 1nsta1lation that comes as a 
turn-1-..cy pacl-..at!c \\ h.:rc thc program de\ cl0pmcnt cost 1s 
anHlrtlll:d m.::r many cu~l~11llcro;. Such a dcdicatc.:d lllllll· 
Clllllputer '>}''>h.'lll lm:.~t..:d d1r<.:~.:Liy 111 a U\<.:r dcp.11tm..:nt. 
u~ually cJn tlic.:n be m.tdc much more rc\pOml\e to th.n 
dcp.utmcnt's nccds than a ccntrally opcr.•tcd computcr 
ccntcr run •'n thc b.1tch modc C\'Cr could. T11nc-sharcd 
systcms w1ll C\ c.:ntually be c:.1pabk of pro\ idmg thc k111d 
of rcspon~m e ~cn·1cc obtamabk with d.:J1c.1tcd mlni­
computcrs. Howcvcr, the use of mimcom¡>utcrs promiscs 
to facilnatc thc C\olution to h•rgc, intcgrJtcd computcr 
nctworJ...s. Tl11s 1s b.•~cd 011 two oppo::.mg applicat1ons 
th,1t ha\c rccc.:ntly emerged. 

Thl.'rc is an incrc.1sing trcnd toward ccntralizing dat.l 
proces!-ing in largc and sophi::.ticatcd comput..:r cc11tcrs 
that are st.lfTcd anú opcr.ttc~l quite autonomously by 
cxcccdin_::l~ c.tp.ihlc ~rcci.llists. Thcsc c~ntcrs stn'c to 
111crcasc thcir proc.:s..;¡ng ctlicicn..:y !Jy maJ...ing best ll'>C of 
thc mo~t modcrn cqUipmcnt ..J\ .u!.thle ami by dc,·cltlptng 
h•ghly s~'rhi>llc:•tcd pr•'.:;r::m ~ystcms. E'cntu.l!ly, tllc 
mmicomputcr ccntcrs" 1ll probably w . .111t to tr.p thc St)phis­
ticatcd rc::.ourcc.:~ a\ .11l.1bk only at tiics.:: l::lrsc c,Jmput..:r 
ccntcrs and to 111.1 k e JnCíC:i::.ll1g use or thcm. Thcy w .1: 
g.•in accc~~ to th..:sc rcsour.:cs by i11ghly dllcicnt. dat:l 
commumc.1t1~m nctworks ~k~igncd to mc..:t thc spcc;íic 
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nccds of computcr-to-cn 11putcr commun1L:.1tion. Thu~. 
minicomputc.:r ~:- :>tcms c.1~ be v¡cwcd as rathcr autono­
mous systcm clcmcnts of Iargc scalc computcr ndworks 
which pcrnut the cvolution.try inst.lll,ttion of complcx 
computcr sy~tcms. 

In thc proccss of attaching min1computcr systcms to 
)arce cvmputcr ccntcrs, thc .tctu,\1 d.tt.t proccssing load 
of ~he mimcomputcr systcm wlll prl)b,lbly dccrcusc. St11l, 
it will probably be advanta~cous to maintain somc fi!..:s 
locally so as to not swamp thc ccntr.d compute: w~th 
cxccssi\e dctJ1ls. \\hich could m:-~kc thc compos1tc hk 
unman,t¡;cablc, and 111111t thc dat.tllow b..:twccn computcrs. 
Thus, nun1computcr S) stcms wdl probably assume ln­
creasmg 1mportancc in thc arca of d.tt,t commun1cation 
and d.1t.1 h,¡.;;c lll.lll.I!;;Cillcnt, and gr.1dually lo~ somc 
unport.111cc 111 thc arc.1 of allu.d J..1ta J?H>ccs~mg. 

D..:~pit..: thc graJu.d Joo;s of thc func!lonal 1mportancc 
of minicomputcr ccntcrs, th..:1r use promiscs to makc the 
realiz.1tion of complcx m.tn<~gemcnt information systcms 
prJctiral. Thc rc.1~on is that thc use of minicompt:ter 
ccntcts pcrmlts breaking the total data proccssmg JOb 
into managc.tblc proport1on~. It pcrm1b thc dcvclopmenr 
of a modular information systcm \\he re thc 1ntcract10n 

.• betwcen modules can be minunizcd and where each 
module can be made to pay for itsclf beforc the ncxt 
module is added. Onc bcncfit of this modularity is thc 
possibllity of using individual applications l~ng be~orc 
they ha\c bccn pcrfectcd and complctcly mtegratc.d mto 
the total systcm, thus facillt..lting a thmk-do-thmk-do 
cycle wh1ch enhances the controlability of _a p_roject. 
Another benefit is a rcduction of the total cap1tal mvest­
mcnt required to achieve a flexible informatlon systcm, 
sincc indl\ idual applieations can be mad.:: to pay for thcm­
sehcs a~ soon as they are opcration.ll. Sull anothcr bcncfit 
is a rcduction in thc probability of f..¡J!ure of thc system 
de,.elopmcnt, smce the 1ndi\ idu.d modules can be carcfully 
testee! ami indi\ ¡Ju,dly debu¡;gcd. 

Other Applrcatwnv: A rapidly. incrc.tsmg number of 
dcclicatcd sy~t.:m~ for a \,tflcty of othcr app!lcat1ons 
whcrc nlln:¿l)lllput::rs pl.ty an mtcgr.d part are now bcing 
dC\Cil1pcJ. 

For exampk, mm1computcrs are used to control key­
tapc and kc) d1sk syst..:ms m thc prepar<.~t1on of d.tta­
processing d.1ta through kcyboard entry d..:\ 1ccs. 1 nstead 
of punching thc Jata on carJs on these sy~tems. thc do~ta 
are d:rcctly as<;.:mbkd on m.t:;nctlc t.tpcs 01 J1~b _from 
wh1ch po1nt tllcy .tre thcn tr.m~li.:rrcd to thc J.tta-proccs­
ing syst.:m. i\ 1 micomputers o~ re u~u.tlly u sed to control 
sc\aal kcybo.trd~ 1n combtn.tlion \\lth onc bulk storagc 
dC\'ICC. 

Thcy are also part of largc J,tta-prtKessing sy~tem~ 
whcrc thcy 1n~o:rcas..: thc thfl)Ughput for ·~uch functlons a~ 
comput,ltlon of thc f.tst Founcr tran~form and data 
sortmg. 

Furth..:rmorc, minicomputc1 ~ are tx:mg appl1cd to 
typc~tt,ng t.t..,ks \\hcre thcy control tite Jll~tlfiL:atiOn .uH.I 
h)11h..:ll,ilillll of lC\l, anJ tho.: prcparatl<)ll Of 111p11t mctf¡,¡ 
for typ,·~l·ttmg m..tchme~ :o.uch as photocompostt1on 
cqlllp1111.''1t. 
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VI. Epilog 

M 1111comp:Jtcr~ are hac to May. Thcy rcpre'>ent a ncw 
and powcrful building block in thcir own nght and wlll 
find mcrcas1ng use. In fact, th1s trcnd wdl b~: acL:clcr..ttcd 
hccamc of thc continlllng dccrc,tsc _ip, tho.: Cl)St of mini­
computcrs as a rc~ult of progrcss in semiconductor and 
mcmory tcchnology ficlds. 

c\cntu,dlv, m.tny minicomputcrs which .~re now cxtcr· 
n..tl units '' :11 hccomc <m integral portion of thc ~y~tcm, 
actu,dlv budt fl!.!ht mto many of thc indiv1du,d Jcviccs. 
AnJ b~causc of~ the incrcasingly h1ghcr c!licicncy of thc 
ccntrdl processmg umt, many of thcsc mmicomputero, w11l 
be opcr.tteJ in a rnult1programm1ng moc.lc to makc thc 
hc~tu~c of the pcnphcral dcviccs attachcd to thcm. 

Mu1icomputcr~ wtll .tl~o h.tvc .1 profound ciTcct on thc 
component tcchnology. Th .. ·y pcrm1t the Jcfin1tion of 
funct1onal blocks of mcrcao;¡ng complcxity without mak­
ing thcsc blocks narro\\ly spcciallzccJ, and thus unlikcly 
to reach largc production lcvcls wherc the startup co~ts 
bccomc in~i!.!n1ficant. Min1computer~. bccausc thcy are 
usually sold in l.~rgcr quantltles, gcncrally ofTer more i'ntc­
!!ratcd elcctron1cs part numbcrs th.tn do thc convent1onal 
large conlputcrs. This helps rca!lze thc cconomics of 
intcnratcd elcctronics e\en more, even for nonmemory 
com~pl'llents. This wdl rcsult in minicomputcr structures 
that are C\ en h)wer 111 cost. Onc da y an en tire proccssor 
wdl be fabncatcd on one chip ata cost ofperhaps S!0-520. 
Wuh from 1000 to 5000 MOS de\ ices pcr chip, thi!> 1s 
compktcly w1thin thc rcalm of possibl!ity today. Com­
bmmg tlliS processor wlth a ROM with h.:ss than 50-ns 
acccss time \\ ill m.t k e the r~sulting minicomputcr al so 
subst<mtially fa~t.:r than present modcls. 

Thus, mmicomputcrs are bccoming the embodimer.t 
· of tomorrow's functional dcv1ccs. In fact; po.:ople will 
e\cntually won(lt:r how thcy ever dicf without them. To 
makc th1s h.1ppen 1s one of the grcat challengcs of thc 
1970's. 
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sifting the min1s 

FOR SELECTING 
SMALL COMPUTERS 
by Robin T. Olliv&er 

Computer ~afc,men h.n e mult1plied nea.!lr as 
f,¡,t ,J\ thc m.1chme\ thc, sell The ~y~tcm~ en­
gmecr ,efccting .1 ~1.1nt numher cruncher proh­
ahlv doc~n't rec.dl anv ~ck•ction prohlcm~-he 

ncH•r drew a ~obcr breath. On the nther hand, 1\e bccn 
inst.1lling min&computeJ~ Thc ~.JJe,m.m t.1kes me to the 
.wtom.11-I h.t\ e to contcnd w1th dy~peps1a, a~ well as 
h~.Jd.1~hc~ frorn re.1chng fine pnnt. 

The rn.JrketJng prulclplc imphed m this httle story dcm­
onstr.lte~ the nece,~1ty of havmg a quick. ,\ll.llyttcal mcthod 
for comp.mng ~m.dl c·omputers. It h.1\ to be quick. One 
can't ~peuJ S20,000 worth of engmeenn~ t1rne to huy a 
$10,000 l!HllJlllll'r lt Jt.¡, to be eflcct&ve. Oiffcrcnt appbc.\­
llom dl'JII.tnd dJffcii'J•t applo,tdw, . .\.' .1 rnattcr of fact, 
e.1ch of ti .. · lllllll' tho~n .10 cpu m.lllltf.,ctult'f~ tlunk~ his 
uuu¡ucly dc,¡¡ . .:nl'd pwdt&ct 1\ thc be,t for ruo\1 t.l'k\. 1 

terms ancl conditions 
A ~elcclHHI lt-( luuqtH~ "propmPd in tlu\ papcr th.ll h.1~ 

provcd both cl'nck .tnd diel'IJ\'e. The ·"'urnpt10m cm wluch 
thh t('dlnJC¡uc" b,t\ed .lit' h~ted below: 
l. Qu.dd•cJ 'cndor~ wdl rn,tkc "llll[k'lllt\ e propo~ab. 
2. \' cudor propm.JI, .m• hH'l n.d. 
3. Thc :.~~le m J,.,¡f.!:ner h.1~ .m,¡fyt.cd the prohlcm lo be 
solveJ. 
4. E' ,tiJJ.thH\ .m• c·.tp.,bl" of r('l.!tmg c·ornputcr ('h,u.tdeJ b­
lk-. tu .1 dC'l.lllo·d l.t,k do'\('IIJlllllll. 

Th(' pHtn•dJm• m.l\ he ~wnmcd up 111 thc follm1 in¡:: 
ddinltÍnlt\' 

JlU\1 1. Cpu \Pil'clloll "11l he h,l\ed un p~·• fnmlaut·e a&Jd on 
t'ÍÍt'l'l!\l' l'll\1. 

PcrforuWIICI'. Pc1 form.Jlll'C ( P) " defined lo J,,, thc 

l. for a current lUr"Vey of proceuors 1ee one of the foflow•ng· 
D.J The" and l C Hobb•. "Mon• Compuler1 for Real-Tome AppJ¡ca­
rion•." Dalamaloon. V 15, no 3, 1969 

R. Ollovoer, "l!evoll Wothon thP Rack" EDN, v. 14, 1969. 
J. Cohen, "Mtn•-computen," ~~~~~--~oto, Y 2, no 8, 1969. 

\\'('ighted \um of equipment and vendor ('ap.lb!ltty. 
Effccticc cost. Effect1"e cmt (S) conml\ ol quoted pnce 
plm thc \oftw.ue and cngmeermg co~ts of 1mplementing .1 

,(!1\'Pn computcr. 
f¡¡ui¡mwnt ca¡mbilily. The wc1ghtcd ~um of di-;crete com­
pnter ch.lracleristJcs. E.1ch ch.~racteristic 1s ev.1ln.1ted on a 0-
4 point ba~h. · 
Vendar a/Ji/ity. The weighted ~um of di~crete vendor per­
form,\nce factors, each rated on a 0-4 point nas¡,_ 
Qullf¡•cf ¡¡rice. The number of dollars the buyer'sees on the 
contr.1ct. 
Snft•carc co~ts Thc numher of dollar' worth of program­
nnnq \Crvire reqUJrcd for thh t.t~k ph" h.tnlw.1re .tdd-om or 
(h•letwm lo thc qnoted eq1upmcnt rt'quu !'d hy \Of tware. 
Eugitu'l'rillJ.: co11s. Thc numhcr uf Joll.u' "orth of cJtJ.(iuc<.·r-

e:..-- t ,..,.: ·'"';~ H"-· ... ,_ 
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Mr. Oll<vocr ls vocc prcsodcnt 
of Oo¡::otal Dilt-' Enr:oneeron.:: on 
Pilsadena, Cal., a systcms 
and software housc spccoilloz­
•ng in con-lputcr-bilsed real· 
ton1c applocatoons. Mr. Ollovocr 
•s wodely known for hos bon­
homm¡c as wcll DS for h•S data 
system~ dcs1hns. He w.:1s 
formcrly woth thc Jet Propul· 
sion Lat>oratory, MESA, and 
woth Bu·rou¡::hs Ccrp. He has 
a OS on cngoneeron¡:; physocs 
from tho Unov. of Mochogan. 

Repnntcd Wllh pcrnumon from Datamatiofl ®.vol. 16, PP· í 41-145, Jan. 1970. Cop~ ngnt 1970, To:chmcal PublJ~hmg Co., n.~mngton, 111. 
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111\! \t'r\ ll('\ ·,lll"h •~' ¡j,.,Í.I!.ll, f.¡J,r¡(",\11\lll, ol'IC1 dncllnlt'll!,IIÍilll 
ph., h.ud\\,llt' .Hld ... m~ or Jdl•liom h1 lhL' Cjlllllt'U t•t¡nip­
nwnl. 
\\'e ~:.:htccl .\11111. Tht' rd .• tin• nnporl.lllct' of ont• f.1clo¡ lo 
,LIIIIIht•J ¡, <ll'lt•nnu•t·d h~ ;"'i~uin~ t',ll·h fat tora mnltiphL'I. 
Tlw ~(1liL' lo1 ,¡ \tl\l'll lallor h mult1ph,•d h> il~ \\'t.•ight .mll 
tl.en .u!d:·d lo lbt• 'l111l'' olotht•r Lll·tnr\. 
ftll /01 .. \ d!\l"rt•lt•, Jn(.',l\\lf,¡!JJe dl~raclcri~IJ(' of ~OilH' lmpor­
l.lllll" hlllll' t,¡,J,. .11 h.tlld. 

the mcthod 
C.,mpul•·• JlWL'IIf\'lllL'Ill ( of machiu<.', not 11\ m.1dunc) 

¡>llll"l'l'.J, 111 ftJIII di,tllld \l,l~t'\: . 

Dni¡;r1. Thl' 1.1,1.. ¡, .111.1h J:t•d aml Clll<' ,olution (f10m 
:mwn~ m.111~) i' <.·h•,~t·n . .\u cnn•lo¡w of l'On\11 amts !S 
d,•hued. \linin111m 'Pt'l'' .1nd m.l\111111111 doll.11' ;ut" l'~tah­
J¡,Ja,·J ¡.,, tllc t1•lll¡>Ult•r. luit¡,J! h.utl\\,11(' ~oftw.uc l!at.le­
ol[, ,IJL' l!l.HJl• .• -\ J¡,¡of ljll.lhheil \t'lldlll.\ 1~ devt'Jopcd. 

Soiu JtalioH. A prohl('lll dc~C'npt1on. mmmmm ~pec~. ami 
.1ppro\1male ¡oh-,t·ope mfonnahon b ~npphcd lo \cndurs. 
Propo,,¡], aH' rcqut'~ted. Two to fom \\l't'l.' 'hould he 
a Jlo,, cd for pn•par.1tion. ( Shorter time' re,ll il't competi· 
ilon: lon!!er ¡wnnth 'll~~l'Sl l.1r~cr '~ \lem\ .md more t'\lcn­
sl\'c ~elel'lion prot·t'dure!>.) Priur to ret't'lpt of propo,.1l~. tllf' 
C\'alu.Jlors mmt complete th(' hst of p\·,¡Jnation criteria and 
a~~H!n "t•ic:ht~ to íactors. Sy:.tem de~1gn 'hould be reviewed 
and rt>fmt•d during thh period. 

Et alrwl11m. Sconng of p10po3als procc>cds qull'kl~. Im­
pa1ti.1ht~ i~ gu.mmteed by the oh¡et:the rec¡uncmcnls of the 
\\'CI!! h ted f al"lors. . 

Greater care must he takcn in de\'eloping ellecll\'e costs. 
Soí t\\ .11 e J..l'lllel routincs for kcv pwce,,e~ mu~l he fio"­
c·hartcd or otherwi'e tk·~ignt•cl to prm ltle a ba~b for C\limat­
.111!! 1 o timmg, mc>mor} rcc¡mrt~ment~ .• me! m.mpower rt•­
smlrC'c~. Engmcermg . .md f.1hricahon cost~ m.\y be h1ghly 
vendor dP¡wudPnt. The ta~k 3hould he h1oken down lo the 
cost of ,.,,el, log¡,·,.J funt·tmn 01 idcntifi.Ihle module. 

The t'\ .du.11Jon pnwedure succeed~ in r.ml.in~ propmed 
eqlllpnwnb .wcmdnH! lo thPir pprform.lnce antl emt. Th1~ 
d.il.l,m.,,. ht• Pl~''<'llled 111 l\\o oltlt•lc>d !J,h or plotted ,1, co't 
"'· ¡wiÍoln~ollll"l'. Tln> complt•tt·~ thc ob¡edl\<' t•\·,du,,lion of 
l"lllll)'.-1111\ l' I'CI'IIJllliCIII\ 

.\1 ¡_:P/10/1(111 ("lllll)H'IIII!-! p1opmaJ\ J¡,l\ l' bt'('ll ;JII,.J~ /t•d 
ollld !.111 h 1'\',dll,ltl'd. TJ.t• olllolh [J(",¡J d,d,l f01111\ 1111' b.J\1\ l111 

h¡•al "·lt•t lum. Tl1e tluu1ght protC\\C\ th.ll t"lh·ct tlll\ dt'l"l· 
\1011 .Ir<' "Jl'll't"ll\ t• m nat111 e. Onh \OIIIC of tht• more ob\ lO liS 

('Oil,if!c·z.IIÍon\ \\ 11! he n.'\ W\\ctl h~re. 
Guldt•ime~ ma\ ha\e hct·n e~t..~bJi,hc>d in the 'ohdt.•llon 

pho.~'e for .1 m.1:-.;mum dfcclh e cml all(l lllllllllHJm pc1 fOJ. 
mam l' \lOre. u~~~~~ the!>e j!llldelme~ Olle 1111j!ht dwo~e ,111~ 
of 1 J¡,. full.l\\ ing. 
l. Tl,l' J,,.,t pc>IÍormer who'e cffccti\"C• co't i~ lcss than the 
JT\,¡:\llllllll1. 

2 Tlw Jm, C\1 co~t t'C!IIipmt•nt who,c pC'I fm manee excccds 
tiwnHillllllllll \tandanl. 
:~ ·¡ lw •·<¡11'1)))11'111 th.d ,,,¡,,¡¡,., c·mt .uul ¡w!Ínnnance ~lan­
J.,uh .md l1.1\ tl.c· lughl'\t pt•t formance/cml ratio. 

a samplc rccipe 
·¡ L1· lllt'llu •d J.,,, lwt·n hrll'n\' ,J..t'ldw,J 111 Pll'CC'dm¡:; p.u.l­

gr.lp),, 11 1\ IIIII•JI(lt'd 1)1.11 1!.1' lt-duuquc> c.111 he appl~t·tl 
.. .Jmo't thrt·cth f10m tlll' cnol..bool.. An c\ampll' of mmi­
l'••:nputc•l wh•etwu 1' ¡:;1vcn 111 th1, ~cchon a~ a mc.m~ of 
Ílll thcr ddnun:.z thc tcchmque. 

To'~ D, finriHHI. Thc• Jy¡,amic~ of an ob¡ecl falhn¡:: 
tl.rough .1 tuilC' '' 11l bt• 'tucli!'J by analp:mg lime and 
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p1t'\\llll' info¡m.ll\1111. Tht' d.1t.1 1\ ¡.!C'IIl'l.lled ¡,, t'lt!l•t 1JI•''· 
"'~~' poli' lt)t",llnl ,.¡,,11!! lht• lul>L· .111d ·'' 111,11•~ ,¡, 16 
¡uc•,t'llll' \t'll"ll' Enough d.11.1 \\¡JI ht• l.ll..t·u 1•• .tdt•qu,¡lc•l) 
dl'flllt' tht• Jlll'\\lllt' "· 111111' plot EH·nt-llmlll\! ll'~lllulion lo 
.'5 U\l'l' '' lt'Cjllllt'll. Pl.ll"l'llll'lll of tlw Jll"l'\\llll '1'11"'"· \,Hn­
plin;.: ~llollc'f.!'. lllllllht·r .11111 Jt•latiou oí llllllll\.! t'\ cut,, an<.l 
t·\lt·lll of P'"'l'\JWI illll'lll an.ll) ~~' \\ ,1, ( aud ") \llll uudt•r 
di''''"H'II The m.I:O.IIlHlm rnnnllt'l of ~ampln íor .my tun 
,!Jould he 111 tl.e 1.u1gl• oC 1000 to :;ooo. 

·data acquisition 
T)u, dt·'tllplinu ¡,, thc \tll'llll'l 11''11lt1·d 111 the d.ll.l 

.ll'<¡lii\IIIOII '~ ''''111 'lWl"dll·.ltlllll ,¡)()\\ 11 111 Fil.!. l. A pll>- • 

!.(l.llllllH'd d!:,.:lt.J! l"tlOlpllll'T ¡110\ Hil'\ 011·\llt- l'OIIIIoJ ,111d 
l·.di1J1,1IIon funl'lllm,. Huu d.11.1 1' huffPred 111 l"tllt' IIH'mOJy. 

Tlllhl' run' ~t·qumug more .111.1h \1~ lh.m ¡),,¡¡ pwvit.lc:J .11 
1hc ,¡te all' tl.lmlt•IJt•d ~l'11.!ll~ h~ pho1.e I111C lu .1 tl.d •• 

t·cnlcr. t·ompult'l. ~Y3ll'm de,1gn w.1~ undn t.Lk(•u. The ap· 

1. Di~itol lnpuls 
16 Chcnnels 
Pulse w•d th 1 use c. mm•mum 
Pro~is•on for electrical signol conditioning 

2. Digital Outpuu (number of bits in porenlheses) 

Enoble/disoble acquisition (1) 
Stort/stop AjO sean ( 1) 
Set end sean channel (3) 
Select somplmg rote (3-7) 
Select timer role (4-9) 
Sel submultipiex channel (3) 

3. Analog lnputs 

7 primary sean chonnels 
8 submulhplex channels 
Sean rote lo 50 KHZ moximum 
Input impedonc~ > 1 O megohms 
Input voltoge ::: 1 O v full sea le 
Convers•on lo 1 0-b•t digital 
All chonnels single ended 

4. Timing Measuremenh 

Clock in"emenh 8-16-bit register 
lnlerrupl on overflow 
Parollel reod on commond 

F1g. l Doto ocqu1S1110n ~pccif,cotion. 

. ¡ 
1 

proad! w,1, lo Jcvclop a muit~-olpplkallon d.11.1 lt~l.!gc·r '' 111, 
lumlcd pron'''llli! .md tb,pl.l~ t'.lp.LhJiltH'' ·;·lw compulcr 
wa' rcquucd to ¡JIO\"Idt' fm Jll(k¡wndcnl c.diiH.llJOII 1Um 

.1ud lo pl'llllll ra¡ml mocllfll-.lllllll of \.Llllph;,~ ~tr.tlcgiP~. 
:\n.dot::: ll1lllt1p)c>\JIIC: \Chemt·~ \ICTt' J..c\ Cd LO IÍie t>l'C"IITICnl"C 
of Ulg1l.11 l'\ t•nh. lHt r.1te· •. tlltlcr of th.ll,lll'h. :-\umhcr of 
dl.tlllll'l'. lunc olf,f•h, etc a1 e> ~··lected ¡,, tlw t'\JWillllCIIIer 
Tlll'~t· op11on' alt' \('h·c lt'd ll\ E11¡.!11,h l.•n).(llo~~c> tomm.ulth 
fwm a tclc>t\pt•wnlC'r. Tlu\ mclhod of l"llllllol j)IO\Idl'~" 
)¡,, rd -cop~ 1 ccoul of c.lt·h Tlll\. 

wcighting thc factors 
)•,\ ,dll.l\11111 llllt'llol fo¡ thC' l'11111¡Jlllt•J Wt'll' dt·ll'ii•¡Jt•d ·""¡ 

Wl'l).!htt'd. Tlw ~.une"'·" do11e for nl.lllllf.ll"llll·"~ a'¡H·ct~ .,f 
llw JliOClllt'lll•'nl. TIH' ll''lllh .~re ~\¡'"' 11 111 ¡·,.~, 2 .111d :l. 
:-\ott' that 'lWl"lfilo.IIIOib all' firml~ t11:d t.• oh¡cdi\C qli.lll· 

tille~. 
Smct' we mtendt·~l to huihl a 'll'gle "'1('111-01 .11 mo't 

1\\0-\\l' fcll th.1t tht• qn.dll\" of tlll' \l'llc:t>l \\,\, rrl..\1\l'h 
m•p•nl.uil. \\"e the1CÍ01c- .1-.~1gnetl.ui li\Cr·.1:i \',,•¡,c_ln of '"" 
lo the cornpulcr anJ one lo thc m.wul.u·tun11g tnlcna. l'ut 

·-

-- -- ----------------~~--- -----·----~~~-.,--· , .... 



,111othcr 11 .1~. thc '"m of thc compuk · 11 cight~ W:l\ l\1 ICe a' 
J.¡, l!l' ,¡, \ enclor 11 t'll.!hh :\o .dtcmpt ,,,¡, m.td~ to get "th:',lt" 

numl,cr' f<11 t11!' \lllll of \1!'1\.!hh. !lllh to \Ct' th.tt the l.t<.tOI\ 
la• ll'oi\Oil.lhh ll'l.ltcd to e;u:h othc~. An ,¡g¡ee;thlc \\,1}' to 

.FACTOR 

Word Size 

Cycle time 

lnstruction sel 

Arithmetic 

Addressing 

Progrommoble registers 

lnterrupts 

l~put/Output 

Physical siz:e 

Con sol e 

Fig. 2 Computer criterio. 

FACTOR 

Delivery time 

Post performance 

Maintenonce 

location 

Alternative sites 

Number instolled 

Documentation & trainong 

Fig. 3 Monufoclurer criteno. 

1 ti/" 1(/ r u ][)'; n 

WEIGHT 

10 

6 

S 

2 

4 

6 

7 

8 

3 

WEIGHT 

7 

4 

3 

2 

5 

95 

,¡,u t ~~ by ,¡,~¡gnm~ .1 ' ' e,t;.:ht of o:¡e 1<' the !c.t\t irnport.111t 
f.1ctor and proccetltng cornp.ti.lltvelv up .m intuttivt•ly 
~IIOWII i.lddcr of ~ip;lllht ,¡ncc. .Com¡>ll\~l>~t:h.u oll'lCII\lil'\ 

were wctghted fir~t Then h.df the tot.il'nf · tlw t·omputcr 

SCORING BASES 

4: 16 bits or more; 2: 12 bits 
0: 8 bits or less 

4: 1 use e, 3-1: 1·2 usec 
0: 2 usec 

4,3: Extensive; 2. Adequote; 1-0. Primitive 

4: Hardware mulllply/divide; double 
precision ond floollng pomt options; 
good precosion • 
3-1: Adequote copob1lity; hardware mul/ 
div or fost subroutines 
0: Very httle onrhmetic copobility 

4-0: Score one for eoch of the following: 
indirect, relotive, indexed, direct lo 
greoler thon 4096, or by oddressing 

4: Mony; 3-1: More thon 'one, 0: One 

4: 3 or ,more priorily, no identoficotion 
necessó'ry, 3-1. Adequote for 3 devices 
0: NonP. quered 

4: 2 or more outomotic chonnels al roles lo 
. 1.3 megobots/sec, 3-1: Al leas) one 

1.0 megobots/sec with good accumulator 
1/0; 0: Marginal 1/0 copability 

4-0: Subtract one point for each 5 inches 
over 1 1 inches 

4-0: Sense switches, dis?lays, c!ebugging aids 

SCORING BASES 

4,3 len rhon 45 doys ARO, 2,1: 45-75 doys ARO 
O. Over 75 days ARO 

4-2: !.\ony reporls of en-time delivery ond 
good service 
1-0. Known for late delivery, peor service 

4-2 24-hour turnaround on cpu, on-call 
maintenance, 2-0 No cxperience, remate 
or d•fficult corporote interface 

4. Southern Col•fornia 
2 W1thm 500 moles 
0: Distan! 

4. Some computer installed al JPL 
3·1: Locally ovooloble 
0: No Alternotive site 

4: Ovcr 1 00; 3-1. 10-100 installed 
0: len thon 1 O in ficld 

4: Excellent hardware olld software monuals, 
or trooning provoded 
3-1· Adequate interface and programmong manuals 
0: loltle or no documentation 

' ·', .. 
( 

' ' ,, 
1 
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SELECTING SMA!.l COMPUTERS ••• 

wei~hts were di,tnhutC'U .1mong tl&l· \ cmlor eh.1r.tL l!'n,tic~. 
F.n·tor~ are aJ,o r.ll<'ll "' "' tlw1r \Jg••oiJLIIIl<' to thc 

pw¡t•t t Th<· follo'' lll~ .!>l.tll'nlt'IÍI\ .J]u,ll,lll' "h.11 1 nH'.IIL 

l. ~~0\ 1 f,ldOT\ oil C \1¡.!111 flt .1111 lo 1 }¡l' ¡>IIIJl'll ,IIJd 11111\/ he 
Stnn·d \\ hl·tlu-r <•r uot lhe \ l'lldOI ~ll¡>plit•' .ulf'o¡u •• tc~ 
mfonn .• tiou lo do'" Íll Jn, propm.1l. 
2. Sume fat:lor~ oll<' lll'l'l¡>ltt•r,¡J ÍllllolhlH' mullll't"dloot 111' 

scored ( dl.l11gi"g tlll' 11.1\1\). or mar hl• g" t•n .1 mllnll~oll 
.,¡·w (' 1f 11"11ffineul d.¡t,¡ exi~ts. 
:J. A ft'\\' l.tl"l"l' l&,t\'(' t·nli¡·,¡)fullit~. A /l'ro \l,lll' 011 .lm 
on<' of the'\' f.u:lor:. would n•,ult 111 di'CJII.IIdiv.ttion t;f 
th.tl propo!>.ll. 
111 ¡]¡,., l'\,llnpll'. thr<'<' fal'llll'\-inlt'llll(ll\. 1 'o l .tp.thiiit~, 

and llin<'l~ dl'IJ\ cr~ -h.ul t•rilit·al lumh. A M:ure ¡¡f zero on 

¡-
! FACTOR/CPU A 8 

1 Computer 
1 
1 Word 40 20 
1 Cycle time 6 12 

1 
ln!lruction 15 o 
Arithmetic 4 2 
Addressing 12 8 
Regislers 12 o 
lnterrupts 28 7 
Input /out pul 32 24 
Physocal size 4 4 
Con sale 6 6 

---- -·· ---------

e 

o 
18 
10 
o 

16 
24 
21 

8 
4 
9 

Sub total 159 83 110 

Vendar 
Delivery time 14 21 28 
Post performance 12 12 a• 
Mointenance 9 6 3 
Lototion 4 o 8 
Alternalive 2 4 2 
Nu111ber inslailed 12 16 4 
Troining 20 15 5 

dl'IJ\'l'l\ ch:mn.11cd (\\ 11 m.tdum·'· .u al 1 !'dt"ÍJli<'d tlol' 111"dd 
uwnht·~ uf .1 11111 J. 

A \l'l•dor }¡,¡ of cight ".1' Pli'P·'Il'd ,,11,! p•opm.•h ,o. 
ltt·1t.-d. lu duC' eolll'l' th<' ,., .tlu.i111111 '' •• , t lllu¡>Jvl,.,l ·¡¡". 
n•,nll\ .11<' ,,1111111.111/l'd 111 1· 'J.:'· ·L .) .. 111tl Ci. Tlll' l'lljllu·llll'ill 

ol 11Untlw11'd rallu•¡ 1h.111 ll.lllll'd l0111p11ll'l' \\,1\ 11\col tu 

'JI•II'•' lhl' ('1¡;1111'~. J lol\\l'\'l'l', tlw di'L'o'I'IIÍio:,_: ('\ o• 11\a~ ¡!J,IIIo· 

;.!111,¡. 1l1l' "m.ulc 111" Ü1.111;.:l· Counl~. h.llliiii).\L.un, 111 :'\1,,) • 
na11l fo•,illlll'\. 

Fcu 1lu, p.IIIÍI:nl.n 1.1~1... llt.u.ldi'JI/t·d 1" ft·\\. l111t l.igh 

r,llt'. d.1:.1 \!lllll'<''. \111111' llolc'll'\lllol! ooll'l'l\,llloll¡\ ll'"lll 

l. Elght-l111 nl.ldlllll'' \H'fl' dl,,1ppoulllll\!. 1 o l h.n.ll'l<'r· 
l\IIL' 1\l'll'lllll,ld<·c¡n.dt•oJ \\t'll'lc'l.lll\l')~ 1'\jJI'II'I\l'. 

:2 :\n ~~ mc•mor~ \\,1' ll'•llllll"d lo1 .oiln~o~clolll<'' \\ Jth ¡,." 

D E F G H 

o 40 40 o .:o 
6 12 12 o 24 

10 15 15 15 15 
2 4 4 o 4 

16 8 12 4 '¡6 
18 18 12 o 18 
7 21 14 28 28 

16 24 24 8 8 
4 4 3 4 2 
6 9 6 6 9 ------------

85 155 142 65 164 

28 28 o 28 21 
a• 16 4 a• a o 

12 9 6 9 9 
8 a o 8 8 
2 2 4 2 2 

16 16 8 4 8 
10 15 15 10 10 ---- ------ --------------------------------------------

Sub total 73 74 58 8,4· 94 37 79 76 ------ -- -----·-·---- -------------
TOTAL 232 157 16a 169 249 179 144 240 

------
•Nominal volue, no dota 

Fig. 4 Evolualion re~ult5. 

ITEM/CPU A B e D E F G H 

Quoted 11.9 6.4 8.1 12.7 16.2 11.4 8.a 12.0 

Software 

i'rogromming 5.0 5.0 7.5 7.0 6.0 5.5 6.5 5.5 
Modofocotions * o 4.0 2.5 2.5 0.5 o 3.0 o 

Hardware 

lnlerfacing 1.5 0.5 2.4 04 o 03 1.6 06 
Modolocaloons•• 4.5 o 2.0 :ul 1.7 2.0 o o 

22.9 15.9 22.5 :; 1.1 24.4 19.2 19.9 la.1 

0 Modoíocatoons ore for odditional 4096 core memory, excepl E, oddot;onol lcvel of interrupl. 

"'*Adduion of 110 chonnel, except D, dcletion of special interface hardware A represents upgrode lo ne:l<l model computer Ío gel 
requored 1/0 performance. 

Fig. 5 Effective ca~ts. 
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.. -.. 
1 

1, 

r-
Cost ( 1 COO's $) 

B 
H 
F 
G 
o 
e 
A 
E 

Cost M a >llmum 

22.0 

Fig. 6 Dato summory. 

15.9 
18.1 
19.2 
19.9 
21.1 
22.5 
22.9 
24.4 

E 
H 
A 

F 
o 
e 
B 

G 

Performance 

249 
240 
232 
179 
169 
168 
1.57 

------:-144 

Performance Minimum 

150 

U.lOOCI --~ 1 1 ' 1 1 J 

"""" ___ l_ -iEf-L~l-~----+1-+1 --t--+· ..... 
~~¡,a ..... 

¡ 1 : 1 <f• l.. .,..J -f •! ~u• -L :._:, ---+1-~·.__.¡ __ _¡_ _ _j~--IJ.L::_-+---Jm 000 

1 ~ ~ .. ~¡;••.e• ¡--¡ ! i 1 

---L--+-~-t=:f..---'i----1---+---.. ---1----fu•-

111000 i .Li ~T. ! 
IIICI)O II•Ol'lal---t-·-- 1 

l 1 1 ( ·:~~::· }-

IU000•~-_!~--4-+:-+----l---+--+-~t=¡==i-!_---j 
... ~---:c, .. ~---,l::---:,+: .. ,---.,!, .. :;---:...,±:----;!,.,;;---;, .. :!:----;J,.,;;- ... J¡ ---Fig. 7 Performance score. 

th.m ((;.l,,t ''"'d len~tla Shml<'r \\'ord, meanl longcr 
JHOgi,ITII\ .uod doul>le lcngth huflt•l\ 
J l'rugl.lllillllllg l'ol\h \H'I e rcl.1l1\ el y t1ghtly groupctl. 
Thc n.1turc of thc ¡oh auJ thc ~11.c of thc computC'r 
dictatcd a\\t'llll>l~· J.,ngu.IL:C coJmg. Bctlcr lll~lrucllon 
scts rec¡uircJ louL:cr le.lllllllg <.·un cs. 
4. lntcrfacC' cmh \\C'rc ddfleult lo C'~tun.1te unlc~s thc 
vendor p1m 1dcd lttei.llurc tre.llllll! th" 1\~ue m clt·pth. 
Thc eo~t '~ pcrfnmi.IIILC plot 111 F1g. 7 providt'\ a good 

Vl~u.d prc,ent.llwn ot .111.11} t1c.d rc~ull\ Procc\\or~ H ancl B 
are thc rno\l hkcly chmces. Computcr F i~ .1 po\\1ble hut 
unlll..elr c.llltl,d.ttt·. :'\otc th.1t tht• S-lHt (·omputer~ C. D, ,lfltl 
e dl'ltvcr lt•\:; b.mg jlL'f buck th.m the 16-hlt cpu',, E. A. ;llld 
F. It is clc.1r from tlus d.1t.1 th.1t tlu~ to~~k 1s not ~uitahlc for 

)arwary 1970 97 

an S-l11l p11W<'''or.~ 
Tht• n·,ull\ 111 tlm ('.1\c \\en:• rel.iti\·C'lv 'tr.dchtforw,¡nl. 

Thc tecluuc.d group wlccted thc l>t·~t pc~fonner \\ ithin thc 
cmt em'l'lopc Therc wa' .1 \ufllcil'nt doll.tr p.1d to .dlow for 
contmgencw~. Should \Omc unfore~cen fi~cal c.d.1mity bcf.Jll 
the pro¡ect. m.tn.¡gcmcnt can quickly and reh.1bly ~hift to a 
IO\\Cr-pnccJ computer.3 e 

2. A lone of consrant performance/dallar con be drown lar irem1 C, D. 
ond G and for olems E. A, and F. Th,. represcnr1 a do lacta 1landard 
lar rh,. parlicular evaluation. lt can be 1een lhat such lines are 
roughly parallel and thot the vertical 1eparoloon ,. about 53,200. 
Thus even a 4K 8 bol machone is found la be a paorer performer per 
dallar than o 16-bit proceuor. 

3. Soverol oddoloonal 16·bot machone1 receoved a cursory evaluation dur• 
in'g ond ofler thc uamplo procuremcnt Onc could quic~ly delermone 
whelhor furth2r evolu<Jioon wa1 duorul.olo, 
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CIIAPTER 4 

MINICOMPUTER PROGRAMMING 
\VITH ASSEMHLERS AND 
MACROASSEMBLERS 

INTRODUCTION AND SURVEY 

~. 

Assembly-language programming will enable us to obtain the greatest 
possible efTort from a digital computer, i.e., to optimize computing speed 
and/or memory requirements. This is because assembly-language instruc­
tions corrcspond, more or less, to thc actual hardware operations possible 

, with a specific machinc and permit us to exploit its features clcverly. This 
advantage of assembly-languagc programming is espccially pronounced for 
small digital computers, whose algebraic compilcrs (which must fit into 
4K to 8K words of memory) may not produce very cfficient codc. 

Modcrn symbolic assemblcrs not only translatC' instructinn mnemonics into 
macllim· code but a !so permit .\ymhnlic mcmory rC'{erenn·~ by a.,<;igning hinary 
location numbers to symbols (Sec. 4-2). Thc bettcr s~mbolic a!.scmblcrs 
can also cnmpllle addrc.~ses by er•tduating symholic expre.Himr~ (Scc. 4-3), can 
resert•e hlock.\ ofstora¡¡e lncatimrs (as wcll as single storage locations) for data 
or instructions, amt can arrange for storagc and formatting of decimal, 
doublc-prccision, ancl Ooating-point data (Scc. 4-5). Good gcncral-purpose 
assemblcrs further free the programmer from a~signing program pagcs ~md 
work with a companion linking-loader program to facihtate n•locatirm mrd 
linl.a!Je o( mu/tiph· prooram .~eaments (Scc. ~-17; see also See. 3-6). 
Finally. macma\'.\('mh!crs can gcncratc u,cful multi-in<;truction sequcnces 
from one-line commands (Sec. 4· 21) and, togcthcr with conditional assembly 
(Sec. 4-23), can comhine sorne of the programming simplicity of a: compilcr 
language 'assembly-language cllicicncy. 
98 
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Vúth :1 !>\llt.thh: C•{X'C.III/1~ s:.,tcrn. ·''-<:lllhl~·lllltU.It:C rr.·~r.tm ...:rmcnh· 
c:an N: OC'atly Clllllblr.l'J \\llh FOI~l R,\-...; (lh)t!C.Im ... (Se~. 4-~0) \0 th.tt cvcn 
3 httlc knm\ kdl,!t' or a-.-.cmhJy l.lll¡.:ll lt!C l..\0 he U~J lO imrro\'C 1mportant Of 

rrcqucntly u~eJ routmcs. . 

ASSEMUI.Y .I.ANGllAGES. ASSt::\11U.t:RS, 
. AND SOME OF TIIEIR FEATLIHES 

4-1. Machinc L:mguage and l'rimitivc Asscmbly Languagc. A typical 
program sequence for a 12-bit minicomputer, say 

2 5 
--3 -·--- -------~-

4 LOAD INTO ACCUMULATOR (the contents of) 2 
5 INVERT ACCUMULATOR 

6 STORE ACCUMULATOR IN 3 
- . 

specifies tlrC' conlents of.mccC'.Uil'e memory locatums 2, 3. 4, s. ami 6. Loca-
tion 2 contuins a data word (5) given by our program. but location 3 is only 
res(•rredfor an a'> yet unspccified data.word to be storcd thcre by thc program. 
Thc program proper (i.c., the first in-;truction) stnrts at location 4. Tire 

. prowam cmmter u·i/1 he initial~r \C!I lo 4 and will stcp to s, 6, and on lo 7 as 
each instruction is executcd. 

Such a program is actually entered into the computer in binary 
machinc language, viz., 

000 000 000 010 000 000 000 101 
000 000 000 011 

000 000 000 100 001 000 000 010 
000 000 000 101 111 000 100 001 

000 000 000 110 011 000 000 011 
• 

perhaps from a binary paprr tape or from front-pancl t<'ggle switches. The 
first '12-hit wc•rd on cach linc j<; thc mcmory addrcss of thc second word. 
The first line again locatcs the data word (5). The !'ccond !me reserves 
location 3 for a d.1ta word which is not supplicd by the program, but will 
be storcd thcre nt run time by our last instruction; sorne assemblers would 
dcposit O in !.Uch a location for thc time bcing. . 

The first word of thc third liuc is. agnin, the :~ddrcss of the sccond word. 
This time, this storcd-program word reprcscnts an imrmctio11 codt• ancl. 
sincc this is a memory-rcfcrcnce instruction, somc addrc"s hits nccdcd to 
determine an ciTcctivc memory addrcss. In our simple cxamplc. thc fi\'c · 
lcading instruction-code bits 001 00 signify LOAD INTO ACCUMULATOR 

with thc "pagc O" ditcct-addrcssing r.todc (S.:c. 2-7). In tl11s case. thc 
rcmaining scven address bits o ooo 010 dircctly rcpre.,cnt the binary 
address. The remaining two instructions are similarly transl···~d. 

.. .. 
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To work with long programs in this m:tchinc-!anguage form would be 
decidedly uncomfortablc cvcn if wc makc thc program ca5icr to read and 
write by using octal coáe (Scc. 1-4h) 

0002 0005 
0003 
0004 1002 
0005 7041 
oco¡¡ 3003 

which the machine could decodc quite readily from typcd input. We have 
• actually seen pcople program in octal codc to avoid papcr-tape asscmbly! 

In practice, even the simplcst minicomputers have asscmblcr programs 
which translate programs written in terms ofmncmonic instruction codcs, e.g., 

0002 0005 
0003 
0004 LOA 002 
0005 NEG 

0006 STO 003 

Mnemonics like LOA, NEG, and STO approximate English words; the 
assernbler program translatcs mnemonics into 'binary code hy table lookup. 
We have supplied addresses and address bits in octal form, just as in octal 

machine language. 
To improve our primitive asscmbly languagc, it would be convenient if 

we could specify the actual 12-bit effectire address of éach memo;y-reference 
instruction, say · 

0006 STO 0003 

Note that now the assemblcr must not only translate STO by tablc lookup, 
but it must al so compllte the corrcct addrcss bits detcrmincd by thc addressing 
mode (implicit in STO without extra character coJcs) togcthcr with the 
effcctive addrcss. H thc dcsircd adJrc<;s cannot be rcachcd by direct 
currcnt-pagc or rclativc addrcssing, the assemblcr will cithcr stop and print 
an error mcssage, or (preferably) it will automrrtically substitute indircct or 
two-word addrcssing (scc alsci Sec. 2-7). 

4-2. Symbolic As.'icmbly Languagc. Most practicat assemblers are sym­
bolic asscmblcrs, which pcrmit lhc uscr lo rcfcr to in'itruction :md opcrand 
addrt'i'iCS in tt>rm'i of symbol<i. In a symbolic as'icmbly languagc, thc samplc 
program scgmcnt of Sec. 4-1 might look likc Fig. 4-1. Each symbol (a 
string of up to 5 or 6 alphanumcric charactero;) rcprc!tl'nt" a location (!tymholic 
mcmory addrc•;s). Thc word in thc location-tag ñcld (lahcl fidd) of a linc 
rc¡¡rcscnts thc Jocation o( thc corrcsponding instruction or dat;l word. 

, .. 

t ., 

t 

f. 
r 
1 
l. 

101 ~\\!111111( "" \1111.\ 1 '"·' .\( •• 

INPUT 

RESI.T 

'STAAT 

'---r--' 
Location-tag flcld 

(labcl ficld) 

OC05 

LOA 

r•EG 
&TO 

'--y--J 
!Mtructlon 

codc (•r an)) 

INPUT 

AESLT 

~ 
Jn,truction 

at!drc'' (lf any) 
' 

1 
' V 

nstructlon or data \•Nd (2 ficld~) 

1 o ..... 
1 Re-en c.J fur rc,uh 
1 Gel d.ola 10ord 
/lnH:n•t 
1 Dc¡m,•t rewlt 
..... ---..v..-----' 

Commt'nt ficlt.l 

Flg. <J.: l. The program scgmcnt or Scc. 4-1 \HIIlen in ~}mbolic aso;cmbly l.mgnagc Note that 
each lme (asscmbly-lan¡;uage statcmcnl) has four ficld~. al! but onc of \\htth coult.l b~ cmpty . 
When such statcrncnts are typcd or pünchcd (onc toa rclct}pc"nter linc or punche<! c.11 d), Thc 
flelds mus! he scpuratcd by ~paces, Id el~ pcwritcr t.tbs, or olhcr fit'ld d.,/imito•rs (colon~. ~l.o<hcs 
etc.) so that t!:e üSscmblcr can recogm~:c thc end of ea eh ficld. ' 

Unless tiiC c:omrary is spccifietl, consccutive Jincs still represen! éonsccutivc 
program words. Thcrcforc, if INPUT rcprcscnts Jocation 2, RfSLT mmt 
represen! location 3, START must rcprcscnt location 4. and thc l<~st t\·,o 
instruction words must go into locations 5 and G, oltlwuyh 11·e vmi:rnl 
thcir location tags in Fig. 4-1. 

Thc first pass of a symbolic assemblcr scans thc uscr·s sourcc progt a m 
and crcates a symbol tablc which ltsts all u-.cr symbols dcfincd as location 
tags togethcr with thcir location numbers rclative to a starting aJdrcss. 
Symbolic instruction addrcsses as wcll as mncmonic instruction codcs can 
thcn be tmnslatcd by tab!c-lookup opcrations. Taking duc account o~ cach 
addrcssing modc uscd, the asscmblcr still has to compute thc addrc!ós bits 
fo~ each mcmory-refcn.:ncc instruction. Good symbolic as~e!T'b!crs wtl! 
automatically introduce indirect or two-v.ord addrcssing whcn a syrnbo!ic 
address is not within rcach of one-word p:;gcd or relativc addrcsc;ir.g (S ce. 2-7). 

M ultiply definecl symbols will stop thc a~sembly proccs!> aml/or produce 
an error printout (Fig. 4-3). Somc asscmblcrs also indicatc an error if a 
symbolic addrcss has no location-tag countcrpart (uncl~fined symhof). A 

1PROGRAMMER ]ouE IPAG[ 

CHA~~ 
LOC&TIQJt t -CJPlAATION t ADORES¡. 1 0fc0tnst"'TI m 
f-====·tf~======!~ll====================~~~ ~~' S T R T L O A C0NS 'L=::0:::A:::::O=C::=0~Ñ::::S:::::T=A=N=T=====:~ 

-··t - - -
FiR. 4-2. Sorne pcople likc to use cmlmq {orm~ ~im1IJr to thc: onc "hown r.•r ,,,,cmhh·l.on¡:u.t~o: 
proj!ra!"ming 1 he column numhcrs indtC.IIt:J ¡ln thc rorm are r •• r pun.hc.l •.• ,J~ In lcic­
l}¡'teWrtl~r-prcparc.t prngmms. thc ficl.ts are: .Jcltnur.:J h) t.1hs, c••loon~. ,,,,~he•. ere (lf•"'') ,.,IJ 
lrs(t•rm,uwn Splt'IIIS ) . • 
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good asscmhlcr, though, may automatically supply cach.undcfincd symbolic 
address with a corrcsponding storagc location al 1t1c cnd of the program so 
that the programmcr is rclievcd of this task. You can sce that a good 
symbolic assemblcr is a fairly complex systcm program. 

NOTE: Prcciscly, A rcprescnts the assembler-dctcrmined address of 
the memory location whose contents (A) at run time will be the value of a 
constan! A nr val u es of a variable A. ' 

/SAIIIIPLE 

oEXT X . / E:ucrnal refcrence 
000 011 A A1 oEQ 11 / Pseudo anstruction 

000 000 R 000 100 A 100 

000 001 R 200 010 A START LOAD 10 

000 002 R 400 011 A STO RE Al 
000 003 R 200 005 R LOAD (10) / Literal 

D 000 004 R 701 006 E START JUMP 1 X /lnd•rectjump 
000 001 R o ENO START 

000 005 R 000 010 A 

000 006 R 000 006 E 

1 1 ERROR LINE 

1 SYIIIIBOL TABLE 

A1 000 011 A 

START 000 001 A 
X 000 006 E 

Error (muluply E~ternal symbol Literal 
dclined symbol) 

Fig. 4-3. L1stmg produccd by a symbolic asscmblcr. The as~emblcr has· started at locallon O 
and has markcd cach locat10n and addrcs~ as ab~olutc .1, rcloc.ltahlc R. or c:tlcrnal E for the 
linkmg loadcr (Sec. 4-19). Word~ wh1ch do not contam addrc~~r~ are marlcd ahsolute (thc•r 
locatiom may he rclocatahlc) An error /me has hecn found and marked "1th an error code by 
the as~mbler. 

If requcstcd by a front-pancl switch setting or typcd command, the 
assembler v.ill print an ao¡scmbly li">fing in an extra pass. Thc listing shows 
the user's symhohc source pmgram cmd tite resulting octal maclzine code side 
by side with somc c~tra annotations (Fig. 4-3; scc also Scc. 4-2). The 
assemblcr can also produce a ~ymbol-tablc printout for rcfcrcncc (cithcr in 
alphabetical or m;mcrical qrder). You should consult :your minicomputer 
manual for the maximum numher o{ symhols and the maximum numhcr of 
program fines which can be handlcd with a givcn computer memory. 

4-3. Symbolic Exprcssions and Currcnt-location Rcfcrcnc~ Since corrcct • 
addressing rcquircs computations at as·sembly time in any case, many 

o 

10~ ''''11111 \(J \11111!1 ...... ". ''" 111111 ''-' 

symbolic a~scmhlcrs improvc pro¡;rammin~ convcnicncc further by pcr­
milling S)mbnlic c'pressions in addrcss ficlds. For c:r;amplc, 

03 ADD INTO AeeUMULATOR SVM 1 Adds 000 173 
STORE AeeUMULATOR IN LEAP- HOP + 2/ Addrcss is 06 

HOP JUMP TO SYM + 2 / A~~__rcss is 11. 
000 000 

SVM 000 173 

101 201 

LEAP JUMP IF AeeUMULATOR NEGATIVE SYM-4 1 Addrcss is 03 

Note carcfully that each expression involves addrcssl'S and not data . 
Integers will be intcrprctcd as octal un les~ thc contrary is stated (Scc. 4-5c). 
Such more elaborate as~cmhlcrs usually makc t1m passcs through th'C ~ourcc 
program. plus an optionallisting paso;. 

Sorne assemblcrs also admit multiplication and clidsion in address c'prcs­
sions, but thcsc opcrations may not havc thc customary prcccdcnce, aml no 
parcnthcscs may be allowed. Thus, A + B o e may be intcrprctcd as 
(A+ B) ·e in an addrcss exprco;sion; con.wlt _mur a.\.H'Inhla mwwal. 
Son'c a~scmblcrc; also pcrmit bit-by-bit ANO, OR, and XOR opcrations \\Íth 
symholic-addrcss \'<ords. . 

NOTE: Numcrical valucs or symhols and cxprcssions are ncce~sanly 
fixcd at asscmbly time. Thc program can only chan¡;e the COfl(C/IIJ 'of 
symbolically addresscd locations at run time. 

As a further convcniencc, it is usually possible to rcfcrcncc thc location of 
the curren! instruction, sayas • , so that 

03 LOAD AeeUMULATOR 

BOUND JUMP IF AeeUMULATOR ZERO 

JUMP 

• + 3 1 Address isos 
• - 1 / Addrcss is 03 

• + A - 1/ Addrcss i~ A + 4 

NOTE: To cstabll~h addrcs~c~ lile SYM - 4 1•r o • l in our cxamplcs, we h.nc lrc.llcd c.11:h 
sourcc-progr.ml m~truc110n a~ one word in memory. In general, h\O·\\ord in,tructwns 
(Scc. 2-7) willlount as t•w lol.llllln~ Clu·, 1.. ynur 1/ltfnrhl.-r manual on t/111 pmnt u11d on the 
mmmer nf cmmtmq hltl' .'oc'!'""" lt/ 11111) 

4-4. Immcdiatc Addrc'i"ing nnd Literal". Sorne minicomputcrs pcrmit 
you to spccify thc opcl(lnd (rather than thc addre-;~) of a mcmory-rcfcrcnce 
instruction through immcclwtc aclclrcninu (Scc. 2-7c), c.g.. · 

"- , 

LOAD ACeUMULATDR. IMMEDIATE 

whcre 010 "/11 8 is thc actual numhcr loadcd, nnt an addrcss. ·Similarly, 
LOAD AeeUMULATOR, IMMEDIATE SYMBL + 2 loads the IIIIIIÍcricaf mlue 
ofthc symholic addres5. SVMBL + 2. nnt its cont-cnh. 

For computcrs without truc hardware immcdiate addrcssing, a symbolic, 
assembler may implcment m~mory-refcrcncc opcrations on litcral'i likc 

• 
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(010711)or (SYMBL + _21. which are dcfincd as foiiO\\S: 

(010711) is a S)mbolic mcmory location .rhich conr'ain~ 010111. 
(SYMBL + 2) is a symbolic mcmory location 1r/,ic/, contnins the mmwr­

ical wlue of SYMBL + 2. 

The assemblcr automatically assemblcs mernory locations containing each 
literal value at the end of the program (Fig. 4-3). It follows that 

LOAD ACCUMULATOR (010 711) 
< 

actuatly Joads 010 711. Note also that 

LOAD ACCUMULATOR. lNDIRECT VlA 

produces the same result in the accumulator as 

(010 711) 

LOAD ACCUMULATOR 010 711 

4-5. Pseudo lnc;tructions. (a) lntroduction. The assemblcr can pcrforrn 
still more opcrations to improvc programming convcnicncc. To requcst 
opcrafionc; to be done at 2'>'iCmhly time, wc cntcr p'>cudo in'>tructions into 
the sourcc program. To distinguish pseudo instructtons from true ir.struc­
tions (which dircctly corrcspon~ to opcrations at run tune). \\C witl write a 
word in each pseudo tnstruction with a prccGding dot (. ). The rcmainder 
o[ this scction \\111 help you to intcrprct advcrttscd lists of assernbler fcatÚres. 

(b) Pseudo Instructions for Dcfining and Rcdcfining Symbols. As we 
have secn, one can define a syrnbol (i.e., give ita numerical value) by using 
it as a location tag (label). Anothcr way to define a symbol is through the 
pseudo instruction 

o DEFINE ADDRESS SYMBL 

which assigns SYMBL thc valuc of the currcnt location, just like 

SYMBL 

As it stands, cithcr statcment !caves the contents of SYMBL unspeci­
fied. With compurcrs permirtill{/ rcpeated indirect addrening andfor post­
indexing, l:owerer, tite .DEFINE ADDRESS pseudo instr11ction can be used 
with indirect or indexed addressing to set tl!e indirect (Ir index bits of the 
specified /ocati?"· For examplc, 

o DEFINE ADDRESS. INDEXED 

SíORE ACCUMULATOR. INDIRECT 

SYMBL 

SYMBL 

would produce an e!Tcctive storage address cqual to the su m of the contcnts 
of SYMBL and thc contcnts of the indcx rcgister. 

The pseudo instruction (assignmcnt statemcnt) 

SVMBl1 oEO SYMBL2 + SYMBL3- 1 

, .. 

• < 

' f ,, 

~ 
¡ 
1 

1 
' 
1 
1' 
¡ 

i!"'"il~"" th~ \';tluc of thc c~prc,,ion on thc nght to SYMBL1 in thc 
Ji!llowiny program stah~mcnts. Such a!-~ig.nmcnt can 1x: U'icd to dcfme or 
redefine a symbol bcforc or ancr it is uscd ac; a labcl or addrcss. Note, 
howcvcr, that with thc usual two-pas" a~scmblcr 

SYMBL1 .ea 7 
SYMBL2 .ea SVMBL.1-2 

is legal, but 
SVMBL2 .ea SYMBL1-2 
SYMBL1 oEO 7 

will cause an_error mcssagc ("UNDEFINED SYMDOL") unlcss SYMBL1 

was defined (as a labcl, by' a .DEFINE ADDRESS statcmcnt, or by anothcr 
assignment statcment) carlicr in the program. 

(e) Pseudo lnstructions Defining Data Typcs. Most minicomputcr 
assemb!ers normally interpret intcgcrs in source-program ar.ldrcsscs, 
expressions, or data as singlc-prccision octal integcrs, so a statcmc:nt ltkc 

ALFA 017002 

reserves one memory location. Sorne assemblcrs can define douhlc­
prccic;ion quantitics (still in octal codc) by pseudo instruct10ns hkc 
oDOUBLE, SO 

BETA oDDUI:lLE 7173514 

generates two words (in locations BETA and BETA + 1}. 
The pseudo instruction • DECIMAL pcrmits you to entcr decimal 

integer constants in your' source program; thus 

GAMMA o DECIMAL 1982 

will generate thc correct one-word binary numbcr. 
Sorne asscmblcrs will corrcctly assemble binary floating-point numbers 

when • DECIMAL is follow..:d by a real numher containing a decimal 
point. (E1thcr 10.73 or 0.1073 E-+ 02 v.ilt work.) Othcr assemblcrs re­
quire a scparatc pseudo instruction, -;uch ac; .FLOAT. It is S1milarly 
possiblc to declare douhlc-prccic;ion floating-puint data; thc as-;cmblcr 
will correctly assign three or more words for cach data cntry. 

Sorne asscmblcrs also accept hexadecimal intcgcrs following thc pseudo 
instruction .HEX. 

Thc pseudo instruction • ASCII followcd by atphanumcric text (usually 
delimited by quotatJon marks) causes ASCII charactcrs to be p.tcJ..cJ into 
su.ccessive computer words, whcrc thcy can be acccsscd, for examplc, by 
output routincs for printing error mcssages, for cxamp!c, 

.ASCII 'BOOBOO IN UNE 12' 
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NOTE: In <omc as<cmhlcr<. a p<cudo m'truct10n llkc • DECIIY!Al rcmam< ,,,(¡d ror 
sub<c.¡ucnt "orr.h untrl 11 " rcml..cd by anothcr data-dc!inmg r<cudo rn<tructron, such as 
.ocTAl, 

(d) Pseudo ln'itructiono; for Rcscrving Storagc Blocks. A pscÚdo instruc-
tion like · 

SYMBL .BLOCK N 

where N is a positive integer, reserves N storage locations, starting with the 
location SYMBL, for data or instruction words. N can be a symbol or, 
in fact, an expression; the block size is, in any case. given its numerical 
value at assembly time. Sorne asscmblers automatically reset all reserved 
locations to O if their contents are not spccified. Sorne assemblers can 
also reserve blocks ending at a specified location. 

NOTE: Locations reserved for noninstruction words must be situated 
at tire hegim1inq of a progrom, at its end, or immediately following an un­
conditional-iump instruction. Oth•:rwise, the machine might execute a 
noninstruction a<; the program counter advances, with rcgrcttable results! 

(e) Pseudo ln<;tructions for Controlling thc Asscmbly Proccss. The 
pseudo instruction 

oORIGIN (address) 

causes the -subseg';!fJ't program to start {or continuc) from the specified 
address (which can 6~ rclocatable, Scc. 4-1'8). 

Every asscmhly-language source program must termínate with the pseudo 
instruction 

o ENO (starting addrcss of program) 

to tell the asscmblcr that no more program statcmcnts follow. The 
assemblcr may thcn add extra word~ for litcrals and f.or prcviously undefined 
symbolic addrcc;c;cs if jt has thcsc features: The .\lartinq adclress is the 
address of thc first imtmction to be cxccutcd and is usuall~ appcndcd to the 
oENO P"cudo inc;truction, so that a loadcr program (Scc. 4-19) can inscrt a 
jump to the starting address and a HALT for con\cnicnt restarting. 
W1th simplcr opcr:rting systcmc;, absolute starting addrcsscs are sct up with • 
front-pand switchcc;.(Scc. 3-4). 

NOTE: Thc p•cudo imllltC/11111 .END ~rgnrlic< 'thc cnd or Utl!'lllhfl. Pmqrcmr e~ccutron 
may cnd \\llh thc ,rmllll! rron HAlT or \\lth a Jllnrp lo an c~ccuii\C program. 

(f) Othcr Pseudo ln.,truction'i. Additional typcs of pseudo in">truetions 
are u sed to fin/... pmwmrr~ (Secs. 4-17 and 4-19) and to define macro~ (S ce. 4-21) 
and wndrtwnal a.llcmhly (Sec. 4-23). Some as'\emblcrs also have pseudo 
instructions to control or formal li~ti11qs, but it is probably more convenient 
todo this wtth front-pancl switehcs or, prcferably, with keyboard-cxecutiv~ 
command" (Scc. 3-1 1). 
4-6. The • REPEAT Pwudo ln,!ruclinn. Thc p<cudo in<tructron · • REPEAT Í\ a program-
"ri ~on,·cnicncc:. 1 he •t.stcmcnt 

f' o REPEAT m.n 

1· 
1 

107 BR \'< 111"• \'11 tlll\\ C 11\111., 

111hcrc thc cuunt nrr• a J'<"IIÍ\C rnlc~cr .rnrl 1111: inu~m.nl" ,, .1 ··~nc:J Udc~crlf"•"h'c. nc~.ll"c:. 
or zcro), cau'cs thc rmmcdiatcly follo-..rn¡• rr">'r.rm -..onJ (ln,tru•IP•n ,,r d.rt.r ,.,,rdtto he 
rcpc.JIOO ni trmcs \\llh 0, n, 2n, ... , (m - J !Ir .rJdcJ to \UCCC'o"\C "oÑ' f-or cunrrk, 

genera tes 
. -

0 REPEAT 3 Z 

0001 

oREPEAT Z.-1 

oooz 

0001 

0003 
0005 

oooz 
0001 

Note that addrcssc< as wcll as data"can he incrcmcntcd. So me a<\clllbllrrs havc more claborah 
oREPEAT p<cudo opcrations capiiblc or rcpcatrng '/"'111'~ of word<. 

INTRODUCTION TO PROGRA:\lMING 

4-7. Pro~ram Dncumcnt:ttion: \Jw of Comml·nt'i. Unfl'c¡c¡ ynu intcr'-prr<;' 
your program <;tatcmcnto; \\ith pknty of l''planatory commcnt.,, not C\CO yo, 
your'il"lf (and c¡urcly no onc l'l'l') "ill he ahll· to ulllll-r ... taad )OUr pro~ram on 
month 1atcr. 1 hi:;. is trm: for FORTRAN programo¡ and any othcr program 
as well as for a<;scmhly-languagc programe;. 

Commcnts are not rc.,tricted to thc commcnt:;. ficlds of ac;scmhly-languag 
statemcnts; thc assemblcr w1ll recogni1c any linc preceded by 1 (o 
similar delirniters such as: . ·,etc.) as a commcnt linc. say 

1 ·THIS IS A COMMENT LINE 

Such commcnt linc'i can also be uscd for proyram tilles. Comrncnts w1 
not c;n1se any program wordc; to be asc¡cmhled, hut commcnts will t 
reproduced in the asscmblcr listing for futurc rdcrcnce. · 

4-8. Branching and flon Charts. Many minicomputcrs do not ha' 
conditional-jump instruction" but comhmc unconditional Jllmps wil 
conditional skips (which fit hettcr into .,l10rt in.,truction words): 

/ THE FOLLOWING COMPARISON OF THE CONTENTS OF 
1 LOCATIONS A ANO B IS AN EXAMPLE OF A 
/ THREE-WAV OECISION USING CONOITIONAL SKIPS-
TEST LOAD ACCUMULATOR A 

SUBTRACT INTO ACCUMULATOR B / _.4:- 8 in accumulat• 
SKIP IF ACCUMULATOR POSITIVE / A > B? 
SKIP / No. test for ..f = B 
JUMP TO POS 1 Y es, branch toPOS 
SKIP IF ACCUMULATOR ZERO / A = 8? 
JUMP TO NEG 1 No, branch lo NEG 

ZERO (program continucs) 1 y,.. go on 



•. 

lllll 

In general. spcclfic opcration-code bits of conditional-skip in~tructiono; 
corrcspond to comlitiono; ~u eh as <, >, =, carry, and overflow. Such 
condit1ons can thcn be ORcd togcthcr t-o rorm comhiued conclirion.~ such 
as ~ (sce also Secs. 2-11. 6-1. and 6-5). 

Figure 4-4 is a flo" charl ror our program-branching examplc. Such 
flow charts are helprut whcn there are many complicatcd decisions and 

ZERO 

. . 

>-Y:.::E;cS::. ___ POS 

NO 
~---------- NEG 

cspccially \\hcn thcrc are progra1n loop<; (S"cc. 4-9 ami F1g. 4-5). A flow 
chart is a top<•logu.:al modcl of thc actual paths tr:tccd through thc computcr 
mcmory as thc program cxccutcs m<.tructums along d1ITcrcnt branchcs.\ 
Thc sourcc program Jtsclf. on thc othcr hand. is a olle-dtmcn,ional rcndcnng 
of C,Kh palh in turn. togclh~r Wlth'Ji<.tings Of mcmory JncaiÍClllS rC'iCfVCd for 
Jata ami addrc ... ~c<; (thc~c .do /1(1( appc.tr on now chartcq lt can be 
hclpful lo supplcmcnl your flow charl wilh a mcmory m:1p l1'iltng data­
storage locations. 

4-9. Simple Arravs, Loopo;, amlltt--r:tlion. A onc-dimrnsional arrav of, say. - . \ 

1.000 variahlcs :fl. :12 •.... .41000 \\Íil be ... torcd in thc compl!ll.:r mcmory 
as an cxampl~ of a data structurc arrangcd lo simplify acece;<.. lo thc dalLt 
during common opcrations w1th this lyp.L' of data. For our onc-dimcnsional 
arra y, wc simply reserve 1,000 conscculivc mcmory locations with 

o-DECIMAL 

A1 o BLOCK 1000 

or (in octal codc) 

N oEO 1750 / Pcrmits N to 
A1 oELOCK N 1 be changcd at aHcmhl;· 

(Scc. 4-5). You should ahvays check cardully \\hcthcr thc startmg valuc 
of thc array indl.''- 1 in Al JS 1 = l or 1 = O. This is a frcqucnt ... oun.:c ,,f 
errors. 

. o 

lnotoahze 
COUNT= -N 
PrRA =Al 
PTRB= 81 

LOOP 

Transter 
contents 

af Al 
t-a SI 

lncrement 
COUNT 

Moon loop 
operotoon 

Fí¡:. 4-5a. FIO\\ ch.ut for a ~implc pn•gram l<•n¡:i(Scc. 4-91 

/THIS AOUTINE MOVES THE CONTENTS OF Al TO Bl FOA 1 • 1 TO 1 . N, OR SKIPS 

fENTIRE lOOP IF N O 

TEST LOAD ACCUMUlATOR NN 

INIT 

LOOP 

A1 

81 

PTRA 

PTA8 

NN 

SKIP IF ACCUMULATOR POSiliVi 

JUMP TO 

INVERT ACCUMULATOR 

STORE ACCUMULATOR IN 

LOAD ACCUMUlATOR 

STORE ACCUMULATOR IN 

tOAO ACCUMULATOR 

STORE ACCUMULATOR IN 

LOAO ACCUMULATOR. INDIRECT VIA 

STORE ACCUI\1ULATOR. INDIRECT VIA 

IIIICREMENT. SKIP IF ZERO 

SKIP 

JUMP TO 

INCAEMENT. SKI!' IF ZERO 

INCREMENT. SKIP IF ZERO 

JISMP TO 

o BLOCK 

o8LOCK 

NN + 1 

COUNT 

(Al) 

PTRA 

(81) 

PTRB 

PTRA 

PTRB 

COUNT 

NN + 1 
PTRA 

PTRB 

LOOP 

N 

N 

1 N= O? 

1 Y es. c\it 

1 No. tnttiah7e loop 

1 Conta•ns- N 
1 Note literal' 

1 romts to o\1 

1 J>mnt~ to 81 

1 } T/u, '' tftl! aoual 
/ luo¡' u¡,,:r,ltlon 
1 N opcr,¡loon• done? 

1 No, rc¡>cJt loop 

1 Ves. ellt 

1 rotnh lo nc\1 Al 

1 rotnl\ lO nc~l Bl 

7 Good pldCC lo slnrc 

1 d.tl.l. fllll<l\\11\g 

1 _uncnndot¡¡on,ol JUmp' 

Fig. 4-Sb. A stmplc loop pro¡;rammcd wllhnflt an indc\ rc~ostcr. 



1 THIS ROUTINE M OVES THE CONTENTS OF Al TO 81 FOR 1 • 1 TO 1 e N. USING INDE.ll 

1 REGISTER. OR SKIPS ENTIRE LOOP IF N= O 

TEST LOAO INOEX REGISTER NN 

I;OOP 

A1 

81 

NN 

SKIP IF INDEX POSITIVE 1 N == O? 
.IUMP TO IIIN + 1 1 Y es, cllil 
LOAD ACCUMULATOR. INDE-XED Al-1 1 Loads A N first 
STORE ACCUMULATOR, INDEXED Bl-1 1 Storcs BN first 
OECREM&NT INOEX. SKIP IF ZERO 1 N opcratrons done? 
.IUMP TO LOOP 1 No, rcpcatloop 
.IUMP TO NN + 1 1 Y es, Cllll 
o BLOCK N 1 Good place lo 
0 8LOCK N 1 slorc d.ata 1 

1 '('ontains N ::!: O 

Fig. 4-Sc. The same simple loop pmgrammcd with an index register. 

Programs for typical array opcrations, e.g., moving the contents of 
Alto Bt.or 

Cl =Al+ Bl 1 = 1,2, ... ,N 
N 

. S = L (AI)(Bl) 
1= 1 

require cxccution of a numbcr of instructions proporttonal to N. Since 
mcmory capacity is limitcd, it is not just convcnicnt but quite ncccssary to 
use program Joops, which rcpcat the samc instructions "ith succcssively 
incremcntcd addrc'ises Al, Bl, andjor cr; a cmmting opera/ion will be set up to 
advise us whcn the loop has run N times (Fig. 4-5). 

Figure 4-Sa shows how a simple loop can g.c p_rp&~a.mmcd for a primitive 
minicomputcr ll'itlwur indcx rcgisterJ. Sorne- mfnicomputcrs {PDP-8 
series) would simplify thc incrcmcntation of PTRA and PTRB by autoindexing 
(Sec. 2-7cj; thc rsz instruction would still be nccdcd to incrcmcnt COUNT 

since it is ncccssary to scnse when N opcrations havc bccn complctcd. But 
by far more efficient loop opcrations are possihlc ll'itll 011 i11dex register. 
Figure 4-Sb shows how a single indcx r(•gi.\ler is used to step tu·o data addresses 
as ll'ell as the loop cmmt. Many minicomputers, though, will rcquire 
separate in'>tructions for stepping an index rcgistcr and te!:oting it forO. 

We havc stcppcd the loop indcx after cach actual loop operation. We 
could do this before t~e loop opcration instcad. Note also: 

1. The loop index (or COUNT, PTRA, and PTRB in Fig. 4-Sa) must be 
initiali:ed before thc actual loop processing bcgins. While assembly­
languagc statcmcnts hkc 

COUNT 000 OQO 

would initiahzc 1 he loop befo re it runs for the first time aftcr assembly. 
subscqucnt runs would not be ini1iali7cd! 

~ 
~ 
1 

·1 
í 
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2. Srnce a loop may be tra\cr .. cd m.rny ttttu:-;, iris um·ccmllnrical to include 
Ullllt'ce.uary Of'erations in rltc loop. For in\t;m~:c, in lhc comput.tlron 
or 

11 " 

2;ah1 =u L lo, 
1= 1 1= 1 

the multiplication by a is common to all terms and should not be 
included in the loop. The same is, of coursc, true in FOR fRAN or 
BASIC programming. 

An array may wcll contain two-word or multiword items,such as multiple­
precision or ftoating-point dara. In such situations, index-rcgistcr incrc­
menting beco mes only a littlc morccomplicatcd. To acccss.say ,every fourth 
word of an arra y ll'itlumt index registas, however, is a more cumbcrsome 
(but still straightforward) opcration. 

Every loop must contain a test to hrallcll out of tht• loap when u c/e.1irt'd 
conclition is met. In our simple examplc, thi'i condition was rhc complctinn 
of exactly N elcmentary opcrations, but a loop could be dctermincd befo re N 
opcrations, e.g., whcn a sum excccds a spccificd valuc or whcn an error 
becomcs small cnough. 

In fact, the loop teclmique i.v ;, no ll'll.l restrictcd to opcrations with clemcnts 
of stored arrays; array clcmcnts could be generated by the loop. This is 
the case for iterath·e-app10:r:imation opercaions. 

4-10. More Data Structures. (a) T\\o-dimcnsional ArraJS. Two-dimcn­
sional arrays, like 

AMl 

A12 

A22 

AM2 

A1N 

A2N 

AMN 

(M x N array), are usually storcd in the computer mcmory as onc­
dimensional arrays, say by rows, as 

Al. A2 ..... A( M N) 

where the single suhscript J in AJ is rclated to the subscri.pts 1 and K of 
Al K by ó. 

J =(K - l)N + 1 1 = 1, 2, ... , N; K = 1, 2, .• ~.M (4-1) 

To· access the location AlK or thc array clcmcnt AIK~ the computcr 
will have to add J- 1 to the addrcss A11 (starting address). i.e., 

· AIK = A11 +{K- 1)~ + 1 - 1 

1 = 1,2,: .. ,N;K = 1,2, ... - M (4-2) · 
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Larger digital computcrs pcrmit computation of .such addrcsscs by 
douhll! indn:ing (adding contcnts· of t.,., o indcx rcgistcrs). but this is not 
possiblc with most mmicom¡;utcrs evcn if two indcx n:gistcr!> are avaiiablc. 
Accessing of the indi\ id u al arra y elcmcnts A 1 K (as in matrix computations) 
will, thcreforc, he somC\\ hat cumbcrsomc unlcss postindexing (Sec. 2-7) is 
available (as in the Honeywell 3l6í516 and the Varian Data Systcms 620/f). 

Effect•ve cdct•e~s 
{stccl<-po•~'e• 
adjressl--<- lCI 
•OOTTOM-2 -~ 

1 PTR COSTAIN.S BOTTOM -2 

(a) 

From cnd to 
accumula tor 
~ 

~ 
Stock -po•nler 
address­

. =80TTOr.1·2 

BOTTOM 

OCCREMENT SKIP IF ZERO PTR 1 "Push" 
STORE ACCUMULATOR. !NDIRECT VIA PTR 1 opcrauon 

LOAD ACCUMl.JlATOR INDIRECT VIA 

INCREMENT SKIP IF ZERO 

(b) 

1 INDEX REGISTER CONTAINSI'-2 

OECREMENT INDEX REGISTER 

STORE ACCUMULATOR. INDEXED 

LOAD ACCUMULATOR. INDEXED 

INCREMENT INDEX REGISTER 

(e) 

PTR 

PTR 

1 "Pop" 
1 opcration 

1 "Push" 
BOTTOM 1 operat10n 

BOTTOM 1 "Pop" 
1 opcrauon 

Fig. 4-6. Push and pop opcrations in a stmplc (onc v,ord pcr itcm) pushdo''" stack: mcmory 
map (a) and prograr1m1rg v.rthot.l an mdex regl'ter (h) and Wtlh an mdn r~g<Ster (e) Addresses 
increase tov.ard thc bottom of the ~tack in th1s cx.!mplc, the contrary could be true. 

In that case, (K - !)N can be gcncratcd in thc indcx n:gi~tcr by succcssivc 
additions of N. "hile A 11 + 1 - 1 w!ll ~ppcar in an indircctly addrcsscd 
memory location "hich is incrcmcntcJ to advancc f. 

NOTE: As \\ith onc-dtmcnsional arrays, you should make surc that row 
and column subscnpts of givcn arrays rcaily start with 1 and not with O. 

(b) Stzcks (Pu.,h!lov.n List;,). A practJcally tmportant class of data 
structurcs are stad.s, i.c., arrays permttting words or subarrays (itcms) to 
be adjoincd, removed. or acccsscd from thc top of_ the stack nn a last-m­
Jirsr-nut ha~i~. Such st:lcks are íll<;o known as pu-.hdo\\n li-.ts or UFO 
(ia<;t-in -iir'tt-out) li<it'>. Stacks are c~pccially u<;cful for ordcrly intcrnll.:diall,:-

' • result storagc ar.d for various systems-prograrnming appllcations (Fig. 4-6: 
sec also Sccs. 4-16.6-8. and 6-10). 

' ·. 

¡ 
1 

f. 

11.' 

(e) fJthcr Data Slruchm·<> hcc Rcf..,_ 1 to 41. StrUI.:turcs or multrplc 
(and P'h"ibly v.trrahlc-kngth; suharra)" \\ hidt can he rrnat·d anJ d,·fctcd 
in thc coursc of cumpu1.ation are oftcn ur¡;.tn11cJ ·'" varióuc; l)pco.; of(lin\-.ld) 
lísts, rathcr than as mul!idim.:-n-;inn.tl arrays. \\ hich m1ght \\a,tc pcrm.lllcnt 1) 
assigncd sforagc spacc. A (iinhdl lic;t or ch:~in is an ordcrcJ o.;ct of \\Ord 
array<; (items), each cnm,nrisin¡¡ a pointer ro tlie IICXI irt•m in the ¡¡,, or rr- a 
dirrctory (Jrray o/ ítem str;rting address<'S. Individua! 1tcrn arr.1~s can be 
located 1rlrere1'er memory spa.ee is acailahfe. Onc usually kccp.., a scparatc 
iist of availaulc space; an item is dc!ctcd from this avai!ablc-spacc llst 
whenever an ítem is addcd to aOCithcr list, and vice versa. 

List structures are uscd to ~torc and a.-cc\~ program !me~ (rh.tracter strinl!'l m cd1tmg 
progr.1ms, c.1!alog and invcntory th:m~. h,h!Jo¡;raphll.:.ol rdcn:m:c~. gr.tph•c-do<pla} 1tcms 
(Scc. 7-11). and rO\IS or coi:Jmn' of s,"ar~c m.!lrrcc~ (re. malriccs wtth m.~ny O clcmlnt~ --thts 
wou!d make snr.plc t\\O-dtmC'l~ÍonJI-.orray ~tor::g~ unccont•nllc~l}. Lr<tl!cm~ c.m .1l'o .::0nla•n 
back11·ard pmMerr to prcccdmg !le m~. p01ntcr~ to 'uhtlcm~. ,Jnd 'or counll:•' m!!ic.ll•ng '1":~ of 
l!em arr::y,. Rcfcrc:ncc 4 ~~a ¡;ood mlhlduction to ~oar ~tud;- of h't pm~c"1ng. v.h .. :h hJ> 
opcncú up m.my mtcrc,lln~ ncv. pn,¡;r.tmmmg lcLhn•4liC'-

4-11. l\1ic;ccllanl'OU'> Prugr:munin~ Tcchniquc-<;. (a) Table-looL11p Opna­
tion<; .. Scction 4-8 il!u~tratco.; a tnj>lc hranch implcmcntcd \•ith conJ;ttona! 
:-.kip-jump instruct1ons. Whcn a dccis10n has more than a fcw poss1hlc 
outcomes, though, it may be bc-;t to storc thc jump-dcstinatior adJrc<;scs 
in an anay (table) addrcssed in thc manncr of Scc. 4-9. Thc rcsult of cach 
decision will corre<;pond to thc valuc of an array indl"\ 1 placcd m an indcx 
registeí or addrcss pointcr to acccss an addrcss in thc array. [fthc dccisiori 
depcnds on more than onc f:lctor, wc can use a multidimcnsional-tablc array 
with an index computation like thc onc in Sec. 4-IOa. 

Such tablc-lookup opcrations are, of coursc, prcciscly thosc nccdcd to 
look up valucs of tabulatcd numcncal fundions. To reduce thc sizc of thc 
function tablc nccdcd to compute a continuously difTcrcntiabie fun<"tton 
with suit"áble accuracy, wc can comhine tahle /ool..up and inrerpo!arinn. 

F1gure 4-7 iílustratcs a high-spccd mcthod for fixed-point tablc-lookup/ 
interpolation approximation of a function Y= F(X) in thc forro 

X -X, 
Y::::: (f.+t- Y¡) X X +Y, 

1+1- 1 
(4-3) 

where scalcd function valucs Y¡ = F(X,) are tabulatcd for 2" + 1 uniformly 
spaced breakpoint abscissas · 

i = 0, l, 2, .• :, 2N (4-4) 

bctwccn X 0 = -1 and X 2 N = 1 (Fig. 4-7a). Thc progr..tm of fig. 4-7b 
bcgins with thc n-bit 2s-complerncnt fraction 

X = X1 + (X - X 1) 
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(a) 

LOAD ACCUMULATOR 2 X 
AOO INTO ACCUMULATOR 2 1100 0001 1 Complement sign 

1 (for 16 bits) 
CLEAR ACCUMULATOR 1 ANO CARAY FLAG 

SHIFT ACCUMULATORS 1 ANO Z LEFT N BITS 

MOVE ACCUMULATOR 1 TO INDEX REGISTER 

SHIFT ÁCCUMULATOR 2 RIGHT 

,&TOR.E ACCUMULATOR Z IN TEMP1 

ClEAR ACCUMULATOR 1 

SUBTRACT INTO ACCUMUlATOR 1. INDEXEO YO 

STORE ACC'UMULATOR 1 IN TEMPZ 

INCREMENT INOEX R-EGISTER 

1 ThiS IS 1 

1 This produces 
1 2~-•,x- X,l 

X- X, 
1=--­x, .. ,- X, 

1 Produces - Y, 
1 ami storc~ il 

8 

AOD INTb ACCUMULATOR 1 INOEXEO YO 1 Produces Yj v 1 - Y. 
MULTIPlY ACCUMULATOR 1 BY TEMPI 

SHIFT ACCUMULATORS 1 ANO 2 lEFT 1 BIT 1 Beca use or rractions 
SUBTAACT INTO ACCUMULATOR 1 TEMPZ 

6TORE ACCUMULATOR 1 IN Y 

1 YO IS FUNCTION·TABLE ORIGIN 

1 ACCUMULATOR 2 15 LESS-SIGNIFICANT ACCUMULATOR 

. (/>) 

X 

Fig. 4-7. Tahle-lookup/mterpolallon appro~im:•t1on or a runcllon r = F(X) with 2N equal 
brcakpoml mlcrvals (Sec 4-llh) 

in the form 

[ Sign (N- l) bits (n - N)bits 1 

reprcscnts X 1 rcprcscnts X -:- X1 

Note that the right-hand {n - N) bits represen! thc nonncgative diffcrcncc 
X nccdcd for. intcrpolation: wc .~hi{t thL•m into a second accumulator 

' 
t 

1 

• 
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(ac~umulator 1!\tcn,il'n. \tQ rc~•,tcr. Se..:. ~- 1111 anJ ,,,\e thcm fnr ruuh1ph­
catwn. Thc "'!!" htt of X,"' comph:racntcd 't" fnrm thc hrc.tlo.pomt indcll i, 
\\hich jo; adtlcd lo thc t,thlc origm YO tlo\..llllln of );,)lo rrcxJucc a pointcr to 
l'j. Thc entirc opcration rcqutrc~ und€r 40 mcmory c~ck" ll~pu:.tlly le"~ 
than 40 /ISCC) and can be gcncr,llilcd for nonumfnrm brcalo.pomt "pacing 
and functions of two or more vana bies 1 Rd. 10). 

(b) Program S"'itchcs. A program s"'itch storcs thc rc,.ult of a binary or 
multiple branching dccision to tmplcmcnt the actual branching /caer on in 
another part or parts of thc program. An cxamplc is prccomputat10n and 
storage of decis10ns for use inside loops (Ref. 3) to free the latter of rcpcatd 
decision making. The decision rcsult can be storcd in a memory location, 
in a processor tlag (if it is not othcrwise in use), or. if posstblc, in an indcx 
register. 

EXAMPLE: 
LOAD ACCUMULATOR 

AOO INTO ACCUMULATOR 

Al 

A2 
AOO INTO ACCUMUlATOR Al 

SUBTRACT 8 

CLEAR INDEX REGISTER 

SKIP IF ACCUMUlATOR NOT POSITIVE 

INCREMENT INDEX REGISTER 

SKIP IF ACCUMUlATOR NOT ZERO 

INCAEMENT INDEX AEGISTER 

1 Positi•e 

1 Positl\ e or zcro 

The index registcr now rc.1d' O. l. or ~ 1r Al : A2 • Al - B ''3' neg311vc, 1cro. or po"t1ve 
respecllvely. Thc dcs1rcd thrcc-way hranch c.m be oht.uncd no"' or l.tter w1th 

JUMP. INOEXEO. INOIRECT VIA PTR 

Thc program \\lll Jllnlp \1,1 PfR. PTR •1. or PTR • 2 

(e) Misccllancous Examplcs. The program segmcnts of Fig. 4-8 illustrat• 
useful programming tcchniqucs possiblc with typical mi,nicomputer instruc 
tion sets (see al~o Chap. 6}. 

LOAD ACCUMULATO.R A 

SHIFT LEFT. UNSIGNEO 

STORE ACCUMUlATOR IN TEMP 

LOAD ACCUMULATOR B 

SHIFT LEFT UNSIGNEO 

CLEAR CARRY FlAG 

AOO INTO ACCUMUlATOR TEMP 

LOAD ACCUIIIIULATOR A ·-· 
AOO INTO ACCUMUlATOR B 

SKIP ON CARRY FLAG CLEAR -;~~ ~ 

JUMP TO OFLO 1 0•-crflo,.-error routmc 
STORE ACCUMUlATOR IN e 

Fig. 4-Sa. Overflow check ror 2s-complcment add1t1on'( ~ + B = C1 on a m.tdun~ h.••mg 
carry flag t>ut no true overflow flag. Carnes rrom thc mo•t s1gn1fi.:ant b1t anJ rrom thc ''!!" h· 
are hoth allo\locd to complcmcnt the carry flag m turn. so th~t thq .tre ciTccmd) :\ORe 
(see abo Secs. 1-9a and 2-10111. 
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ClEAR CARRY FlAG 

LOAD ACCUMULATOR AZ 
AOO INTO ACCUMULATOR li2 
STORE ACCUMULATOR IN A2 
LOAD ACCUMULATOR A1 

SKIP IF NO CARRY 1 Used in~tclid or 
INCREMENT ACCUMULATOR 1 ADD CAR,RY instructlon 
ADO INTO ACCUMULATOR Bt 

STORE ACCUMULATOR IN Al 

fig. 4-Rb. Doublc-prec•~•on addillon on a mmicomputer w1thout oouaLE ADD or ADD CARRY 

mstruchons. A douhle-prcc.-1on numbcr •~ added rrom B1.B2into A1. AZ. A1 and 81 hold s•gns 
and most s¡gnificant b1t~. No 1)\erno"' check 1S mcludcd 

1 ONE-ACCUMULATOR MACHINE 

1 NEEDS 12 CYClES 

LOAD 1\CCUMULATOR A 

STORE ACCUMUlATOR IN TEMP 

LOAD ACCUMULATOR B 

STORE ACCUMULATOR m A 

LOAD ACCUMULATOR TEMP 

STORE ACCUMULATOR IN B 

1 TWO-ACCUMI)LATOR MACHINE 

1 NEEDS 8 CYCLES 

~OAD ACCUMUlATOR 1 A 
LOAD ACCUI'w'ULATOR 2 B 

STORE ACCUMULATOR 1 IN B 

STORE ACCUMULATOR 2 IN A 

Fig. 4-8c. Mult1ple acc.Jmulators can oftrn save timc-consummg memory rererenr.es by serving 
as qUtckly access•ble temporary-storage locat1ons. Asan exampk, the Data General NOVA/ 
SUPERNOVA manual compares routines ror interchanging the contents or tv.o mcmory 
locations A, a (e g , 1n sorting operatwns) 

LOAD ACCuMULATOR. l"JJM!'::OIATE 777000 1 Lo,td ma~k 
ANO INTO ACCUMULATOR Y 1 Ma~k 9 low-ordcr bits 
STORE ACCUMULATOR IN TEMP 1 Sa\'e result 
LOAD ACCUMULATOR lC 

SHIFT RIGHT 9 BITS. UNSIGNED 1 Shifi right 
ADO INTO ACCUMULATOR TEMP 1 Combme \\ith Y 

(Store in array, or output and display packcd word) 

Fig. 4-Sd. This toutine truncates two 18-bit numbcrs X, Yto 9 bits and packs thc truncated 
words into one l8·b1t word rnr a cathode-ray-tubc d1splay (Sec. 7-9) .. Y is truncated by maskmg, 
and X is truncatcd by shtfling. . 

.. 
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4-12. lntroductinn: Suhroutinl"\ \\ithnut Dirl"("t Oat:a Tran,fL·r. In many 
applicat1ons, a rc:.<;tlOably invoh..:d program "O.:I:tlon i-; u<ocd 0\Cr and O\cr 

again in thc cúurs!! of a computation. Wc may thcn sa\c a ~n:at dcal of 
'mcmory if wc store sud¡ a suhroutinc only once, jump to it" ta¡;gcd <;tartmg 
location \\ hcnc\-'cr thc subroutinc is nccdcd, and make <1rcturn jump to thc 
calling prograrn v-. hen th<.. iubroutinc is finishcd. Resides c;a ... mg mcmory, thc 
uscofsubroutinescan givc O\!r program'><l morccasiiy undcr<;tood "modular" 
structure, but subroutines will nol sa\c time comparcd to s1raight-l1ne 
prograrnming. They will (at thc kast) add extra jump instruct1ons as 
"overhead" and can providc cxcclicnt chanccs for making programming 
errors, especially whcn subroutincs mue;: call onc another. 

The simplest subroutines do not proccss data passcd to thcm ciircctly by 
the vnrious subroutinc-call:ng scction"> of thc main progr,1m. A gc:xl 
examplc is a subroutine \l.hich, at severa! pomts of a data-rwcessmg 
program, transfcrs thc word~ of thc samc buiTcr arca in mcmory to a hnc 
printcr, pcrhaps doing ::.omc rcformattmg and chccking on thc \\ay. This 
can be a rathcr long <>ubroutinc (lOO or more imtruct•ons.sce a:o;o Sec. S-27) 
lt will be a real relicf to store it only once in rncmory and to ha\'C to "'rítc 
it only or.cl! in our program. Calhng this particular sübroutinc is simpk, 
for the calling program nccd not tellthe 'iubroutinc \\h:!t data to proccs<;: 
the subroutine always opcratcs on the samc bu!Tcr. 

When we jump to the subroutine, wc must sare the return address for our 
later return to the callmg program. Most minicomputers do ~his \\ith the 
instruction 

JUMP ANO SAVE (efTcctive addrcss) 

whieh will storc thc correct rcturn addrcss (incrcmented program-counter 
contents) at the efTective addrcss, say SUBR, which precedes that of the 
first subroutinc instruction. · 

After our subroutine is finishcd, an indircct jump via thc location 
SUBR (\~hcre thc rcturn addrcss is stored) will rcturn us to the calling 
program (Fig 4-9). 

The instruction JUMP ANO SAVE can also be uscd with indirect 
addressing. 

NOTE: Contcnts or procc~~or rcgt~tcrs (accumulators, mdcx rcgistcr~. "rrocc:s~or n.,gs. p.•ge 
registcr, intcrrupt ma~k) nccdcd lalcr by thc calhn¡; program ma~ havc to l:>c sa\cd m m<·nwr~ 
bcforc we c.1ll a ~uhroutinc: wh1ch u~c~ thc:<c n:g•stcrs In sorne compuh:rs, thc JUMP ANO 

&AVE mstruct1on autom.•t•cally s.1vc~ proccs<or n.,gs and thc p.1¡;c reg1slcr m an c:'1r.1 lo..:o~ll<'n 
followmg thc rcturn adJrc~s. 

4-13 .. Argumcnt and Rcsult Transfcr through Procl.'s<;or Rl't:i"tl·rs. M.my 
subroutincs will proccss argumcnts (paramctcr;) passcd to thcm hy cach 
program scction which calls the subroutine. Argumcnts can br.: dat.l \\Ords 
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011 (l.t~l m~tructtnn nf c.tlhng prollram) 
OIZ JUMP ANO SAVE SUBA-------------. 
ou (calhng pw¡;ram conllnucs) . J 

(013 ,,,JI he ston:d hcr~ ror this subroutm.c call) 1 jump address 
(body of subrouttne) . 
JUMP INOIAECT VIA SUBA 1 rcturn jump-

Fig. 4-9. Stmplc subroutinc call and reiUrn. No special provi~ions are made to transfer 
argument~ or results -

but may al<;o be symbolic addresses. Subro~ttines '' ill al so ha ve to return 
rcsults to callmg programs. Quite often, only one argument and/or result 
or only a few arguments and/or results muc;t be passed, as in a function­
generatmg subroutrne (e.g., squarc root, table-lookup function). Note that 
while the code for thc subroutine remains the samc for each call, argument(s) 
and/or reslilt(s) will differ. A simple way to pass one data \\Ord is to place 
it into an accumulator or index register during the subroutine jump or return 
jump; severa! words can be passed if severa! registers are avallable. 

011 (Jast tn,truchon of calhng program) 
012 JUMP ANO SAVE SUBA ---------------. 

Y (Y storcd m 014 by calhng program) subroutine 
x (X stored m 013 by calling program) } 

A lA w1ll be stored m 015 by subroutine) calhng 
B (8 wtll be stored m 016 by subroutine) sequence 

017 (callmg program contmues) 

SUBA (013 Wlll be imtially ~torcd herc ror this call) 1 jump address 
(suhroutine starl~) 
LOAD ACCUMUlATOA. INOIAECT VIA SUBR 1 transfer X 
(subroutmc continucs) 
INCREMENT MEMORY, SKIP IF ZERO SUBA 
LOAD ACCUMUlATOR INOIAECT VIA SUBA 1 transfer Y 
(suhroutmc contmuc~. places A m accumulator) 
INCAEMENT MEMORY, SKIP IF ZERO SUBR 
STORE ACCUMULATOR INDIRECT VIA SUBR 1 relurn A 
(s~broutme conhnuc\, places 8 m accumulator) 
INCREMENT MEMORY, SKIP IF ZERO SUBR 
STORE ACCUMUlATOR. INOIRECT VIA SUBR 1 rclurn 8 
(subroutmc ends) 
lrlCREMENT MEMORY. St<IP 1"' ZERO SUBR 
JUMP IPlOIRLCT VIA susR 1 return jump 

fig. 4-IOa. A calhng-~cl,UCncc mcthod for pas<;tn~ l\\0 .trguments X, Y and returnmg l"-0 
rcsults A, 8. A compuiL'I' permttltng automcrcmentmg or posttnde~mg ofthe mdtrect-address 
pointer SUBR would make th1s program simplcr and. faslcr 

o 

1 
-1 
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4-·t.a. ArJ:IIffil'nt :mtl Rc-.ull lr:tn,fl r lhrnu:.:h a C'::JIIin:: St·l¡u<"ncl·. l'o.c of 
an lndr' R(·gi ... rcr. Quth: nftcn. "e r.tu'-1 p.i" m. •re 'uhr••n: tnc .lfgumcnts 
ami. u~ rc,tllto; than \\C h;l\e pw~.:c,,or rcgt,tcr,,or our rc.:p,tc.:r' are orherv.i~e 
occu~ced. In su~.:h cao;e~. \\e can cmplny a \uhrnurinc c:tllin;.: .,N¡ucncc. 
In Ftg. 4-JOa, thc callmg prograrn rcscnc<; locatum" for the :tr¡;uments. say 
X, Y. and for thc rcsuhs. say A, B, tmme<.liatcly follnwmg the subroutínc 
jump. _The subroutinc ~an ~hen accc!>s x. Y, A, and B in turn hy tndtrcct 
addresstng and successtve tncrcmcntation of the jump addrcso; SUBR. 

The last incrementation produces the cohcct return addres'i. 
A few minicomputers can avotd the repcated JSZ instructionc; in Fig. 

4-lOa by postindcxing thc indircet addrcss or by supplying an autoincr-::m~.t-­
addrcssing modc, which incrcments indirectly addrcssed mcmory Jocattons 
when a spccial operation-code bit is set (Sccs. 2· 7 and 6-7c). Otllcr mini­
computcrs use an indcx rcgistcr to storc thc rcturn addrcss (or the first callinu­
sequence address) through the tmtruction JUMP ANO SAVE IN JNOE-X 

(Secs. 2-llb and 6-10). In this case, we can access the subroutine argumcnts 
and transfer results more rapidly through indexcd addrcssing. It also 
becomes much casier to deal with argumcnts and rcsults in random order 
rat~er than strictly consecut\vcly (Fig. 4-lOb). 

.OCTAL 
011 (Jast tnstrUCIIOn or caiJtng progr.tm) 
012 JUMP ANO SAVE IN INOEX SUBR 
013 JUMP TO • •6 

014 .DEFINE AOORESS X 
015 .DEFINE AOORESS y 
018 .DEFINE AODRESS A 
017 oDEFINE ADORESS a 
020 (calhng program contiriues) 

SUBR (subroutmc starts) 
LOAD ACCUMUlATOR, INOEliEO 
(subroullne contmuc~) 
LOAD A::CUMUlATOR. INOEXEO 
(subroullnc contmues, place~ A in accumularor) 

-- STO RE ACCUMUlATOR INOEXEO 
(subroutmc contmuc~. placcs 8th accumulator) 
STORE ACCUMUlATOR. INOEXEO 
(subroutme end~) 

....._ ___ JUMP. INOEXEO 

1 Jump around argu-/mont"'':J 

J 1 Jump address ----' 
1 1 Transrcr X 

2 1 Transrer Y 

J 1 Rcturn A 

4 1 Rclurn 8 

o 1 Retur~ l~mp 

_fig. 4-JOb. Subroutmc .tnd c.tlltng scqucn~c cmpll') tn¡; thc JUMP ANO SAVE IN INOEX 
mstruc!ton. Note t~1at argumcnts and rcsults could t-.c jusi as ea .. Jy acccssed m an~ othcr 
?rder. The retum JUmp was made to locallon ou (imniedtatdy follo"-tng the subroutme 
JUmp) wtth an extra JUmp around !he calltng-scqucncc tlem~. Tht5 is a con,cnuon e~pc.:tcd or 
subroutines callcd by syslem programs m sorne computcr systcms. Othcr"-tSe, ;¡ rctum JUmp 
throu¡;h JUMP. INDEXE O 5 would be simplcr -•nd fastcr. 
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..• , cte. 
Rrturn addreH (lo routme 2) 
Locatinn! fnr 101 111</ prnct:"rmr rl'gi!lers 

(atlhe hmc of )d JUmp) 
Temporary-sroragr focmwns for rcutine 2 
Return addreu (!o roullnc 1} 
Locallam f or saL·mg processor registers 

(at the lime of 2d jump) 
Temporary-11orage loca:rnns for routmc 1 
Return addrcH (lo mam progr.rm) 
Loca/Ion 1 f or sal'rng prr!C<'ssor n•qr<trrs 

Top ofstack 
(lott.·est address) 

¡,:r¡ 

i!OTTOM (al the Irme of 1st JUmp) 

START 

(a) 

1 INTERRUPT OR SUIJROUTINE JUMP STO'IES RETURN AOORESS 

f AT lOCATION .I'.ODR THHI GOES TO INSTRUCT!ON AT ST/I.RT. 

1 INDEX REGISTER IS INITIAllY RESET TO ZERO AFTER EACH INTER· 

1 RUPT. INTERRUPT SYSTEM IS AUTOMATICAllY OISADlED UNTIL TURNEO 0111 

DECREMENT INOEX R~GISTER 

6TORE ACCUMULATOR INOEXED BOTTOM / Push -sa'c accu-
(save othcr rcgr\lcro; Pn stack as nccde.d) 
lOAD ACCUMULATOR. INOIRECT VIA AOOR 

/ mula!or contcnts 
1 Gel return address 
1 and pu<h 11 OECRE~ENT INO'EX REGISTER 

STORE 1\CCUMULATOR. INUEXEO BOTTOM 1 onto o;tJck 
(roul1nc conlmuco;, mtcrrupt can be turncd 
on rf 11 y,ao; dl'.rhbl) 
OECREMENT INOE~ REGISTER 

STORE 1\CCUMUlATOR. INDEXEO 

(roullnc contmuc<) . 
LOAD ACCUMULATOR. INDEXED 

INCREMENT IIIIDEX REGISTER 

(routinc contmue') 
LOAD ACCUMULATOR. INDEXED 
INCREMENT INDEX REGISTEA 
STORE ACCUMULATOR 
LOAD ACCUMUU' .. TOR. INOEXED 
INCREMENT INDEX REGISTER 
JUMP INOIRECT VIA 

(h) 

1 Push a tcmpo-
BOTTOM / rary-storagc 1tcm 

i!OTTOM 1 Por'' tcmporary· 
/ stor:t~e ttcm from 
/ stack 

BOTTOM 1 Pop rcturn 
1 addrcss 

RADDR 1 And set pointer 
BOTTOM 1 Pop to restare 

1 ao..umulator 
RADDR / Return jump 

Fig. 4-11. A pu<hdown stack for savmg rctum ;,ddrc<sc,, proccs\or-rcg•'lcr contcnt<;, and 
temporary-stora¡;c 11cms for rccntrant ne\tcd subruuhncs and/or mtcrrupt-scn•ce routmes 
(a) and l}p•cal progr.Jmmmg (h). An inde' rC),!l'tcr is uscd to produce lhe ciTcct•\c stack­
pomter addrco;s, hui an lnd1rcct-addrc'' romtcr can he u,cJ 1f no mdc' rcgi'lcr 1s free (sce 
al so F1g 4-6). A f.;w mrmcnmputcr< ha'c 'J'CCial !lack-pnrlllcr n·q"l¡·n. "lueh are auto­
mallcal!y decrcmentcd anJ rncrcmcntcd Y. hcn an mtcrrupt-,cn 1-ec routmc st.~rt' or" complctcd 
(sce a(o;o Scc 6-10) Note that 'ome rcg1-tcr contcnt' am!/or tcmpor.try·sloragc tlem~ may 
not gel sll,rcd hcforc thc ncxt mterrupt occurs 

4-15. Subroutincs Calling Othcr Subroutincs_ lf, as is frcquently the case, 
a subroutine calls another subroutinc (ncsting of subroutines}, then the 
following points may requirc attcntion: 

, ·l. If the computer storcs subroutine return addrcsscs andfor computer 
status words in spccial registcrs (e.g., an indcx registcr) or in fixcd 

1 
j 

1 

¡. 

Ul .f..l7 

ntCilltlt)' (oca!ÍOOS, thcn th:.:ir Ct11ltl:nh mtt\t he S.I\CO rnor 10 the 
subroulinccatl. ll wiil Í"-c nec.:"ar) tn c,tai'-Jr,h .m orJcrl~ pro..:cdurc 
for saving and rc~toring Chco;:: tlt.:l'l5 \\tth cach m:\\ suhroutin.: ~.·all. 

2. A spcctal prohlcm <tric;cs ifa "uhroutinc cal!<. it...~!Urt'cur,i\c .. uhroutinc 
call, Ref. 3). 

• 4-16. [ntcrtupt-~cnice fltmtint's a•~tl Rcenlranl <.;ubroutint"i. An lntcn!!íJI-wnicf.' rn:Jtinc ·~ ó! 

subroutinc c:ll!cd mto.ncllon by a s1gnai (!ntcrru¡;t rrquc~ll from out~1dc thc cumpu:cr nr hn~.IU~c 
ofan ,d,mn ccntfiH{;Il In ll'!C cnmpuiCi (:omH'ó·~!lf'p(y f,ulurc, V•ol.11t011 nrmcr.V>r) prntechnn). 
rathcr lh.rn hy a cvm¡'t'ICi pro¡;r.tM ~ • .rr lntc·rupt-,)•·i-:,1 1: ,,.,h,are and prnfr.m•l'ung "'" 
~ d1scu"cd m 5on.: !l~la1l m Chap 5. iJut it '',¡¡he ll'dul to scc right hcrc ho(, :ntcrrupt-scr\lce 
programming clr!Tcrs f!Ciril ordrnar~ ~llhiOtl!tnc programmmg 

Tbe c%cntial point istbis· Wc knoll' whcr~ rn our progr.•m a subroutmc '"11 he c.11lcd, .mJ y, e 
c~n prcp.m: data, ~;w~; rcg"ter~. etc , bdorchand. llut "'e do 11M 1n general know u hcrc ~n 
interrupt rc<¡uc<t wrll ~:lll'C our pr,•gr,¡m to Jlln!p lo :m rntcrrupt-,cniLc r.•uttnL 1.11 hc~l. Y.C 
c:m supprl'<.~ intcrrupts c.luring critrc.tl pro~ram p1l.t'c'. Ch.rp 5J lkncc mkrrupt·,Cr\lcC 
roatíne<> cannot cmpfoy c.1lhng scqncn::c•, anJ th::y mu\1 c.lo dn} s.tVIII[a ,H,J r.:,tonn¡• or rcturn 
addre<Sc,, rcgi,tcr corncnt,, dlld st:.tuo \\orJ~ thcmo;cl•:cs Y.1lhou1 any hcf¡; frorn thc mam 
program. 

A spccrJI progrJ;r• Jn~c~ y, hcn a subroutrr.c (<.•y a lrbrary routinc for r"mrn:tlr.g thc •iuare 
root) is interrupt~d. a11d thc tntcrrupt-hcrvtc~ progr.un ca!l' rlr!' 1<1111<' suhtlJ(tnc. Th•: (1,-•gll•.l! 
subroulmc cal! may cause mtcrrnc<kltC·rc<ult stor.tgc m tcmporary->tnr.•gc !ocall0il,, \.ly 
TEMPl .1nd TEMP2 Unlcss spcc1al prccautton' are lt•kcn, mtcrmcdr.tlc ro:\ults frmn thc 
second suhroutmc •·nll c.m m~'"'"''' TEMPt :rnd TEMP2 <o th.rt thc pro¡;r.!m v.tli r.11i upnn 
rcturn frnrn 1:1tcrrupt 'rhe !Jhron n,hrrwttn• \ t1 m•nt fOR'IR rtV \"ltlemsfcullu thn nwnncr 

Suhroutmcs dco;rgncd to 11ork propcrly ,.,hcnthc~ .1rc mtcrrupted and re<·allcd fur mtcrru¡'J! 
scrv•cc are ca!lcd rccntrnnt. Smcc "rca!-tnnc" comrutat10n' mvohing m.rny mtcrrupt-drr1c1Í 
prograrn scgmcnl~ are importan! n11n•~omputt:r apphca!lon,, rccntrant prosramnun!! .- oftcn 
dc~rrab!c. A good \\.'ay to obt:un rccntrant subruutmcs, as Y.c!l a' a~'urcd s;n·mg ol rcturn 
addrcsst's, rcg1stcr con(cnl,, etc .. 1s te storc aH tcmpnrary-,tor.tgc and <avcd rtcms m a st:rck 
(Sec. 4-1011). a ~t.rd. pollita rs ad\anccd .¡nJ rctr.1llcd .Js thc suhruutine 1s c¡rl!cd and complctcd 
(fig 4-1 1 .. sce al so Se cs. S-16 and li-1 O) 

RELOCATION AND THE LINKING LOADER 

4-17.. Problcm Statcmcnt (sce also Scc. 3-6). Minicomputcrs toading 
mumly single spccial-purpoo;c programs or in!crprctcr progr;¡ms (such ac; 
BASIC, ~ce. 3-8) will not rcquirc program rdocation. For gcncral-purposc 
computation, though, nne tl'illnmrt to comhinc cli!Jcrenr pro[Jram .H'flllli'IIH 

and lihrary .whroutincs, so it mu~t be possiblc to re loca te prot¡rwm any\\ he re 
in thc compulcr mcmory. Program c;cgmcnts will. morcovcr, want to call 
other program scgmcnt~ as subroutincs, and it \'tÍil be ncccssary to pass 
argumcnts and results bctwcen programs. This requircs tcchniqucs for 
program linkagc, i.e., for associating the proper relocatcd addrcsses with 
symbolic namcs of externa) rcfcrcnccs. Programming systcms pcrn11tting 

· relocation and linkage wtll requtre: 

1. An asscmblcr (or compilcr) specifically defigned to pcrmit rclocatwn 
and linkagc · 

2. A rclocating/linking !oadcr program, which supplics the corrl"ct 
addresses and cross references at load time 
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4-18. Rclocation. An ac;c;cmhlcr (or compilcr) uesryncd to produ~c 
reJocatahJe COUC crcates a prcJrminary vcrsion of the Oh)CCt pr<'¡;ram, \\llh 
addresscs and program-counter rcadings normally referred to tocatron o 
as a fictitious origin. The assembler (or compiler) will, moreover, mark 
every word, addres", and symbol to be rclocated with a rclocation bit, byte, 
or word so that the loadcr will know which words and addresses to modify .. 
1'hese words and addresses usually appear marked with an R in the assembler 
listing (Fig. 4-3) and mclude: · . · ·. · 

l. Most of the normal instructinn and data words of thc program, with the 
exccption of special pointers on page O 

2. Symbolic and numerical addrnscs in thc program, again with the 
exccption of special rcfcrences to pagc O 

Tlle nonrelocatable addresses are known as abc;olute addresses (see also 
Fig. 4-3). 

·Thc relocatingflinking loadcr will complete thc asscmbly (or comp1lation) 
process to produce the actual exccutablc object program. The loadcr 

· determines thc truc relativcorigin (rclocation basc)forcach prog.ram segmcnt, 
normally thc first free location following tbc iilstructions and data of a 
prcccding program. This rclocation base is thcn addcd to cach addrcss 
markcd as rcloca~ablc by thc ac;scmblcr. 

Spectal problcm~ m ay anse w1th the rclocat1on of addresses specified as n rr.l-o(l/lc expremons 
(Sec. 4-3) Whtle an exprcsston hke A ~ 2 v.¡JI be rclocated corrcctly tf "'= sJmply add lhe 
reloca110n base toA, A ... 8 • 3 '1'111 c.~ u~ troublc if hotlr A and 8 are rcloc.Jto~t-le add.rcssc~; the 
asscmbler may mark the line contammg A • 8 • 3 as a "poss1hle relocation er-ror" The 
exprcs~•on A- 8, on the othcr hand, defines an ahw/rtJc addres~ 1f both A and 8 are 
relocatablc. • 

Note also that mJmcomputcr~ makmg extcm1vc use of relatire addre«ir:g (Sec. 2-7) will 
requ•re fewer computat•ons m the rclocatJOn proccss · 

4-19. Linking E:\tcmal Rcfcrcnccs. Assemblcrs intended for use with a 
linking loadcr usually rcquirc thc usrr to li.~t al/ externa/ refr?rences (and fre­
qucntly all symbols to be used as externa! references b) other program 
segments) somcwhcre in the program, thus, 

eEXT A1. ARC, SYMB 

Note that thcse "global" symbols must be uniquely defined. while symbols 
not uscd as externa! rcfcrenccs can be used with difTcrent mcanings in 
different program scgmcnts without cau~ing any trouble. 

A typical linking loader for a mmtcomputer opcratcs much like another 
asscmhlcr. It c::rcates a loa•lcr symbol table which includcs the global 
symbols idcntificd in each program scgmcnt, and thcn supplies thc correct 
addresses aftcr the relocation base for cach program has been established. 
The loader symbol tablc is thcn uscd much like an assembler symbol tablc 
for the Jo'ader•s "reassembly" job. 
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Whcn a ltnking loadcr jc¡ f!I\CO a lthr.tr~ l.tpc \:(>OI.IIntng a c.,ct or Uttlity 

programs (-;uch as anthmctic or input,'output routmc'\), 11 "'llu..,ually lo.1d 
only those routme" \\hich are actually rcquc,tcd hy nthcr progr.tnl'.. 

4-20. Combination of Ao;o,cmbly-languagc Program" and FORTRAN Pro­
grams. Combinations of asscmbly-languagc and FO.RTRAN program 
segments are of suhstantial practica! import.mcc he~.:ausc: 

1. FORTRAN READ, WRITE, and FORMAT statcment" are oftcn thc 
most convenient way to call thc complicatcd formatting and 1/C 
routines rcquircd to dcal with numcrical data on standard periphcr; 1 
such as cal'd rcadcrs. and line printers. This is true-ev~'l~0r.-nürJ 
,computcrs with rclativcly comcnicnt input/output macros (scc aJs, 
Secs. 5-27 to 5-32). 

2. Frequcntly uscd or spccial-purposc program segmcnts may be writter 
in assembly languagc for cnicicnt cxccution and callcd as subroutinc 
or functions by FORTRAN programs. Again, input/output routine! 
this time for nonstandard pcripherals, are good examplcs. 

In general, the FORTRAN compilcr for a givcn minicomputer wi 
expanda call toan asscmbly-language subroutme, say 

CALL SUBA (I,K) 

into code corrcsponding to a standardized asscmbly-language callir 
sequence specified in the computer refcrencc manual, c.g., 

oEXT 
JUMP ANO SAVE INDIRECT V"'­

JUMP 

.DEFINE ADDRESS 

oDEFINE ADDRESS 

SUBR 1 Externa! refcrcncc 
SUBR 1 Subroutine jump 
• + 3 1 Jump around argumcnts 

1 after return 
1 

K 

and the assemhly-languagc subroutinc must acccss 1 and K according 
(Sec. 4-14). Thc FORTRAN compilcr will cxpcd a similar calling sequen' 
when an assembly-language program calls a FORTRAN subroutu 
SUBR (I,K). Refer to your minicomputer manual for the specific co, 
ventions used to access floating-point or double-precision data. 

MACROS AND CONDITIONAL ASSEMBLY 

4-21. Macros. (a) Macro Dcfinitions and Macro Catlc;. A macroa"-""' 
bler allows the uscr to define an entire scqucnce of assemhly-bngua,· 
statements as a macro instruction (~acro) callcd by a symholic na me. Ea,. 



macro is crcatcd by a macru definitimr. c.g .. 

.MACRO SUM z.x.v 
lOAD ACCUMULATOR 

ADD INTO ACCUMULATOR 

STORE ACCUMULATOR IN 

eENDMACRO 

X 
y 

z 

. Thc pscudo-instruction words .MACRO and .EI\JDMACRO delimit the 
macro ddinilion; su M is thc macro namc, anc.l z. x. y are dumm) argu­
mcnts. Once thc m.tcro is dcfined (which could_ be anywherc in a program), 
thc user can employ a one-line macro call to gcnerate the entire code 
sequcnce with ncw urguments as orten as desircd. Thus, the user-program 
scquence 

START SUM A.A1.A2 

SUI\1 B.B1.B2 

will produce code (and, if dcsircd, a listing} corrcsponding to 

START lOAD ACCUMULATOR A1 Expansion 
ADD INTO ACCUMULATOR A2 of 
STORE ACCUMULATOR IN A SUM A.A1.A2 

LOAD ACCUMULATOR 81 Expansion 
ADD INTO ACCUMU'LATOR 82 of 
STORE ACCUMULATOR IN 8 SUM B.Bl.B2 

Note that the labcl START \\<as not part ofthe macro-call expansíon. 
A maqo may or may not have arguments. Argumcnts can be symbols, 

expressions, numbers, or literal constants and can appear as location tags 
as well as addresscs. The better macroassemblers permit calls to other 
macros within a macro definition (:,ce Sec 4-22b for an examplc). 

Calls to rhl! famc macro (n·cur~ivc macro cal!<) lc.td to complic.tt•on~ i1ut can produce 
mtcn:,tm~ pr<'gram scqucncc' wh~n u,C\1 m conJUllctwn \l.lth comhti,•n.•l a<~cmhly ¡<;ce 4-23: 
sce al~u Rcf 91 

Bcware of unintcntionally using symbols othcr th01n arguments in macro 
definitions; thcy \\-ill Stay the same in ditTerent macro-call expansions and 
may cause overwriting. Thu<;, if n sequcncc like 

TEST S:<IP IF ACCUM'JlATOR POSITIVE 

JUMP TO ACT 

JUMP TO ACT -t-2 

ACT INVERT ACCUMUlATOR .. 

t 
J ·¡ 

appcars in a macro ddiniti(ln. it ~lwu!tl h(· n-rlan·.J ,t·itll 

SKIP lf ACCI..IM!JLATOR POriiTIVE 

_JUMP TO 

JUMP TO 

INVERT ACCUMULATOR 

.+2 

.. +3 

Somc macroassemblcrs havc thc facility of automatically .. crcating"' ncw 
symholic labcls in such situations whcn tllc macro is caHcd more than once, 
Ot:t thc necc:-.·;ary proc'.:tlurc:-. rathCI l'OIIlplJ:::alc rrogr:tmming . 

(b) lmportancc of ~\lacro<;. iVl':lcros are not simp!y a programming 
c::onvcnicncc or shorthand notation: thcir powcr in cnlarging thc scopc of 
assembly-langua~c programming can hardly be ovcrcmpha<;i7rd. A macro­
assembler permits you to crc,'ltc and use ent;rc classcs of new computcr 
operations, which can simphfy progrwmning and/or he.'p witlr applicatirms­
rdcted modeling. 

(e) Macros and Suhroutinco;;. As \\e o;;aw in Scc. 4-14, functional pmgram 
modules can also be cal!ed as .suhrnutincs, with argumcn:;, a,¡cJ rcsults in 
appropriate cal!ing scqucnccs. lt ¡o; in,portant to disttngu1~h bet\~een 

subrou!ines r.nd macros. E:tch m<1cro call w¡ll gcncratc 11!'1!' m-linl' ende 
so thal long macros w¡)) not s.tvc mcmory li~:c long subro•.1tinc~. Short 
macros can be more economical than short subroutm..:~ becau~~ of lhc 
overheau as~ociated with subroutinc jumps, calling sec¡uencc, ;md d<•ta 
transfers; in any case, macros wtll execute more quickly. 

Macro calls with multiple argumcnts are more ~·natural" for most 
prograllltncrs titan subrcutine calling sequcnces. Hcnce it is convcnient 
to define thc complete data-trano;fcr and calling scquenccs of frcqucntly uscd 
subroutfnes as subroutinc-calling macros. This tcchniquc is uscd, in 
part1cular, to define systcm macros cafling input/output suhwutincs (Scc. 5-311. 

4-22. T\\o lntcrco;ting Applications. (a) Computcr Emulation. To cmu­
latc the opcmtion (instruction sct) of a diffcrcnt digital co!l"putcr on an 
existing "host" computer, wc can write a macro for eachcomputer instruction 
to be simulated. If we can takc ca re of inputioutput, our "host" computcr 
should then be ablc to run any assembly-language program writtcn for thc 
emu(ated "targct" -computcr. , 
EXAMPLE: lmul.tll<'n ,,f mdc\cd addttinn ••n a ~in~k-a.:cumul.th•r mini.:<Hnputcr. Thc 
mcmory iocation INDEX sunulatc~ a ~mglc inJc~ rcg•ster m thc "targ~t" computcr. 

oMACRO ADDX A 

STORE ACCUMUlATOR IN SAVAC f Savc :tCCUmulJIOr 
LOAD ACCUMULATOR (A) 1 Compute 
ADD INTO ACCUMUlATOR INDEX 1 tnJcxcd 
STORE ACCUMULATOR IN AODR 1 addrcs~ . 
LOAD ACCUMUlATOR SAVAC / Rcstcrc :r.,-cumulator 
ADO INDIRECT VIA AOOR 1 Pcrform ad<htiOn 
.ENDMACRO 
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Note that m th1~ examplc thc temporary-~toragc symbol~ SAVAC an<l ADDR \\111 11"1 liU'< 

trouble in J.¡tcr m.1cro ca lis. • 

See also Scc. 6-13 for 'other computer-cmulation techniques (micro­
programming). 

(b) Writing Simple Proccdurat Languagcs. Macros make it possible to 
write application programs solely in tcrms of operations directly related to 
the uscr's application. Once the macros have been written (perhaps by a 
professional progr.ammer), the Iucky user will be able to write his application 
programs using only a few simple rules (syntax) without knowing any assemb/y 

) 

lnputs 

Al 

Fig. 4-12. A block dmgram produc!ng 

RESLl = AI 1(Bf.lA- 0.53) +ALFA 

language at a/1. As a genera1ly applicable example, we shall devclop a 
block-diagram languagc suitablc for doing any sort of arithmetic and/or 
function gencration with fixcd-point nurnbcrs (intcgcrs and scalcd fractions, 
Scc. l-8). :Ttic uscr nccd not know as'>cmbly languagc: the block-diagram 
language will actually be a simple substitutc for a compiler languagc and 
will generate remarkably efficicnt codc. 

Scaled-fraction tnput~ X 1, X2, ... ami outputs Y 1, Y2, ... will be rcferrcd 
to as symbolic loc¡¡tions, whose contcnts can he acccssed by input/output 
routines (which c:tn also be callcd in macro form) as needed. We now 
define a sel of macros for algrhraic-opcration hlock~ (Tablc 4-1), plu'> extra 
blocks for function gcncration (sine, cosinc, tablc-lookup functions) tf we 
need them. We can now comhine suclt blocks to compute any reamnahle 
scaled e:'Cpre.uion, say 

RESLT = A1 2(BETA- 0.53) +ALFA 

in terms of a corrcsponding h/ock dtagram, much likc an analog-computcr • 
block diagram (Fig. 4-12). We can then writc an assembly-language 
routinc r -lucing the dcsircd expression by simply hsting the block macros 

. . 

f 
~ 

1 ., 

1 
¡ 
1 

'"" "" llt"ll'fó \1'1'111 \llfl, ... 

T \IU t. 4-1. \lacr"" for a !'-impl~ Blr)("l..-d1a¡:ram 1 an¡:ua;:r f<;c.. .& :!:!lot 
[\tr.a I>IP<.k•. \Uch ·" funcllon-gcncr.ll<>r l>lt.._Jr., l"nc .. ~n"nc. t.ot>l.: (,,.,ft.ur fun<.toun•l 
C:dn lo.: .niJcd ,11 lo\111 X. Y. and 7. Me 'Cdkd frd.::u•n~ 

oMACRO SUM Z, X. Y 

LOAD ACCUMULATOR 

CLEAR OVERFLOW FLAG 

ADD INTO ACCUMULATOR 

OTEST 

X 

y 

z 
STORE ACCUMULATOR IN Z 

oENDMACRO 

.MACRO NEGATE Z,X 
LO!I>D ACCUMULATOR 

INVERT ACCUMULATDR 
X 

STORE ACCUMULATOR IN Z 
oENOMACRO 

.MACRO SCALE Z. X. M 

LOAD ACCUMULATOR 

CLEAR, OVERFlOW FLAG 

LONG SIGNED SHIFT LEFT. M BITS 

OTEST Z 

STORE ACCUMULATOR IN Z 

~ENDMACRO 

.MACRO MULT Z. X. Y 

LOAD ACCUMULATOR X 

MUL TIPl. Y BY y 

LONG SIGNED SHIFT LEFT. 1 BIT 

STORE ACCUMUlATOR IN Z 

.ENDMACRO 

.MACRO OIV Z. X. Y 

LOAD ACCUMUlATOR X 

CLEAR OVERFLOW FLAG 

DIVIDE BY Y 

OTEST Z 

MOVE MQ TO ACCUMULATOR 

STORE ACCUMULATOR IN Z 

oENDMACRO 

.MACRO OTEST Z 

SKIP ON OVERFLOW FLAG 

JUMP TO o •3 · 

LOAD ACCUMULATOR (Z) 

JUMP TO ERROR 

oENDMACRO 

17.=X+Y 

1 Overflow-test macro. ~e below 

1 Z =-X 

1 Z = 2"' X, whcre MIS a pos1ti\e integcr 

1 7. = XY 

{ Xr/2 m :u:cumulator (Scc 1-9) 
1 X Y m accumulator 

1 Z =X/Y 

1 Te•t ror O\crftow or rraction 
1 Overflow? 
1 No. goon 
1 ldcnllfic, guilJy \,HI.Ibh: ror 

crror-mc,s.u:e routme 
1 Error-mc~sa~~ routmc 



with their input and output vanables: 

.DECIMAL 

START MULT B. Al, Al 

SUM C. BETA. (-0.53) 
MULT 

SUM 

A. B. C 
RESLT, A. ALF.A 

UR 

As in any proceduralbnguagc, ne lwre taken care rn ll'ritc any in-rerillcáíale 
re.wlt A, B, e, as 11 cll a.1 tire rcwlt RESL T n11~\' if ir Iras he en COIII(IIIted (as 
a h!ock out¡mt) rn a prcceding fine. Su eh a program is nl05t_ casily \\fittcn 
when we start wtth thc la~t block: Our s1mplc schemc 1s, m fact. s1mulating 
the reversc Polish stnng: gcncrated by an algchrmc compilcr! After somc 
practÍCC, \\e m.1y not C\en have lO draW thc block uiagram. 

Our simple block-diagram language generales quite cfTI'Cicnt codc 
(prohably bctlcr th::m rnost minieomputcr FORTRAN) ll includes an 
error-mcs:-.agc rouline (not shown in Tablc 4-1) which will print out the 

. symbol-tabl~ numhcr ofany block-output variable which O\crflo\\s bccause 
of faulty scahng. A sirnila1 sct of blocks could rcad1ly be v. nttcn for 
floating-point anthmctic. 

Expamwn of our macro blocks shows that almost all block macros end 
v.ith STORE ACCUMULATOR IN O, \\hich· is often follu\\¡;d by LOAD 

ACCUMULATOR a in thc next macro. Such store/fetch pairs are rc­
dundant; cach v.astcs four mcmory cycles. Our block-diagram Ianguage 
can be modtlicd (or rcprocessed) to cancel redundan! storc/fctch pa1rs 
(Refs. 9 and !O); the rcsulting code can be as efficient as that writtcn by a 
good asscmbly-languagc programmer. 

4-23. Conditional Aso;;cmbly. Conditional ao;<;cmbly dirccts the asscmblcr 
to s11ppre~\ ~pcc ljicd scctim1s of cm/e un!r:.H .1tarcd wmhrion> are mcr i!y rlre 
program ar mlemhf.l time. Conditional asscmbly is avaik1b!c with some 
ordmary as<;emblcrs but is mostu~eful Y..ith macroasscmblcrs. Onc can, in 
particular, modif:- thc dcfinitions of uscr-dcfi ned or systcm macros 1f namcd 
symbols do or do no! appcu 10 the program or if certam symbolic variables 
are 1ero, posítivc, or ncgative at aucmh/y ttme. 

Spectfically, a!J statcm!=n!s (ino;tructions and/or data) bctween the pseudo 
instructions .IFDEF x and .ENDCOND will be assembkd ir and only if 
the named symbol X is dcfined anywherc in the program. Other con­
ditions are similarly employcd by the pseudo instructions .IFUNDEF, 

.IFZERO, .IF~ONZR, .IFPOS, .IFNEG. Note that the condition exprcsscd 
by 

elFZERO A- B 

means that the symbols A and B reference the same variable or mcmory 
location. ,·· 

' ' ~ 

.As a vcry 'iimrlc <:v;amplc. con,.id.:r a mu!!s-input !'Ummcr hlock ror thc 
simple algcbraic blod:-diagr;~m l.mgu:1gc of Scc. 4-22h. Wc wtll wn!c a 
m~cro to add a maxinn:m of four input), X 1, X2, X3, and X4, !o produ~:c 
an output Z: 

e MACRO SUMR Z. Xl, X2. X3. X4 
WAD ACCLIMUtATOR lO 
Ci..EA~ (..1\i(¡:¡;:LOW FlAG 

AOD l~JTO ACCUMlJLATOR X2 

ciFDEF X3 

ADD INTO ACCUMULATOR X3 
oENDCOf\10 

olfDEF X4 

AOD INTO ACCUMULATOR X4 
oENDCOND 

OH:ST 

STORE ACCUMULATOR IN 2 
.ErJDMACRO 

Wc now see lhe b..:amy ·:>f lhc condi!ional-assembly fea tu re. If our four­
input summcr i<> gi\·cn on'y tlrrec inputs, say X1, X2, and X4, with XJ undcfincd 
in our program, thcn the a~o;cmhkr wíll omit thc unnecdcd AD:J !NTO 

ACCUMULATOR X3; this ;;aves mcmory and .exccution time. Wc coul'! 
similarly omit X4 or bo!h X3 and X4. 

4-24. Ncstcd Macro Dchnitions. We mcntioncd in Sec. 4-21 thnt macro 
definitions may contain rr.acro ca/fs (scc also Table 4-1). A macro 
definition which containc; another macro dejinitinn, as in 

o MACRO MAC1 Z. X 
LOAD ACCUMULATOR X 

STORE ACCUMULATOR IN Z 
o MACRO MAC2 U, V 

XOR INTO ACCUMULATOA V 

STORE ACCUMULATOR IN U 
oENDMACRO 

ROTATE ACCUMULATOR LEFT 

oENDMACRO 

(nested definitions), is a difTerent situation. The asscmhfcr rcgards MAC2 

as undefined in the part of our program prcceding thc first call for MACt, say 

MAC1 P. O 



.. 

This rcsults in the C'l;p.msion 

t.OAO ACCUMULATOR 

STORE ACCUMULATOR IN 

ROTATE ACCUMULATOR LEFT 

a 
p 

... 
1.30 

Note that 110 cwlc cirte tn MAC2 ;,, nc·~raatecl this time, but MAC2 is now 
defincJ and can he calleó e1thcr ;done or through the nex.t call to MAC1. 

Multiplc ncstmg of ddinitton'> is pos.,iblc. Wc havc hcrc anothcr mcans 
of tu-rning assembl:, of a scction of code off and on. 
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CHAPTER 5 

.. 'INTERFACING THE MINICOMPUTER 
WITH THE OUTSIDE WORLD 

INTRODUCTION Af\\D SURVEY 

The exceptional powcr ofthc small digital computcr is substantially based on 
its rcady intcraction with real-world dcviccs-analog-to-drgital convcrters 
(ADCs), digital-to-analog convcrters {DACs), transduccrs, displays, logic 
controllers, alarm systems-- in addition to thc usual card rcadcrs, line 
printcrs. and tape drivcs. To the outstdc world. the minicomputcr prcscnts 
a relatively small numbcr (30 to RO) or hu<;-Jinc tcrminations. These 111\es 
transmit and rcccive digital data \\Ord<; togcthcr with a fcw command pubes 
and controllevels, which sclcct dcviccs and functions or alcrt thc computer, 
in ttlrn, to new real-world situations. 

This chapter introduces the ba-;ic logic and programming principies for 
such interfaces. With inexpensive. ofT-the-shclf digital and ::malog sy~terr, 
components widely and readily availablc, a littlc knowlcdgc of intcrfacin~ 
principies can produce dramatically effective new systems and also surprising 
cost savings. A handful of intcg.rated circuits. cards, and connectors. whid 
you can wirc-wrap yoursclf for a total cost or $500. quite ea-;ily gcts to be;: 
$3,000 subsystem ifyou purchase it from an instrument manufacturer. ~ 

Scctions 5-l through 5-8 deal with program-contrnl!ed input(outpttt am 
sensing operations. Scctions 5-9 to 5-16 describe m11Íicomputcr ill/t•rrup 
systems-the basic means for time-sharing thc small computcrs bct\\ee: 
d1fTerent time-critica! tasks. Sections 5-17 to 5-23 dcal with dtri!CI mcmor 
acce.~s and automatic hlock trcm.ifers, which permit not only rcmarkabJ, 
time savings but also more manageablc inputfoutput programming. Th 

IJ· 
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processor 

B•h 
Oto 4 

Bots· 
5 to 10 
used for 
dev•ce 
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Bots 
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Control bits 
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1 tf sele~ re<:! 

Commond pulses 
for t¡mong, 
tronsfer, e te. 
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omphloersl 

-~ 

Fig. S-3. Pr0gram·c0ntrc'lled selcction (Jecotllngl of devtcc addrcsses and dc,icc luncti0ns 
(bas('d an R~/ 6) 

3. Bits 11 and 12 (control bito;, sclcct bits, or subdclicc bits) determine 
Jevels on l\\ o control lincs. Thesc can be u sed to selecl additional 
dcvices or difbent functions to be pcrformcd-by a given device. 

4. Bits 13, 14. and 15, respcctively, produce successi\e timed command 
pu!<;es 101, 102, and 103 on threc separate 7ontrol lines. A pulse 
occurs.if thc cNresponding bit is l. 

With the arran!:.emcnt of Fig. 5-3, a 16-hit I/0 instruction can selcct one 
of 2''. = 2,048 p~ssible devices andfor device functions through di!Terent 
combinations of de,ice-address bits, control bits, and comm~nd pulses. 
This particular S) stem requires four complete digital-computer memory 
cycles for each 1/0 operation, one to fetch thc instructión, and one for each 
10 pulse. Many modifications of our basic progr~mmed-1/0 scheme are 
possible, e.g., r 

t. Different numbers of proccssor-code bits, _devicc-selcction bits, control 
bits and 10 pulses may be used. . · -

2. 10 ¿ulses can be simultancous (on difTcrent lines),rather than successive, 
to savc cxccution time. 

Sorne more incisive ~odifications will be desc-ribed in Secs. 5-6, 5-7, and 6-9. 
5-3. Programmrd Data Transfcrs. The most common application of the 
device-sclcci•Jr·Ntcd command pulses is data traRsfcr to and from thc 

.. 
~ 

l. 
1 
1 

,._' 

PllOf.R"\1\Hil 0\T\ TR\,,fiR._ 

~'•oc e\ V.• ---l/0 bus dato Iones 
(0Red '" o\oce~sorl 

e~.¡ -=~ •e; ~·E'• 
01 b~fltt 

CtoO<!•"l !1-, a~-·cel 

.... -7 
-~·10 

·¡-.\ - -D ~--~-1-------
1 

REAO request to -----l 
processor (•f ony) 

....rL 
"REC.O" pulse 

10 2 

proccssor. In our basic p:ogrammcd-1/0 schemc, thc 10 pulses are syn­
chronized with thc proccssor opcration cycle, and thus with thc computcr\ 
ability to accept or transmit data. 

In Fig. 5-4a, the corrcctly timcd 102 pulse gatcs data from an externa! 
devicc (e.g., an ADC) into a proccssor rcgistcr (accumulator) via the 1/0-bus 
data !mes. 

Figure 5-4b il!ustrates clcar-and-strobc data tran<;fcr rrom the 1/0 data 
lines into the flip-flops of a device re gis ter.· Each tlip-tlop is first cica red by 

1-1--+-IReset 

CLEAR STROBE 

10 2 103 
(b) 

1!0 doto Iones 

TRANSFER 

103 

(el 

LOAD BUFFER 

102 

UPOATE 
. IO 3 

'(cj} 

Fig. S-4h to d. Progrummed dat.t lransfcr in lo de \Ice rq:•~lers. clcar-and-~trohc (/!) pm rran,rcr 
(e) nnd transrcr ihrough Q de\lce buffer rcgtslcr, as m a douhlc-buiTcrcd J¡¡;¡t.d·lO·an,ol,,g 
ton\crter (d). 
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remainder of the chaptcr adds a littlc lwrdll"ar,• l..non·-hml' and discussc~ 
the element' of mpulfoulpul pro!lramminq. Additional applications and 
examples will he given in Chap. 7. 

PROGRAi\lMED 1/0 OPERATIONS 

5-t. The l'!arh·-linc ItO Bus. Minicomputers usually transmit digital 
data on parallcÍ 8- to 18-bit buses; i.c., all data bits are trii"ñsmitted simul­
taneously in the intcrest of processing spced. Serial data transmission is 
usually restricted to comlllunication 1\nks. · 

Processor 

Doto 

Address­
control 

b•ts 

Multopte•er 
cord 

Addrcssono;¡ 
log•c 

(O) 

Oevll:e 
3 

Address control stgnot 

(1 '' setec ted) 

(b) 

Fig. $-1. Stmplc w. itchtn~ (multiplc,in~) nf muliiplc hu~ hnc~ o,•o~th a multtplcxcr canl m t~e 
prncc"•'r c.rhmct (al and w.rtchin¡! crrcutt< ft>r onc sct nf prt>cé,<nr nutput data hnc< (h) . In tlüs 
arr.rngcmcnt. hu,·drl\ rng crrcurh are h>.Hkd llnly hy n'lc pr<>cc<<nr-IP·d<.:\ rcc hu~ :rt .tttmc. antl 
no dc\I~""C addrc"c' nccd h..: tr.rn,mrttcd oo,cr thc ht" But muhiplc-hnc ""tchm~ hccnmc~ 
cumhcrwmc 1f thcrc .u..: more th.tn a fe.,.. dco,rccs 

The ~- to 18-data-bit lincs can he bidircctional (this takes extra logic at 
each device, Ftg. 5-19c). or wc can have separate input and output buc;cs. 
(This takes les<; logic but more intcrconnection<;, Fig: 5-19h.) In additio_n 
to the data tincs, we will necd a comparable numbcr ofmtcrfac(.'-control-tog•c 

lincs. 
If thc computcr must scrvice only a fcw externa! dcviccs, proccssor 

instructions can sclcct ind1vidual bu~cs for cach device through mult1plcxmg 
gatcs (F1g. S-1 ). But thc orcuits nccdcd to mult•plc~ data and controlli~es 
for more than 4 (and pcrhaps as many as 1,000) de\ ICC5 could comprom1se 
the proccssor dcs1gn Thus, most interface sysrems employ a party-line 
1/0 bus of thc general typc illustrated in Fig. 5-2. ~ere, al/ "d~vices" 
(printcrs, displays, ADCs, DACs, etc.) intendcd to rece1ve or transm1t ~~ta 
words are wircd to a parallcl 1/0 data. bus connected to a processor rcg•s~er 
via suitablc logic. Additional party-line w1res carry control-logic signals 

. . 

1.'-' 

for sclccting a spccific dcvicc ami ito; function (e g .• tmn .. míc;c;ion or rcccption) 
and S)nchroni7e data transfcrs \\Íth the dJgltal-(:omputcr operating qclc. 

5-2. Program-controlled Dc,ice Sclcction and Operation. For a mínimum 
of linkagc hardware, interfaces work with programmcd digital-computcr 
instructions (inputfoutput instructiono;, 1/0 instruction..-.; refer to Sec. 5-17 for 

Dro;otol computer 
.. , Oevrce -se lec toan hnes (levelsl 

Controlled by { :::} 
lnstructoon : : 1, 2 • or 3 
reo;rster 1 1 trmed pulses 

~====taa====~=ttt==:-::} -'1,_ 
! [ ~ [ 
IEXTERNAL EXTERNAL,.....:ttE:-....:x:__..,, I 10 tronsfer 

11 SELECT~ Oevtce SELECT De"ce Pulses goted 
u-- selector ·'o- selector by devrce ¡ L.:'-.-.-

1 

--...1 2 

61 

~ors 
1 + 
: Doto hne; (levelsl 

Doto fromor lo{ 1(14:1;-.;..' -----+--+...-------+__.;1-<J>--------) accumulotor I'JII 
or memory ~~~J~-------4--~~----------~~+-~--------­

I/0 
cable 

Dato transferred 
to or trom dev•ce 

raq•ster 1 

Dato tronsferred 
tQ or from dev•ce 

regrster 2 

Fig. S-2. Programmcd control of multrpk de \Ices h) a minicomputcr wtth a par!) -linc l. O hus. 
An l/0 m~tructrnn addrc~~cd lo J ~rccrfic dc.,ice is rccognt7cd by a dc\rcc sclcclor. Y.hich g;rtes 
data-transfcr or CClmmand pul~c~ to the de\lce in quc,tron tha.<t'll on R,f 6). 

direct-mcmory-acccss opcration). Figure 5-3 shows how the indhidual bits 
of an inputfoutput in'itruction word in a t) pical procco;sor determine dcvic(.'­
selection and control-line signa le; on a party-linc 1/0 bus: 

1. Bits O to 4 tcll the proccssor that an 1/0 instruction is wantcd. Onc 
ofthesc bits can sclcct a READ or WRITE operation, or this dccision 
may be lcft to a logic input from the dcvicc. 

2. Bits 5 to 10 (de\icc-nddrcss bit<;) place logic lcvcls (0 or 1) on dc\ÍC(.'­

sclcction lincs parallcl-conncctcd to all dcvices on thc l/0 bus. Whcn 
these lines carry the dc,icc-sclcction codc assigncd toa spcclfic dc\lce, 
its dcvice selector (dccoding AND gatc) accepts (and regencrates) a 
set of one, two, or threc succcssive command pulses (10 pulses) used 
to effect data transfers and other opcrations in the sclected devicc as 
determine'd by instruction bits 13 to 15. 
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JO:!: thcn IO.l !'lrt•¡..c, thc ls on thc lLit.l hu~ intu thc flip-fll'P rcgi,ti:r. 
Figure 5-4c ~h"w' j:~m tran-.frr (Ir hu o; J.11a in tu a de\ ice p.:gi .. tcr (c;cc also 
Scc 1-6). J.tm tr.tn,f~r' ro:quirc only a >ingle tran..,fcr pul ... c ami mmt he 
employcd \\ hcnc\l:r d~·mn!! .1Pd strohing opcration~ would d1sturh dcvice 
functions. Tlm re; truc fl,r m ... tancc, \\ith Di\Cs rcquircd to switch through 
succc-;sivc vo!t.1gc lc'cl" ''ithout rcturning toO in bctwccn. 

Figure 5-4iiiluc;tratcs a doub!C'-buffcrcd-n·j:!i'\tcr dato tran<;fcr. Da!.t are 
· first transfcrrcd into thc buffer regi-;tcr and thcn into thc dcvicc .fCgislc.r . 

propcr. In an <tn31og h)hrid computer or display system, f,)r instance, one 
can Jc:d a sct of D,\C bu !Ter reg•stcrs in turn .and thcn "update" all DAC 
registcrs ·simúha~eou•ly with anothcr 1/0 instruction or with a clock pulse.--

S-4. Dc,icc Control Rt'gi'>tcrs. Many peripheral devices have more 
different functions or operating modcs than we can control with a few 
control bits orlO-pulse l'-1ts 111 a single 1/0 instruction. Such devices can be 
designcd lo acccpt. storc. and ex.ecutc multibit "dcvicc instructions"londcd 
into a dcvicc control rcgio;tcr or rcgi<;tL·rs via the 1/0-hus data lmcs úust 
hkc into a data rcgi<;tcr). In general, ccmtrol rcgister~ will reqlllrc jam 
transfers or doublc-bufTered transfers (Fig. 5-4h and e). An important 
ex.ample of a control re gis ter is the multiplcxer control rcgistcr for selecting 
diffcrcllt mult•rlc.\cr mput channels for. an ADC. Control rcgi<>tcrs may 
permit incremcnt.ltion: 1.e., thc control registe_~ can be a countcr sct lo a 
given initia! count by an T/0 instruction and then increme.ntcd by 1/0 
pulses as needcd; thc variety of possiblc arrangements is endles~ Control 
registers of·many old-fashioned p.rocess contropers simply ope(nte electro­

meclranical re/m s. 
Typical e'\a~pks of more complex devices whose status and function 

are establishcd b) computer-controlled registers are process controllcrs, 
cathode-ray-tubc dispb)S (Sec. 7-'J), automatic data channcls (Sec. 5-19), 
analog/hybríd computers (Sec. 7-18) and other digital computers. 

-. 
5-5. Intcrfacing ''ith Ir.crcmcntal and S~riat Data Rcprcscntations. Dcvice­
sclector-gatcd comm:md pulses (IO'pulscs) .are"not used only lo tr.tnsfer data 
and control-registcr settings. Commúna puge~ ·can also sct, rcsct, or 
comp!cmcnt '>pedal Oip-flops and-incrcmcnt or dccrcmcnt countcrs in dcvice 
interfaces (rig. 5-5). . · 

Computer-read d1gital counters can also accumulate externa! incremental 
data (variables proport10nal to pulse ratcs) mto paralkl d1gital words. 
Incremental data reprcscn'tation is cmploycd in controi and navigátion· 
systems bascd on digital-cltffcrential-analyzcr (DDA) inteyrator.\ (Rcf. 19). 

Digital communication systems, telctypcwriter keybo<trd/printers, and 
disk or drum storace systems employ serial tlata reprcsentation (Sec. 1-3). • 
Parallcl-to-scrial and scrial-to~parallcl coiwcrsion is accomplished by either 
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oftwo methods: 

l. Sena! n-bit do~ta words (usually R-bit bytes) are shiftcd in or o:.1t of a 
shift rcgistcr in thc mtcrfacc by shift pulses from a dock oscrllator, 
which is stopped by a control counter after n, n + l, or n + 2 <;hift 
pulses. The extra shift pubes tr¡¡nsmit or reccivc start anJ stop bit::. 
marking spaccs bct\\ccn serial words in sorne systcms. Thc shift 
register is parallcl-loadcd or read by thc digital computcr hkc any 
other device rcgi'>ter. 

2.- Shift pulses cause interrupt-activated proGessor instructions for shifting 
data words bit hy bit into or out of an accumulator carry biL 

5-6. Timing Con'ihlcrations: Synchronous and Asynchronous 1/0 Opcrations. 
Programmed data-transfcr operntions with proccssor-timcd command 
pulses rcr¡uire that an externa! device acccpt or tranc;mit data levcls w•thm the 
allotted instructiOn time. More specilically, timing diagram'> likc rlg. 5-6. 
supplicd in every minicomputcr interface man.tia\. show (pcrhaps obv10usly) 
that a set of data-hit leer!.~ mu~t he cstahlishcd wh~n thc proce.uor ts.wes thc 
data-transfer command pul~e (10 pttf~c). 

Wc will assumc hcrc that our device (say an ADC) is alrcady prcparcd to 
transfcr d<!ta in the scnsc'that an ADC conversion has been complctcd; \\e 
can, and should, make su re of this through a sensc instruction (Scc. 5-8) or 
interrupt operat10n (Sec. 5-9). What we are concerncd with he re is that d:.Ha 
levcls may not be cstablished soon cnouglr or long e11nugh to complete a data 
transfer, allowing for cablc-transmission and logic dclays and risc times. 
Cable delays are, at best, about 1.5 nscc;rt; programmed-I/0 instruction 
timing usually allows for up to 50 ft of 1/0 bus cable. 
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When cable and/or logic delays become critica!, we can escape the 
tyranny of thc processor dock through asynchronous ("hand-shaking'') 1/0 
opcration<>. An asynchronous data-transfer instruction addresses an ext:rnal 
devicc with address levels, as in Scc. 5-3. But thc processor does not tssue 
an ~utomaticaily timed 10 pulse. lnstead, it waits until the device-sclector­
gate output has set an ADDRESS ACTIVE flip-flop in the addressed dcvi_ce 
(Ftg. 5-7). The resulting voltagc stcp returns to the processor over a spectal 
interface line; only then wtll the processor issue the appropriate 10 pulse or 
pulses. The processor may now continue with the next instruction after a 
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dcccnt interval. lf \\e Y.ish to be cvcn more cardul, thc pro\.C-;<;or m.t} not 
continue its opcration until thc data-tran<;fcr pul'>c actuatc<> anot hcr de\ ti.:C­

respon<>c signa! signifying that the lO pulse ha'> becn rcccl\cd and th,tt the 
• data transfer is complete. 

S-7. Minicomputers Using Data Lines for Dc,icc Addr~sing. To save 
interconnections at the expense of time and interface hardware, sorne 
minicomputer I/0 systems transmit the dcvicc addrcss ovcr the data fines. 
After the address levels are on the bus, an ADDRESS controllevel or pul'ie 
from the processor sets an ADDRESS ACTIVE flip-fiop in the addressed 
device and resets al! othcr ADDRESS ACTIVE flip-flops (Fig. 5-7). ·~he 
output ofthc ADDRESS ACTIVE Aip-flop substitutc<; for the simple devicc­
selector output of Fig. 5-3; it can actívate non-data-transfer-opct-::tiv~s-~ 
immediately, or it can gatc data transfersfrom and to the bus after the address 
has been removed from the data fines. Therc are two main typcs of such 
systems: 

l. In the Varian Data Systems 620i and 620f, the succeso;ive addrcssing 
ahd data-transfer operations forro part of the .~ame 16-bit I/0 mstruction: 
the address bits come from the processor instruction regi-;tcr, as in 
Sec. 5-2. . 

2. In the 8-bit Interdata Modcl 1, we must first load the dcsircd devicc 
address into the accumulator. Thcn a separare addressinq imtruction 
placcs the addrcss bits from the accumulator on the data line to activa te 
the selected device. Data-transfer operations (to or from thc accumu­
lator) follow; note that one addressing opcration may do for severa!_ 
data transfers from and/or to the same device. 

5-8. Scnsc-linc Opcration nnd Stafu<> Rcgistcrs. The 10 pulses tmplement 
program-controlled operation<; at time~ dctermincd by the digital-compull:r 
program. But a dcvice thus addrcssed might not be rcady; an importan! 
examplc is an ADC which has not completcd a conversion. In such ca .. cs, 
program-controlled data or control-logic transfcrs m·ay be preceded by a 
sense-linc intcrrogation or flag tc'it. The dev1ce status is indtcatcd by a nag 
(logic levcl, usually a fl1p-flop output). A spccial instruct1on addrc:.sed to 
the associatcd devicc selector ~ate-; onc of the command,_pulscs (101 m 
Fig. 5-8) into a scnsc gatc ancl. ir the flag lcvcl (scnsc line) is u'p; onto the o;l-..ip 
bus in the interface cable. The pulse on the skip hus thcn\ lncrcmcnts thc 
processor instruction counter, which thus skips the next' instruct10n to 
produce a program branch. An examplc wQuld be 

SKIP JF ADC FLAG IS UP 

REPEAT LAST INSTRUCTION 

READ ADC 
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The program \\ tll C) ele until the de vice flag is up, at which time the 
· program rontmuc~. u~ually with a data-transfcr instruction. Thc ADC flag 
must he resct by thc READ ADC instruction andfor by thc STARTCONVERSION 

ins!ruction or timing pul~c. 
-·~-- - ·Othcr scnsc-ltnc s: stcms cxist. Many computers do away with dcvice­

sclcctor addrcssing of scnsc gatcs by simply accepling flag levels on multiplc 
scnsc lincs, v. hich are interrogated with proccssor instructions like 
SKIP IF SENSE UNE 5 IS UP. 

Flag logic leve!' controllcd by manually opcratcd scnse •mitchcs permit 
a human opcrator to control program branching during COPlputation. 

Imtcad of mtcrrogattng multtplc scnse lines in turn, we can treat severa! 
flag flip-flops (\\ htch mayor may not be associatcd with the same periphcral 
devie:e) a~ a dc,icc statuo; rcgistcr. The processor can rcad this rcg1ster 
(READ FLAGS or REAO STATUS imtruction) via the data bus. The 
rcsulting "status \\Ord" in the proccssor accumuiator can thcn be logically 
interprctcd by the computcr program; in particular, the status word m ay 
serve asan i~d1rcct address for thc next instruction and thus permit multiple 
branching. 

Scn'>c(skip instructiono; can be profitably combincd wíth data-transfcr 
opcration'i. Thuc;. thc single instruction SKIP ANO READ J;\DC 1~ ADC 

FLAG 15 UP comhmcs tv.o instruclium by using the 10 l pulse to test the 
flag and the 103 pulse to tramfcr data; the flag levcl itsclf is employcd to 
gate 103 ofT if thc ADC is nol rcady. 

1/0 systcms \\lth mynchronnus data tran.ifer (Scc. 5-6) do not nccd a sense/ 
skip loop to v.ait for device readmcs<;. Thc dcvicc-flag leve! can simply 
opcratc a gatc ''h1ch kceps the AODI~f:SS RECEIVEO signa! tn rig. 5-7 
from rcturning. to thc processor unttl the dcvicc is ready for thc data transfcr. 

Scnsc lincs are 1nexpcnsive, but cven small digital computcrs can rarcly 
afTc;>rd thc time for "•die"" scnsc/skip loops such as the simple ADC example 
shown abovc. Scnsc !mes are, thercforc, used mainly for dccisions betwccn. 
device-depcndcnt program branchcs which do not cause idling. Otherwise 
we requirc program interruprs. 
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5-9. Simple int{'rrupt~systcm Opcrationc;. In an intcrrupt S)\tcm, a 

• devicc-fl;¡g lcvcl (INTERRUPT REQUEST) intcrrupts thc computcr 
progrnm on complction or thc currcnt ino;tructioo. Procé<;.<;Or hard"arc thcn 
~auscs a S!lbroutinc jump (Scc. 4-12): 

l. Coments of thc incrementcd program counter and of othcr scléctcd 
processor registers (if any) are automatically saved in specific mcmory 
locations or in spjre rcgisters. · 

2. The program cóunter is reset to start a ncw instruction sequcnce 
(intcrrupt-scrvicc subroutine) from a specific mcmory location ("trap 
location") associatcd with thc intcrrupt. The intcrrupt thus actcd 
u pon is disabled so that it cannot intcrrupt its own scrv•cc routine. 

Minicomputcr interrupt-servicc routincs muc;t usually lirst sare the con­
tenis of proces.mr regi.1tcrs ( wc:h as accwmt!ators) n1!icll are nccdcd by rhe 
main program, but w/dch are not .mrccl automatical~v hy tite ltardn·are. We 
might also havc to s;.vc (and !atcr rc~torc) sorne pcriphcral-Jcv;cc control 
registers. Only thcn can thc actual mtcrrupt scrvicc procccd: thc scrv1cc 
routinc- can tran;,fcr data after an ADC-convcrsion-complctcd intcnupt, 
implemcn! cmergcncy-shutdown proccdurcs aftcr a po\'.-cr-supplf fa1!urc, 

etc. Etthcr the servicc routine or thc wtcrrupt·systcm hardware muo;t thcn 
clear tire interrupr-causing flag to prepare it for ncw intcrrupts. The SCPIJCe 

routine ends by restoring rt.'gisters a/1{/ proqram counter to return e o tllí• ongirwl 
program, like any subroutinc (Scc. 4-12). As thc servicc routinc complete:> 
its job, it must also reenable tl!e intcrrupt. 

EXAMPLE: Consider a simple minicomputer which stores only thc 
program countcr automatically after an interrupt. Thc intcrrupt-scrvice 
routine i~ to read an ADC after its conversion·complcte interrupt. 

Location Label Instruction or Word Data 
{main program) 

Commcnts 

1713 current instruction 1 Jntcrrupt occurs here 

0000 1714 J lncrcmcnted program 

1 counter (1714) ''·tll he 
1 storcd hcrc by hard· 
1 warc 

0001 JUMP TO SRVICE J Trap location. contaim 
1 jump to rrl,)..:,ttabk 

3600 SR VICE STORE ACCUMULATOR IN SAVI\C 1 scn·icc rnutinc 



3600 
3601 

3602 
3603 
3604 
3605 

1714 
.. 
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SRVICE STORE ACCUMULATOR IN SAVAC ¡, S;ne accumul.tlt1r 
READ ADC 1 Rcad ADC mto 

1 accumulator anJ 
1 clc.tr ADC nag 

.STORE ACCUMULATOR IN X 1 Store ADC rcading 
LOAD ACCUMULATOR SAVAC 1 Restare accumulator 
INTERRUPT ON 1 Tum inter~upt back on 
JUMP INDIRECT VIA 0000 1 Retumjump 

(main program) 1 Interrupted program 
1 continues 

NOTE: lntcrrupts do not work when the computer is HAL Ted, so we 
cannot teJI intcrrupH '' hen slepping a program manual~r. 

s-10. Multiplc Intcrrupts. Interrupt-system operation \\OU!d be simple if 
there were only one possible source of mterrupts, but th1s 1s practically 
never true. Evcn a stand-alone dig1tal computer usu:llly has severa! 
interrupts corresponding to peripheral malfunct10ns (tape un1t out of tape, 
printcr out of po~r.:-rl. and fhght simulators, space-vehiclc controllers, and 
process-control ,.~stems may have lwndredr of difTerent mterrupts. 

A practica! multiplr-intcrrupt systcm will have to: 

l. "Trap-" thr program to difTrrent memory locations correspondmg to 
spccific indi\1du.ll mterrupts · 

2. Assign prioritir~ to simultaneou~ or successive interrupts 
3. Storc loncr-priority intcrrupt rcqucsts to be sef\ 1ced after highcr­

priority routincs are complctcd 
4. Permit highcr-priority intcrrupt~ to intárupt loncr-priority service 

routincs as soon as the return address and any automatically saved 
registers are safcly stored 

Note that programs and/or ·hardware must carefull:, 53\C succes-.ive 
levcls of program-countcr and rcgic;tcr contcnts, wh1ch \\¡JI ha ve to be 
recovered as needcd. lnterrupt-system programming \\ ill be further 
discusscd in Sct. 5-16. 

More sophi~t•catcd systcms will be ahlc to reaHiqn ne~1 pnorities tl~rouglz 
programmccl in~tructwm a'> thc nceds of a process or pr~1~r .tm change (sce 
also Sccs. 5-12. 5-1-l, and 5-16). 

5-11. Skip-<:hain Idcntification of lntcrrupts. The most primitive multip1e­
interrupt systcms simply OR a\1 interrupt f\ags onto a suqle interrupt fine. 
The interrupt-serr ice routine tlzen employs sensefskip ins1ructions (Sec. 5-8) 
to test ·.~1'rressi1 e dt?nce jfágs in order of descending prior11_1. . 

' • 

l. 
1 
1 

, .. , 
Suppo<,e that thc simple mtcrrupt S)"lcm dt~u ...... ed m S~.·c. )-9 \\ao; 

cónncctcd not o11ly to the AI1C rcque-;tint! service but a\-;o to "cnH:rgcm.:y" 
interrupts from a fire alarm and from the computer pü\\Cr !>Upply (Scc. 2-15). 
A skip-chain servicc routinc with appropriatc branchcs for ftre alarm, 
emergcney shutdown, and ADC might look like this (only the ADC serv1ce 
routine is actually shown): 

SRVICE 

ADC 

SKIP IF FIRE-ALARM FLAG LOW 
JUMP TO FIRÉ 

SKIP IF POWER FLAG LOW 

JUMP TO LOWPWR 

SKIP IF ADC DONE FLAG LOW 

JUMP TO ADC 
JUMP TO ERROR 

STORE ACCUMULATOR IN SAVAC 
READ ADC 
STORE ACCUMULATOR IN X 
LOAD ACCUMULATOR SAVAC 
INTERRUPT ON 

JUMP INDIRECT VIA 0000 

1 Fire alarm? 
.1 Ves. go to service 
1 routinc 
1 No: power-supply----"---
1 trouhlc'? 
1 Yes, go to scrvice 
1 routinc 
/ No: ADC servicc 
1 rcquc ... t? 
1 Ves, scn·icc it 
/ No; spurious 
1 intcrrupt -print 
1 error me,-;age 
/ ADC scrv1ce routinc 

1 Restare accumulator 
/ Turn intcrrupts bnck 
1 on 
1 Rcturn jump 

The skip-chain systcm rcquires only simple clectronics and d•o;poscs of 
the priority problcm, but the flag-senc;ing progr.1m is titnc-cono;ummg. 
(n devices may require log 2 n successive deeisions evcn if the nag scno;¡ng 
is done by succes:.ive hinary decisions). A somcwhat fastcr mcthod is to 
employ a flag staws word (Scc. 5-8), which can be tcstcd bit by b1t or u sed 
for indirect addrcssing of di!Tcrcnt scrvice routines (Scc. 4-1 la). 

Note also that our primitivc_ ORed-interrupt system must automat¡cally 
disable all interrupts as soon and as long as any intcrrupt is rccognizcd. 
We cannot interrupt even low-priority interrupt-service roL;~~I.ncs. 

5-12. Program-controllcd lntcrrupt Ma-.king. 1l is often·:h'~Hul to cn.Ihlc 
(arm) or disablc (disarm) individual intcrrupts undcr program contwl to 
meet special conditions. Improved mult•plc-intcrrupt S}'tcrno; g.1tc ind•­
vidualmterrupt-rcquest hncs with ma-;k flip-flop~ \\ hich can be 'iCt a nd r..:,ct 
by programmed !nstructions. The ordered set or m.Isk fl¡p-11\'¡" '" lhll,¡ ::) 

treated as a control registcr (intcrr~pt ma-.k regio; ter) which ('' h,d, :l \\11 h 
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appropriatc o~ and ls rrom an accumulator through a progr.unmcd r.o 
in~truction. Group~ of intcrrupts quite ortcn havc a <;ommon m.,-;k fl•p· 
flop (sce al~o Scc . .5-JJI 

A \CfV importan! application or programmcd masking ino;tructions is to 
ghc srlc~tcd portions of m a in programs (as wcll as intcrrupt-scn ice routincs) 
grcalcr or lcs<.,cr pro!cct;on from intcrrupt ... 

Note that wc ''di h:l\ e to restore the mas k rcgister on rcturmng from any 
interrupt-scrvice routme which has changed thc mask, so program or 
hardware must kccp track of mask changcs. We must also still provide 
programmcd inslructiC'OS to enable and disable the entire interrupt system 
without changing the mask. 

EXAMPLE: A sl..rr-cltain :,ystc!m wirlz nzask flip-flops. Addition of mask 
flip-flops to our simple o;kip-chain intcrrupt systcm (fig. 5-9) makcs it 
practica! to intcrrurt lower-priority scrvice routines. Ea eh :.u e lz routine 
musr liOII' hw e 11s 01111 mcmory focaticm to sal'e thc proyram cmllltl'r, and the 
mask must be rest~"'rcd hcfore the interrupt is dismisscd. The ADC service 
routine of Scc. 5-11 ¡, modlficd as follow' (al! interrupts are initiallj disabled): 

ADC STORE ACCUMULATOR IN SAVAC 

lOAD ACCUMULATOR 0000 1 Sa'<e program 
STORE ACCUMULATOR IN SAV~C 1 countcr 
lOAD ACCUMULATOR MASK 1 Save 
STORE ACCUMULATOR IN SVMSK 1 current mask 
LOAD ACCUI\1ULATOR MASK 1 1 Arm highcr-
I,OAD MASK REGISTER 1 priorit} interrupls 
INTERRUPT ON / Enable interrupt system 
READ ADC 

STOP.E ACCUMULATOR IN X 
INTERRUPT OFF 

LOAD ACCUi\1ULATOR SVMSK 1 Re-; tare 
lOAD MASK REGISTER 1 pre\ÍOUS 
STORE ACCUMULATOR MASK 1 mask. and 
lOAD ACCUI\1ULATOR SAVAC 1 restare accumulator 
INTERRUPT ON 

JUMP INDIRECT VIA SVPC 1 Rcturnjump 

Sincc most mmicomputcr mask registcrs cannot be rcad h) the prograrh, 
the mask. scttin~ is duplicateJ in the mcmory location MASK. Sorne 
minicomnutcr~ (; g. PDP-9. PDP-15, Raytheon 706) allow only a restricted 
set of ma~ks and pro\ id e spcci:ll instructions wh1ch simplify mask saving and 
restoring (sce a!so Scc. 5-15). Machines having two or more. accumulalors 

' · can rcscnc one of thcm to store the mask and thus save memory rcferenccs. 

'H\ 

___ ..:.-.., ____ _ 
Fl¡:. 5·9. lntcrrupt m;l<k ing 1 he nwcl. nlr·ll<•P' .uc trc.ltcJ a~ a c.mtrol rcgi'ICr (ma'k rn¡l\lt•r). 
whtch can h.: ctc,trcJ .tnd it•.t~h"<.l hy 1 O m-truclu•n< 

5-13. Priority-intcrrupt Systcm<;: Rrc¡u~o;t/Grant Logic. We could n.:placc 
thc skip-chain S) stcm of Scc. 5-11 w1th hardware for polling succc~~tvc 
intcrrupt Jincs morder of deo;c:cnJing priority. but this is stlll rcl.t!Í\cl}' s!ow 
if therc are many mtcrrupts. Wc prcfer thc priority-rcquest log~e of f¡go;. 
S-lOor 5-11, which can be locatcd 10 thc proccssor, on spccial interface cards, 
and/or on individual devicc-control!cr cards. 

Refcr to Fig. 5-JOa. [fthc mtcrrupt ts not dtc;abkd by thc mao;k l11p·tlnp 
or by the PR toH ITY fN linc, a s_cn ice rcquco;t (device-llag leve!)'' 1!! sct thc 
RF.QUEST flip-llop, which 1s clod.cd by pcrzodic proccssor pulses (i¡O 
SYNC) to fit the processor cycle and to time thc pnority decic;ion: The 
resulting timcd PRIORITY REQUEST step has llrrce jobs: 

l. lt prcenablcs the "ACTIVE" flip-flop bclonging to the Sl\mc intcrr~:¡~: 
circuit. · 

2. 1t bJocks lowcr-prionty intcrrupts. 
3. 1t !nforms thc proccssor that an intcrrupt is wantcd. 

lf the interrupt system is on (and if thcre are no direct-mcmor) -accc~c; 
rcqucsts pcnding. Scc. 5-17). thc proccssor answers w1th <tn INTEIHH'fYf 
ACKNO\VLEDGE pulse just befare the curren! in~truction IS compktcJ 
(Fig. 5-13). Thi~ sets the prccnablcd "ACTIVE" tlip-llop. ''hich now gatcs 
the corrcct trap addrcss onto a sct of bus lines · -thc intcrrupt 1s acliH'. 
INTERRUPT ACKNOWLEDGE also rcsets al/ REQUEST tl1p·tlop' to 
ready them for rcpeated or new priority rcqucsts. 

Each interrupt has thrce statcs: inacthc, waiting (dcvicc-tlag ll1p-l1op sct). 
and active. Waiting interrupts \\ÍII be scrviced as soon ao; poss1b!c. llnk~s 

reset by program or hardware, thc dcvicc flag maintains the "\\a¡t,r. :" sl.l!c 
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(1 of na hogher­
prooroty devoce on 
chaon os waotongl 

Chatn prooroty out 
(to lower- prooroly 
de.oces 1 

Reset flag 
tof desoredl 

fiJ!. 5-JOa. Prrt~rlly-ch,lln umong 1qucurng l11gr~ for onc dc\lcc ('ce al~r> thc trmrng dr.rgram of 
Frg 5-1::!) Thc ACK NOWLEDGE lrnc 1~ commr>n lo allrntcrrupts on rhc eh a m Note how 
thc Orp-flo¡h ;rrc tonrcd nS thc procc,,or-sllpplrcd 1,'0 SYNC pul~c~ MAS II:R ClEAR IS 

issucd hy thc pmL·c-.or v. hcnc\cr powcr r< turncd on. ,rnd through a consolc pu~hhutton. to 
re~ct flrp-Oop' onrllally M~ny driTcrcnt mndrltLalron~ of thrs ctrcuit ex"! (<ce al<o Ftg. 5-11). 
S1mtlar logtc 1' u<cd fnr drrcct-mcmory-a~c~<s rc<.¡uc,ls 

whilc highcr-priority scrvicc routrnco; ru~ a nd e ven \"hile its interrupt is 
disarmcd or whtlc thc cntirc intcrrupt sy~tcm is turncd ofT 

5-14. Priorily Prop::tgation :md Priority Changco;. Thcrc are two hasrc 
mcthods ror supprc~~ing lowcr-pnonty rntcrrupts. Thc first !S thc wircd­
priority-cltain mcthod tllustratcd in rrg 5-10. Rcbnng to Frg. 5-lOa, thc 
PRIORITY IN terminal of thc lowcst-prrority dcvtcc rs wircd to the 
PRIORITY OUT termrnal or thc dcvicc with thc ncxt-highcr prionty, and 
so on. Thus thc timcd requcsts from highcr-priority dcviccs hlock lowcr­
prionty rrqucsts. Thc PRlORITY IN termrnal of thc highcst-prionty 

• • ' ' 4 
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From 
MASTER MASK 

fhg-flop 

(usually '" 
processorl 

C>o n 

gr•or•ft out 

r----./ .. r----. 
In -0u-,- --- --,";; 

Ir terrupt 

1 

IH•ghest 
pt•aroty) 

lnte,upt 

2 

lbl 

(el 

llo"e'' 
p,o,ry) 

Fig. 5-IOb and c. Wtrcd-chatn pnonty-prop.rgalton ctrcutis. Stncc cach ~ull')~lcm (.rnd ~~~ 
a<soctalcd wrnng) d~l.tys thc prop.tg,rlcd R EQU ESl flrp-flop ,tcp~ (Ftg. 5-1 Oa) by 1 o 10 JO 11 ,cc, 
the stmple chatn o~ f rg 5-IOh ~hould not h:nc more than fo•Jr to six hnl..). thc ctrcuti of Ftg. S-lOe 
bypasscs pnonty-rnhtbtltng slcp~ for f.tslcr propo~galton (hall'd on Rcf. 10). 

W'"mng 
PRIORITY 
REOUEST 
to processor 

( 

..n.. 
ACKNOWLEOGE 

(Pre-enable 
1 of 3 othe• ACTIVE 

fl•p-flopsl 
.---"'-----, 

Timed 
prooroly requests 

-~l--f---t.....J. ______ .,...._f_rom.:.__4_•nterrupts 

Proorrty -arbtlra lton 
goles 

(Pre·enables ACTIVE fhp • flop) 

(PRIORI TY GRAN TI pulse 
lcommon lo oll •nterruptsl 

10 3 reset pulse, or 
1/0 5ync 

.,~t 

fi¡:. 5-lt. 1 hr' modrfkJ vcrsron of thc prrortt)-mlcrrupt lo¡;tc tn h~ 5-lt\r ~-'' r••·•TII)· 
prop.tg.tllon ¡;.tic' JI thc oulput ralhcr rh.tn JI thc mput ofthc REQLJI.SI n•r-:: .. ,. ·'\ 1·, 1111 • 

m.tny stmrlar crrcurls e\lsl. 
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de\ ice {usually .l pO\\Cr-fa•lurc. parit) -error. or rcal-timc-~o:lod int..:rrupt 
in thc prl'CC"~nr 11"dl) connccts to a procc,.o;or fl1p-llnp ("ma'>tcr-m.l\k" 
tl•p-flop), \\hilh c.tn thus arm or disarm tbc cntm: chain íf1g. 5-JOh ami<"). 

Thc computcr prof!r:lm can load mask-ícgistcr fhp-flops (Fig. 5-IOa) to· 
di.muu o;clcctcd mtcrrupto; m 'iUch a \\trcd chain, but thc rclati'c prioritic:s 
of all <"lrmcd mtcrrupts :trc dctermincd by thcir positions in the chatn. lt is 
possiblc, thmtg.h. to a"sig.n t\.,.O or more d11Tcrcnt pnoritics toa g1ven dcvicc 
flag: we conncct 1t to I\\O or more scparatc pnority circuits in thc chain and 
arm onc of thcm undcr program or dcvicc control. 

figure 5-11 dlus!ratc!-. thc sccond typc of priority-propagation logic, 
\~tuch pcnmh C\cry armcd mterrupt to scl its REQUEST f11p-llop. Thc 
t1mcd PRIORITY REQUEST stcp-. from diiTcrcnt mtcrrupts are comhincd 
tn a "priori!) -arhitration" gate circuit, which lcts only thc highcst-priority 
REQUEST stcp pas<; to prccnahlc its "ACTIVE" tlip-flop. Some largcr 
dil!ll:tl computcrs unplcmcnt dynam1c priority rcallocatJon by mod1fymg 
th~1r prionty-arbitration Jogic undcr program control. but most mmi­
computcrs are contcnt w1th programmcd masklng. 

/ Thc two pnonty-prop;-~ga!ton schcmcs can be comhined. Severa! mini­
computcr systcms (e g., PDP-9, PDP-15) cmp!oy four scparatc w•rcd­
pnority chains. each armed or dtsarmcd by a common "mastcr-mask" 
fi•p-llop m thc proccssor. Intcrrupts from thc four ch:tinc; are combined 
through a prionty-arhitration nctwork wh1ch, togethcr \\ íth thc program­
controllcd "ma">tcr-mask" flip-flops. estabhshc'i thc rc!ati\e priorities of the 
four chains. 

S-15. Complete Priority-intt·rrnpt S)stcms. (a) Progr::~m-controllcd Ad­
drcc;s Tran..,fer. The "ACTIVE" fi•p-flop in Fig. 5-IOa or 5-11 placcs thc 
starting addrcc;<; of thc corree! intcrrupt-scrvicc routinc on a sct of addrcss 
lmcs common to all intcrrupts. Automatic or "hard,,arc" priority­
intcrrupt s}stcms \vill thcn nnmcÚI:Itcly trap to thc dcs1rcJ o~ddrcss (Scc. 
5-15h). But in m<~ny small compulcrs (e.g. PDP-8 scricc,. SUPER NOVA), 
thc priority logic is only an mld-on card for a b.t-...ic "lnflc-lcvd (QRcd) 
intcrrupt sy~tcm. Su eh systcms can no! acces<; d•fTcrcnt trap adúrcsscs 
dircctly. With thc mtcrrupt sy<;tcm on. etwy PRIOR!TY REQUEST 
disables furthcr intcrruptc; and causes thc program to trap to the same 
mcmory locat10n, say 0000. and to store the program counter, justas in Sec. 
5-9. Thc trap location contams a jump to the c;crvice routine 

SRVICE STORE ACCUMULATOR IN SAVAC 1 Unlcss we have 

1 a spare 

1 accumulator 
READ INTERRUPT ADDRESS 

STORE ACCUMULATOR IN PTR 

JUMP INDIRECT VIA PTR 

l 
1 
l 

. ! 

READ INTEARUPf AD\JBESS ,.., .10 ordm.tr) 1 0 m..,tru.:!inn. \\ h:lll cmr!"~" 
a J~, ilc ~Ck"-·tor to t\!:!d thc int\!rrupt-ad~lrc'' !me' m:n lhc .tú tllllliLttllf 

(Scc. 5-'J). ·t he 102 pulv.: fwm thc de' Í<:r; ,cJc<.:h•r can 'Cr'c a-... thc 
ACKNOWLEDGE pub-e in Fig. 5-10<1 ur 5-11 (in fu~1. thc "A(" 11\'l:" 
flip-llop ::an he omitt~.o'<l in lhi-. ~implc system). 1 he pro~ram thcn tran,fcrs 
thc addrcss word to a pointcr location PTR in mcmor). <~nd :1n md•r~.o·d 
jump Jands us \\he re ,.,e \\a ni to be. 

Unfortunatel}. the service routine for each indi\idual dcvicc, say for 
an ADC. must saw and rcstore prcgram countcr, mask, and accumt.:~tur 
(see also Sec. 5-12>: 

ADC lOAD ACCUMULATOR 0000 
STORE ACCUMULATOR IN SAVPC 

LOAD ACCUMULATOR SAVAC 

STORE ACCUMULATOR IN SAVAC2 

LOAD ACCUMUlATOR MASK 

STORE ACCUMULATOR IN SVMSK 

lOAD ACClJMULATOR MASK t 
STORE ACClJN!UlATOR MASK 
LOAD MASK REC\STEP. 

INTERR\JPT ON 

READ ADC / Uscful work 
STORE ACCUMIJlATOR IN X 1 done only he re! 
INTEARUPT OFF 

LOAD ACCUMULATOR SVMSK 

STORE ACCUMUlATOR MASK 

LOAD MASK REGISTER 

LOAD ACCUMULATOR SAVAC 2 

INTERRUPT ON 

JUMP INDIRECT VIA SAVPC 

Not<.' that most of thc time and mcmory u sed up by rhis routinc IS 0\crhrad 
dev?ted to storing and savtng rq;1"tcrs. 

(b) A Fully Autnmatic ("ll:ml\\arc") l'riurity-inlcrrupt Sy ... tcm. In an 
automatic or "h:ud"are" priority-Íiatcrrupt sp.fl'm, thc ''ACTIVE" fl1p-tlop 
in F1g. 5-JOo ~ 5-ll gatcs thc trap addrcss of thc active mtcrrupt mto thc 
proccssor m.:mory addrcss reg1stcr as soon as the currcnt mc;tructwn is 
complctcd (Fig. 5-12). Thi:, requircs spccial addrcss lincs in thc mput/ 
output bus anda lit! le extra pwccc;sor logic. This hardv.arc huys improvcd 
response time and simplifics programmmg: 

J. Thc program traps immcdiately to a difTcrcnt trap local ion for c:~ch 
interrupt; therc is no nccd for thc program to idcntify thc intcn upt. 

2. Thcrc ts no necd to save program countcr ;:md rcg•stcr~ l\\ K·.: ·"· m 
Sccs. 5-11, 5-12, and 5-15a. 



5-15 "TFR. H'l'r. Tllt. '\fi'ICO'\JPIJI.R \\ITII TIU: 01 T~IIH \\ORI f) 

110 SYNC 

t memor 1 cycle 
~ 

JLJL ____ JLJLILJlJL 
1 1 1 1 

_rr--___ ___j--- -(Re se! by hardware or RfO<¡rom) 
SERVICE 1 1 1 
REOUEST 1 1 1 1 
(DE VICE FLAG) _ t---_ -- ll b~ 

11
1 

REOUEST ___J _ . 
FLIP-FLOP 1 1 1 

1 1 1 
ACKNOWLEDGE 1 1 1 
PULSE FROM ----__:J~~ · · , 
PROCESSOR . l ~~ni_ o~ent ;nslruct•on 
ACTIVE ' • Reset by 10 pulse from 

··FLIP-FLOP _ ---- processor or by l/0 sync 
NOTE Worst case •s shown 'ACKNOWLEDGE. pl,lse ·could-end 

1 cycle earher 

·~ 

'Fig. S-12. lm11ng d1.1gram for the pnority-intcrrupl logic or Fig~ 5-10 ami 5-11. 1 he 
ACKNOWLEOGr: pul-.c rcm.11n' ON un11llhc tr.1p atltlrc'' i~ tran,rcrrctl (c1thcr •mmcdmtcly 
o\er ~fiCCial at!J re'' hnc' or l'l} a pr!lgrammctl ln\lrucuon) 

In a typical systcm, each hardwarc-<Jc<,ignated trap location is loaded with 
a modificd JUMP ANO SAVE instruction {Sec. 2-11). lts efTective address, 
say SRVICE. will store the interrupt rcturn addre~s (plus c;ome status bits); 
this is followed by the interrupt-service routine, which can he relocatab1e: 

SRVICE XXXX / lncrcmcntcd program-
/ countcr reading 
1 (return address) 
1 saved hcre 

STORE ACCUMULATOR lj\1 SAVAC 1 Save accumulator 

LOAD ACCUMULATOR MASK 1 Save current 
STORE ACCUMULATOR IN SVMSK 1 mask 
LOAD ACCUMULATOR MASK 1 1 Get "" 
STORE ACCUMULATOR IN MASK / ncw 
LOAD MASK REGISTER 1 mask 
INTERRUPT ON 

READ ADC 1 Actual work begins here 

Saving (and la ter restoring) the interrupt mask in this program is the same 
as in Sccs. 5-12 and 5-15n and is secn to be quite a cumbcrsome operation. 
A littlc extra pro~.:essor hardware can simplify this job: 

l. We can combme the LOAD MASK REGISTER and INTERRUPTION 

instructions into a single 1/0 instruction. 

. ·! 

1!11 III"C 1 ""111' OF I'IHU<I 1'1-"\"11 \l lt \11 kl" '"' 'IJ'TJI( \1111'' 

2. \Ve Can USC onJ) mac;J..... dis.trrnmg al/ intcrrupt-. "ith prtOrJIIC'i hcftlll' 
levcl l. 2 . .3, . . . . Such s•mrlc ma.,b are c;"icr lo c;torc auto­
m;ltically. 

In the more sophic;ticatcd interrupt sy~tcrm. thc intcrrupt r~Iurn-jurnp 
instruction i!. rcplaceJ hy a special in.,truct1on (RETURN FROM INTERRUPT). 

whicl1 automatically restares the program-countcr r~ding and all ;wto­
matically savcd registcrs. Be sure to consult thc interface manual for your 
own minicomputer to determine which hardware featurcs and software 
techniques are available. · 

5-16. Discuc;sion of Interrupt-syc;tem Featurc<> and Applications. lnterrupts 
are thc basic mechan1sm for 11haring a digital computcr betwcen difTercnt, 
often timc-critical, tasks. The practica! cfTcctivcness·-of-a.-mi..'lic.Q._I'!!~cr 
interrupt systcm will dcpcnd on: ~--- --

1. Thc time needrd to sen ice posc;ibly critica! situationc; 
2. The total time and pro~ram mcrhead imposcd by saving. restoring, and 

masking operations associated \'<tth interrupt~ 
3. The numbcr of priority Jevels ncedcd versus the number ~hich can be 

rcadily 1mplemcntcd 
4. Programming nexibility and convcnience 

The minimum tune nccdcd to obt;un o;erv1cc will indude: 

l. Thc· "raw" latcncy time, i.e., the time nccdcd to complete the Jongcst 
possible proce'isor instruction (including any indircct addrcssing); 
most minicomputers are also designcd so that thc procc.;;'\or ,,~JI 
always cxecute the instruction following any 110 READ or SENSE/ 

SKIP instruction. \Ve are su re yo u will be ablc to te JI why! Check 
your interface manual. . 

2. The ltme needed for any nccessary saving and/or masking opcr.ttion. 

A look at thc mtcrrupt-scrvtce prograrns of Sccs. 5-l l. 5-12, 5-15a. and 
5-l5h will rllustratc how succcssivcly more soph1sticatcd priority-mtcrrupt 
systcms provide raster servicc \\t!h lcss overhead. You shouiJ, howe\'er, 
take a hard-noscd attitude to cstablic;h whcthcr you rcally necd thc more 
advanccd featurcs in your spcctfic application. 

lt is uscful at this point to list the pnncipal applications of intcrrupts. 
Many intcrrupts are associatcd with 1/0 routincs fol' relativcly._slo\\ de' ices 
such as teletypcwritcrs and tape rcadcr/punches, and thousands of mml­
computers scrvicc these happily with simple skip-chain syst~fns. Th1ng~ 
become more critica! in instrumentation and control systems, which must 
not miss real-timc-clock intcrrupts intended to log time, to rcad instrumcnts, 
orto perforrn control opcrations. Ttme-crittcal JObs rcqu1rejatt utpomes. 
lfthere are many time-critica! operations or any tim·c-sharing computatJOil'>, 
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thr computina time ll'astrd in ot•erhead operations ~comes interc~tmg 
Some real-time systems may ha ve pcriods of peak loads '' hcn it bccome!> 
actual! y unposc;ihlc to servicc al/ interrupt rcq ucc;ts. At thic; point, the 
dcsigncr muc;t de~.:ide whcther to huyan improvcd systcm or which intcrrupt 
requcsts are at lcast temporarily expcndablc. lt is m thc latter conncction· 
that dynamic pnority allocatum b-:eomcs uscful: ti m ay. for inc;tancc, be 
expcdicnt to mas k certain imerrupts during peak-load period~. 1 n other 
situations \\e m1ght. instcad, lower tire relatire priortly of the main computer 
program hy 1111111a~king additional interrupts d11rinq peak real-time /oacls. 

If two or more mterrupt-servicc routincs cmploy the samc library sub­
routinc, we are faccd, as in Scc. 4-16, with thc problem of reentrant 
programming. Tcmporary-storagc locat10ns used by the common sub­
routinc may be wiped out unless wc c1thcr duplica te the subroutinc program 
in memory for each intcrrupt or unlec;c; wc prov1de truc recntrant ~uhroutines. 
Thts is not u.,ually thc case for FORTRA N-comp•ler-supplicd hbrary 
routines. Only a few minicomputer manufacturen; and c;oftware houscs 
provide reentrant FORTRAN bomet1mcc; called "real-tune" FORTRAN). 
The bcst way to storc savcd rcg1stcrs and tcmporary int.:rmediate rcsults is 
in a stack (Sce. 4-16): a staek pointcr is advanecd whencver a ncw interrupt is 
recognized and retractcd whcn an mtcrrupt ic; dismisscd. Tl1e hcst mini­
computcr interrupt ~.1 ~tem1 lw1 e lwrchrare for allfomatically adl'ancing and 
retractinc¡ wch a ~rack pomter (Sec (,.J 0). 

lfvery fas! interrupt scrv1cc is nota paramount considcration, we can get 
around rcentrant coding by pr(•gramming interrupt ma~ks which simply 
prerent intermption of critica/ sen-ice routines. 

In conclus10n, remember that the chicf purpose of interrupt systcms is to 
iñitiatc computcr opcrations more complieatcd than simple data transfcrs. 
The bes! mcthod for time-eritical reading and writing as such is not through 
intcrrupt-servicc routines with thcir awkward programming overhcad but 
with a dirfct-memory-acceu syst('m, whieh has no such problems at all. 

DIRECT MEMORY ACCESS AND 
AUTOMATIC BLOCK TRANSFERS 

5-17. Cyclc. Stcaling. Step-by-stcp program-controlled data transfers 
lirnit data-transmic;<;IOn ratcs and use valuablc proccssor time for alternate 
instruction fctchcs and exccution: programmmg is al so tedtolf<;. lt is oftcn 
prcferablc to use add1tional hardware for intcrfacing a parallcl data bus 
dircctly \\ilh thc digital-computér memory data reg1c;ter and to rcqucst and 
grant 1-cyclc pausec; in proccssor opcration for dircct transfcr of data to 
or from mcmory (intcrlacc or cycle-stcaling opcrati,an). In largcr digital 
machines, and optionally in a few minicomputers (PDP-15), a datá bus can 
even aecess one memory bank without stopping processor interaction Wlth 
other mcmory bank~ at all. 

.¡ 
l 

'"" ''" ~ 1 " 1 1 "'·'' e 1' 

l"otc that Qclc .. tl·:tlinj.! in no \\3~ di ... turl"' thl· prn;!r Jm ..... , ... 0\ •.• 1 ·.e ~l 

·though smalkr d1g1tal t.:omputcr~ mu't '>!(lp eomput.1tu•n durm:~ n~::mun 
tran'>fcrs, thc program 'i101p\y ~k1ps ~ C)c\C at the cmJ of thc Cllrrt.:~l 011-:IIIOf~ 
cyclc (no nccd to complete thc currcnt imtructlfln) and latcr rc,umc-. JU't 
whcrc it lcft oiT. Onc docs not havc to savc rcgister content~ or othcr 
inlormation. as with program interrupts. 

D•q•tal computer 

1 t4 " 
CMA ~ata bus ... 

Memory 
JI ,_ 
r"a. V 

Memory ~ READ or WRIT[ 
addres5 ~'l --- -.,_.._~----~--/ 

and 
from 

devoce 

Memory ~ Preset 
addrcss , ... A1drels merhory 1'11. ~ate c.; regoster ad1ress SELECT AN::l 

TRAr.S>[R 

1 CYCLE- t·t.g.E 1 SER'IICE 
STE.:.L DMA R!:OUESi 
r.E.:~.:::sr --

control lfL.:.Gl 
'-- Processor PR,C.>JTY Ci'ANT and TIMI11G 

.... 
1-- SYNC--

t1mong 
log•c CL[AR 

lor ore OEVICE 
d""•ce FLAG 

Fi¡:. !'-&:\. 1\ c.hrcct·memor~-accc(~ (0:\IA) intcrfdcc. 

5-18. DMA Intcrfacc Logic. To make direct mcmory acccss (D:\1A) 
practica!, the interface muc;t b.: ablc to: 

l. Addrcc;s dcsircd locationc; in mcmory 
2. Synchronize cyclc stcallng \\lth proccssor opcration 
3. lnitiatc tran'>fcrs by device rcquests (this includcs clock-timed lransfcrs) 

or by the computcr prog.ram 
4. Deal with prioritiec; and qucuing of scrvice rcqucsts if two or more 

deviccs rcquest data transf.:rs 

DMA priority/qucuing logic is esscntially the samc ~s thc priority-intcrrupt 
logic of Figs. 5-10 and 5-11; mdccd, identicallogic cards oftcn sen e both 
purposes. DMA scrvicc n·qm•stc; are al~ays ghcn priority o'cr concurrcnt 
interrupt requests. - .)\\:: 

Justas in Fig. 5-11. a D:'-1A scnicc n.·q~cst (causcd by a dq~~ce.flag lnd) 
produces a cyclc-stcal rl'qm:..,t unlcss it is inhib1tcd by ,a ·.tjÍghcr-pri<HI!) 
request; thc proccssor answcrs with an ackno\\lcdgc (priorit~-grant) pul~('. 
This signa! thc.:n sets a processor-clockcd ••ACTIVE" ll•"p-llop. \\ h1ch 
strobcs a suitable mcmwy addrcss into thc proccssor mcrnory :¡JJrc's 
rcgic;tcr and thcn cau:.c'i mcmory and dcvicc lo¡;ic to tr.w~f,.r J:~t.l fr,)m (lt 
lo lhc DMA data hu~ (Fig. 5-13). 
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In !iomc computci' sy!itcms (c.g .• Drgital Eqlilpmcnl Corpor<ttion Pl>l,-151. 
thc DMA data linc~ are idcRtical with thc programmcd:tran~fcr data linc,, 
This simplifics intcrconncctions :11 thc expense of procc .. sor h¡mlwarc. In 
othcr systems. the DMA d&~ta !incs are :~lso used to transmit thc DMA 
addrcss to thc proccssor before data are transfcrrcd. This furthcr reduces 
the number of hus lincs, but complica tes hardware and timing. 

___ ..... Dot•ol 
DMA doto bus Doto 

~~~-::::::::::::::::::::::::::::::::::::::~:~~, 
Memory READ OR WRITE 

TRANSFER 

SERVICE REOUEST RESET 

~--ID_E_v_rc_E._F_L_AG_l __ -+ t ~ CYCLE-STEAL REOUEST 
~... DMA 

Memory1 _P:....;R.:.:.I=..DR:..:..:I:..:.T..:..Y.....:G::;.R.:.:A:.:.;N:..:.T--.,..¡ centro! 
'-d·dressr- log•c "'' )---;::=:-----e-t__~~_j TRANSFER DATA ANO 

, Tomonq 1 RESET DEVICE FLAG 
~------~ L-------~ 

j_ EtiABLE INCREMENT DECREMENT 
~.....:L~ ~-~-, 

Address ~ Curren!· word 1-··-:~ Mult•pleaer or 
'---------1 qotes oddress RESET counter 1--:_:/ sequence 

counter TO 1---, control (1f onyl 

Address ~~ 46~J~45~ 11¡:.. 
~-----ot-----1 1 PRESET 

INTERRUPT AFTER LAST _ . _ WORO 
WORD (TRANSFER ,, r COUNT 
COMPLETE DI 

--·- -~=========:7! Oev1ce Doqotol ¡:::: - .__,./ selector 1-T-U_R_N_D_E_V_IC~E~ 
computer Proqrommed I/0 bus L----' ON ANO OFF 

IOoto,oddress, ond 
control l.nesl 

Fig. S-1~. A simpJc data ch:tnncl ror .lllh•matic hlock tran~rcrs. 

Devoce 
on chonnel 

5-19. Aulomalic Block Transfcrs. As we described it, the DMA data 
transfer is derice-initiat~d. A program-dependellf decision to transfcr data, 
even directly from orto memory. strll requircs a programmcd instructioQ to 
cause a DMA scrvice rcquest. This is hardly worth the trouhle for a 
single-word transfcr. M-:>st DMA transfcrs, whcther device or program 
initiated, involvc not single words but blocks of tens, hundrcds, or even 
thousands of data \\ ords. 

Figure 5-14 shows how the simple DMA system of Fig. S-13 may be 
expandcd into an automatic data channd for block transfers. Data for a 
block can arrivc or depart asynchronously, and thc DMA controller will 
steal cycles as nceded and permit the program to go on betwc.en cycles. A 

'' block of words to be transferred will, in general, occupy a corresponding 
block or adj;~c-ent memory registers. Successive memory addresses can be 

{ . 

.¡ 

!--:o 

~·'"·"' inh• thc mcmur~ ;nt.lrc'' rc~i,tcH:J h~ .s c.:"untc:r. thc curnnt-:•ddrL"'' · 
cnunl<·r. Udt•rc an~ dat:1 tr.m,fcr t:•kc' pl.tcc. ;s pn•gr.smmcd in,tructton 
~t' thc currcnl-ítddrc~' countcr lo thc dc,m:d imh.tl :tddn: ... ..,; th..: dc~ 1 r..:J 
numhcr of \\ords (block lcn~th) ¡., ~c.:t into a '\Cc.:ond cnuntcr. thc ~ore! cnuntu, 
\\hid1 will count down w1th c:1ch data tran"fcr until O is ·rc;~dll:d afll'r thc 
dcsired numbcr of tran'>fcrs. As scrvice rcquc'l.!- arri\c from. '·'>. an· 
an;tlog-to·dlgiwl convcrlcr or data lmk, thc DMA controllogic in•pkmcnt'i 
successive cyclc-stcal rcqucsts and gatcs succcssivc currcnt aJdrcs~co; into 
the mcmory addrcss registcr as the current-address countcr counts up (sce 
also Fig. 5-Sa). . · 
_ The word counter is similarly decremcnted once per data \\Ord. Whcn a 

block transfcr is complctcd, t~c word countcr can stop thc devicc from 
requcsting further data transfcrs. .The word-counter carry pulse can also 
cause an interrrtpt !\O that a ncw block of data can be processed. Thc ,, ord 
counter may, if dcc;ircd, also serve for scqucncing devicc functions {e g., 
for sclccting succes'\ive ADC multiplcxer addr::sses). 

Sorne computers repla..:e thc \\Ord counter with a program-loaded final­
addrcss rcgi .. ter. ''hoo;e contents are compared with thc currcnt-:uJdrcss 
counter to determine thc end of thc block. 

A DMA systcm oflcn involves severa! data channcls, cach with a DMA 
control, addrcss gatcs. a currcnt-addrcss counter, anda \\Ord countcr, with 
diiTerent prioritics assigncd to diiTcrent channcls. For efficient handling of 
·randomly timcd requests from multiple devices (and to prevcnt loss of d~1ta 
words), dat!l-channel systems m ay incorpora te buffer registcrs in thc interface 
or in devices such as ADCs or DACs. 

5-20. Advantages of Dl\fA Systcms (see Rcf. 6). Dircct-mcmon-acccss 
systems can transfcr dJta blocks :11 very high r.1tcs (IOb wordsfscc ¡; rcadrly 
possible) without claboratc 1/0 programming. The proccssor es-.cntially 
dea!s ¡nainly with hu!Tcr arcas in its own memory, and only a fcw 1/0 
instructions are necdcd to inittali7e or reinitiali1e transfcrs. 

Automatic data channcls are cspecially suitahlc for scrvicing periphcrals 
with high dat.1 ratcs, such as disks, drumo;, and fast ADCs and DACs. 
But fast data transfcr with minimal program ovcrhead is extrcmclv valuahle 
in many other applications. espccially tf thcrc are many de\ i.cc" to he 
serviced. To indicate thc rcmarkable enicicncy of cycle-stcaling din.:ct 
memory access with multiple block-transfcr data channcls, con-;idcr thc 
operation ora training-type digital flight !iimulator, which soh·~ .. ;¡ircr.tft 
and engine equations and scrvices an elaboratc cockpit mock-up ,,·ith many 
controls and instrument displays. During cach 160-mscc time incr~rtlcnt. 
the .interface not onty performs 174 analog-to-digital convcrsions rcquiring 
a total conversion time of7 .7 mscc but al so 430 digitill-to-ana log convcr~ions, 
and handles 540 eight-bit bytes of discrcte control information. Thc actual 
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time rcquired to -tr ~=-' ~r~r all this information in and out of the data channels 
is 143 mo;cc pcr tlí!':.:' incrcment, b_ut bccause of the fast dircct mcmory 
tranc;fers,cydc-stc;:;l" :1gsuhtracts 0r1Jy 3.2 rllSCcforeach J 60 nlSCC ofprÓCC'iSOr 
tirpe (Ref. 2). 

5-21. Mcmory-incremcnt Tcchniquc for Amplitndc-di-.trihulion Mcasurc­
mcnts. In many rr nicomputers, a spccial pulse input will increment the 
contcnts of a mcrr:c~y location addressed by the DMA address lines; an 
interrupt can be gc'1.:rated when one ofthe memory cells is full. When ADC 
outputs representir.g succcssive samplcs of a random voltage are applied 
to the DMA addre-ss lines, thc mcmory-incrcmcnt fcaturc will cffcctivcly 
gcncratc a modcl of the input-voltagc amplitudc di'>tribution in thc computcr 
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Ft¡:: 5-l!ib. An ampl::v1e~istribution di~play obtaincd by the mcthod offig S-ISa. (Digital 
E:quipmrnr Corpora.'l"~ ) -
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1 
1 
1 

an,·mnvy ~ t:1\:h mcmMy ;uiJro:'' ~~trrc,run,h lo a ,,,Jt 1~1: 'd·''" tnh:r\,11, 
anú thc cuntcnts of thc f!ll'lluH·y rr:¡;t ... tcr h:p,rc-.cnt thc nurnho:r t•f ... llnrk-. 
rallin~ into that d~t!o'i intcr\:tl. Data tal-m)! ¡, h:rrnin.ttcd ,,fll:r a prc,ct 
numbcr of samplcs or \Vhl'n thc fir~t mcmor) rcgi~tcr O\'Crlt,:u.h ( Ftg. 5·15a).' 
Thc cmpirical amplítudc di~lribution thus crc<~ted in mcmor)' may he d•s­
playcd or ploHcd by a di!.play routinc (Fig. 5-ISh), and statistics such as 

l .. 
X::= ... ¿ X1 

ti '"' 1 

are rcadily computecf after the distribution is complete. This technique 
has been extcn~ivdy appli_ed to the annlysis of pulse-energy spcctra from 
nudcar-physics cxpcrimcnts. ·-

Joini clútrihutions nf tn·o rwulom t'm iahles X, Y can be sin1ilarly compilcd. 
lt is only neccssary to apply, say, a 12-bil word X, Ycomposcd ofh\O 6-bit 
bytes corrcsponding to two ADC outpuis X and Yto thc mcmory addrcss 
reg¡ster. Now each addres.;;ed mcmory location will cor!'csrond to the 
rcgion X¡~ X< X,+t• Y~$ Y< Yu 1 in XYspace. 

5-22. Add-to-mcmory Tcchniquc of Si~naJ AvcraJ!ing. Anothcr command­
puls:: input to sorne DMA Interfaces wtll mld a data \\Ord on thc 1/0-hus 
data lines to th~ mcmory location addrcssed by the DMA addrt:ss !mes 
without evcr bothcring thc dtgital-computcr arithmctic unit or thc program. 
This "add-to-memory" fcaturc pcrmils uscful linear opcrat10nc; on d.tla 
obtuined from variouo; 1n~trumcnts: the only app!ication \\cll known al this 
time is in data a\era~ing. 

Figure 5-lGa and b illustratcs an cspecially intercstmg application ofdata 
avetaging, which has been vcry fruitful in bioJogicaJ-llata rcduct100 {e g., 
electroencep!:alogram anal)sis). Periodically applicd stimuli prodm:c the 
samc system response after each sttmulus so that one obtatns ;m an;:log 
wavcform pcriodic with thr period T of the applicd stimult. To pul! the 
dcsircd functwn X(t) out of add1t1ve zcro-mcan random nmse. one adds 
X(t), X(t + T). X(t + 2T), ... ·dunng suco.:cssivc pcnod:-. to cuh;m_cc the 
signa!, while thc noise will tcnd to average out. Figure 5-16c shtm s thc 
extraction of a signa! from additt'/c noisc in succcssive data-avcragmg runs. 

5-23. Jmplcmcnting Currcnt-nddrcs.o; nnd Word Countcrs in thc Proccc;sor 
Mcmory. Sorne minicomputcrs (in particular, PDP-9, PDP-15, and thc 
PDP-8 series) ha ve, in addttion to thcir regular DMA facilities, a set of ti.\ed 
corc-mcmory locations to be used as data-channel :tddrcss and word 
countcrs. Ordinary processor mstruction<; (not 1/0 in$tructmn ... ) load 
thcse loeations, respectivcly, with thc block starting addrcss and \\ith 
minus thc block count. Thc data-channcl interface card (F1g. 5-1 7) o;upp!tes 
thc addrcss of onc ofthc four to cight addrcss-countcr locations avail.tblc in 
the processor; the word counter 1s thc Jocat1on follo" ing thc addrcso; l'l'llntcr. 
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for signa! averag1ng lh) (lou~.·d cm Rt (. 6). 

No\v, succcssivc scrvicc rcqucsts stcal not onc but thrcc or four cycles since 
the processor must incrcmcnt the two countcr locations, and they then 
transfer data to or from succcssivc mcmory cells indircctly addressed vía 
the addrcss counter. Whcn thc word countcr reachcs O (from its negative 
initial sctting), thc proccc;sor issucs a spccial signa} \\ hich is used to stop 
further scrvice r¡:quests and usually to intcrrupt the processor (Fig. 5-17). 

Sorne mcmory-implcmcntcd data channcls will also permit add-to­
memory operation (PDP-9, PDP-15). Thc Honcywell 316/516 machines 
implcmcnt a final-addrcss rcgistcr in mcmory rather than a word counter 
(Sec. 5-19) and pcrmit automat1c alternation of data transfers to or from two 
blocks of memo; y locations (swinging huffers). 

Memory-implcmcnted data ch::mncls permit :lUtomatic block transfers with a 
minimqm of interface hardl'lare since they elimina te the two externa! counter/ 
registers pi· 'he circuits nccded to preset them. On the other hand, logi~ 

,· 

··-

~-.- "); 
' 

1 

¡· 
t 

·~ 
tJICI\1 lct \0\.\1\1>1 lll 1>0 11-\111 11'-111 l'ltllt \( 1' 

.~ . .. -..~ ,. 
)., . ' 

. ('-

32 rc:pcution' 

- - ----_-:----._..... 

., 

-.'. ' ,·· . ~- . : ~( ----- ~ 
r .. , .. ..... ~ ... 

1211 rcpct itmns -=-st2 rcpclltwn~ 

-F'ig. >t6c. A pcriodically retriggercd waverorm cxtraclcd from addiuvc noi'c through 'u.:c.:'"\C 
signal-avi:ragin¡¡-runs. · Thc d"play '' ~clf-scahng. ~.e, o~dinatc_"'!e>rd' are sh1f1cd n¡;hl hy 1 hu 
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circuits are bccoming more and more incxpensive, and true data channcls steal 
only onc-third to onc-fourth as much processor time as mcmory-implcmcnted 
cbannels. 

SOME INTERFACE-HARDWARE 
CONSIDERATIONS 

S-24. From Ready-made to Do-it-yourself Interfaces. Dcvicc controllers 
for typical periphcral dcviccs havc many common fcaturcs;.So severa! mini­
computcr manufacturcrs scll standard interface c:Hd'i. ;;k~ rica! dc\tcc­
controlter cards implcmcnt a dcvicc selector, bus gatcs, á~cgistcr, and/or 
somc dcvicc-Oag flip-Oops and scn~c gatcs. Thc samc carJ or a sccond 
card may comprise interrupt logic or a data-channcl controllcr. Sorne 
minicomputer main-framcs (e.g., Hcwlctt-Packard, Data General)- ha ve 
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adúrc~s IPgoc h!..c th.¡¡ on h¡; 5-10. hut e~ch tl,oLl tr:on-;fcr <;lcJis thrcc or r.,ur prt>CC<<;(lr C)clcs. 
not JU<I onc C)ciC 

special slots for intcrft~ce cards. Ir: othcr systcms, a substantial portio~ of 
the in ter fnce logic is phy-;ically associatcd with e:tch de\ ice. 

Interface logic, all thc way from simple data-transfcr and scnsing logic to 
new and spccial controllcrs, di.,plays. and accc-ssory anthmcttc units. is 
remarkably easy to make from commerically avadablc logic cards a.nd/or 
sockct-mount\:d intcgratcd circuits. Severa! m;:nufacturcrs scll logic and 
relatcd analog/dJ~ital circuit cards fADCs. DACs. elcctronic switchcs, 
amplificrs. pO\\Cr surplics). plus vcry convcnicnt mounting hardware, 
enc!osurcs. panel switchcs, indtcators, cte. (F1g. 5-I R). Transistor/ transistor 
log1c (TTL) interfaces naturally \\Íth most minu.:omputcrs. but high-nolse­
immrmity logic (Motorola l ITL. Digital Equipmcnt Corporatlon K-series 
cards) shou!d be con-;idcred for high-noisc cnvironme!lts; thcse circuits hªve 
Jarger logic-!cvcl swings and are intcntionally s!o'Wer to reduce the possibility 
of random-no1se triggering. . 

• 

161 

............ -, . ., 

·-­.. 

Fig. S-IRa Much of thc ontc rfat:c lo pe 111 !h1' 1 k~' lctt· f'a,l: :u el:! !OO.\ s~ 'tcm 1< or. m.onaf.octm.:r­
suppl~t:d ¡nlcríacc c.trtl, plugf.:d mtn th~ prncc"<'r ch."':~ (ll,·ul, u-Pu, ~urd t"'I'"''Hu•r. ¡ 

We rl!commcnd wirc wrapping 'ol.~hh a simple "squcc7c gun" (Fig. ·5-ISd .. 
rathcr than soldcring. for convcnicnt and rcliablc conncctions exccpt for f:>st 

"emittcr··coüprcd ·10gic ([CL\. <~mi radio-fn:qu~:ncy t:ircuits. A vcry !1ttic 
knowlcdgt· of digital-logic dc$ign gocs a long\\ ay (Tablc t·-5), btil if yo u ha\.: 
problcms, we suggcst thnt you hirc a graduate studcnt from thc nearcsi 
electrical cnginccring departm..:nt parl time. 

5-25. I/ O-bus Lim.'s and Si~nalo;. Parfy-line f/0 buses (Scc. 5-O ar(' 
usual! y "daisy-chained" from dcvice to dcvice through mate, fcmalc 
connector pairs. with a suit.ablc lmc termination plu,ggcd into thc !,1<.1 fcmalc 
conn.cctor. 

Figure 5-19 shO\\S so:nc typical bus circuits. Most minicomputcr TfL 
interfnces employ opcn-colkctor intcgrat~:d circuits (gates or amphfi~·rs) ;,s 
line drivers (Fig. 5-19a). OIT-thc-shclf ICs not spccifically dcsigncd ;,s lonc 
drivers may rcquire tcsting for voltagc lcvcls and risc times. On.ftnarj 
gatcs used as linc rcccivcrs may also havc to be tcstcd for sak logic-lcvcl 
thrcsholds. lt is surcly bcst to employ spccial dri\'crs and rccci\crs 
(perhaps even push-pul! drivers and receivcrs, Scc. 5-:!6). but this may not be 
neccssary for short buses. lf in doubt, use sp~-ial cards. supplicd by thc 
computer manuf;¡cturer. 
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Fi¡:. 5-IRh and c. l.ogtc carJ~ rLLCpt.tdc~ ,1n<l ,, (,,,rdncr-Dcl1\cr wtrc-wr.lp !Poi for asscmhhng 
homcm.tJc muucnmpulcr mtcrf.tcc 'Y'' cm' ( D"¡lfal f.qutpllt< 111 Cm P""'''"" 1 

Wtth wiring Jcl,ty~ (,tt lcast 1.5 nsccjft) ofthc samc arder as logic risc times, 
transmission-hnc rcflcctions must be constdcred (Fig. 5-20) If thc po\\cr to. 
ea eh de, ice on a dai:iy-chaincd bus can be turncd off scparatcly, thc interface 
dc!>Í!-!ncr must r · '! su re that tl;is "'ill not atrcct propcr opcration of other 
de\ itC\ (~Ce: al so 6S. 5-19 and 5-20). 
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Fig. 5-19h and c. A wlldrr,•crwrral pro< cHnr·lo-ci<'l i"' bu' (/o) anJ a ¡,,J"''' 111111t1l hu~ le) c,tch 
without dtiTcrenllal hnc rccCI\crs U•z~<llrcclwrwl iln icl"·lo·proc <"i!Wr bus ltnc:s "'ould al so be 
termmatcd at hoth cmh as in Ftg 5-19c. -~ 

Use lincs whose characteristic impcdancc Z 0 is at 1cast 90 oh)i1s (93-ohm 
coax or 100-ohm No. 26 or 2R twistcd pair, about 30 turns/ft), wtth ground 
return. Flat cable, w1th signa! conductors· scparatcd by ground rcturn,, 
and possibly with a shiclding backplanc, is vcry convcnicnt, cspl:cially for 
short (below 1 to 3 ft} cable runs. A d1ode or Schottky-dwdc r,cvcrsc 
tcrmination at thc output cnd will limit ncgati .. ·c ovcrshoot: '-'low thc 
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chang.: "hcn thc rccciH:r power supp!y ts lurncJ off. T ¡, th~: hne-prop.tA=Jll''" Jclay. 

computcr manufaclurcr's rccommcndations. Do not use flip-flops as line 
drivers _ -~ 

1/0-bus logic lcvds are not usually thc samc as standard logic lcvcis but 
.\Vitldepcnd on thc bus systcm and !n,td1ng. Note in particubr that many 
-minlcomputcr f/0 buses-are dnvcn by arnpli_~crso~_&>\-~S._\\ hich in\'Crt Jogic 
lcHis (e.g., Fig. 5-19a), i.e., bus signals correspondmg to logicül J TÍ1<!Y l:le 
LOW voJt¡;ge ("ACTIVE LOW" s1gnals). Check your interface manual, 
v.hich will also spccify the load each bus hnc can drivc under various 
conditions. · 

5-26. Noisc, Inlcrconncctions, nnd Ground S)stcms. Digital-computer 
interfaces urc very oítcn conncctcd to scns1tivc and uccurate analog 
instrumcntation and computmg circuits. Oigital-s)stcm noisr, cspecially 
high-frcqucncy spikcs and pulse nn~ing. can cau~c very objcctionable noisc 
in analog circuits v1a ground currents and radiation. Thts can be true cvcn 
though the digiral circuits thcmselv~s \\Ork wcll within lhcir n01se-immunity 
limits. Tramistor/lr'ansistor logic (TTL) aP.d diodc/tranststor logic (DTL), 
with thcir harsh ground-currcnt transtcnts and relativcly high output impcd­
anccs, are bad off·::ndcrs in this re"pcct. Emittcr-coupled lo;;ic (ECL) ha_s 
ncar-constant ground current, low logic lcvcls, and lo·,..- output impcdanccs, 
and it is a goQd choice for critica! widc-band analog/digital circuits. Digitally 
controll~d analog switching circutts (digttal-to-3nalog comertc;s, samplc;.­
hold circuits, multiplcxcrs) should he dc~igned to minimizc impcdanccs 
common to digital aná analog signals. 

Ground-sy~tcm noise and common ground impcdanccs can cause scrious 

rr•~M~:rlis. A go:ld é<ulh gro:mt.Í ís rmi <th\;,~·s c;:.,y to cnmc hy. and thc 
f;•'Wiir-lift:: ''md~tsír,:¡i" grnand s!wufJ 1>\! uo,cd for ac rt.:turn onlv. To 
mil"'imifc ron1mor. ground impedara:cs within a cabin..;t dr sub<i\Stc~. it is 
best t" sd~ct a single common ground poinl and to rdurn all sig~al. pov.cr, 
!md chasscs grour.Js scparately to this point, which is afso com1cctcd to 
earth ground. 

Ur~fottt.HI'1tély, t~1is simple tcchniquc m ay not work when we must ground 
- w~~ely sep~r~ted_ ~mbsystctl:s interco:wcct'::d by signa! tincs (c.g., a digilal 

Common qro•Jnd 

- Earth c;¡round ·=· 
qround loop - --

f"ig. 5-:ZI. lnlcrcCinncction and grCiunding ofl\>o ~~~ic~J ~uh~}stcm~. Q¡fTcn::nll.:llmc rc~ci.crs 
---cancel common-modc groun_J_-Io•lp.ó!nd othcr ¡ll~turhancc• 1\n C\Cn hct!cr mct~<•d ¡~ lv u <;e 

push-p<~ll linc r~c~J\crs and hnc-lJn,cr,- \\Jth .. ut an} ir.,unil rcturn l>~t'.l.c.:n ~uh•)•tcms 
Ralha!Jon fro:nlh:!l!al e~rclllh t• sl!ll.1 l:'',•hlcm hcc "'"' 1 ah le 5-2¡. Eanh-gr,,und conn•:cllun<. 
requ1rcd for ch:ctnc;,¡ •.tfcty. m.ty nccd •h1dJmg l'l'\\cr-suppl) JC tnput.> m.l\ nc~cf r.H~io-
frcqucncy liltcrs. and ro\\er trun-.formcr• may nccd clcctw,taltc shidú•. • 

computcr ar.d an analog subsys!cm 40 f& away). Wc will thcn givc c;1ch 
su_bs~stcfTI n co.mmon ground _point and try to kccp all po•,\cr-s[!pply loops 

- Wlthm cach suosystcrn. IJut 1f cach sub~ystcm has an carth ground (l•ftcn 
requircd ior clcctncal safcty), :hcn wc llave a ground loop cndoscd uy the 
gíOund conncctions and cach s;gnal wirc. Such inducti\c loops wtl! pie k 
up ar.d/or radia te noisc (Fig. 5-21). Thc bcst way to fix tl1is is to, use 
ditrerential (push-pul!) signa! tran~mission or at lcast diffcrcnti:Jl sional 
rccchcrs, which will cancd ground-loop noisc and othcr disturba~ccs 
common to both difTcrcnt ial inputs (Fig. 5-21; scc al so Tahlc 5-l ). 

If clcctricai safcty is no problcm, wc may omit one earth ground and 
interccnnect the subsyslcm grounds through a ground rcturn lmc in thc 
signa! cah!c. Signal-cah!c shtclds musr nc¡ cr carry grouml curren h. thcy 
ordinarily conncct to chassi:. ground at thc source cnd. Evcn so, ...,~ may 
still ha ve a ground ioop formcd through lcakngc rcsis1anccs and capacitan;:cs. 



.... ,,, 

-,~ .. ~-1 
S'' ~- j - _\ : 

, .. 

'-,,. 

J- \ ! ; i-

• - .. -- •"""' vr ._., • • 1 J j ... ~ 1 • ) ~ .. -. -' • .--, 1 .... <> ... - -



r_ -;_ 

etc. (e\ en DMA hlllck tr.msfcr~ are usualiy tcrminaicd an;l n:inttí.•t~"' 

,,hy intcrn•rN 
2. Thco;c inlt:rrupt-:.crvicc program5 mus! also muna¡::c a~-.ipnH·nt and 

rca'\"-i~nnwnt of buffer arca-. so :t!'. to avoid intcrfcrcncc bct·.,ccn d~t!a- . 

proccsstn~! and 1 O opcrations. 
3. Numerical-charactcr líO for nun1<::dcal comput;1tions is nccc<.sarily 

itsso,;i:~tcd witn i0m1attin~ rm:ttinr"i rdat!IJ,g}J,umcri~al inp!ll _or output 
data to binary fixcd-point or flt1ating-point nÚmbcr ··;-..:prc"·¿rlt;í.tions 

, _ u?e<f in thc computcr. Clwractcr packing/unpac:king {Scc. 4-ll) is in 
--a sinl!lar catcgory.-- FormaHing and _.p:¡~ki!1J!/Unpa~~~;¡r¡g are not 
th~msch-cs I/0 operatioPs but are oftcn combined ,;:ith I/b: '"'" = =~- · 

4. In adJrllon lo this. input/output programs often tnclude nror routincs 
\~hich advise the programmcr of incorrcc-t 1/0 r::quests (c~g., calls lo 
devicc.;; which do not cxi'>l orare assigned to othcr jobs), parity crrors, 

etc. 

As a rcsu!t_ of thcsc requircmcnt<>. input/0utput pro~ramming always 
in-..ol\'-.:s an ug!y amount of tcd1o11s (but importanc) dct"íl. \\IHch lns lltt!c 
todo \\ith thc computcr arnhcallon a<: such. To relieve the computcr uscr 
(who \~ould hkc lo cnnccntr:tlc on his apphcation<; programs), computer 

____ m;¡nuJacturers furnish "canned" 1/0 and formatting routines and spccial 
-systcm programs \vhich make it casy to ca'IU/0-~r~lat_ep.roulincs from user 
programs. 

5-28. Use of FORTftAN Formntting -~~ld . .l/0, _ M_Qst readers will be 
familiar" ith FORTRi\ N formatting and I/0 -~talcrí1eñts 1\i<é- · -- · 

12 FORIIllAT 

READ 

(E10_4) 

(2, 12} X 

wherc E 10.4 calls for a !1oating-point conversion, 2 is the numbcr of the 
periphcral dcvice to be rcad, and 12 rcfcrs to the· associated FORMAT 

stalemcnt. Unformatted READ or WRITE statcments likc 

WniTE (7) X. Y. Z 

ca!l for input or output ofthc listed quantitics in hilwry form (c.g., for ADCs 

and DACs}. 
Minicomputcr FORTRAN compilcrs rccognize such statements and 

automatica!ly gcncr.tte thc ::tppropnatc formatting and 1/0 routines without 
furthcr cffort on thc p:nt of thc programmcr. With programs writtcn in 
assemh!y /anguage, the easicst way to produce formattcd numcrical input/ 
output is stiU to hnk thc asscmbly-languagc prograrn toa short FORTRAN 
program for FORTRAN I/0 (Scc. 4-20). The time consumcd by the 
(unscen, but quite fC1rmidable) FORTRAN-gcneratcd formatting and l/0 , 

• 1 

f(!Uf ;11..:;! ~, ill r:•rd.).' bt~tiv:r ) ou \' ith e,! o,. k c.> ht1;tn! printcr t.' O. _;Lllh~HU:h 
ynu. m¡gl·,~ r.oti~·.: tit<: tira..: !Qo'\! \\ilh ;,lph.~nurncric catfwJ~.:-ray-tuhc dr,pl.l}'i 
sup;:rvi'iing rc::\1-t:m~ ~omputation;-;. 

5--21, ir.terprcfer-p"O¡!ram 1-'orm~\rting and 1/0. Íntcrpretcr sy~tcms (e g .• 
BASIC an.J FOCAL, Scc·. 3-í-i; in~.·kdc formatting ar1d !/0 comm:¡nds u<icd 
much likc- thc •.:orrc:;p(~l~Jin~ H>RTRI\N stalcmcnts. plus spccial command.; 
for sin.;>k l.''tPwti,:-ray~whc nnd p:ottcf graphics output. Sc\cral mmi-

' · .;'0l!1(lUlCr ¡naruf;t .. fl.!' .•:··. fUfl¡'l_'.' srccial \C: ,ioas -<f ir:lCf¡"l!'i;lCf :;:;i·;m~ such 
as BASiC wi!;1 grcauy .: .. 1h.1nccd 1/0 c<~p:lbtlitics for ··comcr5at¡onal"· 
p;ogramming of inslíumC"nts. lt'~i systcms, and proceo;.:; controllcr:. (Scc. 
!f-J).· .su~h syst<.:rils ;~re ~xtra CO__!I'•cr.ic!:l_t. but thcir rangr; of applic-ationc; m:~y 
b? rcst;icteu. lntcrprctcrs do not g-cncrate rcloC<~!able codc \~h•-:h can b~ 
cornbincd w:th othcr proi(rams. ::nd cxecution may be l>low. 

5-30. 1/0 at tl:e Ao;-.t·mbly-!:m~unge LP\CI ~ Devicc DriH:r<i. At thc 
assc-mhly-1:\nguagc lcvcl, a comrktc 1/0 opcr.ttion is callcd ;,.s a suhro~·tir.c 
known a:> a (k•·licc drhcr or dr,ict" h:mdlcr. Thc mo..;t ir.~fiGi'iant dm:r:; 
implcmcnt block tran~fcrs, <~nd Jny OtlC dcvicc dnvcr •:an invo!v¡,: :\ll or 
most of thc I,'O-rcb~~d job'i btcd in Se;:. S-27, induding fon·1atting. Th·:­
same pcriphcra! dcv1cc (a parcr-tapc runch, say} cou!d h,1vc t\\O, thrc.:. or 
more <Jssociatcd drivers for di!Tcrentjobs or formats (c.g., binilry anJ ASCI 
output). 

_:·- _Mgs!_:.~_Evice_ dri_\'e_r~ involvc intcrrupt scrvice and can, !hcref0re. 0c 
separated into two s-cctions. · Thc initiator subroutinc rcser.ycs bufi'l::; s¡nce 
in mcmory thwugh pseudo instructions likc 

_:=---- .:.:: ·:: --:-:-..:-aUFFR • _ • BI,OCK SIZE / Sa\cs SIZE [ocations 
- - - -- _- .,. __ , ce ¡--- starti'ñg-:\t BUFFR 

initializcs huiTcr pointcrs, and prepares a pcnpheral dcv¡cc by ckarin:; fL;gs, 
setting conlroi rcg1stcrs, and chccking status. 

Thc continuntor scct1on of thc dcvicc dnver typically initiatc:-. d,1ta tranJcr 
(e.g., START AOC CONVERSION or ENABLE DATA CHANN!:l) anci 
rcturns to thc main program to \\ ait for an intcrrupt. Thc cominuator 
scc[ion of thc dc•Jicc driver also comprises thc ini~rn:pt-scrvicc routinc(s) 
ncedcd for data tran:-.fcr and/or 1ts tcrmin.tiion (as in DMA hlock tr,msfcrs, 
Sec. 5-19}. Doth ini~iator and continuator routincs ,,¡Jl, m gcncr:¡l. ha\e 
exits to thc m:un computcr program and to error prirrtom or di~pla\· suh· 
rourines (in ca<;<.~ we havc callcd for a noncxistent. •Ilegal, or unrcady dcvicc; 
if there is no buffer !>pace lcft: cte.). 

Frcqucntly nccdcd dcvicc driver.;; (e.g., for rcading and printin~ a linc of 
text, rcading and writing ASCII and hinary tape rccords, etc.) ar~ practical!y 
always furnishcd by thc computcr manufacturcr as library routincs. Ct•m­
pletc dcvice drivers for spccific systcms, including sorne DMA dri\crs. 
will be found in caen rninicomputcr manual. Thcy can oftcn be uscd as 
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TARI.f. 5-2. 1 ~picul ;\linicompuler Pcriphcral llc•icco. antl 1,'0 fo,lructiun' h~< ,1r, .. 
S.:c-. .l.Jfl. J-14.. .mJ 7-'IJ 

P·\1'1 R-Ti\I"F Rl 1\DI'R. Pi\l'l R-Ti\Pf l'lJNCII, KI'YIIOARD. TI 1.1 PRI:'\.111! 

Each of thc.-.¡: clcctromcchamcal character-handhng dcv1ccs ha~ ~n 11-bil dc•icc rc¡:i•l•·r 
(charach:r buiT•·r).. v. hrch can be re,od or Jo~dcd by a prdccs~or 1/0 m'\.lructoon. Rut each ~uch 
data tran~fcr mu•t wart unlll complctron of a rei.J!ivcly ~low elcctromcchamcal re.Jdong. punch­

- mg,_or _p.rrnll_!lg _opcr;tho~ _1s. sognalcd by a dcvice flag (Orp-flop) vi a a scnsc or mterrupl !me. 
Typical instrt1Ctlt1n~ are: --- 1 ~ ---- ' - - _e, _ _ . __ 

-- _..'- ----~- --:=.-¿.~-:. ;: .. -:1-:rr--~ ,-
1. ClEAR DEVICE FlAG/OPERATOR ON NEXT CHARACTER de.or' thc fl.og .onJ pcrnut.;·rhc 

devocc rcg"tcr lo recervc or trdnsmol a ncw charactcr through clcctromcch.onrcal opcratoon~ 
· -~~hifr R ·bit'; rnio-dev¡ce.rcD•~ter.J~om kfyboard_ i/ a key i~ stwrk, read and advance tape, 

punch.pnnl) - · "- ·---· ... :_,_,_, ___ :--- .•• 
2. REAO (lOAD) oevrce REGISTER a fast, all-clectrical data tran~fcr lo or from a proi::essor · 

accumulator 
3. SKIP ON oevrce FlAG uscd to implement a skip loop as in Sec S-8 for noninterrupt 

opera !Ion 
4. T1111 or allrlrree of tlrese mllrurtinn.~ ctm he cnnrhmed into a single 1/0 msJruction employing 

two or !hrce 10 pulses rsec 5-31. 

S~l control characters control specral telepnnter operations (tab, hne feed, form fecd. etc.). 

B. MAGNFTIC"-Ti\PE TRANSPORTS C'c.: al~o Scc 3-10) 

Tapc·lran~port-controllcr log1c "rcpacks" R- to 1!1-brt computer v.ord• into 7-brt or 9-hrt 
tape words. 3ddon¡; e'tra panty bots a~ necdcd. Otnary or character formats can be sclccted 
through proce~~or rnstrucllon~ 

D.tta:tr_.Jmfc~.to an~t rrom m.ognetoc tape .ore u~u.olly d1rcct-mcmory-access block transfcrs, 
so the controllcrhas a ciirrei11-affclr!'H countur and-a "'orA corml<'' (S~c 5-19), "'hoch can be prcsct 
by proce~5or tnstrucllons. Smcc tape kecps movrng orÍce- a transrc·r is" imlratcd and m ay 
transfer as n1any a~ 50,000 b~lc~¡'sec, the tape-transpon controller employs double bu!Tenng 

.- ·.- :·{rrg:-5-4.d.).h!:.l<~~n ta.~_and memory. Only one lran~pon ata time transfers data, but otht:rs 
can wrnd or rt\\ mclat 'ífii~:rlñ?liine'.-=- -::--' - ~c:c :--::- '.:·- . ------- _. 

-~¡_:.._ __ -

l -_ ~--' --

The controllcr h~s a control regiSier (Sec 5-4) whose control bits'are S~ by 'prócessor' instfUC-::- :. -
tions \\.hrch rmplcment (and po•s1bly comhrne) funct1on~ hke· 

Selet:t onc of 4 to 16 tran~ports Wnte (rcatl) forward 
Sclcct hm,ory or ch:uactcr formal Wnte (read) backward 
Sclcct t;¡pe spced Rewond 
Selcct record dcnsrty Back~race 
Wntc end or file Advance to end of file 

The current-~ddrcss counter and the st.ltus ofthe control register can a! so be readby processor 
rn~trucho~s In adtlrllon, tape-transpon flag fl•p-flops can be sensed or cau~c rntcrrupts to 
detcct condrt10ns such a~: · 

Transport not ready (no power, no tape) 
Tran,port hu~~ 
Word-countcr overflow 

End (or beginmng) of tape 
Panly or chcck-~um error 

Magne11c-tapc dnver roullncs are usually supplied a~ part of system programs (Secs 3-12 
and 5-Jt) and can he q .. Hte comphcatr-d smce hardware and program woll. re,pechvely, check 
lateral and Jong1tudrn~l panly (~ce. 3-!•l) The controllcr can "rctry" readmg or writmg when 
a panty error O<:cur· .. 

C: FIXED-HF.AD DISKS ANO DRUMS 

A di~k or drum rotales continuously. Each computer word (plus a' parity bit and word· 
dehmrtmg g1 ·,,,~) ~~ rccorded serially along numlx:red tracks, wrth one rcadfwntc hcad to 
each trae k ; mcmory locat1on on a d1sk systcm (diSk adJress) is specofied by 1ts d11k 

••• 

1 \lll.t. !t-2. 1 H'kal \lini<nnopnhr l'u•J•h•tJI IJ,,¡l<" :ant! 1 O ln•tnochn"'"' ..• r .• , 
'••' _\.JII ~-1-t .mJ i.<l¡ 1( """"'"Ir 

""'"""'· trud. mtrrohcr . . ond lff/m•·•ll addr,·H Sc¡!mcnt aJdre"c' are prcrc~ord..:d on ~ro a.J/r,·" 
''"'"-: c.llh scg>~~cnt .nldrc-~ •~ rc.ul hdnrc rhe corrc,pnndmg v.ord~ P·'" undcr thc r~.ot1 -..ntc 
hc.td~ 

Data tr,on,fcrs (typocally 50.000 to IXO.()()I) v.ord','~cc) are r>MA hloc:k tr.on,fcr~ \la a cfr<k 
huUrr reyrw:r, wh1ch hu!Tcr~ a ''"t' r.:if'""' rmplcmcnllng the paraiJclt•en.ol or \en.o! p.or o !le! 
convcrs10n The controllcr ha~ a nrrr¡·nr-acldri!H cmmlrr anda ""'d cnuntt•r, v.h1.:h c.on h.: 
pre~et by procc,~or rnstrucllons (Scc 5-19) DMA v.onl-tr.Jn,rcr rcquc~l puhc~ s~nchron•zcd 

, --- -.. __ .-..,!th thed1~k rotallon ,,re den ve-d from .onothcr prerccordcd !rack. All prcrcco·rocd track' are 
aú-pllc<ítoo-.n~ c-.o-se on·c:gcts damagcd-- _ 

A typical dosk may have 12K d¡l!a !rack~-. Wlllí 2,048--Y..ord foc:itión~ andan end-of-track gap 
on each !rack. Won:l ~equence~ c.rn be v.ntten or rc.Jd con~cut1vcly along a !rack, S\\Jidung 

_ to thc nc'l(t trae~ wh~n the end-of-tr.ocl. f!ap" reached ("~poral'' wnllng or rc.tdong). lf a s!o-,.,er 
d.Jt.o-tr.onsfcr ratc ts dc<rrahlc. thc controllcr,c_.m .rl~_o rc.o_~ ~_vcry othcr ~o~oord. or every founh 
\\Ord, along eat:h !rack, so that word' .ore clkctov.:ly rntcrlc.o\cd. . -

To rmh.Jtc a data lran~fer. progr.1mmcd rn~tructron~ sct a drtk contrnl r,•qnt1·r to WRITE or 
READ and prcset the rurrent-addrt·H '''q~<ler, the •wrd cnuntl'r. and thc d~tl.: ad.lre« r 1•qr!ler 
The latter (v.h1ch m,ty be a two-v.ord rcgo~tcr) ~pcc1fic~ lhc d1~k. trae k and ~CI!mcnt .¡tJJrc'~ for 
the first word of a data block. Whcn thc scgmcnt addrc~s matt:hc~ th.1! rc~d on tiÍe aJdr~'' 
track. thc do~k controller rnrtr.otc- thc hlock lr.Lmfcr, v.hoch ~topo; ~o~ohcn thc v.ord countcr run, 
out; th1~ v.rll al~o c.Jusc a progr.rm rntcrrupt (Scc 5-19) 

Bc~ode-; WRITE and REi\D, d"k sy~tcms h.tve a CHECK (COMPARE. SEARC'Hl moJe 
whrch wmparc~ a '1\ord sct rnto th.: d"k buffer rcg1~tcr ''''h thc word currently r.:.od from thc 
Úl'l. 11110 thc ,Jurt rt:¡!hl.:r ;ond \\hlch ,e¡, .rn rntcrrupt n .• ~ \\hcn thc \\Ord' .ogr.:c. Th·~ mmk" 
uscd for chcd.:rng pmpo<cs, .1nJ c.on al~o find v.ord~ on the di~k. 
. Othcr ontcrrupt flag' dciCl.t pantr erron, 1111'$1111/ prcrernrdrd-rroc~ hrt<. tllcg,.l adJrcs~cs, etc 

front-pancl 11 nte·lllck Sll/ltfrr~ c.on protcct sclectcd tr.ocks from ovcrwnton~. ~ g. to prot~ct 
system program~ 

D. REAL-TIM[ CLOCKS 

Ttmmg pul~cs ncedcd to relate computcr opcratron~ to real rime are dcrr,cd c1thcr from the 
.:69:Hz:IL_Il_e:.r~~qu¡:no::y_C~0_!!7 m F.uropc) or from a 10-Hz ro 1-Mllz CT}Sial O<cii!Jtor (dock 

oscillator); count!:Yflip:flop~-yield-submultmlcs_-of l~e_slc>ck rrcgucncy. as dcwcd T1mm,¡ 
pul<cs can he st.ortcd hy an clltcrn.~J g~tc 'l!_!nal or hy a progranuñcd inSfrocioon scttong a control~ 
regostcr brt (Scc 5-4). or the clock m.l\ run free. 

Trmrng pubes are countcd hy a dn¡l.. row11cr. lf thc clo.:k countcr is ini11.1ll~ rc<ct toO n} a 
progr;¡mmcd 1/0 rn~tructoon. !he count "'"be proport1ono~l ro dap;rJ 11m~ .,.,d c.tn t-.: rcJJ b) 
thc computcr program v.hcn dc'lrcd To mur k a pr¡•s•·t trmc mu:n al. ·.-.e prc<ct thc clod.­
countcr recogmllon g.ote (NAND gatc, !'te al~o Tanlc 1-Sa). \\htch dcl<:cts ,,hcn thc countcr 
reaches O aftcr N dock pulse~. Thc gatc output th'cn rnterrupts the proce,sor (dock mraru(lt) 
The cnsuong intcrrupt-scrvrce roullnc pcrforms v.hatcvcr hmcd o¡-oerat1on 1s \lo~ntcd •nd ~.m 
reset the clock countcr to rrprat pa111tlrr Cl'clr.t. 

In many mon1compu1er~. thc dock countcr •~ not a ftip-ftop rcl!istcr but an ;,, '''mfntaM, 
mcnran·/ncatron (mcmor~-oncrcmcnt tcchOilfiiC. Sec .5-211. 

E. DIGITAL-TO-ANI\LOG CONVI RTf:RS 

The rnost commonly u'cd drqrtal-to·analnq rnm "''''H (D.4C.<) are re~o~t.oncc nct\\or~< "hn< 
output vo(t;¡gc or curren! •~ dctcrm1ncd b~ an ~n.olog onput (rrf.-r•"""' '·"''"''''' .onJ .o <.J,,.,, 
numbcr sct onto thc Di\C n1p-nop rcg1~tcr rach rcg1,tcr 011 control' orle ,,r rhe ck.-tr""' 
~\\lit: hes (ha .H•·rrdu·~). wh1ch h't!cth.:r dctcrnunc thc corr~-.:1 output A~ .i:Í.r~e·.d c·,.unpk. th 
latld,•r-netnnrJ. D re of lo¡; 5-:!~a 1~ dc"gncd lO con,.:rt :!s-compkmcnt-coJcJ hin H~ Ol1111t'>CI 

ff.rblc~ 1·1 .Jnd 1-~) onto posth\c .lllll ncg.oii\C .Jn.oln¡: nutpul. ('on,crtcr' fpr m.on' ,,, h,·r coJ, 
(e g • BCD, T,ob!.: 1-4) e!ll\t (R.:f 1 Xl 

rr lwo or more OACs mu~t be up<l,,Ícd s1mult.oncou•ly (as rn cathodc-ra>·lul'>c d1~p!.o~ ~. Se 
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7-'J. (lf an.th•¡; ~~~hfi.ll••mpul.r•l. th:: Jllul>l<-hu}Jmu.¡ '.:h~:mc ¡¡[ 11¡;. 5-.tJ rcm·¡h !nJro~.lu.tl 
lo.cdm~ ,,r (),\(" hu!Tcr rcgt,(Cr•. A'' DAC~ c.•n thcn he updJtcd ~unult.tn::pu,!~ lhr<>u¡!h ,, 
progr.t.mmcJ m'tru,·t•l'" pn>l.!uctn!! ,, .:nmm<'n trar.,rcr pul~c. lf or.c r.111~t scr\i": m::>rc 1>.\í. •, 
th.ln tha.: are rc-.rdrh a• .ul.•h!:: 1 ·O .;ddrc"cs. OAC addrc~scs c~n be cntcr-.ó ,,, d.ll.t "ort.f, mio 
a contr.-.J r.;g,~tcr {D. 1( addrc 11 ,..,,.,..,, 

t-.- A~\LOQ-_1 (~-wc_;npJ.. ,co:-..yngr!l-s 
·lna/Pt¡-lfl dttf!talulPitthr~f 1nc ,),trcrJi,<.:u ... ~~ÚlndclaltinRcf.lft. Th!:r~..lrct\"-di'•iOclp:tl' .. -- -· ~ -­

~~pe\ 1\1.111\ dt~¡\,tl \O JI melc"l' Clll!'l<>) tlllllf lf/·/oHIII!C' ¡ t>/11 1'1.111111; i e ,!he STAflT CONVEA'510N 

cllnH:>,¡nJ c.Ho·c·, .1 h10.11} 1•r lklllll.l' ~nunlt"r lo c-ounl dod.. puhc~ "!u k .m .tn.tiO¡! ~\\Ccp 
~- ~ i olt.tcc \ ~Ú-t• ..... f,._ t \\ t.'l'n ,, rrfcrcrtc \ ,,lt~l}-!1.!' 1;.·} .;~ .;J;!d-.t voJl.~!!..; 1F\.d_ p,r_t!p_t_!~t t~:t.t~ ~~l thc unk~la\\ n 

mpul (nr.•n th.: rm>r~ .•c'<.llr.ll<: ,,,.,,,,,u¡,¡ LP/IIt"lllfl.lo ,¡!une ai~/.I¡!C ofth.: tnptoll Sc·c-RCf- -- ----- ---
1:~ Ti'c countlhont.:rnun tiC\. ,tnJ lhc ( 0"\"I.R.'-.ION (."0:\-li'Lil! it•••lnd ¡!I'C' up.thc 
..:ountcr c.>n m'" 1'1: rc.~<l h~ !he dtg>t.tl compulcr !!- lo J-l-h11 pn:c1'<rt<>n ~~ ll{l"''hk. ''''h 
..:onccr,tnn 11m" hct11ecr1 O 5 .md 500 lll'ec 

r,,,lcr hrn.1f\ ADCs cmpln} lhc fet"dl•od, J""ruplc ¡!lns!r.tlcd m Frg. 5-:~¡, Aftcr thc 
STt-RT CONVERSION '1¡!11.<1 ,{,qua! /111./1< IIIC" lO \f/ a [) iC ref)I<IL'r ''' f/¡,¡¡ thc f) IC llltl{lll/ 
ll{l,'lfO\I'l'tll•'• lht• ruJnn\\ 11 cm:.lr...'q mr!lf nc;, r/(l\CÍ\ fl\ f111Hlhle A 1 oltc,qc ( ''Hifl" tl(rlf t h.ttt.!( aHy [\ 
ht~h-g.un .;mphf>crl prndu,·c, lo pe 1 outr ut ,r t he comp.mson OAC oulput '' tL><' l.rr~~ .• tnd O 
Nhcn,ts~ Thc mo'' cN>Hnonl~ !"~d •\DC fccdh . ..:>. lortc Sl'L~:c''I\CI) trico; lhc ''!'" tHt (1\llh 

,tli othcr OAC h,,, al 0). thcn lli: nw"t ''!;il>hc~nt btl. rtc (HilC•"'"""·orrr•'""'""'"' -IDC) 
Tru> rcqtm•'' 11 \Oit.t;;c comp.tr"on' f0r 11 rut' Thc CO:-..Vt"R'liON CO\IPL[T[ ll.•)l ¡;o.:r. 
u p .• tnd thr AOC out pul c.m he r~.·ó from thc DAC rq;"tcr "hcn lh<: compn,C1n \Pil.I!=C ct¡u.tlo; 

l thc unl-.rw"n rnp~l \\tlhtn onc-h.tlf of thc voll:tgc stcp dctenmncd hy thc lc.t't 't)?.ntfic·,rnt bt\. 
l 'r to 15-h>! pr.:~or,rnn t<; pO"thlc. hut th.tt 111.1} •cqtnrc JO l_o 50 ¡t<cc: 1 to 20 ¡~>ce" t~ pr,,¡l for 

-:1 'fkt(i 1-::oil'f'FCC<.<lllll __ ,--_--: "-- ___ 0- _- __ . ___ : ___ _ 

1 
1 h•: ADC ll.t¡! ,, rc,ct (clc,trcd} hy 11-c I!E-AO P. OC- in~lrucfion-and:'Cír ~y ihe START corwrno,w-l'l. -- : ___ .. 

tn\lfULlll'll 0r 1:11\lll); p¡t\\C 

___ !Ir, t\l>C oftcn <·:r•c< mullc¡Jk an.IIPg ch.mncl' throurh an ·'""log·'i'\•lchm:= <eht'I11C (rcl,1y or 
ckclroÍ1•c wl<:!:i(¡ -n-·ult.f.l[·\¡ r) -' -1 he muliq>lnc_r-_,,dl.i~e,-, ,,_dclc¡nunc~l h:- _.1 t:<>nlrol_ ret,•\!<,:r __ 
(mulli¡>fcn-r add"'" rcqr•tcr). \\ hich m.l) be ~el b) thc dt!-'lt.tl c,>mpulcr or <:an be tn••rcmcnn:tf tv - - -­
;c.tn "'Kc'<="IIC tnput ch.tnncls 

flcc·.w,c pf ti-c f•n•lc A()( con•cr'lon time. aL<:llr.ttcly t:.11ctl ,,,mphn¡! nfllmc-• .tn.tblc an.tlog 
"!!"·'!' m.t} rcqutn: .rn.ut.tln¡> \!1'"1''' .fr,.fd nrc u;f, '' h11 h holtl< lh·: ¡h;,rn.:<l.In.t!P¡: \ol!.t;!C \,tmplc 
lonc CIHilll'h for Cl>n,~r-ton fR~f 11\1 

'~111 o't!ICf llllf't>rl.llll ,111.J tnlcrc,tln;! rcrtpilcr.rl-llllt:rf.I~C ~) ,(Cill' di\Cll'-~,j 1!1 1111\ honl.. are 
c,u/wdc•-ra_¡·-ruh,· cf"rl<tl' (~<:~ 7-l-:) and co~"""""cnllnn-'y'tcnr ll:l¡•r,C,:cr' (Scc i-!4) 

modc!s for OC\\ or moddicd drivers. Rcfcrcnccs · 1 O H1d 11 g1\·e detailed 
instructions for wntmg drivers fittcd to Hcwlett- Packard computcrs and 
opcrating syr,tcms. 

5-31. lnpat/Outpu! Control S~'ittms (JOCSl. (n) Snbroutinc Call'> for 
Dc,ice Drivers. Thc suhroutine calling scqucncc for a dcvicc-drivcr 
initiator (\\ hich m¡¡ y al<;o pass paramctcrs to its continuator) must transfer· 
device numhcr and funct1on, buffer locat10n{s) nnd sizc(s). and po:ntcrs lo 
error routines. To simplify and stand.trdizc callo; for 1/0 opcrations and to 
simphfy assignment of dcvtccc; to chffcrcnt tasks {Scc. 5-30), thc bettcr mint­
computcr systems incorporatc thcir d..:v•cc-drivcr libraries into a spcct.ll 

' 'systcm progíam, thc inputfoutput control sy<;tcm (IOCS), '"h1ch is usually 
rurnishcd as part ofa monitor or e.'\ccutivc systcm (Sec 3-12). 

:,---

\\'i~h iOi.'S. tn\: d~\u·e: \!r:\l'r' tn lhc- ICH"~ lihr.!r) .u:: nt:\t:r '-•'lkJ 
drn•ct(1·. !n"t-:ad, ¡¡, 'óC!' pro!!f:llll'• n·1¡al''''"~ Y,'O call on a .. in;!lt mar.h·r 
5UO:outinl:'. !OCS. whoc flll.lr··\\orJ to cighi·\\(H\1 t:.i!lmg ~n¡ucn.;~ !-f"=Clfic<; 
d::vice, funct:om, form<thin.·~ (if :tny}, huiTcr(!-}, and crmr cxit: 

JUMP ANO SAVE IOCS 

(dcvicc/funct;nnjrormatjcodc) 
(addrc~s í'f t:rrN routinc) 
_tt:,tffor ?H~rt i_ng ~!Ó\Írc~'); 
fb•.Jíll:i' sizc) -

-, Thc prcpcr_codcs tobc uscd í' i!l he f9_t!_rH.l in your minicompulrr manual. 
Thc 10cs subroutinu p.t~'<e'- ·¡¡}~--u1r~lrí11atit;~ in--í¡;;; -¿,tlling ~cqudH.:c to 
the 11prropnatc d~·.-icc driver, calls lt'i initiator routinc, anrJ rcturno; control 
to thc ca!ling prograrn. lnh:rrupts whd1 occur during or on tcrnm.Jt!OO 
of lhe transf.::r are proccsscd cntircly by thc systcm: no intcrmpt-hnndlu:q 
suhroutincs ere rc(¡:tirt•d i•1 !In· IIH'I 's proc¡ram fRcf. 10). 

W!th su eh a syslcm. !he uc;cr program n::quircs only a singk .E>.. TEHNAL 

refcrcncc (S ce. 4-19) to IOCS for a ny anc! al! drivers. So me opcr.Jtm_e S) •;!cms, 
howevr.r, save con.: spacc hy t cqt•iring a list of thc dcviccs or dn·:c•<; actu.llly 
U5ed, e.g., 

oEXTEi-1l'JAl IOCS 3,4,7 

.s.(dhat thc loader nccd only load thc dcvicc d(ivcrs whi~h ar~ actual!y u-;d .. 

NOTf. To 111.1ko: IOCS ¡lr:,d>c.tÍ. lh..: '"'•cm!->kr u,eJ IIHhl r..:rn111 l'ttl'rn.:l hllhi<IJ<' 11> 

. _ IOCS. or el'_.: !he IOC.S 'uhrout,nc .md !he· ,,,,,,,.,,,~~;d d~\.cC dn,cr' mu'l l'<c <urr!lctl !'>~ thc 
- d'~cmhler tlsclf: }u<t -.·~ ,-r,iiic-F0RTR r\ N-l·omptkt' 'uppl~_t h.:!r "" n 1.'0 p. t>gr.• ~ltmng ~:>,_1-:m _ 

(b) Duffcr-status l\ianagcmr1:t. 1 n connect ion with appropn:1tc de\ ice 
hamllcrs. an inpal/oulput control ")'lcm abo maint;un•; .Hatu' llolil~ 

Which can spccify OC'! only dCVICC stalU~ OUl alo;o thc burfcr{'o) l'llrrt:ntly 
kcpt busy by program or dc\tCC<;. Spcci.tl IOCS-subroutinc call•ng 
sequcnccs or IOCS macros can rcad thc-;e st,ttu-; \\Ords for u~c by thc '~"'Cr 
program. Wc may al'\o have spccial IOCS subroutines or macros {c.g., 
e'NAIT 111, n) which stop tlic !'.~"' ¡wu;¡ram 1111til a rn¡uired h111Jrr i~ /rt'L' (!hi-; is 
analogom ío. but 11ot thc samr as. a '>kip loop waiting fl•r dcm . .: r.:.tdiuc~-..). 

More claooratc dcvice handlcrs may do such hufTcr managcmcnt alltn­
matically. 

(e) lOCS Macros (scc also Scc. 4-21) As a furthcr convcnicncc. thc 
largcr minicomputer input/output control systcm-; rcplac..:: cach loes 
subroutine cal! and its elabora te calling scqucncc by an IOCS macro, such as 

oWRITE 
oREAD 

a,h,c,d 
c,h,c,cl 

wherc thc argumcnts a, b, e, d spccify dcvicc, function, format, buffer, and 
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error cxit. As~cmbly-lan_!!uagc 1¡0 rrogramming thcn approa~·hc.; thc 
simplidty of roRTRAN 1/0. Wtlh vanous opti'onal' tradcolh hct\\ccn 
programming fkxththty and ~impllcity. lt is, for mstam:c. po.,.,ihlc to 
standardi1e hufTcr ~11es so that they need not he includcd ao; paramctcr~. 

(d) Dc\icc-indcpcndrnt roes {!>CC al<;o Sce. 3-12). Good inputfoutput 
control systems pcrmit dc\·icc-indcp-cndcnt programming; i.e., user programs 

""--~-,,~~f,-JP.:F~~!!_,pp,rirzh!!.r<\1. _de' ice by thc logical dcvicc numbcr to which a 
ph)'sical dcvicc (ideñtified by .a -physical·'devi'cevnumber,·.:name-,- or -codc)-. 
is attachcd through program statcmcnts. Dcvicc-indcpendcnt IOCS 

-' .-, , W111,-.-.of COI~t~,."-lq~_,l}~, reassi~n m~J~j~J-~ sim_~Jar _pcriphcraJs Such_ as tape 
drivers, but it does more. Throug1r stmplc de\ttCCLnumber reasstgnment, _. 
an othcn.,rse unchangcd program can, for instancc, either process real data 
from a communrcations interface orbe tc.;tcd w1th analogous data from cards 
or tape; ora compilcr can accept so urce progra ms from papcr tape. magnctic 
tape, ora dtsk. · 

Device-indepcndcnt IOCS subroutines or macros do not call dcvice 
drivers dircctly but rcference a dcYicc-assignmcnt tablc whtch as<;tgns a 
physicaf dcvicc numbcr to each fogicaf dcvicc numbcr. The user sets up 
his own "normal" device assignmcnts for system programs (monitor, 
assemblcr, compilcr. dcbugging program, etc.) v. hen thc computer systcm is 
first pul together: most computcrs havc a special convcrsational program 

... :·.- _. (''syste-m ·gcnerat-or~~} for this purp"-s\!._ T_lw_."~_or~al'_' d<;vice _<!_~~i$nn1en~s 
are rcestablished whcncver a system program is first loaded, ouítne--uscr·can 
changc device assignments through special commands like 

-- ~~..: . .._ ~ :::.:: .... ::_:...-==-=- ·_:_: - --
--' 3 1 tCicprintcr·bccomes - ·:.=. .ASSIGN TTYO 

1 logical devicc 3 

Thc uscr can al'>o rcqucst printout or display of the curren! device assign­
ment table. 

5-32. Di!ocu<o'>ion. A convcnicnt input/output control ·system permits the 
user to conccntrate on !liS npplications program without having to bother 
with thc mas'>IVC detail imolvcd in 1/0, bufTcr managemcnt, formatting, 
and packing/unpacking operations. IOCS is an indispensable part of 
modcrn operating systems wh1ch make 11 simple to store, retrieve, load, 
combine and cxecutc modular programs. The claborate dcvice drivers 
.and multiple subroutin'ccalls ofan IOCS system do cxact a price in computing 
time. In the most time-critica! applications, users may have to write 
simplificd dcviée drivers anCl inscrt them into their own programs. 
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--~:::....-:D_EV:ELO P M E!..:T A ND E VAL U A TI O N 
OF IMPROVEJJ rvliNICOMP-UTER __ _ 
__A_~~HITECTURES 

:::::--:--_--- - -- ~ 

INTRODüCflON ANO SURVEY 

_ .. __ 
- .. ~ - -.. ---

: -_ :-: :_o·-~---=-----=--- cc_:· __ 1:h~ :P_!_O~~es~ _o(_s~_n_ll_-_computcr design, pushcd forward by incxp~:nsivc 

logic circuíts-and fierce con~petitiori,~is -maae-morc dclrhcra.tc_ by.the n~:.:d 
to spread grievous software costs ovcr as many machines as possibk. 

----- --~ ---- - - -----

,.. 

---·--·--. .:~_a_r:d_w~n_:_and_~oft~are, in nny case, must be designcd anrl ev:\lu:!tcd 
together. Th-eir devCiopmcñt is -the systcm-designcr's response_ to widcly 
divergent markets, whose rcquircmcnls are not always wcll dcfincd for him. 
The enormous versatility of thc quantity-produccd miniproccssor is the 
key to its success, but con..,idcr jusi how \\ iltlly the~c applications. di ITa: 

l. Lngic-sctflll'llrinq all(/ timing npaatirms (as in simple proCC<;'i control). 
Scqucnccs may be complcx, but individual operations are simple ~md 
nccd not he vcry fast. 

2. SimiJ/e loc¡ic or character-ftring operatiuns, hut 1\"itl! a requircment for 
fa.it service a11d/or large t'olume (communic~ltions handling. front­
ending larger computcrs. supcrvision of time-critica! opcrations or 
measurements). Such appli.::atior.s f:t\'Or powerful intcrrupt systcms, 
direct memory access, and fast processing-but simple instruction 
sets will do. 

3. More complicated on-lim• numerical complllation.f (data proccssing. 
digital filtcring, simclation). Hcre onc nccds more advam:cd arith­
metic-evcn acccss0ry arra y or tloating-point-arithmctu: proccs"ors: 
or one tries to pass the load toa largcr computcr. 

111 
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loaders 

The purpose of this chapter is to d1scuss various lo::~der schemes :mj to present 
thc des.gn of a dir¡!ct·li~.,:ing loadcr. 

As illustrated 10 the prev10us chapter, thc us~r·s source progral'z cecks ;¡re 
usu:::lly converted to object program decks (machine langtu~e) b) :m~mblers 

and compilcrs. The loader 1S a program which accepts the cbject p;cfL:iiil ded.s. 
prepJres thes~ pro:;rams for exccution by the computcr, and lnlt!Jtes tLe execu­
tion (sce F1g. 5.1 ). 

In particular, the loader must perform four functions: 

l. Allocatc space in memory for the programs (allocation) 
2. Reso!ve symbo!ic rcfercnces bctween ooj<;!Ct dccks (luzkmgJ 
3. Adjust all address dependent locahons, such as address constants. to cor­

respond to thc allocated space (relocatio11) 
4. Physically place the machine instruct¡ons and data into memo;y (loading) 

Loader 

B 

bases 

FIGURE 5.1 Gcncd loJding scheme 

\."'-':>~' '';~ 
~
.\,,,,.,~ 

"' '' ',\\'~­,,,, \' -~ 
Programs loaded •n 'llt?·nory 

ready for execut•On 

14S 
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Most of thc cxamplcs uscd in this scction are bascd upon thc Imt Systcm/370 
assembicr and loadcr. SeVCí:ll of the altcrnative loader schemes discussed are 
based upon computcrs with a f¡xcd·\\Ord, dJTcct-addrcss instruction format, such 
as thc IBM 7094, IBM 1130, UXIVAC 1108 and GE 635. 

For simplicity of prescntation, we assume c:~rd dcck inputs- thcsc of cotnsc 
may actually be card imagcs on tape or any second:~ry storage. 

5.1 LOADER SCHEMES 

In tlus section wc discuss various schemcs for accomplislúng the four functions 
of a loadcr. It is desirable to introduce the term segm!?llt, which is a unit of 
information that is treatcd as an ent¡ty, be 1t a program or data. Usu:llly a scg· 
ment corrcsponds to a singlo! source or objcct dcck. lt is possible to produce 
multiple program or data scsm;:nts in a single sou~ce deck by means of the as­
semb!y CSECT (Control Sc>ction) pscudo-op, the FORTRA:-.! Cm.1~10N statc· 
ment, or the PL/1 EXTER01AL STA TIC data attribute. 

5.1.1 "Compile·and-Go" Loaders 

Onc method of pcrforming thc Joader functions is to have the asscmbler run in 
one part of mcmory and place the assemb1ed r.1::1chme instructions and d:J.ta, as 
they are assembled, dircctly into their ass1gned memory lodtions (Fig. 5.~)­
When the assembly is completed, the assc:nblcr causes a tr.msfer to th,e starting 
instruction of the program. This is a simple solution, involving no extra pro­
cedures. It is used by the WATFOR FORTRA); compiler and severa! othcr 

languagc processors. 

Such a !oading schemc is commonly c:~lled "compile-and-go" or "asscmble­

and-go." lt is relativcly e::~sy to implemcnt. The assembler simply placcs the 
code into core, and the "loadcr"' consists of one instructioa that transfcrs to thc 
starting instruction of the ncwly assembled progr:lm. 

Howevcr, thcre are severa! apparent dis:~d,·antJges. F1rst, a portian of mcmory 
is wasted bccausc thc core occupi~d by thc assemblcr is un:JX.!ll::tblc to thc 
objcct program. Sccond, it is nec~ss~ry to r~tr:msbrc (:ISScmble) the uc;cr's pro· 
gram dcck cwry time it JS run. Th.ird, 1! !S wr~ d!ffi.:ult to 1:~:-.J\c m'..ilt.l'k 
segmcnts, cspcci:llly if thc sourcc programs are in dificr.:nt !an~u.1~cs (e .s .. Olh' 

subroutinc in as~cmbly \angu::~g¿o and anothcr subrout111~ in rORTR.\;\ or Plíll 
This last disadv:mt:~gc m:.Jkcs it vcry difficult to produce ordcrl) rnc1Jul.H p¡,)· 

grams as discusscd m the dcsign of assembl~rs. 

(=.... 



LOADERS 
1 

Source 
pro!jram 

de e k 

Comp i/e-and-go, 
trar.s/Jtor 

!e Q., assemb/cr) 

FIGURE 5.2 "C • 
Or.ir\.J:'<:::d-:;o" loJdcr schcme 

151 

1 

i 
1 

5.1.2 General Lc=''=r ~ h· / ... __ -.... c. t:me 

Outputting the instr:J.:twns and data h ¡• 

problem of wastm;:- cr,p t"or th as t ey are as;embled circum\cnts t'Je 
1 - --v • e asscmblcr. Su·h . , ' 
oaded whenevcr the cod~ w t b e an ouLput could be saved and 

J d V as o e execu ted Th., , 1 1 
o;:¡ ed mto thc ~J- ~ '", · V ass~m:>.ed prostrams couJj b"' 
. - ·'·v -·.a m corc that the asse bl - - V 

tJon \l¡ill h;:¡ve be:n co-pl"ted) 1"h m er occup1ed (since the tran<la-
• • 

11
' •v • 1S OUtp t ~ · " 

tammg a codcd for~r a·· rl u orm, wluch may be on card• con 
••• 1 1e mstruct o · 1 • • • 

The use of an ob· '"t h ' - 1 ns, 15 ca led an object deck. 
; ... a~cK as mtcrmcdiate d . 

the preceding "co;~M ·: '·Jnd., , 
1 

ata to a\o1d onc disJdvantJoe of .• ,,.... · o se l'me " 
to the syst.;m, a lc~c.:r (F¡: 53) ~~ r:quues the addi¡¡on uf a ncw program 
instructions, data ar.d otl o· .. r . ~~ toadcr acccpts the assemblcd mJchme 
1 • - 1er m,orm:H¡on pccsent - h . ' 

paces machinc instn:.:tions d d - . m t. e Object formJt, and 
1 an a tJ m core m 

he loadcr i.> assum-~ct to be ll an cxecutable computer forrn 
-1 b • smJ er than the assemb!~ - ¡ · avaua Je to the u·'r ' r th vf, ~O t !Jl more m.::mory is 

,. • .t\ 1Ur er advJn tan e is th , 
necessJ¡y to run th~ --o-· l o a. reassembly is no lonoer 

. • F• =·Jm ata att:r d:Jtc. o 

Fmally, if all thc so~rc~ pro"r:Jnl t l . 
d ~ o • rans Jtors (as se m bl, d 

uce compJtJble obFct pronra d 1. ~: ' ~rs an compi!crs) pro-
' . o m ce"- ,ormJ!s Jnd u , . _ 

vcnt,ons, lt IS poss;¡.y, to ' t b . s~ compJtibk lHi.!.;:a"c con-
.>-~ \,r¡ e su routmes ·11 ¡ -- "' 

thc Objcct Jccks lo t:~ p·o, ·sed b l 1 J severa dHJ.:rent languag.cs Slncc 
(machiue IJn"u~'") • ' ~~, y 1 Jc o;¡der will al! be in the same "!Jnouao~" 

o ... ~\,; . o 0 .... 
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Loader 

FIGURE 5.3 Gencr:llloJder schcme 

5.1.3 Absolute Loadcrs 
o 

The simplest typc of loader schcme. which fits the general model of Figure 5.3, 
is called an abso!ute loader. In th1s scheme the ass.::mbler outputs the mJchme 
Iangu.:Jge transbtion of the so~rce progrJm in almost the SJme form as in thc 
"asscmblc-lnd-go" scheme, cxcept that the data 1s punchcd on cards (objcct 
dcck) msteJd of bcmg placed dircctly in memory. The loadcr in turn simply 
accepts the machinc languagc tcxt :md places it into core at thc loc;~tion pre­
scribed by thc as~cmbler. Th1s scheme makes more core avaihble to the uscr 
since the asscmb!cr is not in memory at load time. 

Absolute loadcrs are s:mple to implement but thcy do havc sevcr;¡J d1sJd· 
vantages. First, the progr;~mmer must specify to the assembler the address in 
core \\he re the program is to be loJd.::d. Furthcrmore, if thcre are m u! tiple sub­
routincs, the programmer must remcmber the ;~ddress of eJch and use that 
absolute address cxphcitly in lus othcr subroutines to perform subroutmc 
Iinkage. 

Figure 5.4 illustrates thc opcrJtion of an absolui<~ ~:.s.:mblcr ;:¡nd Jn absolutc 
loadcr. Th~7 programmcr must b~ carcful not to assign two subroutines to the 
samc or overbpping locations. 

The :.tAl~ prugr:~m is ass1gncd to locat10ns 100-::!~7 and thc SQRT subruutm:: 
1s ass¡_;;n.:d luc:lllOllS 400-477. lf ciJJngcs wcre nudc to MAl~ that ¡ncr..::.~scd 1ts 
lcngth to more thJn 300 b)tcs.tltc cnd of~\.\1:--.: (at !OJ + 300 = ~00) \'.cn:'cl 

ovcrlap thc stJrt of SQRT (at 400) lt woulu thcn be ncccssJT) to J~,.);n SQ:~ r 
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MAl N START lOO 
BALA 12.0 

USING I\1AIN+2,12 

L Call 

MAIN program 
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Locat1on lnscrucr,on 

100 BALA 12,0 

102 

120 L 15.14210.121 
BALA 

15,ASQAT} 
14,15 SQRT 124 BALR 14,15 

ASQRT oc F'400'} Address 

SQRT 

END of SQAT 

SORT subroutine 

START 400 

USING •. 15 

Compute 
square root 

BR 141 , Return 

END 

SOURCE DECK 1'\!PUT 
TO ABSOLUTE ;.ssE :,;s LE R 

1\iAI:\1 

SQRT 

Ob¡ect decks 

FIGURE 5.4 Abso!ute loJd~r C\:!rnple 

126 

244 

248 

400 

476 

478 

F'400' 

SORT subroutms 

BCR 15,14 

OBJECT DECK OUTPUT 
FROM ABSOLUTE ASSEMBLER 

Part !al 

Absolute 
loader 

Part lbl 

154 LOADER SCHEMES 

to a ncw location by changing its ST ART pscudo-op card and reasscmbling it. 
Furthcrmore, it would also be ncccssary to modify all oth.:r subroutincs that 
rcferrcd to the addrcss of SQRT. In slluations where dozcns of subroutines are 
being uscd, this manual "shuftlmg" can gct very complcx, tcdious, and wasteful 
of corc. 

The four loader functions are accomplished as follows in an absolute Joading 
scheme: 

l. Allocation- by programmer 
2. Lmkmg - by programmer 
3. Relocation- by assembler 
4. Loading- by loadcr 

5.1.4 Subroutine Linkages 

In tllJS scction we brietly discuss, from a programmcr's point of view, the special 
mechanism for calling anothcr subrQ!.ltmc in an assembl}' lar.guage program. 

Thc problem of subroutinc linkage is this: a main programA wishes to transfer 
to subprogram B. The programmer, m program A, could \ni te a transfcr mstruc­
tion (e g .. BAL 14$) to subprogram B. However, the assembler does not know 
the value of this symbol rcfcrenc~ and will dec!:Jre it as an error (undefined 
symbo!) un.!ess :l sp·~C!:!! mech:!n!sm h2s b~?en provicft»d. 

This mcchanism is typically implemcnted with a relocating or a dircct-lmkmg 
loadcr. Thc assembler pseudo-op EXTR::--J followcd by a l!st of symbols indica tes 
that these symbols are defined in other programs but referenced in the present 
program. Correspondingly, if a symbol is defmed in one program and rcfcrenced 
in othcrs, we inscrt it into a symbol !Jst following the pseudo-op E:--:TRY. In 
turn, thc asscmbler wul idcrm the loader that these symbols may be refercnced 
by othcr programs. For examplc, the following sequcnce of instructions may be 
a simple calling scquencc to another program: 

MAl N START 
EXTRN 

L 
BALR 

END 

SUBROUT 

15,=A(SUBROUT)} CALL SUSROUT 
14,15 

The above sequcncc of instñtctións first d~cbrcs SUBROUT as :m C\.t~rnJ 
v.ariablc, that is, a VJr;ablc refcrcnccd but not dcfincd m thisprogratr -·,e kuJ 
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instruction loJJs tb~ :Jd;:h::-ss of that vJriJble into register 15. The 13.-\LR in· 
struction bran..:hes to the cont.:nts of rcgistcr 15, \'.bch is th.: adJrcss of 
SUBROUT, :u:J !~~\.:; rhc • •• llt:c of thc ncxt instruction in reg¡;;~r l-L In most 

assembtics we nu~ s::..-: ;¡!y UóC a CALL SL'BROUT nucro. whi.:h !S trJnsl::tcd by 

tl:c ;m.:mbler into J .. :::!::;:; scq ucncc as shO\\l: above. 

Now we may see t::e r~a~on for programmin:; convcr.t:c:-:,. s:n.:.: i~ 1s neces~Jry 

for both the c:::ll.:r :1:1d calkd subprograms to coopcrace. On J 360 \vC observe 
the comcntion that rc;is:u 15 is uscd as J link::Ige and b~..;.: r~,;:sc.:!r. 1'\ote tlnt 

the calter in th~ ::!!.JO\~ ¡:Ho~ram h::!s loadcd re gis ter 15 \; ith ti:~ b:;tntang al!dress 
of the subroutn;.: b.:ing ..:::!lled. Thus the cJ.!kd subrouti:1~ dJes nar h::.· . .:> to loJd a 

base reg1ster. Re;i~tcr 1-l contJ.ins the rcturn addrcss oi r:1c CJ!ler. The pro­
grammer must not u;e rcgbter 14 within a subproFJm unlc;s h~ savcs its 
contents and rcst•):es th.cm b::fore he returns. A t;, pica! seque:1ce for subroutines 
is: 

SU8ROUT START 
USit\IG 

SR 
Er~o 

•,15 

14 

No E.\LR Ííi5clll'. uo:1 is necessary at the bcginmng ;ince regisier 15 hJS alrcady 
loaded with thc :!dcre:;s of the start of t!Hs pro~r:un. Th~ BR ¡; ¡¡-¡;ttu•:uon is an 

uncond,ttional brJ:-,ch to the addrcss contained in register J-1-, \\hich i; the return 
address of the cJ~! -g prog::1m. In Appendtx B v,e pres.:nt m more detJi! the 
methods that are r: pi.:JI!y uscd on a 360 2nd d1scuss fu:ther tl~e calling se­
quences. The follo'.· ... n¿ d¡;cu:;:;¡on introduces the b:1sic m;;:ch:mism use d. 

ASSDIBLER LI~K..-\GE PSEUDO-OPS 

SubroutiM and Entr"/ Naming (START and EIJTRY Pseudo-ops) 

A 

81 
82 

START 
ENTRY 

The uses of mult!ple entry points are: 

l. Common cocl.;;g 

defines subroutine A 
81,82,83, .•• def1nes loca~ions B 1, .. 

Bnas~dd1:icna~ subrouttne 
entry poinu 

E:-..3.n1ple. SI\" r,d COS mvolvc basically thc s:1me comput:!tion<> and could 
cmp!c;- d1fferent cntry points of the s:1m~ routL!e. 
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2. Collec:ing rogether relatcd rcutines fcr convenience. 
3. Bettcr or convenient access to common data base 

SUBROUT!NE REFERENCE (EXTRJ.-...¡ PSEUDO-OP) 

Asscmb[er symbols .;re ei:her interna! or externa!. Exlemal means that their 

value is not known to the ,wembkr but will bi> providec! by t!le loadcr- the 
action of the loadc, wtli be ciscus~d in the following section. 

EXTRN E1,E2,etc. 

defmes E 1, E2, etc. as exterml symbots; to be u sed in address constant~ 

Example CALL BETA becomes: 

5.1.5 Relocating loaders 

EXTRN 

L 
BALR 

ABETA OC 

BETA 

15.ABETA 
14,15 

AIBETA) 

To avoid possible reassembling of all subroutinr.s when a sing~e subroutme is 

ch:mgeri, and to perform the tasks of altocation and lir.kiñg for the programmer, 
the general class ofrelocating loaders was introduced. An example of a relocating 
loader scheme is that of the Bmary Symbolic Subroutine (BSS) loader such as 
was used rn the IB!\f 709-t, IBM 1130, GE 635, and UNIVAC 1103. The BSS 
loader aJlows many procedure segments, yet only onc data segment (common 
segment). The assembler assemblcs each procedure segment mdependently and 
passes on to the loader the text and information as to relocation and mtcrscg· 
ment references. 

The output of a rclocating asscmbler using a BSS scheme is the object 
program and miormation about all other programs it referenccs. In addllion. 
thcre 1s mformJtJon (relo..:Jtion mformatwn) as lo loc~t10ns in tlus program that 
nced to be ckmgcd 1f 11 ts to be loaded in an arb:trJri' pb.:.: in co.c:, 1 e., tht: 
locat10ns v.luch are dep::ndcnt on the core allocatton. 

For cach sourcc program the :Jsscmbler outputs a tcxt (m:!chine tr<Lnslat!On of 

the prognm) pref1xed by a transfcr vector :h:Jt conS!Sts of adJrcsses cont::~ining 
nJmcs of th.: 'SUbioutme~ rc:~rcnccd by thc sourcc probrJm. For e~Jmplc, tf J 
SquJrc Root Routmc (SQRT) wa~ rcfcrcnccd and wa~ the fiN subrouunc olkJ. 
thc ftrst locJtion m thc trJnsfcr vector \\Oul..! contJlll the s:n:holsc n.!Ill': SQI~T 
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Thc statcmcnt call!ng SQRT would be translatcd into a tr::nsf~r instruction 
indicating a brancl1 to the locauon of thc transfcr vector assoc1.!t-'d with SQRT. 

The asscmblcr wou!J also provide thc loadcr with additi01ui m:'orm:ltion, such 
as the lcngth of th~ cnt:re prograrn and thc léngth of thc trans:".:r \c.:tor portian. 
Aftcr loJding thc text :!nd thc transfcr vector into core, thc lo::i.:r would load 
each subroutinc id.:n•di>!J il1 the trJnsfer vector. It would th-::1 p!Jce a transf.:-r 
instruction to the correspondm;; subroutme in e:~ch entry in the tr:msfer vector. 
Thus, thc exccution of thc cal! SQRT statement would result in J brJnch to the 
first locJtion in rhc trJnsfer \CCtor, wl11ch would contJin a t:.1nsfer instruction 
to the location of SQRT. 

The BSS Ioadcr schcme is often used on computcrs with :1 fi:-.d-Iength direct­
address instruction form::t. For e>..J.mple,ifthe format of thc 360 RX instruction 
were: 

~-------32 

OP Rl X2 A2 

8 4 4 16 

whcre A2 was thc 16-b:~ absolute address of the opcr~nd, th!' '·'· c~!j b;; a direct 

udúress instcuction form:lt. Such a format works if there are l¿;; th:m 216 = 
65,536 bytes of storage, as was thc case with most of thc eurl) camputers and is 
still true for many of the currcnt "minicomputers" and "midico;:-::~uters." 

Since it is nccess:1r: to rdocatc the addrcss portion of evcry ins:ruction, com­
putcrs with a direct-addrcss instruction format have a much more severe rcloca­
tion problem than thc 3ó0. In the absence of 360-type b15e registers, this 
problem is often sol ved by the use of "relocation bits." The as;ernbkr associates 
a bit with each insrruction or address field. lf this bit equ:1ls one, then the cor­
rcspondmg 2ddress fdd must be rcloc:~ted; otherwise the fie!d is not relocatcd. 
Thcse rclocation indicltors, surprisin;ly enough, are k nO\\ n as relocation bits 
and are included in the objcct deck. 

Figure 5.5 illustrates a Simple assembly 1angua¡::e pro,¡;ram wr:tt.::n for a hypo­
thetical "dncct-address" 360 that uses a BSS lo:1dcr. The fun.:tton of the pro­
gram is not m1portant: it supposcdly calls the SQRT subroutme to g>!t thc squart' 
root of 9. lf the result iS not 3, il transfcrs to a subroutine c:!l:.J ERR. Since 
this is a d~rcct-address computcr, there is no base rcgister field in tl:e object code 
and no nceJ for J l'SI~G r~~udo-op in thc source pro,;rum. Thc E~ TR:'J pscudo­
op ident¡f¡cs thc s;.r.1bu:s SQRT and ERR as thc mmes of oth:r subroutincs; 
since thc locations of thcsc s:mbols are not defined in thh su'::rwut;ne, they are 
callcd extcrw · ·rm/;ols. For cJ.:h externa! symbol the asscmbl~r s.:;¡.:rJtes a four-
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byte fullword at the bcginning of thc program, containing thc EIICDIC char­
actcrs for the symbol (for simphcilY, we are ¡¡ssuming that symbols are not more 
than four charactcrs long). Thcsc extra words are callcd transfcr vcctors. Evcry 
refcrcnce to an externa! symbol is assigncd the address of thc corrcsponding 
transfer vector word. In addition, for evcry halfword (two bytes) in the pro­
gram, the assembler produces a separate rclocation bit. For cxample; the as­
scmbled instruction ST 14,36 is assigncd rclocation bits 01 since the first 
halfword contains the op-codc, register ficld, and index ficld whiéh should not 
be relocated but the second hJ!fword contains the relative address 36, wh.ich 
must be relocated. 

Program length = 48 bytes 
Transfer vector = 8 bytes 

Source program 
Re/, 

MAl N START addr. · Relocation Objcctcode 
EXTRN SORT o 00 'SORT' 
EXTRN ERR 4 00 'ERRb' 
ST 14.SAVE Save return 8 01 ST 14,36 

address 
L 1,=F'9' Load test 12 01 L 1.40 

val u e 
SAL 14,SORT C.:all SüRT ·~ 01 8AL 14.0 IU 

e 1,=F'3' Compare 20 01 e 1,44 
answer 

BNE ERR Transfer to 24 01 Be 7.4 
ERR 

L 14.SAVE Get return 28 01 L 14,36 
address 

BR 14 Return to 32 o BCR 15,14 
caller 

34 o (Skipped for alignment) 
SAVE os F Temp.loc. 36 00 (Temp location) 

END 40 00 9 
44 00 3 

FIGURE SS Asscrnblr of program for "diicct-address" 360 

•' 

Figure 5.6 illustratcs the contcnts of mcmory after thc programs ha\c bccn 
loaded by thc BSS Io:~dcr. Dased upon the rclocation bits. thc Ioadcr hJs 
rclocatcu thc adJrcss ficlus to' corrcspond to thc alloc:~tcd address of ~1.'\.1:-.l 

\\ hich is 400. Using thc progr:un lcngth informJtion, thc lo:;der p!accd th;.- sub· 
routincs SQRT and ERR at thc ncxt availJble Iocations wluch \\ere 4-~S and 
S 26, rcspcctivdy. F in:~lly, thc transfcr \ ector words wcrc changcd to wntain 
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404 
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416 
420 
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428 
432 
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440 
444 
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o 
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8 

12 

16 
20 
24 
28 
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36 
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44 
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BC 15.4.18 

BC 15.526 
ST 14.436 
L 1.440 
BAL 14,400 
e 1,441 
BC 7.404 
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(Temp loe) 

9 

3 
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.......... , 1 

Len~th = 48 b·, ~~; 

l -L! l Length = 78 byte> 

' 

FIGURE 5.6 BSS lo:~ding of programs for "du.:ct acccss" 360 
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branch instructions to the corresponding subroutmes. Thus, the four fün.:tions 
of thc loJd.:::r (allocJtion, linking, rclocatiun, and loadmg) were :ll pc;:·,xmcd 
autornati~JIIy by the BSS loJder. 

It should O(: notcd that the relocation bits are uscd to so!vc the p;ob:.:::m of 
rc:ocat¡on, thc trJnsfcr vector is uscd to solv~ thc problem of link.in.;;: c.:-.d the 
program length mform:J.tiOn IS uscd to solvc thc probkm of alloc:J.tion. 

Therc ore s-:vcral di~Jdvant:J.ges to the B<;S )o:¡der schcmc. FHst, the t~J'1sicr 
vector link:lgc is only uscful for transfcrs, and is not well-suitcd for lo:;it.16 or 
stonng externa! d~ta (dJta lo::::ted in anothcr proccdurc segment). Se.:ond, the 
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tr:msfer vector increases the sizc of the object program in mcmory. Fina!ly, the 
BSS loadcr, as dcscribed, processes procedurc segments but docs not factlitate 
access to data segmcnts thm. r.:an be sharcd. This la~t shortcoming IS overcome 
in many BSS Jo¡¡dcrs by al!owing or.e comrnon rlata segment, often called 
CO.l!MON. TlllS facility is usually i.mplcmcntc-d by extcnJing thc reiocation bits 

se heme to use t\\ o bits per haifw Jrd addrcss ficld: if thc bits are Ol, the half­
word is relocat~d relati\·e to the proccdurc scgment, and if th(:y are lO, it is . 
rclocated relJtive ¡o ;:lte adC:rcss of thc single common d<!ta segmcnt. If the bits 

are 00 or 11, the halfword is not relocated. 

5.1.6 Direct- Linking Loaders 

A direct-Iinking loader is a general reloeatable !oader, and is pcrhaps the m0st 
popular Jo;¡ding scheme preséntly uscd. Throughout our discussion of com[lilers 
in later sections, \W will assume that the systCP1 employs such a loader. 

The dircct·hnkmg !oadcr has the advantJgc of allowmg the programrner mul­
tiple proccdure segments and mult1ple data segments and of giving h1m compl·~te 
freedom in refcrcncmg data or instructions contamed in other segmcnts. This 
provides flexible interscgment referenciP.g and accessing ability. wtule at the 
same time allowing inucpendent tramlatiom of p10grams. 

A design of a dJrect·hnJ..ing loadcr will be g¡vcn latcr in tlús chapt~r. In lhis 
section we presenta genera! format for the asscmbler output w1th such a ioading 
se heme, patterned :lfter those u sed !n the lB:\t 370. While the formats thcmselves 
are somcwhJt arbitrary, the information that the assemblcr must gi\C to the 
loadcr is not. The assemblcr {translator) rnust give the loadcr the follow:ng 
information with e:1ch procedure or data segment: 

l. The lcngth of segment 
2. A hst of all the symbols in the segment th:Jt may be refcrenced by other 

segments and then relat¡ve locatiOn within the segment 
3. A list of all symbols not defincd m the segment but rcferenced in the scg­

ment 
4. 1 nformation asto where address constants are Iocated in thc,scgment anda 

de~.:nption of how to revise thcir valucs 
5. Tite machmc code trans!Jtton of the sour.:e pr_DgíJm and the rel:ltive ad­

drcsses ass1gncd 

A s1mplc examplc usihg a dlrcct-linkmg loadmg sch.:mc is pr.:scnteJ'In F1surc 
5.7. A sourcc progrJITI (kft-hJnu column) IS tunslJt~d by an JSS~mbkr to pw· 

du.:.: the object code dcp.cted 111 the nght column. :-o!n.:mon¡c nu-:hm.: cuJ,·, 
have agam bccn uscu 111 the tuns!JtiOn sh0\~11. 
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Card 
no. 

1. JOHN 
2. 
3. 
4. 
5. 
6. 
1. 
8. 
9. 

10. 
11. 
12. 

13. TABLE 

14 POINTER 
15. RESULT 
16 SAVE 

17. ASUM 
18. 

Program 

START 
ENTRY 
EXTRN 
BALR 
USING 
ST 
L 
L 
BALR 
ST 
L 
SR 

oc 

oc 
DS 
os 
oc 
ENO 

RESULT 
SUM 
12,0 
•,12 
14,SAVE 
1,POINTER 
15,ASUM 
14,15 
1,RESUL T 
14.SAVE 
14 

F'1,7,9,10,3' 

A(TABLE) 
F 
F 

A(SUM) 

Re/. 
loe. 

o 

2 
6 

10 
14 
16 
20 
24 
26 
28 
32 
36 
40 
44 
48 
52 
56 
60 
64 

FIGURE 5.7 Assembly source progro~m and its translation 
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Translation 

BALR 12.0 

ST 14,54(0,12) 

L 1,46(0,12) 

L 15,58(0,12) 

BALR 14.15 
ST 1,50(0,12) 

L 14.54(0,12) 
BCR 15,14 

1 
7 
9 
10 
3 
28 

? 

Card number 14 of F1gure 5.7 contains a Define Constant (DC) pseudo­
operation which instructs the assembler to create a constan! with the value of 
the address of T AB LE, and cause tlus constant to be placcd in the location 
labellcd POI:\TER. At th1s pumt the assembler does not know the final absolute 
address of TAllLE since tt has no idea where the progrJm 1s going to be loadcd. 
1t knows, however, that the addrcss is the :!8th byte from the beg.nntng of tlus 
program. The assemblcr will put a ::!8 in POINTER and tnform the loader that 
the content of location POI:'\TER 1s incorrect if this program is loaded anywhere 
except absolute locat10n O. For instance, 1f this program were lo~ded in locat10n 
2000, the loader would have to change the contents ofPOI~TER to be a 2028. 

Card number 17 of F1gure 5.7 is another OC pseudo-op, which mstruct~ the 
assembler to create a constan! with the value of the address of the subroutme 
SUM and c,!Use this constJnt to be p!Jct!d in thc locat¡on lab.:t:.:-ct ASL~I. Strlu: 
the assemblcr has no 1deJ where the proccdure St,;~t W11l be lo:::ded, 11 cannot 
gencratc tl11s constan!. 'ihus. the asscmblcr must prov1de ¡nfürmation to the 
load.:-r thJt will c:n1se it to put the fmai nbsolute addrcss of SUM at the 
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designated location (ASmt) when the programs are loaded. 
\Ve have n:uncd the program JOH;'\1. Hcnce, JOII:-1 is a symbol that may be 

refcrenced extcrnally or "callcd" by othcr programs. \Ve also have stated that 
thc symbol RESL1LT may be refercnccd by othcr programs. These facts must be 
passcd on to thc loader. 

The design of the direct-linklllg loadmg schemc wc prescnt is similar to the 
standard ID~! 370 schemc. Thc asscmblcr produces four typcs of cards in the 
object deck: ESD, TXT, RLD, and END. Externa] Symbol Dictionary (ESD) 
cards contain information about all symbols that are defincd in this program 
but that may be rcferenccd elscwhere, and al! symbols refcrenccd in this program 
but defined elscwhcre. The text (TXT) cards contain the actual object codc 
translated version of the sourcc program. The Relocation and Link..!S"' D;rf'ct·.•:;.· 

(RLD) cards cont:~in information about thosc Iocations in the program whosc 
contents dcpcnd on the address at which the program is placed. For such loca­
tions the assembler must supply information cnabhng the loader to correct thcir 
contcnts. Thc [;'\10 card indic:~tes the end of the object dcck and spccifies the 
starting address for execution if the assernblcd routine is the .. main" program. 
Figure 5.8 dcpicts the information that \\ ould appcar for the prcceding probram 
on the ESD, TXT, RLD, and END cards. 

The rcferencc numbcrs in Figure 5.8 do not actually appc:u on the cards. They 
are for the bcncfit of thc rcader, and eJch denotes the card number of the 
original program that resulted in thc objcct dcck card; e.g., thc first RLD card 
rcsulted frorn card number 14 in the original program. 

As shown in Figure S .8, thrcc ESD cards are necded for the program JOHN. 
The first card contains the namc of the progran1 JOIIN, which m ay be rcferenced 
externally. Thc "type" mnemonic we ha ve u sed is SD, which means the symbol 
is a Segmcnt Dcfmition. The relative addrcss of JOHN is O, and the length is of 
the progran1 that JOHN denotes, 64. On the next ESD card appears the symbol 
RESULT, which is a Local Dcfinition (LD); its rclati\'c address is 52. The final 
ESD card spccifies that the symbol SU\l1s :.1n External Refcrence (ER). \Ve \\Jll 

sce 111 a larcr scction how the ER symbols are actually uscd m conjunction with 
thc RLD cards. 

The TXT cards contain thc actual asscrnbled pro¡;ram. The form:lt and use of 
1 

thcse cards are similar to those for the absolutc Ioader. ¡ 
The RLD cards contain thc following information: 

l. The loc:.~tion of each constan! that needs to be chang.:-J dueto relocation 
:2. By what it has to be changed 
3. The opcration to be pcrformed 

Thc first RLD c:ud of our exampl.:- contJins a 43, dcnoting thc rclatl\ e lo.-.1· 



ESO cards 

Reference 
no. 

TXTcJrds 

RLD cards 

1 
2 
3 

Reference 
no. 

4 
6 
7 
8 
9 

10 
11 
12 
13 
13 
13 
13 
13 
14 
17 

Reference 
no. 

14 
17 

Ob¡ect deck 

Symbol Type 

JOHN 50 
RESULT LO 
SUM ER 

/ 

Relative 
location 

o 
2 
6 

10 
14 
16 
20 
24 
28 
32 
36 
40 
AA ..... 
48 
60 

Symbol Flag 

JOHN + 
SUI\1 + 

( 
/ 

( 

Rei.Jth•e 
loca non 

o 
52 

Obiect 
code 

BALR 
ST 
L 
L 
BALR 
ST 
L 
BCR 
1 
7 
9 
10 
3 
28 
o 

Length 

4 
4 

/ 

/_ / RLO 
L ./ 

/ / TXT. 
/ 

./ ESO 

/ 

FIGURE 5.8 [\Jill 1lk obj~ct de..: J.. for ..t ducct·[mkm¡; [oader 

t63 

Lengch 

64 

12,0 
14,5t.{0,12) 
1.46(0, 12) 
15,58(0,12) 
14,15 
1,50{0,12) 
14,54{0,12) 
15,14 

Relative 
locatio"' 

48 
60 

ENO 

LOA. -~ SCHEMES 

tion of a cunslant that must be chzn¡;cd; a plus s¡gn denoting that sornething 

must b<: adJcd to the con~tant; and the symbol ficld indicatin~ that the value of 

externa! S)'l_nl.Jol JOH~.; ITIOI~t lJc addcd to relative location 48. The rclativc value 

of JQH).J is O. Whcn the prog;am IS ioadd, tl1e Joader will determine its absolute 

val u e. 
The sccond RLD card of our examplc contaim a 60, denoting the ¡elative 

location of a con:;tant that must be changcd. Thc syrnbo! fi~ld inJicates that the 

value of thc externa! symbol Sillt must be addcd to rebtive location 60. Al· 

thoug.h the asscmbler does not know the absolutc addrcss of SUM, the loader 

will later be ablc to fill ¡n t11e correct value. 

The proce~s of adjusting the address consta.1t of an intcrnal symboí, such as 
T ABLE, is norm<'IIY callcd rclocat10n; whilc the proccss of supplying t11e con­

tents of an addrcss constant for an externa! symbol, such as Sli:0.1, is norm:~lly 

refcrrcd to as linking. Sign!.ficantly, the RLD card mechamsm is uscd for both 

cases, which explains why thcy are called rclocation a11d linb.;e director:; cards. 

The reader may wish to compare this tcchn¡quc with the mecharusms used in the 
BSS rclocating Ioader described carlier in this chapter. 

5.1.7 Other loader Schemes - Binders, linking load~rs, Overlays, Dynamic 

Binders 

Theie a1 e numerous variation::; to the previously presented loader schemes. 

Onc disad\•antage ofthe direct-linbng Ioadcr, as pres::nted. is that it is neccssary 
to allocate, rclocate, link, and loJd al! of the subroutines each time in order to 

execute a program. Smce thcrc may be tens and often hundr~<.!s of subroutines 

involved, especially when we include utility routmes such as SQRT, etc .. , this 

loadmg process can be extr~m~ly time-consuming. Furth·~rmore, even though the 

loadcr program m ay be sm::ller than the assembler, it do es absorb a considerable 

amount of space. Thcse probli::ms can be ~o! ved by dividing the lo:::di.:1g preces;; 

into two separa te programs· a bmder anda module loader. 

A binder is a pro~ram th:lt performs the same functio:Js as the direct-linking 

loader in "binding" subroutines togethcr, but rather than placmg the rclocated 

and lmked text directly into memory, it o u tpu ts the tex t ;¡s a file or card deck. 

Thrs output file is in a format ready to be Joaded and is ty~icJ!ly calkd a loaJ 

module The module loader mere!) has to phy~1c;;Hy lu.1d the module into cotc.:. 

The bwdcr csscnttally pcrforms the functJons of allocatiOn, relocauon, and lmk· 

ing; thc moduk loadcr mcrcly performs the function of loading . 

Thcre are two maJOr c!Jsscs of bmders. The stmpkst t} pe produ.:cs ::: lo~J 

moduk ti1Jt looks vc:ry muen lik~ a Sir.glo! absolute loadcr d~ck. Tlus mc:'ns thJt 

the spcciflc core allocation of the pro;;ram is performc..: Jt thc time thJt tk 
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subroutines are bound togethcr. Since this kind of module looks like an actual 
"snapshot" or "i.InJge" of a section of core, 1t is called a corc? imagc module and 
the corre.;ponding binder is c:llled a core imagc bui!der. A more sop!tisticatcd 
binder, called a lmkas;c editor, can kecp trae k of the re! oca tion infomut10n so 
that the resulting load modul<!, as an ensemble, can be further re!ocated and 
thereby loaded anywherc in core. In this case the module loader must p<!rform 
additwnal allocation and relocation as well as loadi.I1g, but it does not have _to 
worry about the compl.::x probh:ms of linking. 

In bot!1 cases, a progr:1m that is to be used repeated!y need only be bound 
once and then c:!n be lo:!ded whcncver required. The core i.Inage bUilder binder 
is rebtivdy simple and fast. The link:J.ge eJitor binder is somewhat more complcx 
but allows a more tlex¡ble :J.llo.::J.tion and loading scheme. 

D~Al\!IC LO~\DI0:G 

In each of thc prcnous I0:1Jer schernes wc have assumed that all of the sub­
routines ne<!ded ar<! Ioadcd into core at the same time. If the total a.nount of 
COfC ;cqutred by all thesc subroutlnCS exceeds the amount avaiJab!c, as !S COffi· 

mon with large programs or snull computcrs, there is trouble! There Jr<! severa! 
hard,·;ard techmques, such as p.!¿ing and scgmentation, thJt attempt to salve this 
problcm; thcsc are d1scussed in Ouptcr 9. In this section we wlll prescnt convcn­
tional dynam!c ln1ding scht:-mes b:!s!!d up0n t..'1e use of ~ b¡nd.~r pnor to lüaUiug. 

Usu;,.lly the subroutincs of a program are necded at different ti;nes: for cx­
ample, pass 1 and pass 2 of an :1ssem~!cr are mutually exclusive. By explicitly 
recognizing which subroutincs c:~ll othcr subroutines it is possible to produce an 
o ver/ay stn1cture that idcnt¡f¡¿s mutually exclusive subroutines. Figure 5 .9a il­
lustrates a program consisting of five subprograms (A,B,C,D andE) that require 
IOOK bytes of core. Tlle arrows imlicate that subprogramA only c:J.Ils B, D and 
E; subprogram B only calls C Jnd E; subprogr:un D only calls E; and subprogr:J.ms 
CandE do not call :~ny other routincs. Figure 5.9b high.l:ghts the mtcJdcpend­
encies bctween thc proccdurcs. ~ate that procedures B and D are never m use at 
thc sume tune; nc¡ther are C and E. lf we load only those procedurl!s that are 
actually to be used at any particular ti.Ine, the amount of core necded is equal to 
thc longest path of thc owrlay structure. Th1s happens to be 70K for the ex­
ample in F1gure 5.9b - proccJurcs A, 13, and C. F1gure 5.9c illustrates a storage 
assignmcnt for each piOc;:dure consist.::nt with the overlay structure. 

In arder for thc mo:rby structure to work it i> neccssJry for the nwdul<! lo:~der 
to load the various proccdures as they are necJed. \Ve will not go into the¡r 
s¡:¡ecific dcta1ls, but thcrc are mJny bindcrs CJpJble of processmg and allocating 
an overlay structurc. Tl:e port10n of the loader th<~t actually mtercepts the 
"calls" and loads the ncccssary procedure is called the overlay supervisor or 

.... 
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1 
A I20KI 

~ 

B (20K) ' 

100K 
e !30Kl 1....-

1' 

,.. 
O (10Kl 

~-E I20K) t>--
' 

(al Subrout1ne ca lis betv1een the procedures 

r 
70K 

j 
(b) Overlay structure 

FIGURE 5.9 Othcr loJding schemes 

o.-------, 
A 

20K 1----r---1 
o 

(e) Poss•ble storage 
ass1gnment of 
each pro~edure 

stmply the flippcr. Th1s overall scheme is called dynamic loading or load-on-ca/l 
(LOCAL). 

DYNA~IIC LI~KL\'G 

A m<~jor dis<~dv:~ntagc of all of the previous loading schcmcs is th:J.t if a subroutine 
is refcrcnced but nc\er exccutcd (c . .g., ifthc programmcr had placcd a call statc­
mcnt in hts program but tl11S statcmcnt was ncvcr executcd bc.:ause of :1 con­
dition that brJnchcd around 1t), the lo:~dcr would still incur thc ovcrhcad of 
lmkmg thc sub ro u tine. 

Furthcrmore, ull of thcsc schcmcs rcquirc thc programrncr to cxphcitly namc 
all proccdures that might be callcd. It is not poss1ble to wntc programs Js 
follows: 
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READ 

ANSWER 
PRINT 

SUBNA~E.ARGUMENT 

SUS~:;;:.~E (ARGUiv1ENTI 

ANS'.VER 

'!67 

where the n:Jmc ofth;: Sl!~rcn.:tin~ c~.g., SQRT,8l~E. etc.) is :m input p:lramcter, 
SUBl\A\lE,just ¡;k<! 6~ ot!1~r dJta. 

A very general t} p~ of lo::dmg schemc tlllt \Ve will discu;s in Ch:1ptcr 9 is 
C:!tld dyn:Jm:c hn.!~i:1g. This is a mechJnism by \'>hi;h 1.:>::;:;::; and lin!-..in~ of 
externa! rcferences :1rc postroned until execution tim;:. Ti;Jt is, the asscmblcr 
produces tcxt, b.nd.n¿, a:1d rdocJtion infcrrmtion from a so!lrce I.Jngu:J;c d.::ck. 
The Ioad::r loads orJy thc m:1in progr:11n. lf the m:1in progr::m shou[d execute a 
tramfer instruc¡:o:1 to Jn C:\tCrnJ! addrcss, or shou!d rde~c:¡.:e J.:1 externa! \ari· 
ablc (that is, a vJr!;_¡blc tim lus not bcen dcfmed m this p:o:cJur;: ~cgm.::nt), the 
loadcr is calkd. Onl.>· th.::n is the scgrncnt contJming t!.:: cxternJI rdcrcnce 
loaded. 

An ad\·antagc here is thJt no m·erhead is incurred unless t!:e procedure to be 
cal1cd or rcfcrcnc::d is :Jctu:!'ly uscd. :\ further aJ\'ant:J,;:: is ~!;Jt the systcm can 
be dynamically rcconfi;ur~d. Thc mJjor dra\'. back to U>:I'~ t!1is type of lo:lding 
schcme is the cn!!s!d~r:!b!:: 0\'::::h::ü.d and co¡¡·,pk¡.,ii> in::urrcd, due to. the fJct 
that we have postpon.:d most of the biP.ding process unt:l cxe.:ution time. 

5.2 DESIGN OF AN ABSOLUTE LOADER 

\Ve introduce the gl'ncral tapie of Ioadcr desi~n by presentinci a design of an 
absolute Ioader. 

With an absolute Io::ding schcme the progr:Jmmcr and the assembler perform 
the tasks of a!!ocJtion, relocJ tion, and lmking. Thc;eiore, it is only necessary for 
the Ioadcr to read cards of the obJCCt dcck and move the text on thc cards into 
the absolute locations specliied by thc assemb!er. 

There are two types of mformJtion that the object de.:k rnust communicate 
from the asscmblcr to thc loJd..::r. First, it must con\'cy th..:: m:!chine instructions 
that the asscmbkr h:~s cr~.!t;::u Jlong wtth the as:.:3ned cor.:: locat10ns Sccond, 
it must convey thc cntry point of thc progr:m1, \duch is \\!:ere the Ioadcr 1!> to 
transfer control when al! instructiOns are loJdcd. Assur.ú·3 th:-tt this informJ· 
tion is tr:111srmttcd on cJrds, a posstblc formal ts sltO\\n in F.:;:.nc 5.!0. 

Note th:!t in the C:!rd format shown thc instructions :;re storcd on the card as 
one eme byte pcr column. For each of the 256 posstblc cont.:onts vf Jll eight·bit 
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byte there ;5 a correspondin;; pun::hed card code (e.g .• hexadccJmJI 00 is a 
co!umn pu,¡ched with f1ve hoh:s, 12-0--1-S-9, whereas a hexadecimal Fl is a 
column \\ ith a sir:f;Ie punch i!1 row 1). Thus, wher. a card is read, it is stored in 
coreas 80 contiguocs bytes. 

Texr cards (far im·m--cticns and data} 

Cardco!umn Con renes 

t Card type = O (for text card identifier) 
2 Count of number of bytes ( 1 byte per column) of information on card 
3·5 Adcress at which data on card ;s to be put 
6-7 Empty (could be used for validrtV checkrng) 
8·72 ln;tructions and data to be loadcd 
73-80 Card sequcnce number 

Transfer cards (to hold entry point to program} 

Cardcolumn 

1 
2 
3-5 
6-72 
73-80 

Concents 

Card type = 1 (transfer card identífierl 
CotJnt =O 
Address of entry point 
Empty 
Card sequence number 

FIGURE 5.10 Card formats for an absolute loadcr 

The algorithm for an abso!ute Ioader is quite simple. The object deck for this 
loader comists of a series of text cards terminated by a transfer card. Ther~fore, 
the Ioader should read one card at a time, moving the text to the lo:ation 
specified on the card, until the t,ransfcr card is reached. At this point the as­
sembled instructions are in core, and it is only necessary to transfcr to the entry 
point specificd on the transfer card. A flowchart for thts process is illustrated 
in Figure 5.11. 

5.3 DESIGN OF A D!RECT·UNKING LOADER 

In this section a des1gn of an IBM 360-type dircct·lin!.:ing loader is prescntcd 
Certain obscurc fcaturcs (prunarily rclated tÓ thc IB~t PL/1 unpkmentJtwn and 
overlay structurcs) ha ve be en omitted, and where altcrnativc formats are po5sible, 
only the Simplest is given. 

The design steps follov .. cd will pJrallel those taken in the dcsign of an as· 
scmbler (Chapter 3). Note that bccause the ~.hrcct-lmking loJuer necJs to know 
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FIGURE 5.11 Absolute loadcr 
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Ty;>e= 1 

Transfar to locat10n 
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the absolute (load ti.rnc) values of sorne externa! ~ymbols b~fore it can perform 
the modifications on address constants, it requircs two pass¿s. 

5.3.1 Specification of Problem 

The organization of th~ IDM 360 facilitates the tasks to be performed by i~s 

relocating loader. On the IBM 7094, a dircct Jccess m achine, it \\as neccssary to 
relocate thc address portian on almos! all instruchons. In :I:e 360, instruction 
reloc_Jtion 1s accompbhcd by thc use of thc base rcgistcr, v;l;::~ JS set by nc1ther 
the assemblcr nor th;: loadcr. Thcreforc, the 360 rcloc:Hir:g Joadt:r can treat 
instruct10ns excct(·· !.'-.·~ .wnrclocatable dat:J. (fui! word cc¡:s:::mts, char<~ctcrs, 
etc.). Howcwr, adclíc,, ·:•,:t;tJ.nts must sttll be rcloc:~tccl. 

For exampk, thc fu': _:;g mstructions: 
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TEST 

DATA 

START 
USING 
L 

oc 
ENO 

•,15 
1,0ATA 

F'5' 
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might be asscmbled as: 

Rel. loe. 

o 

96 

/nstruction/data 

L 1,960(0,15). 

5 

Regardlcss of whc:e the program is loadcd, the L instruction will be unchangcd 
as long as DATA remains 96 bytes from the beginning of the program. The 
contents of the b:~sc rcgister ( 15) obviously \\' ill be different, depending u pon 

the program's load IocatJon. 
On the other h:md, consider modifying the above example: 

DATA 
OATALOC 

oc 
oc 
END 

F'S" 
A(DATA) 

DATALOC must contain the absolute address of DATA. The asscmbler knows 
only that DATA is 96 bytes from the beginning of the program, so the Ioad::r 
must add to this the Jo:~d address of the program in findmg the actu:1l absolute 

addrcss to be containcd in DA T ALOC. 
Let us cJarify the seo pe of the add1 ess constant problem. An addrcss constan t 

may be ( I) absolutc; (2) simple relocatablc; or (3) cpmplex relocatable. 
For example, the addrcss constant A(LOC 1-LOC2) will ~e: 

1. Abso/ute if LOC 1 and LOC:! are two relocatable symbols defined interna] 
to program- thc assembler cJn calcula te thc a.::tual value, thcir diffcrcnce. 

2. Simple re/ocarablc if LOCI is a rclocatable symbol within this proccdure 
and LOC2 is :m :~bsolutc numbcr (c.g., LOC2 EQU 5). The asscmblcr CJn 
calcula te thc dJffcrence bet\\ ccn relative IocJtion of LOC 1 :md value of 
LOC2, but thc Ioader must pcrform relocat!On by auding thc program loJd 
addrcss. 

3. Complcx rc/ocatablc if LOCI and LOC2 are entrics to sorne oth:::r pro· 
grJm. Thc :~sscmblcr can do nothing, and thc nJue must be calcubt.:cl by 
thc Ioadcr. 
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The 360 dircct-!:nkir.g load.:r proccs~es progr:11ns g2ncratcd by thc :mem­
bl.:r, FORTR.-\)1 compt!cr, or PL/I compdcr. R~c::II tbt n;:ithcr the ori!:!mal 

source pro¡;rJm nor thc asscmbkr symbol t:.lblc is a\:übble to thc Ioadcr. 

Thcrcforc, th<! ObJe..:t d;:c:k must conuin al! informJtion nccded for rc!ocation 
and linking. 

There are four scctwns to tbe ol:>jcct dcck (and four corrcspQnding card 
formats): ~ 

l. Externa! Symbol Diction.lry cJrds (ESD) 
2. fnstruc:t¡ons and d:l!J CJrds, callcd '·rcxt" of prog~:lm (TXT) 
3. Re!ocJtion a;1d Lin.!.,::¡ge Dircctory cards (RLD) 
4. End carJ (E:\D) 

The ESD cards contain the infornntion neccss:.uy to build ütc e'tterml symbol 
dictionary or s) mbol tablc. ExternJ! symbols are symbols that can be rcferred 
beyond the subroutm:! k. el. lite normal Iabels i:1. r:1e so:.H..:e pro;ram are u sed 
only by the assembler, and information about thcm is not included in the object 
deck. 1 
EX¿\.i\IPLE ¡ 

! 
Assume program B has a table cJ!Icd NAMES; it can be acccssed by programA 
as follo·,, s. 

A START 
EXTRN N AMES 

L 1,AOORNAME g;n address of NAME table 

AOORNAME oc A(NAMES) 
ENO 

B START 
ENTRY N AMES 

NAMES oc 
ENO 

There are three t} pes of externa! symbols, as il!ustrated in the above: 

l. Segme11t Definirían (SD)- narne on START or CSECT card. 
2. Local Dcfinirion (LD) - specíficd on ENTRY card. There must oc a bbel 

in same pro;r2rn \\ 1th sJ;nc namc. 
3. Extclllal Rcfcrcnce (ER) - spcc¡f¡ed orl EXTR."i card. Th.:-re must be a 

OE.SICN OF A OIR!'-CT ~IN~ LOADER 

ccwc.sp;:·ndin~ ENTRY ST t.RT or CSECT carti in another progra¡n with 
:;ame name. 

Each SD and ER symbol ts a~si6ned <. ur,iqtte m:mber (e.g., !,2,3, ... ) Ly thc 

asst:mblcr. This number i:; olied the sy,-nbul's idcntifier, cr ID, and is used in 
conjunction wi~h t!le RLD cards. 

1 he TXl ca1 ds contain blocks of data and the relative address at which the 

data is to be placcrL Once tbe loader has é~cided w!Jere te h1d tlte program, 1t 

rnerely adds the hogram Load Address (PLA) to the relative add:e;s and mo•,es 

the data :.nto the tesulting location. The d:.J.ta on the TXT card may be imtruc­
tions, noPrelo:::ated data, or initial values of address const:mts. 

EXAMPLE 

Rclative address fnstruction 

A START 
EXTRN NAMES 
USING ",15 

40 l 1,ALPHA 
44 BCR 15,14 
46 fSkipped by assembleri 
48 ALPHA OC F'S' 
52 ALLOC OC A(ALPHAI 
56 AODRNAME DC AINAMES) 

The TXT card produced is: 

Relative address = 40 
Data portian = 58 10 FO 48 OlFE XX XX 00 00 00 05 00 00 00 48 00 00 CO 00 
Length of data port•on = 20 bytes 

The RLD cards conta1n the following information. 

l. The iocatJOn and Jength of cach address const:.mt that needs to be changed 
1 

for relocation or linking , ' 
2. The externa! S) mbol by which the at.!rlr.:s~ c:rmsrant s!loul..J be modified 

(added or subtLicted) 
3. The opcration to be performcd (add or subtract) 

Rathcr thJn usmg the actu:.t! extcrn:.~l symbul's n:.~mc on the RLD c:~rd, as 
¡mphcd lll SCC!IO!l 5.1 6 and f¡gure 5.8, thc externJJ symboJ"s iJ.:n:¡f¡.:r, or ID, lS 

usct! There Jrc VJnous rc~Jsóns for tlm. thc nujor on.: prvb.!bl) b.::ng thJt th: 

ID 1s only a s1ngic byte lon6, cump.m:d tu thc c•gln b~ t.:s Ll..:..:up¡.:J by th.: 
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symbot name, so that a considerable amount of space is saved on the RlD ca.rds. 
Unfortunately, this space·savwg techmque causes incrcased loader complexity 
as will be shown later. 

The precedmg program segment us::::d as an examplc for TXT c2.rds would 
result in the follov. mg RLD cards 

ID 

01 
02 

Flag 

+ 
+ 

Length 

4 
4 

Re/. loe. 

52 
56 

if we assume that A's as~igned ID is 01 and NA.\IES' assigned ID is o:. This RLD 
information tells the lo:der to add the absolute lcad addrcss of A to th~ contents 
of relative loc:tion 52 and then add the absolute load address of NA~:ES to the 
contcnts of relative locJtion 56. 

The END card specifies the end of the object deck. If the assembler E ;so card 
has a symbol in the oper::md field, it s:¡¡ecifies a start of execution pv.nt for the 
entire program (all subroutmes). This :!ddress is record~d on the Ei\D c1rd. 

There is a fmal card requud to specify the end of a collection of ocje.:t decks. 
The 360 toaders usua!ly use either a loadcr termínate (LDT) or Er.j of File 
(EOF) card. 

Subroutine A 1 
ESO 
TXT 
RLO 
ENO 

1 
ESO 
TXT 
RLO 
ENO 

Subroutine B 

1 
ESO 
TXT 
RLO 
ENO 

Subroutine C 

EOF or LOT 

The simple programs PGl and PG2 in Figure 5.12 illustrate a wide range of 
relocation and linking situations. Figures 5.13 and 5.14 d1splay the ESD, TXT, 
and RLD cards produced by thc asscmblcr for PG 1 and PG2, resp~ctively. 

Finally, F1gure S. l 5 dcpicts thc contents of m:lin storage after the prog:rJms ha ve 
bcen allocatcd spEc, rclocatcd, linked, and lo;~ded. The readcr shou!d examine 
these fi3urcs carefully ar.d validate the corrcctness and reasons for eJch v:~lue. 

A few spec1ftc po:nts in these narnplcs should be noted. Both PG 1 and PG2 
contair ~ address const~nt of thc form Á(PG 1 ENT2·PG 1 ENTI·3 ). lt should be 
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So urce 
card Refative 

reference address 

1 o 
2 
3 
4 20 
5 30 
6 40 
7 44 
8 48 
9 52 

10 56 
11 

12 o 
13 
14 
15 16 
16 24 
17 28 
13 32 
19 

PG1 

PG1ENT1 
PG1ENT2 

PG2 

PG2ENT1 

DESJCN OF A OIRECT LINKINC L.OADER 

Sampfe program ($O urce deck} 

START 
ENTRY 
§.XTRN 

-oc 
oc 
oc 
oc 
oc 
ENO 

START 
·ENTRY 
EXTRN 
= 
oc 
oc 
oc 
ENO 

PG1ENT1,PG1ENT2 
PG2ENT1,PG2 

AIPG1ENT11 
A!PG1ENT2+15) 
A(PG1 ENT2·PG 1 ENT1·3) 

., 

.... 
::> 
i 
u 
o a: 

A(PG2) 

A(PG2ENT1+PG2·PG1ENTF4ir--- -. 

PG2ENT1 
PG1ENT1,PG1ENT2 

AIPG1ENT1) 
A(PG1ENT2+15) 
A(PG 1 ENT2·PG 1 ENT1·3) 

N 
o a. 
Q 

5 
i 
u 
o 
e:. 

F!GURE 5.~2 Sample procedurc~ PGl and PG2 

reassuring to note in Figure 5.15 that both instances of this address constant 
(loc::Jtion 148, 196) have the same value - 7. Since both PG1CNT2 and 
PGl ENTI are symbols interna! to PGl, the assembler, processing PG 1, can com· 
púte the entire exprcssion and determine the nlue of 7. \Ve se e in F1gure 5.13 
that the TXT card for location 48·51 contair.s the 7 and thcrc are no assodnted 
RLD cards for this address constan t. On the oth~r hand, thesc syml.Jols are exter· 
nal to PG2; thus, the assembler, whilc processing PG:!, has no means of evaluat· 
ing the address constant. 111is is illustratcd in Figure 5.14. 1l1c TXT card for 
relative locJtions 3:!-35 contains a ·3, the only part of the addrcss constant that 
can be calculated by thc asscmbler. Thc last t-.vo RlD c::1rds tcll the lo::~.der to add 
the valud of ID 03, which IS PG l ENT2, to locations 32-35 and thcn subtract t!tc 
value of ID 02, wluch is PG l [:\TI. Whcn pro.:esscd by the lo::!dcr, this addrcss 
constant in PG2 will indced ha"e the same v::~.lue as the one in PG 1. 

Since the dircct·linking loadcr may encounter externa! refcrcnccs in an objcct 
dcck. wluch cannot be evaluatcd until a la ter object dcck is proccsscd, this typc 
of loader requircs two p_asscs. Thcir functions are very simi!::J.r to thosc of thc 
two passcs of an asscmblcr. Thc major function of pass 1 of a dircct·hnking 
loadcr is to allocate anJ assign e::~.ch progr::~.m a location in corc and crcatc ::1. 
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ESO cards 

Re!ative 
So urce C;Jrd reference N3me Type ID address Ler.arh 

1 PG1 so 01 o GO 
2 PG 1ENT1 LO 20 
2 PG1ENT2 LO 30 
3 PG2 ER 02 
3 PG2<=NT1 ER 03 

TXTccrds 
(only th;: b::~e:iting ones, i.e. those involvif!~ address const.snts) 

Source card raferer:ce Relative address Contents Comments 

6 40.43 20 

L
7 44-47 45 = 30 + 15 
8 48-51 7 .. 3(}.2().3 
9 52-55 O unknown to PG 1 

t_o _________________ 56_-_s9 ______________ ·1~6~------=-·_20 __ +_4 ______ ~ 

So urce card refr:rence 

6 
7 
9 

10 
10 
10 

ESO/O 

01 
01 
02 
03 
02 
01 

RLD cards 

Length {bytes) 

4 
4 
4 
4 
4 
4 

FIGURE 5.13 Object de:k pro;;ram PGl 

Fla:¡ 
+or-

+ 
+ 
+ -
+ 

Relative iXldress 

40 
44 
52 
66 
56 
56 

1 

1 

symbol table filling in thc values of the externa! symbo!s. The major function , 
of pass 2 is to load t:l.: actual program text :md perform the relocation modifica- · 
tion of any addrcss conm.!.nts necdmg to be altered. ! 

The first pass allo.::ates and ass1gns storage locations to a:J segments and s!ores 
the values of all e\.ter:ul s: mbols in a symbo! tab!e. These extern:J.l sj·mbols . 
appear .:!S local deL;;:r:or.s on the ESD cards of another ass~:7lbled program. For 
every e;...t~rnal rcL:r~:::e symbol there must be a corresponding interna] symbol 
in sorne othcr procr:=c.~. The loader inserts thc absolute address of al\ of these 

- 1 
externa] symbols in the S) mbol table. In the second pass, tl:e loader places the . 
text into the ass1~:-:d loc:nions and performs the reloc:ttion task:, modifying 

- 1 

relocatablc consta!1:s. Fi;ure 5.16 depicts the interplay bet\\ een the passes cf a 
toader in a dnect-lm~;:-¡g loading sche:ne. J 
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-----~· 

ESOcards 

Savrce cará reference N3me Type 

12 PG2 so 
13 PG2ENT1 LO 
14 PGtENTt ER 
14 PG1ENT2 ER 

.--------· ----·----
TXTcards 

(un/y rhe intercsting ones) 

So urce card refercnc<r · -·· 

16 
17 
18 

Rclative adcfress 

24-27 
28-31 
32-25 

RLD cards 

Sovrc;e card reference 

16 
17 
18 
18 

ESDfD 

02 
03 
03 
02 

FIGURE 5.14 Object dcck pro¡;ram PG2 

Length flag 
{bytes} 

4 
4 
4 
4 

5.3.2 Specification of Data Structures 

ID ADDR Length 

01 o 36 
16 

02 
03 

-~-----, 

Flag 
+or-

+ 
+ 
+ 

Contents 

o 
15 
-3 

Re!ative a:Jdress 

24 
28 
32 
32 

.The next step m our design procedure is to identify the data bases required by 
each pass of the loader. 

Pass 1 data bases: 
l. Input object dccks. 
2. A p:¡¡ameter, the Initial Pro~ram Load Address (IPLA) supp!ied by the 

programmcr or the opcrating system, that specifies the addrcss to lo:~d the 
first segmen t. 

3. A Program Load Address (PLA) counter, uscd to keep track of each 
segmenfs assigned !oc:ttion. 

4. A table, the Global b.tcrnJ.l Symbol T::1blc (CEST), tllJt i~ useJ to storl! 
each extcrnJI ~ymbol and lis correspondmg ass;gned core adLI1css. 

5. A copy of the input to be us~d !Jtcr by pass 2. This m:~y be stored on an 
aux1ltary stor;¡ge device, such as m:!gnctic tape, disk, or drum, or the 
original objcct decks may b~ rere:td by the lo:~der a second tm1c for pJss 2. 

6. A printcd l1stmg, the load rnap, that specJf¡es eJch extern:~l symbol and 1ts 
assigned value. 
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Assume 

PG 1 loaded at locat,on 1 0-l 
PG2 loadcd at locat,on 168 

104 

144 

148 

152 

166 
160 

164 

168 

192 

196 

200 

\ 

124 

149 

7 

168 

232 

124 

7 

FIGURE 5.15 flhin storage after lruding proguf'ls PGJ and PG2 

Pass 2 data b:~ses. 
l. Copy of object programs mputtcd to pass 1 
2. The Initia_l Program lo.!d Acdrcss par:tm~ter (IPLA) 
3. The Prograrn Load AJJrcss countt:r (PLA) 

177 

PGl 

PG2 

4. The GlobJI ExtcrnJI S} m~ o! Table (G LST). prepJred by p.i,:; l. contam· 
ing each externa! sy:nbol anJ lts correspond1n:; absoluk J:!Jr:ss value 

5. An arr:Jy, the LoCJI Externa! S}mbol Arr:J} (LESA). \~h·.;h 1s uscd to 
establish a corrc\pvtH.kn.:e b::twccn thc ESD ID numbcrs. u;eJ on ESO 
ami RLD <.Jrds, and tne corresponutng extrrnJl symbvl'; :;bsolutc Jddres~ 
v:~lue 
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DESIGN OF A DIRECT LINKING LOADER 

From assemblers r and compilers 

O, 
\ 

\ 
\ o-~..----'---1 

Input 
ob¡ect 
decks 

Copy of 
ob¡ect decks 

FIGURE 5.16 Two pass dircct·linking loader scheme 

5.3.3 Format of Data Bases 

Loader 
pass 2 

Segmcnts 
loaded 

in memory 

The third step in our design procedure is to specify the format and content of 

er~ch of the datJ bases. The major data bases are depicted in Figure S .17. 

0,_ 
o:; Program 11 71 

\ \ " load 
1 1 1 

"' 1 
1 1 

Input l \ \ Address 

\ \ (PLA) 1 1 
ob¡ect l 1 Local 
decks 

1 \ 
\ 1 1 Externa! 

\ 1 
Pnnted \ \ 1 n1t1al Program 

1 
Symbol 

load \ load Address Arra y 

map \ (IPLA) 1 (LESA! 

\ 
1 

\ GlobJI Externa! 
1 

..... 
Symbol Table 

(GESTl 

FIGURE 5.17 Use of data b:J.scs by loadcr passcs 
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ODJECT CEO~ 
Th~ o~,J~.:t J·:..::..; !U:; k::: .:.s.:uss-:d severa! tunes: Fi;'.lrC5 5.1S, 5.19, 5.20 :md 

5.21, d..:pi.:t in d.:tJ¡l t;:.: .:.:tull card d..:..: k form:1t t!i:lt ¡; u;:d by v:uious IB\1 
370 or 360 J¡rcct-lm!-;:::~ k:ldcrs. Th~ spccific card for:m.t is not cru..:iJ!, but 
thes~ f¡gur.:s pí..:s~;!t :! !;;:.)..; e:-..Jmpk of thc \Jrious tc..:k:.-~-..!~5 used to cncode 
informJtion. 

GLOBAL EXTER\;:\ L SY:.1:>0I. TAO LE 
Thc Globll Ext.:rn.Jl S~ :::bol Table {GEST) is uscd to store t!:e ext:rml symbols 
defincd by m.:.ms of :t S.?_;.:1::nt Dcfinit!on (SO) cr Loc:J.! Od,;:,:i-):1. tLD) cntry 
on an Exr~n:.1! S} m~0¡ D:.:ttvtury (ESO) c:ud. \\'!:.:::1 t::~se S} mbols are en­

c_ountcred duri:1; pass l. :!:.:y :u~ :J.SStgned :m absolute core 1~cr.:ss; this address 
is stor~J • .::l!on~ \\ tth the S:· lii!:-ol, in thc GEST as illustr:n~d i:l Fi~ure 5 -~2. 

The rcadcr r.uy w;ú •0 ;e; ;~w rhe d1scussion on s) m bol r::~Ies ~nd scarching/ 
sorting tc.:hn;c¡u.::s prc;.:;-::cJ in Ch:1pter 3 in cor.junctt·Jn \, ;:!! the dcsign of an 

Columns 

1 
2·4 
5-14 

Cante'la 

Hexc~~:i~-~· byte X"02' (c¡¡rd punch 12-2-9) 
Charact~·s :OSD 
Bl¡m!< 

15-16 ESO .c.:n:lf·er liD) for program name (SD) cr e ... te·.,al ;¡mbol (ER) (lOs 
uniquc \'.it.,in ¡:rogra"Tl) or blank for entry (LO), see t:Jx be!ow 

17-24 
25 

!'!eme,~==.::::! ·.:.:th t~a;;ks,-----------, 
ESO typ.;! cc:le ITYPE) TYPE Hexadecimal codf! 

so 
LO 
ER 

01 
02 
03 

26-28 
29 
30-32 
33-72 
73·80 

Relative address or blank (AOOR), see box below 
Blank 
Length of pro;¡ram otherwise b!cnk {LENGTH) 
Blank 
Card se::¡:.;en:e number 

ESO forms and conven:.ons 

Typ!! 

Program nam~ {seg- SO 
ment c!~!1n1 ~~o..,) 

Entry (lo:al daf- LO 
initionl 

Ex ternJI refere.,ce E¡::; 

ID 

01 

Un1que numbcr 

ADDR 

Zero 

Relative a::lcress 

{The un"=i"~ ID n~r':~·; ~-e usually assigned sequenti¡¡lly) 

Lengrh 

Length of program 

~------ --- ----·-----------------

180 

ColiJmns 

2-4 
5 
6-8 
9-10 

11-12 
13-16 
11-72 
73-80 

Contents 

Hexadecimal byte X'02" 
Characters TXT 
Blank 

DESIGN OF A OIRI:CT !..INKIN::i LOA:::~ 

Relative addre;s of fir:ot data byte IAODR) 
Blank 

Byte Count IBC) = number of bytes of inform¡¡ticn in ce. 17·72 
Slank 

From 1 to 56 d:.!a bytes (instruction:; and "data .. look the sa"Tle) 
Card sequence number 

FIGURE 5.19 TXT card format 

Columns 

1 
2-4 
S-18 
1~20 

21 
22-24 
25-72 
7J-ao 

Con tena 

Hexadecimal byte X'02' 
Characters RLD 
Blank 

ID corresponding to a numbcr assigned to SO or ER on ESO card 
Flag byte (see box below) 
Relative address of first byte of addr~s constant (ADDR) 
Blank -

Card sequence number 

Flag byte conventions 

bit¡ 

~J 

4-5 

6 

Not used 

Length (in bytes! of address constant 
00 =ene byte 
01 • two bytes 
10 = three bytes 
11 e four byt~ 

O means add ESO adcress to address constant 
1 means subtract ESO address from address constant 

FIGURE 5..20 RLD card formal 

Columns 

2-4 
S 
6-8 

9-72 
73-80 

Concents 

Hex(l(fecimal byte X'02' 
Characters ENO 
Blank 

Start of exccution entry (AOOR). if other than b~9mn1r:;¡ of ¡:¡ro­
gram (specof•ed on assembiy END card) 
Blank 
Card sequence number 

FIGURE 5.21 END c:ud format 
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'E<~-----12 b-¡tcs per entry ------,;:;. 

Ext~rnal svnllJol 
(8-byt<!S) 

(characters) 

"PGlbbbbb" 
"PGl ENTlb" 
"PG1 ENT2b" 
"PG2bbbbb" 

"PG2ENT1b" 

As>•gr;e;J ccre 
address 

(4-bytes) 
(decoma l 

100 
120 
130 
164 
180 

181 

Notatior: Thos sam;:>le GEST content is ba•ed upon the exam;:;le on =•:;Jres 5.12 and 5.15. 

FIGURE~'.,~ Glc:::.l C-..wnal S>mbol T;:¡blc (GCSTI form::1t 

assembl.::i. Thc GEST has thc same general use and ch:J.u.::~nstics as the as­
semblcr's S} .nbol T:~l:Jle. 

LOCAL EXTER.'..:AL SY:\IBOL ARRA Y 
As mcntJCincd .:arL~r, tite cxtcrn:~l symbol to be u sed for r.:-".::..:.:.tion or hnking is 
1denuficd on the RLD cJn.ls b) mc.ms of Jn ID number r;q;·~~ tlo:J.n th.: symbol's 
mme. Thc ID nu;-;¡t;;;;r must match an SD or ER entry un ti~ ESO c:mls. Th:s 
techntquc both s:n.::s S?JCC on the RLD cards and spcedo;; prn.:·'ss:ng by e!:~::1:::t 
ing many scarches oi the GlobJI Externa! Symbol Table. 

lt is necc;s:~ry to establish a corres?ondencc bctv.een Jll ID :-.:..:mber on an RLD 
card and the absolute core address value. The ESD cards co:1!::.n the ID numbers 
and the S} mbols t!:-:::- correspond to, \•,hile the mformauon r.?i:::ng ¡•,ese S} mbols 
~o absolute core address values m:~y be found m thc GEST. In pJss 2 of the 
lo:~der the GEST Jr.d ESD informJtiOn for each indtvidu:~l oC.,;.:t c!e.:k is mergcd 
to produ.:e the lo.::ll extcrnJI symbol ::may that dircctly re!::tes ID number and 
valuc. In pnnciple it 1s necess:~ry to creatc a scparate LESA f.)r e:~ch scgment, 
but smce the LES.\s are only produced one at a time, th.;- S.!me arrJy can be 
reuscd for e:~ch segmcnt. Ftgure 5 23 deptcts the formJt of ¡¡;e Loe:~! Externa! 
Syrnbol Arra: (LESA). i'\ote th::m unltke th.:: cJse w¡th the GFST. it is not 
ncccssary to scurch the LESA, gtven Jn ID numbcr, thc co:í .:-;pond1rg v:~lue is 
writtcn as LES.\( ID) Jnd CJn be umnedtatcly obtJtncd. 

5.3.4 Algortthm 

The folll.l\\tng t\.o tlov.ch:J!I'i (fl;~s. 5 24 Jnd 5 25) descnt.:: Ji :~!gvr:thm for a 
dHect-linl-..mg lmccr tor :111 !13\i Systcm/360-typc computer. \\'1\l.!c they tllu~trate. 
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255 
entries 

maximum 
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4 

254 
255 
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<!!'<;...._-- 4 bytes per entry --->7-

Ass•gned core 
addrcss of corrcspondmg 

symbol 
(4-bytes) 
(decimal) 

100 

120 

130 

lndexed by 
ldent1f1er Number (ID) / 

Notatoon Thos sai'T'p:e LESA contcnts os based upon the PGl seg,ncnt as prcscnted on F 1gures 5 12.5 l3. 

and 5.15. 

FIGURE 5.23 Local Extcrnal Symbol Array (LESA) format 

most of the JogicJI processcs in volved, these flo\\ charts are still a stmp~:fic,a_t.:o~ 
of the opcr:~tions pcrformed in a complcx lo:~der. In parl!cu!Jr. n1:1ny sp~;dal 
fe:~turcs, such as CO:-.t:.tON scgmcnts, l1bíJry proccssmg. dyn:~mic lo:Jdl11g and 
dyn:tmic link.ing. are not explicitly includcd (m::my of them are d1scu~sc:-d 111 thc 

probl.;ms sccuon :md in !Jtcr ch:~ptcrs). . 
Pass 1 - allocJtC scr:mcms and dcfmc synzbols The purpose 0f tk fir<;t r-1 ~ 5 15 

to assir.n a loc:~tion~ to e:~.:h scgmcnt, and thus to dcfme the \Jiuc''- ,l¡· .1\1 ~ '-t.:nul 
symbols. Smce wc \\l~h to mminllZC thc :~mount of corc storagc- rcí~'lll> ·1 

f01 '
1
'' 

totJI progr:~m, \\·C \Úil :~ssign cach segmcnt thc nc\.t av.!tL~bk lor.1 ,. 

1 

1 
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TXT,RLD 

PLA - PLA 

ER 

[ Pass 1-] 

~' L PLA ·- IPLA J 
,¡, 

ESO type1 

so 1 
'ji 

LDT cr ~e= Go to 
pass 2 

VALUE - PLA VALUE ...- P:..A + ADDR 

SLH\GTH 

Sto re 
symbol 

name af1d value 
irí G'OSI 

Pr1nt s,·m!.Jol 
n¡;mc and value 
for 103d mJP 

LE~;GTH 

No 

FIGURE !)_;¿4 D~ll!.kd pJ~s lllov.c!urt 

Y es 

ERROR: 
dupl,cated use of 

ST ART or ENTRY 
na me 
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precedíng scgm.:-nt. It is :~ecc~sJ.~Y f•.)r the loadl'r to know wher_e it can load thc 
first scgrnent. This adt!rcss. the ln1tial Pw;ram Load Addre~s (IPLA). JS normally 
determmed by th.-; operatmg system. In sume systcms the programmer may 
spec1fy the IPLA; m enher case we will assumc that the IPLA is a parameter 

supplicd to the !oadcr. 
lnitial\y. thc Pro;ram Load Addrcss (PLA) is ~~t to the lnitial Pro;ram Load 

Addrcss (IPLA). An Objcct ca~d is thcn rcad ::md a copy wnttt:n for l' ;~ b] pass 
2. The card can be onc of five typ~:;. ESD, TXT, RLD, END, or LDTjEOF. If it 
is a TXT or RLO card. there is no proccssing rcquired durin~ p:m 1 so the next 
card is read. An ESO card is processcd in d1ffcrcnt ways dependtng upon the 
type of externa! symbol, SO, LO or ER. lf a segment definitión ESO card is 
rcad, the lcn~th fie!d, LENGTH, from thc card is temporarily s:~vcd in the v::m­
able, SLE;\GTH. The value, VALUE, to be assi;ncd to tll!S symbol is sct to the 
currcnt v<~luc of the PLA. The symbol and 1ts ass1gncd valuc are ttcn stored in the 
GEST; 1f the symbol already existcd in the GEST, thcrc must h:lvc been a pre--·;ou~ 
SO or LO ESO with the same name- this is an error. The symbot and its value 
are printcd as part of the load m:~p. A similar proccss is used for LO symbols; the 
value to be assigncd ís set to the current PLA plus the relatíve address, ADDR, 
indicatcd on the ESO card. The ER symbols do not require any processmg during 

by the length of the segment and savcd in SLE~GTII. becoming thc PLA for the 
next segment. Whcn the LOT or EOF card is finally read, pass J is completed and 
control transfers to pass 2. 

Pass 2 - load text and relacate/link address constants After all the scg­
ments have bcen assigned locations and the externa! symbols ha\'e bcen dcfined 
by pass 1, it is poss1ble to complete the loadmg by loadmg the te>.t and adjustJng 
(rclocatJOn or lm.l...ing) address constants. At thc end of p::.ss 2, the loadcr ,.,¡Jl 
transfer control to the loadcd program. The followíng sUTiplc rule ís oftcn uscd 
to determine.,., he re to commence execution: 

l. lf :m addrcss is specif1cd on the ENO card, that address is uscd as thc 
execution start address. 

2. OtherwJsc: cxccution wíll commcnce at the bcginning of the first segmcnt 

At the bcgmning of p:1ss 2 the prop:!.m l•nd :~dc'r~« i;; P1iti:;lizcd :JS in pass l. 
and the exccut¡on start Jddrcss ([X..\DDR) i:; set to IPL.\ Tite c:Jrds .n.: l.:.tJ 

onc by onc from the objc.:t dc.::k i1lc left by pJss l. E.t.:h cf th~.· f¡,.: !\ ;·,_., f 

cards JS processcd d1fferently, as follows. 

ESOCARD 
Each of thc ESO c:1rd typcs is proccsscd differcntly. 



LOAOl:RS 

ESO 

Set 
LESAIIDJ = PLA 

Set 
LESA(ID)=VALUE 

[ Pass 2 

r,~ove BC bytes from 
card columns 17-72 

to locJtoon 
IPLA + ADDR) 

' 
185 

Trar.s 1er to 
locat•on EXADDR 

for symbol PLA - PLA + SLENGTH 

RLD 

contents of 
locat1on 

IPLA + ADDRl 

ERROR 
undefonea ex tern;;l 

symbc.l, S~J'T1t!"lt 
mossor:g 

Sub:r3Ct VALUt 
from conte"lts 
of locatoon 

IPLA + ADDR) 

FIGURE" 25 D.:t~u·.'d PJS) ~ t1ov...:h.ut 
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SD-t}·pe ESD The LENGTH of the scgmcnt is tcmporarily s:1vcd in thc variable 
SLE:'\GTH. The appropTJate cntry in thc local externa! symbol array, LESA(ID), 
is sct to thc current value of the Program Load Addrcss. 

LD-typc ESD The LD-type ESD docs not rcquirc any pro.-:essing during pass 2. 

ER·type ESD The Global Externa! Symbol Tablc (GESD is searchcd for a 
match with the ER symbol. lf it is not found, the corresponding segment or 
entry must be missing- this is an error. If thc symbol is found in thc GEST, its 
value is extracted and thc corresponding Local External Symbol Array entry, 
LESA(ID), is set equal to it. 

TXT CARO 
\\'hen a TXT card is read, the text is copied from the card to the appropriate 
relocatcd core location (PLA + ADDR). 

RLDCARD 
The valuc to be used for relocation and linking is cxtractcd from the local 
externa] symbol array as spccificd by thc ID ficld, i.e., LESA(ID). Depcndmg 
upon thc fla,; settmg (pbs or minus) the value is cithcr :!dced to or subtra.:t~d 
from the address constant. The actual rclocatcd address of the address constant 
is computed as the sum of the PLA and the ADDR ~fidü spt:t..i[i<:J ü11 tl,.:; RLD 

card. 

E::\D CARO 
If an e;..ecution st:Jrt address is specificd on thc END card, it is s:~ved in the vari· 
able EX.ADDR after being relocated by the PLA. The Program Lo:~d Addrcss 
is incremented by the length of the segment and saved in SLE~GTH, bccommg 
the PLA for the next segment. 

LDT /EOF CARD 
The loadér transfers control to the loJdcd program at the address specif1cd by 
currcnt contcnts of the execution address variable (EXADDR). 

5.4 SUMMARY 

The four basic functions of a loJdcr Jrc allocation, linking. relo-:Jtion, Jnd loJd· 
mg. Th;: \:Jllo,:s t:- ~·;s oi 1-_,~Jc¡s (e _s. '\:or.lpii~·::mc·~·-', .. :tl'''-'lutc. r.::l)-:_,iing.. 
dircct-lmking. dy1uni.: load 1ng, and dy namic linkin~) diff.:-r priiKd 1b in thc 
manner in \\ hich thc four bJs1c functions are accomphshed. 

A typic::ll dircct-linking loader rcquircs two p:1sscs. The first p;~ss :,lloc;~t..:s 

sp:rce for thc scgmcnts :md dcf111cs thc valucs of th~ r;..tcrn.ll S) ml''''' Thc 
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sccond pass actu¡¡jJy loads th~ tcxt and uses thc global externa! symbol tablc, 
produceJ by p:iss l, to rcloc:~tc and link thc addrcss constants. 

Although thw purposcs are qu1tc diff~rcnt, thc dcsi~n of thc dircct·linking 
loadcr has many sitn1l:tritics to thc dcsign of an asscmbler. In particular, thc use 
of a symbol tablc is important in both cases. 
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Third Gener.:!tion Computer Systems 

PETER J. DENNING 

Princcton Unü·as:ty,a Prinreton, Nt:w Jersey 08540 

Thc common fcaturcs of third gPt•cration operatin\t ;;:,stems aro !'.nrvcycd from n 
general vtcw, with cmph:Lsts on thc commun .1Ustr.1ctions that l'l>IIStitute nt lellSt 
the ba~ts for a '·thenrv" of uper.1tinl( sy-.tt.'m1-. Pr .. pi!rties of ~¡H•ctfic sy.;tems are 
not discus13ed except \~·here examples are USl'iul. Thc terhnical aspccts oí s.ssues 
and con.:epts .1rc :,trP_-;scd, thc nontechnical aspcct.; mcntioni'd only bncíly. A 
periurtctory knowlcdge or tlurd generatu>n systems is prcsumed. 

Key words ancl pl.rases: mnltipro¡;ramrr.ing systems, operating :;;ystcm:;;, 
supcrvisory systems, ttme-shanng systems, programming, stor.1ge nlloration, 
memory nllocation, processes, concurrency, pnrallelism, resource allocatton, 
protection 

CR categoriea: 1.3, 4.0, 4.30, ñ 20 

NTRODUCTION 

It has been the custom to divide the era of 
eiectronic computing into "generations" 
~,·hose uppruxmiate dates are: 

First: 19-lo-19.30; 
Second: 193Q-19G4; 
Third: 1fl64-present; :md 
Late Th:rd: 19GS-present. 

The principal propPrtie:c; of the genemtions 
are summarized in Table l. The term '·gen­
Pration" carne into "ide use uftrr 1DG4, the 
vear in which third grnPmtion machines 
~vere nnnounrPd. Althon)!;h the term was 
'ori~inally userl to sug~est diffen•tH'I'S in, 
hardware trrhnology, it ha..-> come to he ap­
plied to thP entire hanlware/softwnr!' !<YH­

tem rather thun to the hardware ulone [H.3, 
R4]. 

A Definition of "Operating System" 
As \\ill be chscussed in detail below, the 

term "process" is used to denote a pro~ram 
m execution. A computer system may be 
defined in terms of the various supervisory 
and control fWlctions it provides for the 

• Department oí Electrical En~incering. ~Vn~·k 
reported hl'rein \\ n'i ::.uppurted m part by :-.;A:::. A 
nrant NGR-31-001-1i0 nnd by ::-i~F Grant li Y-
6.'>86. 

processe'> created by Íts USCrS. ·1) creating 
and removing proces;;;es; ~) controlling t he 
progrrss of proce~sr~-i.e.. ensuring t hat 
each logically enabled proces<> mnkes pP•g­
ress at a positivc wte .1nd that no procP.;;s 

~ can indPfinitelv block the progres;; of othcr.::; 
3) acting on ~xceptional conditions aris;ng 
during the execution of a. process-e.~., 
arithmetic or machinc errors, intrrrupts, 
addre:,sin;; :ma¡;s, illegal and privilPgc~ in­
structions, or protection violations; -!) uilo­
cating h:ndware rcsource:> umong proccs"b: 
5) providing access to software rcsourre..;­
e.g., files, editors, <:ompllers, as;;emblers. 
subroutine librariPs, ami progrnmming sys­
tems; G) providin¡; protecüon, accp::;s con­
trol ami securit\· for mform~tion; anrl í~ 
pro~idmg mtP;pror·r~'-'S eommunicat i(J_u,; 
where required. The"t:~ functions must uc 
prov1dctl hy tite sy,.,tem bccause ther c:m:wt 
be handled ndequatcl~· by thc procc;,.,es 
themselves. The computer system software 
that as:;ists the hardware in implementing 
thesc functions is known as the operatinr, 
sys/em. 

Two points about operating system<; 
should be noted. F1rst, u;,ers sciuom (if e\·cr l 
prrform a computution without assistance 
fcom the operating t.ystem; thus, they often 

., 
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Cop)'rtJ.!;ht @ l!l71, .-\!'"oria1 ion for Complllllll! 

:\la• hnrt·r~·, lut·. ( ;t'lll'r . .J ¡tt'l'llli>'~IIJII lo t'I'JIIIhllsh, 
llll\ lll!l fnr prolil, :111 or !':11'1 uf 1111~ tu:dl'l'l:,¡ 1~ 
..:r:llllt'd,provull'd lhal JdPII'Ill't' i:-o 111.11h• lo 1l11>i 
pttltlu·atllltt, 111 ~~~ datt· of t,..,.llt', aurl 111 tht• fn•·l 
1 ha l. rt'pl'lttllll¡!: Jlll\ tl••¡.:t•S \1 t•rt• ¡!:1 :llltt•tl Jo y Jll'I'IIIIS• 

,..""' uf 1 hr A:-.:-<•H'Iat 11111 fur ( :wupttlllll! ;\J:.,·hiut•ry. 

¡·onw to rr¡!;ard thP t·ntin' hard,,·arc-/:-:oft­
wan· :-.y:-.t r·m, JniiH'r 1 h:m t he ltard'' are ~llone, 
a!' "the nwdJIIH'." Sl't:ondl~·, iu <·xtt•n:-iblf' 
s~·:-trm~. ~ul'h n:- :,\lt:LTrC~ [AS, Coi, SI] or 
tiH' HC--!000 [H-1, n:,], -a user ma~· r<•dcfine 
or a<hl lo :dl lmt o !:'mnll nudcus úf opt•rat­
Íill!: :-.~·:-1em progrnm.,; thw-, m• "p('rating; 
"'"tr·m lJ(•c-d not hc- fixrd or immutnblr·, nnd 
(';tclt U><<'r mny lw pn•l'l'ntcd with u diffcn·nt 
"mad1im•." 

Types of Systems 
.\11 t•normou~ Y:Hiet~· of ~"~·:-tPll1c. arC' rc­

J:!::mlrd a:; mrmhrr~ "f t he t lmd g;(•Jwration. 
TiH· r:mge indutir.., grnrral-purpo~l' pro­
gr!1mming ~~-"1 cm>', rral-t im<' ¡·ontrol sys­
tem~, time-sharmg sy¡;;tcm~. mformation 
srn·1re ami t<'kproers.,ing !'~·:;tPms, and 
comput Pr nct \\·orks; and nomnt rractive, 
largr batch-proce:-l"ing systrm!:', ¡;;uc-h as the 
Chip¡wwa O¡wratmg Systcn• on the CDC 
GGOO or OS on tlw IB:\1 360 ~f'nt-s. lt also 
inrludt•¡;; a \YÍdP r::mgr of intern,.tivP !'ystPms, 
of wl1 ieh t hcn• u rr· fin incrrn::;mg.l~- sophis­
tieated cau•g(lri.-~ [DlO]: l) der/;ca/f({ infor­
malwn s¡¡.s/cms, ::-uch as nirlmc ami othcr 
tirkrt r<'::;erYation !>~·-;trms, in \Yhi<"h thr 
u~l'rf' may ¡wrform a limitrd numlx·r of 
"11 anstH't iom-" on n giv<.>n dn 1 a b:1se; 2) 
drtliralrd inlcractirc ~>!J-~Icms, :-udt ns Joss 
(.lulmni:H' Opt'll Slwp s~·¡;tem) or Qt;JKTH.\N, 

in whic·h thc• u~c·r mny pm~r:1m tr:tll .... ll'lion¡;; 
withm a gl\'<'ll I:IIIJ.!.U:ll!,l'; ;) l !!< ncl(li-¡mr¡wsc 
illlcracticc sys/c111s, m'' hieh u:-c·r:-" mny write 
progrnm~ in any eme of a J2l\'Pll ~PI of 1:\n­
g,u:l)!:C',., (mo~1 tlllH·-~h:trillg -,en·1rt• hurr:1us 
oll.-r :-.y:--!t•IH:-. ot tl1i-., t~¡u•); -ll r.rfCI/.'.tiJ/c 

·'!i·'lt "'·'· ~~~~-~~ :1'-' :\1 IT.'s ("¡·;--;:-:: (Crllllpat ihl<· 
TillH' Sllarin~ f-\~~~~·tn) !C-1, (';....], in ''hicl1 
u:-.ers are uot rt·:.t rH·t c·tl 1 r • t he prurc,ra nnmu~ 
lan¡!;ll!1~r·s :md ¡;rogr:1mmiug ~~ :-::1 ems pro­
vidr·d b~- tlw ~~·:--t r·m, but m:1 ,. dc·,·elop 
tlwir own and m:Ü.P tll,·m :JYail:tblr• to ot)}('r 

U:-.l'r:::; und .i) rnhcrrnf ~>!1·'/cllls, :-u eh n::. 
:\liT'::- :\lt:LTJC'-,. (:,\Il"LTiph•'\!'d lnformatinn 
and Computing P,¡·n·ic·P) ¡e,-,], 111 \\ lti!'h on1• 
m:1~ C'Oll"'\TlH'\ Ill'\1' pro¡!.i.<Hb or Jli ng:r:un­
millg; :-.~·:--tt·m~ from modulr·:-. ¡,~- vnrious 

aul hor:-: in \ arinu-., lan¡_!;U:l¡.!;t'"• \\ i1 hu111 hav-
1111!: to l,now tl11· inti•J'II:tl o¡H'r:uion ,,r :111~· 

Jno<lul<·. 
1'11<· vi1 ·w~ proj.!;nt nmwr1-1 nnd <kl---1 ¡.!;lll'rH 
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T.\Bi,E [. .\ :-:L \1\I.\R\ o~· Cu \lt" n.HI,.. ¡·w.-: rn· TI H. < ;1:' 1·.11.\ no:-.,., ot· CoMI'L'ITih 

Ctnctdl&utll ----------------------------------------------------------
Elcctronirs. 

Corupnnont•. 
Tlmc,lopcraLÍ"il 

\'ncuum tu hes 
0.1·1 o ""l'C 

trnn·u~torn 

1-10 p•l'C 

-------------------------
:\lu.1u rolimor\': 

Tlmd 

antt-a;ratt'Ü Clrt:Ull." 

0.1-l o"""" 

Lal< 1/urd 

s~•mc u.:s Llur.J 
~mm e u..~t t h1n.l 

Compo•H~ntr. f'lcctrudlaliC tub~s 
1Uu.i dclay lnll'~ 

i lllS('O 

n\n~n .. lic drum unJ 
m.a,cnclu~ core 

m a,; nct ~e corc u nc.l ot her 
mugncllr mt·tla" 

scnucon•luctor rr-~1 ... ~\·:" 
(cUdiC) 

1-10 ¡¡.•ec 0.1-10 pSCC o 1 P"I'C 

·----------------------
¡mpcr tup(•, cu.r;.td, 

ddBy hlll'9 
muJ.~:Iil'llC tapr, dl.:o~kll, 

tlru1na, JHlJJ{I-r r .rtl:t 
dR01C 11'4 KC"Cf1Ud, JJhl' r.~­

lcJUit..'<i cote nn~l m1~H 
e oro 

aamc na tlurtl 

i't•),lf:l!Rffiltl~ !;:.f"'• 

R,UUJ;C-1 O.n•~ (':I¡;.Jbtl­

ldr.S 

b•n••E"J.' ~.~~le nnü P.Yln• 
holic t•t)tle 

hi~h-le-el llingu .• acs, 
HtJbroutlnet-\, h't'ur· 
e ion 

sume ns sccoml, phL• 
da.tn atructuree 

snmc a3 tlunL pb~,. ex· 
Lcn~1blo lun¡;u.l).tN .. md 
eoncurrcnt proJ.:,ramm· 
m¡¡ 

-------------------------------------------------------------------
.\b1lity of user t<> J.!3T· yes (baotls-on) no yes (mt~ructi\.e und su.mP a~ thuJ 

t1cip:1to in tle'.lug- con \'en:JallonBl pro-
~in¡; a.n•l r·.aor,llliJ gr•n>o) 
bis progn .. rr.~ 

-------·----
Hurd ware ot('\n te es 

KC.d pr•mttivcs 
"r•thmetic u!ut.a flmt.ttng-point nntume- !Jame aJ .:\ccond, plus· mttroprr,~r:lmmtng and rr.oJ.d· 

LiC,Itllcrru.>t f •. HI¡Itlt'S, Onl.). >ltur.ll{t.', pa~lrllt nnd rt:'IUCatlOO hard\'"are, 
mtcroprogr.tmn.Hng, 
•Peclul-purpose L U 
ertulpnlcnt. 

gencrah.tcd tntPrrupt sy:,tctn-t. 1ncre LSed use ot 
~ar..L11ehsm. mst¡ucuon loukut.t".lll amJ p1pchntng, 
daU.t.) pt! c(Jntrol 

Solt wnre und otber 
s.arvu~e..· 

no o~ subrout1nc \¡l.Jranes. 
batch momtors, 
specJul-ourpose 1'0 
Juciht1es 

S!imc n.:s sccond, plus muluacce!l~tng nnd muh.­
progr~mmm,;. tane-.!:.h:utng anJ r~mote acces.:s, 
!'~~tr!!l h!~ :o.~a:crraa, d.ut.uUJ..LllC resource u.llt•ca­
uon, relocnt10n .. md hol~mg. one-ievcl store antl 
\ utuul mcmor)·, ~cgmentauoo and psg1n&¡, con· 
tex~ eJitor3, pro¡¡r~mming systems, sbnnn¡¡ .. nJ 
prot.ect•on of 10lonnauon 

--------------------------------------------------------------------
take of .;;ystems ate almost n:; vnriPd :1:; the 
-.y:-;tems \ iH;m,..('( vc~s. t:omP arP VIl'\\ c•d a-; 
l.tr;,!;e. p011 crful h:t: .·h·p::oet•-,.,..lllC: i.tcllnies 
11lit·ring n w¡dp · : •.·t \' of Lln¡.;uagt'~. pro-
;.;ramming :>y:,tt•u: · .¡ ""rvicr'" (f·.:r .• IB.\['s 
0.':\/:360 nnd CD1 :nppc•wa ,;,jQO). ~1)!\H' 

m• viewed as · · · "l t en vi ron nwn t:, for 
··~'rt a m pru6ra m1 •. : ..:. .. m!:!;tt:1g;c:::. (e.g., ALGOL 
1111 thc Burrough.- uG.jQQ). Sorne are \'I('W('d 

.ts cxten::1ions of :,•llllP iangil~\gP or ma(;hinc 
l•·.u;., thc virtual machmes prP>;I'!Hf'd to u--Prs 
;;, Il3.\l':, CP;Gi or .\[-l-l/HXJ. litlll'r:-. .m~ 
\'11'1\'Cd fui information man:l;.t,l'11lP:lt :-,y<.tPms 
i ,. ~ .• S.1 BRE :\irlmn H<::.r-rvnt iot1;, S~ .-.tc·m). 
:O:tdl other,; urP viPwr~d as <•xtc·n~ihiP .,.·.-~tPtn::. 
ur tnformation utllitit·s (c.g., .\liT\.. CTSS 
·••11! :\IuLTic;;, A/8 Regneccntrulen':5 RC-

-!000, IR\[':- :~liO/TSS, nnd HCA's Speet r:1 
70/-Hi). 

Common Properties of Systems 
Dt•>'pite the tlivrr.::ity uf ~y,tcm types nnd 

v1cws about them, thcse sy.3tems huvl:' a 
grc•nt deal in c:ommon. They exhibit com­
mon chnrncteri:-.tics bec:uuse tlwy \\·ere d<>­
~igncd with ·,mmmon general objrrttvr·~, 
e-pr.·cially to provitlP prograrumers \\·ith: 1 J 

an effi,·iPnt environm<'nt for progrum de­
velupnwnl, dcbugt\ing, and exPcutlOn; :.!) a 
witl•~ r~.mgc uf protlll'm-sol vi ng tac·tl ittes; a1H..l 
:~/ low-t:o,..t computing through thc ;,hnring 
uf n·sourc:e..., aml mfCJrmatwn. The cllar­
nl'tcristH:>. \le :-,h.dl dP~<·nbe Lelow are prup­
erues of the c,las:, of third gencration systcms, 



17S Petcr J. Dc•m:II(J 

but no pnrticulflr ¡:y¡.:tl'm m·Pd f'Xhibit nll of 
them. 

Con e u rrNI e y 

A fin;t ::ommon <·lnlr:H·t<•ril'tic of third 
p:cnf'ratÍo!· :-~·!-tl'm::- ¡, I'OIH'Urr<·m·y-i P., thP 
C''-"Í<,1PilC'C' ,¡r J11)tt·utial <•xi~tC'll<'P of H'VPral 
simultnru•cus (par:1llPl) :w1ivitiPs or proc­
Nsr.s. Thr tf'rm ''pror·<·!'-;'' wa:> introdUC'Pd in 
t lu.' C'ady 1\HiU:- a~ :m al1~1 ral'l ion uf a prol'­
,'.~"or':- arl! vi 1 ~·, :o:o 1 ha1 t lw t'OIH't'P1 of "pro­
gm m in PXI'<'ll1 ion'' <'otdd lw nwanin¡:Jul al 
an;: in"t :lll1 in 1 i11w, rq.,::mllr·~" of \\"hl't hl'r or 
1101 U pto!'f':':O:Or W:t·· :t('tUal\~· C'XI't'\lllllp: in­
:<1 rur·ti• •n- from a ¡:¡wdfir program at t hat 
ill!<tant. ·r:.,. t!'rm "prorr~s'' i::; now \t~(·d in a 
murP g<·:H·ral ~~'II"P 1 o li<•JHJI (' un y l·ornput a­
tlnll aC"ti\·it~· I'XÍl'ting in a comput<'r ~y>:trm. 
Thus, 1: 1<' idt"a uf parailcl procc:;u·s t•nn IJP 
intrrprrtC'd to mf':ll\ that morr than onc 
pro¡!;ra m can b<' ob::-crvrJ b<'t \\ er.n t hcil· 
f'i.artíng and fini,..hing point>: nt an~· givcn 
r i lbt'. I~'J uLe:--~t-:, n·ar.(,· .:-rr tnay no: be progres~­
inL\ ~inlUltnnPously; nt n gívcn time, for 
P\.1mple, we ma~· oh:-c·n·c one procei''5 ruu­
ui ng on t he centr~ti procc:;!-or, ·U :,('con u :-:u~­
prmkd uwuitiug: ih turn, und o third ruumng 
011 un input/output ch:mnrl. Procc!:I,..Pfoo 
interact in t\\O ways: indircctly, b~· com­
P01ing for the ~ame n·..,ourcP:-; a11d dit·cctl~·, 
b.' ,..h:,riup: infut't11:11Íon. ""h<'ll pror(':--.<':.: ar<.> 
lo;.dc:dly indcpctulent t ht'Y iut crnct iudi­
I"L'rt ly, a nd C'Oilt rol of cour•IIT<'IlC~· is uor­
m:dl~· dC'kp:a1 cu t o t br UtHkrl~ i ng: :-~·:-: t <•m; 
lHlt w!Jell thc~· an• intemcttup: dír<'ctl~·, 
<·ont rol of roll<'llt'I"I'IIC\' mu,.;t iw Pxpre,..:-l'd 
explieit 1~· in till'ir impl~·mentntiou,.., 

:-:iliH'C' 1111 o¡wmt iu~ ~y:-tt•m ¡.., oft<•n r<·-
' garJ('() n~ a 1'0ill rul program th:ll n·~ulat<·~ 

:111(} l'O(Jrdina t rs various ronl'urrr•ut :tl'l iv­
tliC'f-:1 thC' nN·u for wa~·s of U<'St'l'ihiup: c·ou­
eurrrnt nl'tivity at a pro~r;.¡mmin~-languag<· 
I<'\'C'I is fcit mo!-t U<'ut<·ly by ~ystemt' pro­
grammcrs. ThNt' are nt )pa:.:t thrl'C' rc•a¡;on!' 
íor this: 1) tlw dC'mand fur rnp:d n·¡;pm1~c 
tímc· and rfticíl'nl l'<¡uipnwllt ulllizalioll J¡n:; 
i(•d lo various form:.: of n·Hitll'l'<' ~~~:~rinp:, :11111 

ha:-: f'n•at r•d a llPPd for dyua mt<' ~PI'('tli,·a 11011 

of tll<' n·,..oun·r• ri'<¡IIÍr<·mr·tH:- of a pn.v;ram; 
:.?i \\ idPSJH't•ad 11:-1· of <·r,n¡·urn·nl :u·t iví t y 
hPt\\·¡·t·n tltP et·tur:llm:ll"hill<' nml i1~ pNiph­
¡·ral dt·vil'l'S alrcauy t•xbts; aud 6) thc· li<•:,.in• 

to ~harc informntion and to eommunit·atP 
Ulllong <'Xl'l'Uting: prugrnms ha¡; lf'd to tltP 
d<•\:t·lnpnwnt nf m<·:-~aíw trnnsmil'sion fnclh­
t jp~ ami ~oft wnr<' nll'dialli::-m:- for ~~ f•ppin~ a 
pro~ram whiiC' it l1\\aÍI8 :t si¡~nul from nn­
othC'r. 

..t utomntir Resourcc A llocation 

A !'Peond rommou eharnetPrist ie of t hird 
J.!,C'IlPrn t ion ¡;ystc•m:-. is t he C'Xist C'll<'<' of nn 
a111 nmat it• r<·>:ollf<'<' :dlrll'ntion nw<'hnni:-n~ 
\\'11 h a \\id<' vari<'ly of r<•:-oUI'<'('~. Thf' n·aH>W· 
for c·Pnli·al f'y,.;tpm t·r,nt rol nf rrc:our<·<· alln(':t· 
t 1011 i11dudP t lw fr,llu\\ lllg. 1) Prog:rammr·rs 
tC'ml 10 lw mor<• produeiÍV<' "hf'n th<'y dt• 
not hnv<· 1o tw t•r,llt'i'rtll'd Wlth rr~ourt<: al­
lor:atinn prohlrm'"- in nddition to thr ingirnl 
::-tructurrs of tlwir nlgorithms. :\Iorrov<'r, 
pro~rnmming la11gu:q!t'S !'hidd pro~rurnm('r¡; 
from dPtails of mnl'hin(' 0peration. 2) Dueto 
t lw unpredi<'t uhiP 11:1 tu re of <lC'm:mds in a 
system !'Upportmg <·on¡·urrrnt artivity, u 
pr'1~!T2mmr•r i" nt n di":Hh·nntagC' in making 
<'ffieiPnt ulloeation dt>eisions on his own. 3) 
A l'<'lltrnlizPd rP::-nun·e nllocator is ablt• to 
monitor t he l'lll in· :-y:-tem ancl <·un trol rr­
sourrC' usuge to !;ati:-fy nbjC'rtivc!; both of 
p:ood :::PtTil'c nHo !:'~·.-tpm effil'Í<'n<'Y· 

Sl'VC'rnl r-,y¡;tt•rn:- ha\·c• in('orporntl'Cl n V<'ry 
g~'tH'r:d \'ÍC'W of tiw na tu re of r<'i'oun·<·;.. t hrm­
:.:t·h·c·.:,. As WC' ~hall "l'P, t hi~ vipw allows onP 
to tr<•at mnny a,.,pPet::: of ~yHem opcrntion a .. 
I'P!-Olll'CC' alloration probll•ms. and with good 
l'f'i'Ult<;. A1·r·ordiug ttl" this vil'\\', lhP l'C'1 of 
ohjPt·t~ that 11 proe<·~,. muy U'-l', und on which 
Íl~ J'l'!IJ!f<'~:- cif'Jlf'lld:O:, j,.; l'aJh•d t)H• 1'('.~(1!1/'('(',, 

n•quired h~· tllf' proeel's. Thl' !'~·stPm pro· 
vid•·" u vnri<·t y of r<'>-C•IIH'<' ly¡•c.q, and 1 Lc·n· ,., 
g(·tHT:tlly a limit<"d nttmbc·r of 111111~ of Nlrh 
t,\'))(' nv:dbhh'. E:-.:mqll<'s of r<·Ht\ll'l'<' ty¡ws 
int·l udP: prol'f':-:-or::, nwmoriP:o:, pPrtpiH'ral 
rlr-vic·p¡,:, data tilr·c.., rrrorf'dllr(':o:, nnd lllf'~"!I!!C'6. 
Exampks of rP:-:-IJlll'<'<' unit:.: int:lude: a proc­
c•:-,:nr, a pagt• of nwmory, a dí¡. k or drum 
trae]\, a file·, a prrwPdun·. or n mt·<-sag<'. 
S11n1<' rí':-'0\lf('(' typr•:, h:t\'P Ín11l1C'UÍ:IIP r<•aJi.za­
fÍtlllS in tPrm~·r,f hard\\:Jr<• (P.g .• prnt·c·:-~or, 

llll'lll"r~·, ¡wripl~<·raJ,.. ), \\ hc•rl';l,.. nt IH·t" :11 r 
rP:diwd in ):l,ft '' ar<' on,ly (P.p:., f¡J""• prol'r­

dut·c~, llH':-~ltJ.!.f',.). :0:1•Dil' rl'~<•llr<'l' t~·pl'~ un· 
"n•u:-.ih)P," u uuit of :hat 1yp1• lwíng r('a:-­
:-Íf,!;JlabiP aftl·r i1s n·l!'a~~·; \dH'reas u1ltc•¡· 
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t~ ¡w-.; arl' .. , .. ,11:-Plll:lh!P." nw:min!.!; 1 hr~· 1'1':1-r• 

to l'll.l,..t altt•r lbl' (P.¡:;., a nw~:-a!.!;l' or tlu• 
:l!'t1\·atiroll rp,•nrd ni a •·:lllt·.i pr .. ,.,.,(tm·) .\11 
t'l':-llltrn·~ h:t\'1' intt•rnal ":-tal<':-" t lwt 1'1111\'1'\' 
informati1111 to tlwit· 11,..,.1 .... : if tl11• ~tat1' ot' ;, 
rp,;oun·t~ i:- mmlilh•d tlurin;! .t:-!', a unit of 
that t~·¡w is ... :ud 111 IH' ··,.uhj,.,., t'' t•xdu:-íw 
•·ontr11l" b~·, :lt nw-t, onl' prot'l'"" at a rinw. 
.\ unit rl'~oure<' 1:-: "pn·t•mpr iblt;" only if t lw 
:-.~·,;tt•m m a_,. intl'r\'1'1\1' :111rl 1 ¡•h•a•u• it wit hout 
lo:;Íng input. out put, or progrP>':-. of t hl' proc­
l':;s involvPd. A non-pr!'Pmpt1blt' re:;ouree 
may be reiP:t:->t•d only by 1 he process to 
which it is o.ssiglii•J. 

Shariny 

A third rommon l'h::tr:ll'tE'ristie of third 
genPrution :-:ystem:; i..- ~h:trin¡;, the :-,imulta­
ncous u:-,c of rcsourees by morP 1 han one 
proee~s. The tPrm "sh:umg" ha:; two rPI:lted 
mcunings m today'::; pal'lanL'P, Fir:-;t, it de­
ni) tes t he fact t ha t rc,ource typ(',; ean br 
l'hared rrgurdll':-s of "hct h<·r or not indi­
vidual units of that type can be :-;han•LI. In 
fact, mo:-t units of phy:-ieal rc!"ource ty¡ws 
are <;Ubjl'ct to exdu:<iv,• control by the pru~:­
esscs to whil'h thcy are a,,tgrwd, and &ome 
form of multiplexing mu,t be used to implr­
ment the :::h::triug, but mt.:'r'-' will b0 ~~1id 
::t.bout this shortly. Secondly, thc tcrm 
":-haring" rPier-5 to the sharing of informa­
tion, potentially or act uu!ly: Thc desirc to 
share information is motiYated by t hrce 
objectivcs: 
l) Buílclinq orz lhe trod.: of others: thl' ahility 

to use, m one'-; own programs, blthpro­
grams or program mollulc., I'OnstruetL•tl by 
othPrs. 

:!) Sharcd-data problcms: t he ~haring h~• 
muny usrrs of a Cl'ntral datu ba.">e, whieh 
is required by certain types of problems 
te.g., tick<>t rP:>ervation:-;). 

3) Remocing redundancy: :.J.S many systcm 
software resourccs (compilers or inputí 
output routinr?s, for l'\:amplr) may be re­
Qlllred simultnneou,ly by :;evcral active 
proccs!;P-5, and a:; giving Pach process its 
own copy would tcnd to elurter thP alwuJy 
scarce memory wu h nuny eopiPs of 1 he 
same thing, 1t is dc:;trablP. rhut the systC'm 
provide one :,hared copy of the routinc for 
all to 1.1:5e. 

A•·hii'VÍng tlu•-.;¡• ohjl't'l Í\'l'o.; pl:lf'('"> IH'\\: f•·­
qtllrl'llll'lll>i on thl' :-,·,..tpm amltt-. eompli1·1:-. 
Proint 1 rc•r¡uin•:-. th:tl ¡·ompdl't', providl' l111k· 
:1~1· infol'llmt 1011 \\11 h rnnlpdt·d moduh·:-, and 
thal 1h1·r<' ht~ l"ndc•rs lo l'~t.tl,li .... h intt•rmodu­
lar link:I¡J;I'>i ut t he propt•r t inw. Puint :.! n·­
quin• ... :-onw ~ort of "lot·kllut" mC't:hani,m* 
:-n that no prnrc:-;; t•nuld :11 t••mpt lo wri!P "r 
rr·nd :t par! of 1!11' tlat a b:t'l' t hat i:o: IJI'Íil" 
m mil firtl by :lllot IH•r pro1't':->i. :\ pro~r .11~ 
IlHlllllll' may :<ntisfy point a h~· bl'it¡g '':-:r·ri­
all~· n•u:-ahh·": i.l'., the compiler wouiJ h:t\·r· 
to havC' insl•rted a "prologU<•" into it '' hieh 
\\ould inittalizt' thc value;: of any "intNnal 
variabl<•::i' that might h:r;" bc~>n' changc>d by 
a prcviou::; use of the module; or a loekout 
mPehani:-m may be rPqui n•d to prevcnt a 
srcond proet•s,; from u::-ing th1• modul<' bPfon• 
a fir;;t ha,; fini:::hed. 

To oht nin :,haro.ble (not merl'iy rcu~nhlo~) 
subprograms, the eompilr·d code mu:-t b,• 
partittoned into "proc<'dure" and •·d~Lt:t." 
Thl• procP<.Iure pnrt i:-. rt>ad-only, and eon­
t a m:; all t ht· tnht ruet ion:; of t he progmm. 
ThP <.lata part contai ns nll t hl' v~wable., and 
op(•rund:-. nf t he program n ntl m ay be read '•r 
\\TÍttell. Eadt procl':, . .; thing ::-ueh eodl' ma\· 
lw linkt•d to u single, eom~1'm eopy of tl1.<.' 
proecdure part, but must be providcd \\'Jth 
it:; own priva te eopy of t he dar a par t. Th,. 
tet:lmiqu<''3 for compilmg r-ndl' in this mann._·r 
werc originally dcvised for the ALGOL prr1· 
gramming l:.mguage to impl<'ment reeur:-1\"1' 
proccdurcs (Le., procedurl's t hat can f'ai 1 
thPm~elws). Since n. reeursive subroutirll' 
can be enll<'d (aet1vatr•d) manr times bt:t'un· 
it t'Xt't'Uil':> a !:>inglt' n·lurn, a~td ~lnte l':ll h 
call must lw providl'd \\llh paranwter and 
interna! variable values dilfPrcnr from otiwr 
cnlls, it is necc:,sary lo a:-,ocratc pri\',ltf' 
working storagc (an al'livn.tion rC'eonl) \\'1111 

each instancc of un actlvatccl procedurr.. 
(:\fore will be said ubout thr!:i in tlw ncxt ::-ee­
twn.) At any g1vcn timl', one may mspect an 
ALGOL program m CXCl'Ution and find rn:\1\Y 

instanres of proeedur<> actJvation!->, thu,, 
thPre i:; an immPdio.tc nnalogy hctWP<'Il thi:, 
notion and t he notíon of paro.llcl pro('l·-:::p.­
discu:,.:-,i•d above. For th~::> rf':ISOII, many uf 

• Dctn.il1> of lockout mel'h:lni:;ms \\111 be dl"l'll-•l'd 
in conn<'Cllon \\ith thc mutual exl'lusllln prohll'rn 
in thc (ourth scctlou, "Coucurrcnl Pruce~s••-> " 
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thc t'C'chniqurs for handling multiplc nctivn­
ttons of n. procedurc in a f.iuglr program 
(rt't'ur.qion) wcrc l'liund to be immc·dintclv 
ap~Jlic'l bl<> to mull iplc nct ivntions of ~ 
pro~·echr<> nmong distinct progro.m¡.: (shnr­
in;: ', 3crnusr t lw na mes nnd memory re­
quireP.~nts of all proeedures tho.t mig:ht be 
UEe:d by n procrs!' may not br known in ud­
vanee of exPcution (as is the case \\ith tlw 
procedures in ALGOL progrnm!'1), the mecha­
nisrn for linking procedurC's nnd nctivntion 
rt'c:ords among processes can bl' more com­
plir!ltnrl and ma~· requirc speci~l hardware 
to be C'ffi<'ient [DI). 

.lfuiiiplexing 

A fvurth eommon d¡aract l'!ristic of t hird 
geut·¡·ntion s)::.trm~ is mult1plexing, a tcch-

, niqur: in whit·h time is dividf'd into dt~joint 
in~(·rv:ds, and a unit of r<'H1un·f' i~ a:-::-ig:ned 
to, al most, ont• procrss duriug eaeh imcrval 
[Sl]. As mcnt10ncd abow, multiplC'xing is 
nt•c<'~!:-i tai ed by t hP liP:;irc 1 o ~ha re a gnrcn rc·­
l-Ulll'\:\' typc wlwn its imlivirlual units must 
hC' controlled ext·lu~ively by procr1:.srs to 
whieh tlH'Y nrP n~~ignC'd. ::\lultipl<:xing; has 
n"sumed partintlnr importnncl' th u mean:;, 
110t only of maint ainin~ high luad factors on 
n·soure('il, but abo of rcdudng; rC'sourcC'­
usngc· costs b~· di:>tributing thcm umong 
many usrrs. Thc ti me int erv;d::; lJPt wrcn t he 
inst:mts of n·a .. :,;ignmrnt of thr mulnpiC'X<·d 
rí'!;Ollrce muy be ddincd naturully (uy thc 
nltNnntion of a proecss betwee>n periods of 
dc·mand nml nmHkmand) nr artifkially (by 
nwm1s of "t inH· !-lieing;" nud prc·<•mption). 
Tlw l:ltii'J' tnl'th(ltl Íl- II~Pd prin1aril~· in tllut·· 
~ll:ltllll!, :111d llllwr ~-~·st1•m:,. in \\hi('h n''-ji<Hl:-.L'· 

tinw d•·:Hilint·~ mu,.t ul' 1-ati:-:.li•·d .• \lthuugh 
mult iplr·xi11g ¡,. 1101 f::hariu~. it t·:m be U!,.c•d 
lo gÍ\'f' thr nppearane<· of ,.harmg; 1f, for 
exnmplr, a prot·<·~:-:or is S\\;t ehNl equall~· nnd 
eyelil'ally ·amo¡¡~ n pro~rnmi' \rith suffil'ient 
!'1pecd, u human olN·rver {'()UlJ not dtstin­
gni.:h thnt s~·,.:tt·m from Oll(' in whieh eaeh 
pro¡¡mm hu¡.: itl'J own prort•:;,.or of 11 11 :,.pl'cd. 

L<•l us dign•,.s brit·fl\' t o tk::-t·nbe sonw 
~<JX't·iflr C'X:ti~lplt·!- of l'o.mmonly ll::-<•d 1t'<'h· 
niqttP~ for ~harmg nnd multiph•xing. 
1) Und<'r multiprogrmllllltll{l, (parts uf) scv­

!'1 al pru¡¡;ram:-: an' plat·l'(l in m:IÍu nwmury 
nt 0111'<'; thi:-: nut (lllly mal\1'::. lu·t tl'l' 11:-.f' uf 

main mcmory, but it maintnins a supply 
of excrutablP programs to whwh t he pro<:­
es!.'ur muy switch 1-hould the progrnm it is 
prue(•::;,.:ing bPconw stopped. :\Iorcov!'r, u 
part ieular \her's prr,grum ncPd uot rcsidP 
l'Oill inuou~ly in mcmory during t he en tire 
length of ih run time; indc!'d, it nl"X br 
sw~1ppcd r<'pc:ltcdly for :;;omP othcr pro­
gram requiring u¡,c of thc mrmory- -onc 
th:H is rcsidmg; in auxiliar~· nwmury ·wmt­
ing its turn. S\\:lpping; tnkr~ place wíthout 
:m y ovPrt action by t hf' programs 1u 
mPmory; to tite user its only obsrrYnlt.lr 
d'fect is t~l:lt the maehine may appenr to 
be opernting more slowly thnn if he had 
it Pntncly to himself. Impit'mrnting 
mult iprou:ramming requir<'S t" o fundo.­
mPntal altc·rations in sy::.tC'm org:lllil,:J.Ilon 
irom bt'cond gc·ueration :;;ystrms. (a) :;;incC' 
pro¡!ram:; rnnnot be allowed to rrferrncr 
rrgJCJII-. of nwrnory otlwr th:m thosc tu 
\\ hich thf'y hav(' bP!'ll gr:u\tl'd aceess, and 
1-iJH'P 1 iH' l'X:tl'l I'I'!!;ÍOJI of 111C'IllOr~· in w!JH·h 
n ¡tro~mm ma~· bC' loauc·J t·amwt be pn·­
·Oiea·d iu :nlv .• mc, pro;;rammi!lg; mu!'t ))(' 
loe:u ion-mdqlC'lld!•nt; a m! (u) r:.pcei::ll 
nwt·hnm<-ms nn· rc·quirC'd to prrcmpl tlw 
procc·s;.or from om• pm~rum :md switrh it 
to nnotlwr without intcrfcring; with tllC'­
c·cJrrC'ct opcrnt ic111 CIÍ un y program. 

2) 'Cndrr multiacccs.~inr¡, mal\\' uscrs arC' 
pcrmittt'd lo aeec,;s t.h(' !;y:-;t¡•m (or part!' 
of it) :;imult:111C'OU,.1~ .• -\. ::;implP multiacres-. 
¡,ystem is the batrh-protP::~ing sys\<'111 
wllh H'VNnl Jrmotr-juh-c·ntry tPrminalH. 
An adv:IIH'('d multinrrPI-'5 !:-\'1-·1('111 ib tlw 
tinw-o..hnring ,.~·!-tc·m (''tmu· ;nult iplt•xittl!" 
woultl bt• llllll'l' :lt'l'llr:tl!'), in \\ hil'h tll:tn~· 
u:-:r•r:- al mau~· c·on:-olt·:> ust• ¡..~ '-IPm n·­
~oUI'f't:S :md !-t ·tTÍ<'P:- l'Oll \'t •r,.a 1 ion a 1 h·. I t 
!-hould IJI' llOtf'd that multian·t':-::-tng and 
nmlt ipro¡:ramming arr• iudt·pc·JH.lt•nt c·on­
l'<'pt~; man~· CDC GtiOO hatl'h-proc·p:;;sing 
in .. t allat iun:< arl.' ('X~ mplt·;; of mult ipro­
gramnwd ~~·,;tcm;.; with on<• job-rntry 
tt•rminnl, \\lu•r('us :\riT':- CTSS [C-l} i:; an 
P\:amplt· of n monup;·o¡,;l a mnwd 1 i nw­
:-:harin¡:; s~·~tf'm that u,.P:,. s\rapping tu 
impknwnl nll'mor~· !-harillg,. 

3) .llulttlasl.iu!l rdcrs 10 thP eapnbilit~· of a 
=-~·st•·m to Hlpport moTI' than OIW active 
Jll'l•t'<'""'· .\Iultttaskiug mU!-I lll't't•:-. .. anly 
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•':'I.J-.r'·m nmlriprn(,l':imllling ~:-.!Pm-., hui 
tt may or ma_,. Pot P:\l~t in mulli:il't'l':<S 
"'·,¡,_•ms. It mav :11~'' ex1st in b:tt•·h­
¡;rnCt,'~ing Rystt'l~l:; Hlllkr t lH' au~pit·Ps of 
,·ert a in progr:uumtng l:mguag¡·-., su eh as 
PLii. 

-l) Undcr mult iprocc;;swr¡, tlw ": ::-l<'m sup­
ports ~C'VI'ral prorc..;sors so that ~Pvrral 
active procPssp-. may be in· cxccutlün 
eonrurrently. If onc n·ganb eh:m1wl:- ami 
othPr input/out pnt controllcrs a..; S[ll't:l:tl­
purpo-;e proce,.,ors, thrn PVPry third 
gPncration syst••m (aml many sf'cond 
gPneration sy:'itf'ms as "·cll) is a multi­
proces,or systrn1. Howcvcr, thc tcrm 
"mulriprot·cssor" is normnlly applicd 
only to systcms huvi.ng morP than one 
central prorcssor; cxamplcs of ::.uch ~rs­
tems t1r<' thc !LLI.\C IV, ~IüLTics, thc Bcll 
Sy;.;rpm's ESS (Elt'dronic Switdun~ S~·s­
tcm), and thc ~[ich1gan Tww Shuring 
System on the IB~I 3GO/G7. 

Remole Conrersational .-lccess 

A fifth common charaeteri:<tic of 1 hird 
gcncr:lt1on s:·st<'nb i~o: remotf' ronvNsationul 
accc:::~. in '"hi<'h many usPrs ar .. allowrd to 
inter.wt with thPir proer,.;;c,. Intcractive, or 
on-line, romputing i.;; now known to make 
rapid pm).!;ram dev<'lupmcnt ancl tklntp;g;mg 
poss1ulc [DIO, \Y~]. It 1::. rrquin·d ior -.lun•d­
cl:l.tn-ba"e problcms-c.g., ticket reservation 
systems. 

Xowleterm in acy 

.\ 'ilXth common t·harnctl·ri;;tic of third 
)!;PilPr.tl ion ..,~·;;¡¡•n¡, '"' nnndí'll'rlllltl.lt'\', 1.c., 
thP unpn•rl~t•tablP n:uun• (Ji lhe ord••r in 
\\ hich evento; will occur. X ondr·t¡·rmmacy is 
.t neces..,a ry ron:>rqw'nl'r of r·oncurrt·Hcy, 
o;hanng, and multiplexm)!;. Tlll' ordPr m 
whicL re::.ources nrc a;;-.¡¡..,rrwd, n·lea::.cd, ac­
ce,,ed, or shared by proce!:'.-es is unpn·dicta­
hiP, :md the meeham~m>' for handltng con­
l'llrrcncy, ::.huring, J.nrl multip!C"xing must be 
dcsignPd to allow for th;-:. In conlrast to 
:.;loba!, system-widc nondP!Prmmacy, t lwrc 
is oftcn a necd for lot':ll iorms of detrrminacy 
at. ti1P programmmp; !Pvt·l. \\"lu·n :t collet·tion 
of prorPSSL'S is coopPrattnp; 1oward a <'Olllmun 
goal n.nd sharin¡.r; mformat ion, it is u::.ually 

,¡, .... irahll' that the n·-.ult nf ti,l'JI' r·••mput:t­
tir,n tl!-¡)('nd onl~· on tlw tlil 11:d v:dw·~ nt tlu• 
data, not on the1r n·l:l!ÍVC' :-pe1•ds .• ·\ ..,_~·-:tem 
oi proÍ·PSSL'S haVIIl¡!; 1 hi:> pw¡wrt y is somC'-
1 imr::; t·allPti "dPtl'rminatl'" or "»P''t'd­
im!P¡wnJPn t." Th i::. proulc•m is considPrC'd 
a ~a m m tlw fourt h :~Pe! ton, "Conrurrt•n t 
Prorrsses." 

Lont¡- 'l'cr111 Sto raye 

.\ 6Pventh common propcrt~- of third 
gPnPrat ton Rystl'm::: IS ti\{' prP:o,I'JH'P of long­
tf'rm storage. SC"rond grncrat 1on !-\-~tl'ms 
provldl'd it in thl' limitPd lorm of subnn.tllll' 
hbraries (no provi:>ion "as madi' for data 
files). Sincc tlll'se hbrarif's "ere lumtcd in 
size nnd wl'rP accC'ssible only via compilen, 
or loarlcrs, thr probkms of manag,1ng 1 hl'm 
were not sPvcrc. HoweYer, many tlt.rd 
grnPration ~ystC"ms endC'a vor to pnn·idP 
users "·ith nwans of stormg thctr m\ n in­
formation in thc systl'm for mdcfinire pl.'­
nods. Th1s givrs risc to thrcc ncw, nontrt\'tal 
prohlems: 1) tlwre mu-st be n file sy,t¡·m to 
managc files of iuformauon en t rus red t o 1 lH' 
s~·stPm; 2) the systrm must provick n•a-.nna­
ble guarantcC"s for the ;;urv1v.1l of a tH·r\ 
informatton in <':lSC' of sy-;tem iatlun• nr "VI'II 

thc· us0r'~ U\\"T1 rlli6L .. Lht·i,, ¡Lud 3) dte :-..''"'lettl 

mu:-;r ··ontrol ncr<':"S to mformation in fJrdPr 
to prPvPnt unanthnrizPJ rC':ld;ng or \Hilm¡¿; 

Abstracticns Common to Systems 
The common propcrtics discussl'd above 

haVP givf'n ri:-;P to abstrart10n:; nbout thinl 
¡:!;CIH'ration syst1•m org:utlzation, b~· "ab­
~t r:wnon" wc mr.u1 n. p;Pnernl I'OIII'L'Pt or 
prmciplc dr·s•·ribing a problc·m :m•a, irom 
\\ hi1·h most imph•nwnlatlons can lH' de­
duecd. The nbstraetions can be rPg::trdcJ as 
forming at lcast a bas1s ior n. "thec:Jry" of 
opcrating systems principies. 
Thc fivc arcas in wh1ch thc most viablP 
abstracnons hnvc cvolved are 

1) programming; 
2) "toragc ullocation; 
3) conr.urrcn t prorPsses; 
-l) resource allocution; and 
.)) protection. 

Thr ncxt fivc srctions of this p:t¡wr -.tud:· 
thl'~l' abstrnrtions m.d ;;onw llf tlw1r c·oii~P­
t¡lll·JH:I'~ in dctail. Othcr lll'Pas, nhout \1 hll'lt 
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fp\\' viable nbstrnrtion;, h:-t.YC' C'\'olwd, will b(' 
d1scu::.sed in thc lnst :,.ection of thc papcr. 

PROGRAMMING 

It is g:en('rn!l~· ngrC'C'd thal th<> capabilitiPs of 
the hard,\arf' in computl'r systrms should 
~r cxtPnd,~d to allo\\" f'ffi<·ÍPnt impl<·mPntn­
tlon nf r,_.rrain d,,:-irnblr progrnmming lnu­
gu:>.í;r ÍP:J.turc·s. For tlm: rP<•l'Oil, pron-mm­
ming objPrt ivcs ha ve• had n profou1~d in­
flurnrr on 1 hP dPVP1opnwnt nf computcr and 
programmwg ¡;:y;;¡pms. Tiw fonr most im­
port ::m t of t lwsc are dio:ru>-i"<'d in t 1w follo\\"· 
ing parn¡!r:lphs. 
J) 1 lu¡h -!r·•···l lall[¡zwor-~: Thc introduction of 

I'oHTlt.\' in Hl.iG nnd ALGOl. in H.l.iS 
nurkl'd ! lw brginninc: of n pC'riod of in-
'ten~P nr~tivity in high-11•\'C'J l:mguagr> dr­
v:lroplllr·nt. From thP fir¡..t it was rc·c·ng­
mzt•d thnt u programm(·r':, prnblrm-~olv­
ing nbiiity could bP multiplied hy high­
lf'v(•} lnngungPs, not ouh· h<'c:l\l~C' ~ueh 
lnngunp•s <'nab1P him to c·~pr<'::;s relntiwlv 
crnnplirat<'d strurturPs m his prohil'~ 
solutwn as sin~lP stnt<>mmts (r0ntrac:.trd 
wit 11 t hr mnn~· Íll"l rut·t ions n·c¡uirr·cl in 
mad1in(• lnnguag('), but hc·('nu;:e tiJrY frre 
hin1 frrml muc·h coiH"Prll '' ith m:1('hi~c- cif'-
1 aii~. Tlw <>normoll!' Ynrirty of 1nn¡rung<•s 
tl'l'1Jf¡¡·-.: to t h<> SlH't'C'~>' of thi;;; rfinrt: 
nle<'hraie l:mg;ungr~. J,Jrwk-:-t ru<'lurrd lan­
p;u:l ~~ .,.,, proc·{'(l llr<'-Orlt ·nt f'd In ngun~P!-, 
~ t ring- m:m ipulat 1011 bn¡run~f'¡.;, hu!-Íilf'f'S­
nr¡¡•ntr·d 1:lllp.:llag.l•.,, "imul:l1inn lan!!U:tgt·::;, 

1':'11'11:--tl ,]¡o l:\11!!:11:1¡.!<'~. nnd m 1111 1~:1]. 
lhil'lll¡.( 111(' 1:!11' l!J.",()~ thl'fl' r:l¡.!;l'd llr'!l'll 

bit t í'r dl'h:tt I':O: ovl'r t h<' P!liciPl\1'\' of 
l'nmpil:llion and t·XP<'IIIÍI•Il of hi!!-11:11•\'d 
l:lllgua~l' pro¡rrnm~ a::; eompnrNl tll ma­
C'h irw-la ngua¡rf' prn!!rams [W.i]. TIH'i'f' 
nr¡.:unwHt;;; ~uh:-idr·cl durin¡r tlw HlGO.;. 
::\'O\\' it 1~ ~c·Iwrnlh· nc;rC'C'd 1 hat C"omnill•r­
g<·tJl'l':l tr·cl c·mk (n;ul -¡ lH· <·omptlin¡r pror­
' ·:-.-,1',: tlH•m::;l•h·<'f') <·an b1• madt' of ar<'C'pt n­
hlf' qualit~·, :md that :m~· <'fli<'Íf'llC'\' 1o"t bv 
1 lll' u~<· of ;;u<"h (·odP i-.: hand~om;·h- <'011~­
JWll;.a 1 c·d for h~· ÍIH'TPa-:c•d pro¡¡:r;l mnwr 
prodUI't Í\'ÍIY. 

:!) l'rot¡/'11111 ,;,odulari(l¡; Thi:-. 1Prm rt•ft·r¡.: lo 

tllf' :dnht\' lo l'nn~tnwt ¡n·ogl':llll• frnm 
i:ul•·IH'IHI•:ntly pn·p:,r:dtll', ,.,,lllp.l:d•l••, 

lCStabJP, Ulld 00f'UnWntub1c "modu](·~·· 
~::;ubpr .. gram!-) that arr nPt 1inkrd togpt1wr 
mto n eomp1rtc prog1am nntil exPcution. 
Thc amhor of eme mnclult· ¡..hould be ah1e 
to rro<·(•Nl with its Cl•llqrurtion 11itho•tt 
r<'qmring knowlf'dg(' of t hP intl·rnnl st n.::­
turf', opc•rntion, or rr~ourcf• rec¡UJremrnts 
oi nm· r.thrr module. 

3) Jfaciu·llr 11Hil·pcmlri1CP: Thio;; lcrm rcfcr~o ''J 
thc abillty of a programmcr to wntp 
pro~r:un¡.: \nthout lW\'lllU: to worrv ahout 
the ~P<'I'ifie re:-ouree lim1tations o.f a svs­
trm. It hn~ brC'n U>-Pd :.tl't'orcling to t'nP. or 
more of thrc·p intl'rprPtationi': (a) ¡noc­
~ssor úzd~Jlf'l!denre-nppropri:Hr rompi1-
m~ trdamqurs <'nable a :,ingle progrnm 
tcxt to hP pn•parrd fnr cxrcu!Ío11 on ¡, 

procr<:~oor 111th an arbilr~1rl' ;n;;trur·t¡r,¡¡ 
¡..rt; (hj memury imlrpcwlCirCI'·-a pro¡rrnm­
m!'r ma~· writ e a t'llhprogrnm wit hr¡ut 
having to know how rnueh m:íin mPmon· 
might bP uvailaLle at r'Xl'CU! ion ti mr or 
whnt tlw mPmory rrt:¡turrnwnt~ of (pcr­
hnps yrt unwnttcn) eomp:>.:uon subpro­
grnm~ mi!!ht be: and (r•) 1;0 mdt'pcnd­
encc-progmmnwrs ohtain 1~put (ercatP 
outputl by rPading (11ritiu¡r) "I/0-
strc·am~," a p;iv<·n l'tn•a1n br·Íil!.! nttadlahlP 
tbrc.ug.h intr·ri:wr rmlli:w~ 1o :-~m· dcviec at 

PXPcut ion t inw. A ~igmfll'nnt · drg;rPf' "f 
mnc·hi}l(· indt•¡wndt•ncP of tliC'!'C t hrPc' 
typ<·~ 1~ alrP:ldy h<'ing nffcmll'd b~· higlt-
11'\'PI lunguap;Pl<, ~ Pt llw tC'dmir¡uPs nn· 
ou1y ju~t l1<'ginnin~ to lw far mough ncl­
vnnc·r·d t o ¡wrmit Jllrl¡!;rn m ''t rnnt:port a 
hilit~·"-i.f·., tbP ahi1it~· te• movc· n pn•­
J!:T:Im or progra mming :o~·:-t ('lll \ITÍI tPII i11 
:m~·l:m¡.:.uagr• frum mw machitll' lo a11otlwr 
[1':!. w 1). 

4) StJucluml dala ra¡IOin/dif's: Pru~rammit1;.:. 
~angua~c·:-: l'apabk of handlin¡.!; prohkm; 
lllYoh·lll~ :-:tructur,.d d:ata (P.~ .• linh<'d 
Ji..,Js, 11'1'1'"') hnv<• bf'c•n incrc·n~in¡.dy im­
portan!. ""'J1Cl'in11~· !-Ínt·c• t hr n11d HJLiO.~. 
Tlw,<' four pro¡.!ramming CJUJt'l'IÍV<'f> an· 

:u·hiPn•d to var~·in¡r dl'¡!n·r·~ j¡, m"~' modrm 
computf'r and prn¡!:ramminu: ~Y~trm~ . 
. \dlH'\'Íng thC'm pl.~t·t•¡.: IIPW rc·~pon~ihilit i(·' 
rm tiH' o¡wratÍil¡.! :-yl'lt•m :tll{l 1lll tlw eon1· 
¡nlt·rt-. TI u·~· l'll:tblc· tlw ¡·rc·al ion .,f prngra n1~ 
"1u•~c· tlll'lllor~· rr·qu¡rr•rnc·nt:- l':lllllnl he· pt•· 
dH·fl·d pnor tn lo:adi11g; t Íllll', n•·,·t·:-:-it :11 llll: 
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'"lll" form ni th·n:·mit· ~1•11":1!!;<" all.w.uinn. To 
:1c·hu•vp a \\"ltiP \':\1-it·t~· of l:uJ~Il:lp;t·-<, t hl'lt' 
111U:-'t bL' :\ t'UlTt•~pO!Hilll).!, V:II"Ít'l ~- of n llll· 
pikrs allll :t hit• ~~·~tPm for =-tnring :lllt 1 r<"· 
tnPvmg t lwm. To at'\uP\'1' pro¡!;r:un m•ulu­
lanty. tlw "' "'''lll :llld it.; t·ompill'r~ lllll'l 
providt• :1. ''llllklllp.." mt·!'hani,m for ronnt•t·l­
in~ modull'o; :md ''"t.lhli,!Jin~ t·ommunit·a­
tions among tlwm [:\[;i]. Thi:- nwehani:-m ¡, 
nnrm:1lly provakd hy a "l!nkPr" or "link1ng 
!natler" anJ t'.lll bPt·nme quJI<" t•omplwatPd, 
r,.pveially \\"hf'n !"haring ¡,. pnm1t 1 <'d [ D 1, 
Sl]. To nchiPVl' nwmory imlt•pPnJt•tH'<", tlw 
s~·;:,l\'111 mu;;t provJdP a nwdumio;m for t ran~­
lating program-;,l;l'lH'ratPd mf"nltlry n•fpn•necs 
to t he eorrPd tnal'hinP acltln·"".,;. t his eor­
rt"~pondeneP ht~ln¡!; indPtPrminahle a priori. 
Th~::- mcr.hani,.m 1s normal!_,. provickd in tlw 
form of a "rdol'ating loadcr," ''rl'loeation 
hardware," or •·virtual mf'mor~·." To achiPv<· 
~trut:turf'd data capability, tlw systrm mu~t 
be ahlr to allocatc nc\Y storag<· on demanrl 
(.;:hould data :-.truetnrPs cxpaml) and ck­
.tllol'atc stor::~ge :J.:-, H i~1lb out of us0 (should 
da< a. strueture:o euntract). 

Systems Progromming Longuoges 

Tlwre i~ nn intl'rr;.tin¡:!; parallcl bct\\l•r·n 
tlVP!1t~ pri0r tP lOü.J ~!:H! r h0f(' fn!!o\·:i:l~. 
.hbt as t lw qw•,.tion of madunP-I:mguac.t·-, 
Vt·r~ll::! high-!Pvt·l bn~\l:t!!t' priJ¡.!;rammlll;.: 
effit·H•ncy for "ust·r prog-r:uu:-" \\as <khall·d 
lwinrr, :-.o tlw !"anw qur-:-tton for ··::-~·,.tt'llh 

pro~ram::," \\ us dt>hated at"t t·r. Fort un:\1 Pi y, 
1ltP P.irliPr dt·hatP dullitllt' to miPrlPrP \\Íih 
1 !JI' .iPVI'ltJ¡liHt'lll of !Ji~h-lt•\'t•l l:lll!.!;IIOI~t·,.,---

11111-i u~t·r, \\t'l"" "1lhn)!; and al\.\ltlll . ., In ll"" 
~!H_'lll, aud ¡·umpult·r t't·nt<•r:. \\1'1"1' \\dlin~ 
and anxiou..: '" «:liJ,fy th0 dt•maud of tlll' 
nurkl't. Vnforlttnatr•l_,., thf' l:ttiPr Jl'balt• ha~ 
hmt. :-:<'rirllt,ly m ;.omP ca::-1',., tlll' ability 11f 
1 hml gPneral ion pmgranm•ing projf'et:; to 
lllf'Pt thcir deaulinP~ and lo ::,t::ty within 
thrtr budgt"ls. 

The case for high-lc\'C'l l.lll.~t\:u:ws for 
(J¡1t'rating :;ystPm;-; programmin)!; n•,ts on 
fnur pointi> [C:3, CG]: 1) gro-.:; :--tratf'g~· 
l'han~Ps ean lJI' l'!tt"l'tt"u Wilh r<'lativ<' l':l:-;e; 
:2'1 progra mnwr-< m ay <·one<•nt r::ttf' t lwir 
~'llt·r~il'., :111d pnultw1 ivit ~- on 1 lw prot,¡pm,.. 
lli'Jtl~ :-.olvt•d ral lwr th:111 1111 madtitu• dt•­
t.ul-.; :J) programHu·r:-; al"t' mon• likd_v lo 

pn•thw•· n·:ubhlt• lt'XI, :111 lll\·,du.thlt• ,,¡.¡ '" 
llllfl:tl unplt lllt'lllatinn, t•1 11·-t ing :1ntl d11• ,,_ 
nwnlalion, :llltl In maintt•n:tnt·t•; :tntl l! a 
Jlrilll'ip:ll :-.o\lf('l' ,,f _. .. ,·:-11'111 lHtt:-,, tnt·omp .. tt­
llllltit•-. in 1hP lll!Pl"Í:H'I''- hl'l\\1'\'ll 11lf1tlt,l,•, 
alllhnrl'd h_,- dif"fpn•nt progr:lmmt•r,, C':lll j.,. 

rt•movl'd b.' t lw mnr0 l'llmpn·hPn!--ihlP ltlll'r­
modul:lr eommunlt'ation:-:: prnvJtll'd by hl!.!l:-
1.-v.-ll:m¡!;\l:l:.J,t'~ Ho\\ t'V<'r valltl mip;ht llt' 1 ht• 
:II')!;UI111'1ll 1 hat 111:tt·lulll' t'tlllP IS 11l()fl' 'p¡;¡. 
i"lt'[}t th:lll I'Otn'pi!Pd t'Odl'. l'"jll'c'l:tlly in 
lwavil:-·-u,<·rl p:trl:-: of tlw o¡wr:ll1ng ,_,,¡,m, 
11 ap¡wars ltl mi~,. tllC' point: th0 modt•-.t 
improvf'ml'nh 111 pffiell'llt'Y that nn· gu1n•·d 
U.-'lng m:ldtlllP l'Odl' ;:,imply e:mnot otf,l't t ltt· 
t·n=-t of failmg to :whl<'VC tllC' nbov<•mt·:J· 
i IOtll'd iour advant agt'>' ot' high-lf'\·f'l l,,¡¡. 
guag0s, r:'pel'iully during thc <':tri~· st::lg• , 111 
('r>mplex projPets wlwn t lw de-,ign ¡.:; nut 
fixPd. 

The \Hitmg of opcmti11g :-::y-tPm::, pro­
grams is, I}\)\\"I'Vl'r, mon· d1ffienlt inll·l:t·•:­
t ually t han ''ordinary applw:.tt ions" plu­
g:ramming. Thf' 1'-,-,t'!lll::ll J¡tf•·n·ncc 1.3 ¡\¡,· 

writer of an ordmur~· program i:-; eonct·nwt l 
"i t h tlirPC'I ing t h<" ncnvu y of :l ::;m:_;l0 pro<·t·--. 
"hPrt'a-, !IH' wntf'r of an 11p•·t:lt mg "'·',,,.m 
pro¡¡;rum must he t'on<'<'rtlf'tl "·11 h t hr· :¡r·­
~~Vltlf'~ n:" n~n¡aye iLidrpí n\.lcntly-iirfu·tl pt,u·­

'''""~- Thi" sets l\n> PXtr:vJrdin.u·~- rt•qtlll•'­
mPnh for o¡wr:lllll~ :-y:-ti'Hh progr:unu:¡,,:r 
l:uJ~IlaJ.!t'"· Fir:-.1, 1 h0 langttn)-!;1' m u'>! ¡m1Yid" 
1lw ahtlit~· ,,_,,.,,,,rJinatt· ande •Jlllr••l t'Oilt nr­
rf'tlt uctivitiP, (though thi..,; ability i'> ll••t 
pr¡•-.Pnt in mo--,t prll)!r:tmmill:..!: lanu:lla;_!,t·-, '' 
i-, prt'~t"lll 111 :1 lllimlwr ¡,f -imnl.lllllll : ,¡,. 
gua~"" [:\[1, \\":~)\. and, ;.!,1\'t'll tlu--. al11l1i', 
tlu· prt•:rramnwr mu't m:.,ll'l' llH' fal'ult\· ,,¡· 

1hink1t1!,!; in H·rm:- <•f par:dil'!, ra1lwr 1 h .. n 
.-,Pri::~l, a!'llvity. ~ .. eondly, in l)rclrr to pc·Imi; 
.lllu eneouragc· Pffiewnt n·pn·-.¡·ntatllm, ,,¡" 

tablt·s, qucu<'', li~t .. , and otiH·r systcm dai:L 
nr~':t'i, tlw lnngu::l~f' mtht provi(k a data 
:-.trudure c:lcfinit1on faeilitY. :\"or onh· mu~t 
tlw programnwr bP -.killP~I in dcfim~g nml 
W:lng <lata strut·turf':-::, he mu-.t be nbiP t•J 
PvaluatP \1 hwh nnl' 1:- mnst Pffi<"lcnt fur a 
partit·ular tw<:d. .-\lt hough t hcsP t wo n'­
qulrl'mf'nf,; mu..;;t hf' mct \dit!llwr or not a 
hi~h-!l•vr·l l:111gu.tp;1~ i:-. ll"l'd, a !-llÍiablP l:tll­
c;tla~<· can :-:mtuJth thl' \\ay Ir¡ tlwn· n•al11:t· 
1 llll\, 
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:-'r·,···ral ~Yi'lf•ln,..-!'U<'h ao: lh<· Burrou¡.;hs 
g,;,",(l() [Cti], 1 D.\'... 1 inw-sharing; ~~·:-;ll'lll 
: 1:.:¡, nnd )lt:L'l Jc ... ¡e:})-ha\'<' mad<· Hu·­
<·•··,-.ful ll:>C of lll¡:.h-IPwl langu:tp;l'::. 1 hrou¡.¡;h­
IIUI tlH'li' OpC'TniÍIIg S~'l'ill'tnS. 

Proced•Jre~ 

lkr~llls<' it 1:- Í11timatPiy rc-latl'd tn pro­
!!l'amm!n¡!; mo.lul:lr.t;\·, tlH' prot·edun· (l"t:b-
1 ütlt llh' l ha~ ah1 an: lw<'ll :111 impnrt :mt pro­
grammlll~ <'Oilt<·pt. HPL'\tl,..l\'C' aml :-han•d 
pron•durc•:- han• a:-::,umrd po!>itionH of par-
1 icui:lr importall('C' Sllll'C' HHiO. o.:\n nh1:ot !':.l.('\ 
rl('.~1·nr•tiou of ''proc·<'durc- in c-x<·eulion" ~~ 
U"l'fu: :'m- undl'r-.tundulg how au o¡wrating 
1'\~IP•ll implrm<"llt" nn environnwnt for c-ftt­
<·i,•nt <''CC'f'IH 1011 qf proeC'dures. 

A prnecr!urP ts snid lo IJ(' aclit'alrd (i.<·., in 
1"\( l'tPiOII) bPI\WCI\ tlu• timr it h~ eallrcl and 
th,· timl' it rt·turn;; .• \11 :.l.<'tiYatf•d proerdure 
;_•on!'ISts of n I"C't of in!>lrurt ions and an 
":tC"!ÍYalion rrrord" (i.r· .. Wf)l"l,ing slor:!gr). 
Ea eh activnl ion of a prol'c•dure must ltan· IL 

(lt.~t inct ncti\·ation rc>eord beenu:::!', "it hout 
i t, c·omput a t ions Oll locul or rlrivat (' U~11 :1 

-.;·.:..uld be mro:111 inglr:::::-: o:uc·h c·omput u ti .. ns 
nn:·c uncil'r l'<·t·Ur:'JOn und :'h:mn¡!:. Ti1P 
nc\1\':ttion l'f'Cr>rd drfint·~ n lo<":d c>nvirunmt·nt 
for 1he proct·durP, <·ontu.nin~ all oprr:mcl:-. 
tl;:n are to br imnwdiall'h· ut·t·c::--.tl,Jc• to 
m~t rurl ion referc·n<·c>~. An~: obJet·t :-. 1 hat 
mt~::-1 bc> nec·c·::H·d hut arr uot in th<' IH'IÍ\'a­
tion n·l·orJ (1·.~., <"<'rtain par:.nwl<'l'~" of lhl' 
]r!'l•< r·dun• <·:di) 11111:-.t lw :t<'f'f'-.,..<·<1 lliC!tr•·•·tl~· 
tlJI'llll¡?,b p11lllll'l'" Íll tbl' ;II'IÍ\'~IiÍOII ll'('(ll'l\; 

:t!l Htdl fl)ljiT(o., ('(JII"lll lilf' tllf• lltrll]fll':ti 
('11\'lrllllllr!'lll ())' tll(' Jll'<lí'l'thll(' n<·tÍ\atifrll. 
Au :u·tt\'alh•ll rt.'<'(rl'd 111\1,..1 al: .. u I'Oillain in­
for•n:l! ÍIJll b~· '' hil'!t rontrol t·:m Lt• rc-tul'lwd 
to 1h<: c•allPr. Sin<'e nrti\'ntion rrc-onl.-. IH'Nl 
C'XÍ:>t onl~· '' hrn 1 he proet·dure is :wt iva 1 t·d, • 
n ~dwmc· of J~·namie allot::tt iun of ~tora:;<· for 
nct Í\.!ltion r<·<·urtls is r<"qum·d. 

.-\11 implt•mt•ntation of procrdurb b:1!:'c>d 
011 1 he· fon•goin¡.!; iclt·a., mu-.1 :-nlvt• tlm··· prob­
lom-.: 1) the allut·ation :md frP<"ing: of :-toragc· 
for f•C"tivation n·rord:-- al pwt•t•dun• l'nll :111d 
l'<'!urn; 2) thc <'lli<·H·nt intt•rprt•tati<•ll of loe:tl 

• 1'.11\!' rrf lh<' nrtiv:lllolll H'rorli-r 1! .• "'"' var­
Jauko.. 111 Aa.t.ol. or ~ 1'.\TH: vanahl<•o.. 111 1'1./1-
ma ,. h:IVt' t o rout mur 1lwu· <':O.l..,lf'IIL'Ct'V<'ll afll'~ thc 
jJI'Ol'<'dlll'(' jg d<'IICI\VUI<'ll. 

uprr:md refPr<'lll'~'"'; ano :3) rlw intt·r¡nct h­
llun (rf nonl(w:tl o¡wr:md n·f<"rl'tl\'e~. Th•· 
:--nlutiom; to th<•sc• Jli'IJLI<·m'- \Üll dc·¡wr•d (JI! 

thP ohjPr·tivl':-: of the 1-.)':->lt'lll and' on tht· 
~~·¡w:,: of lan,pt:agf·~ u:--rd; tltPr<"forr, \\\' ~1w:1 
not ntt<'lllJll to :-p.·rif~· tht·m in det:ul h1·n·. 
( ;~,Jd trC"atnwnl:-; atf' ~ivc·n in [.JI, W:!.j 

For ti~t• pmpo'-<'" of tlll~ diH·ll~f,Í(,Jl, a,..,. 
-.unw that tl.1· nwmury i:-. partiliunPtl l!llfl 

t ''o cunt ig:uou,.. aH·as: a (rc·ad-onl)) al P:L to 
hold tl11• in,.trlll'IÍ•lll parts of all pro('Pclurc·:--, 
auü :m :ll'l·a tu ],(,]d al'livnt imt n·conls. Ead1 
:tl'IÍ\'UIIOil T<'l'OI'J Í~ asSUOH'U to Ot'l'Up~· a 
r·ontiguoul" n·;.dün of memory. En eh prcH'r­
durc al't ivnt inn i~< dc-scritw<l ut nny gin11 
point by tlv• vnlur of nn acl:mtwn dcf>CI"I}Jiu>· 
(i, r), \\h(•rt• i i-. tJ¡c• nddrr:---. oi the m·xt iB­
strurtion to lw cxl'eutcd nnd ¡· is thr ba~e 
ndcJrp;;::,. of th<' al'tivation r<•t•onl. AP. :-ug­
g<'!-t<'d iu ri¡.!.lll'l' 1, t lw prcw<·~~or eontrun-; a 
pnir (],U) 01. rrgt"'l<'r~ thnt ltold tlw acttv:.­
tion dc-srriptor of the curn·ntl~· f'Xrcutm:.!. 
prol'Pdun·. (Thl' rPg:istc-r 1 i ... t he instruc1wn 
countrr. and R i:-: an aeti\-ati•Jn record hnq• 
n·g~:>tPr.; A~ m Figure· l. un lll:'trut'llon (OP, 
.rl, :-:pr<'if~·¡ng somc upl•ratton OP that in­
n;lw·:: !h<> •·nniC•nts of acidrc·"s :r, r<'frrenrr~ 
thr .l'th loc·:rtton r<'latiYt· H• thr ba"e oi 1h" 
c·urrc-nt a•·ti,·atinn T<'t·onl (t.r., lucation x 7 

c(/f;, \\h"r•· c(H) tlt·lwlt·,.. tlll' t'Ollll'lll"' uf l.':. 
_.\_, !11f'IIIÍOIII'd abOVC', l':leh lllll\':.!(1011 

re<·<•! el ¡,. pru\·itlcd \\it h tlw artiv<Jtlc•n 
d!'"'<·rtptqr "" lb eallrr. 1"1¡!\ln• 1 :-:how¡. t IH' 

ftr,.l l'f'll 1•1 :111 at·tivntiou l'<'t'tlJU tJ::-(·d for th\~ 
Pt•rJk'"''· Tlw :-:tc•p,.: in t·:lllnlg a ¡H·or·l•thtl<' 
an• <'lllllpilo·d lllto thr- lll"'tnwtion t·urlt• :11.d 
indudt· · 1) 1ohl a in a frt•f' t'(JIIt Íi!;ll!rll"' rr•g:t1111 
111 t!H• d:1t a :m•a uf 111<'mor~· c,f tlw n·qtu,..itv 

h-1q,rth f0r tll<' 11('\\' 1\('tivalion rl'cord, s1:u t · 
mg: nt :-umP addn•-.,- r'; 2) inttialw• the \"d­
ur-..; of all el·ll-,: in thc> netivation n·eonl, :111d 

pruvidt• Y:dw·s of, or poiutc·r;;: lo, the ¡Jnratu· 
etc>rs of 1 !w eall; a) lc·t 1 be tlw <·ontc-ntb of R 
:md i 1l1P adcJrp;,:,;; of tlw in::-truetirm to h1 
t''\et·utc·d aftr·r tltt' rc-turn; stor<' (1, r) m ti11· 
fir-.t c·l'll üf tlw JW\\' a1·t ÍYat ion n·t·ord-i.•· 
nt Jo¡·nti .. n r': ntHl 4) lf'l 1' l)(' th<· imt .. d 
Íli,..lllll'l 1< •ll nf t IH• ¡·:tilt•d ptoet·dun·, Jr,,:rl 
(!, H) \\lth (i', 1') ami IJ\':!Íil C''\t't'Uting 111· 
1-tnwtlnno.:. Tht• ~I<'P~ 111 n·t\111\Íllp; im·lu<k: 
1) n•k:a-(· tll<' :-.tor:tgf' c•<·t•upwd l.,\' tlw t'UI'· 
n•n t at·t iYa t ion n·<·onl; unJ 2) loa el (1, N 1 
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with the activation descnptor in loc.tlt~nl 
r' = c(R). 

Thc chain (i¡, r.), · · · 1 (ik, rk) of activa­
tion dcscriptors (Figure 1) linkmg; thc ncti­
vation records to their callers is known as 
the "dynamic chain." Sincc returns n.rc 
executed in t h<' re verse ord!.'r of ralls, many 
implcmcn t at ions handlc t he allocation of 
::.tOraJ!:e for act i vat 1on rcrord:. hy nwans of :\ 
¡m:-hdO\\ n :.1 :w k l \\":!]. I t. :-.hould be! dear 
from tlw dl'scription:-:. nbove that du~ ::,tal"!~ 
mcc·h:111i~m 1<; :L consc·quencr>. not a prereq­
uisite, of proccdure implcmentation. 

The mo:,t common mcthou fnr handling 
non! oral opcrand rcfPr!.'nc!.'s ( t hose to be 
intNpreted outsidc thc context of thc cur­
rent activation record) is basec.l on the prop­
crties of block-structurcd languagco;, such as 
ALGOL, "here blocks c.lcfine a hicrarchy of 
nestcd contexts. Thcse implcmPntation"l 
trPat. block •'ntry ami Pxit tlH• ... ame a<; pro­
I!Cdurc call and rcturn (cxc·ppt for paramPtt•r 
passing), and providc Pach aetivatiun n:eord 
with a pointPr to thc act1vation rPcorJ of tlw 
lexicogr~phi(·ally enclo::,ing bltwk in thr 
program t,ext. Thc chain of point!.'rs so de-

fined is known as the "static chain." Con:­
plctP clescriptiou::, of thc problPms mvoin·d 
m constructing and usmg o;tatic ehains c.m 
be iuuncl in [.J 1, W3). 

STORAGE ALLOCATiON 

Of all tlw rc·-.nurt•t•s of a "-' ,.;tPm, nwnHll ~ h 
p1•rh.tp,., tllt' IIH•"' .~r·all"1' 1 and ~•l f¡•dlltÍt¡'l•"' 
and polit'ÍP'i for m:tn:t¡:;llt~ 11 ltavP c·r¡11~1-t­

t~ntly rPceivcd much attentlun. Compllll'l::­

have ahmys mdudcd SPVr>ral distinct t~ P•·~ 
oi storagP m<'dia, and thc nwmory ha!- IJ('f':l 
organiz<'d into at least two leve!:,: m.·; m 
(directly adurp;,:-;ablc) memory, and au:-iltar~· 
(backup) memory. Thc dl'.,lre for hot;.!.P 

amuunts of storagc has al\\·ays forecd a 
compromisP between thc quantitiPs of (fa:-t, 
expPn:,tvP) m:tin memory unJ (!>low, dwap; 
auxiliary mem_ory. 

To umlt-rstand modcrn nwmory :-.y:-:.tt·nt:-, 1 

onc must undPr:-.tand two "'~t:-: ot' tcehn1qut ... , 
mcmory 111anagement anrl ttame 111a11agcnu ni. 
Thc tedmiqu!.'s of mcmory man.tg;Pmt·nt 
conccrn thc ucccssing and plac·ement of m-



..,,,,,r 
• !" .llllfl·'·'" 111 1p "' 1nap ', .•.• rqu up·p q1 "' ·"·' ,,l­

dlt1111 ... \l:\\1\, ..,t:\\ lii,I('!UIIi ,HI,.J. 't ... t:l ,lllll,p111!11•J 

"...,1'\\ tll,l!t!')ld \l:¡.l.l\" ,)tptq ¡,HiU p:11111d'• 111: ..; ... ,,! 
11 111111'' \111' ·''l" ·'lli'·un .. t •• 1l \lit: :":ttlpuq · ... ¡.),,rqu 

: !': "-.-.,1:qd ¡o !"thiC\lllllll "l't'·""" :i'::IL\}•1,\IIl o:,Uil'l~•lld 
1" 1 IIJil\t\.),r,,t 'tll\\ o)(ql ...... tHl '-it: \( Jl1ll1 SI: ';:oo-;,).Ht,td 

:-"' '''!-'·''" ,,,¡¡ d1:p,¡'" "' •'I'I''·""·'P "'"" ll ·-,¡n.Hu 
•' ¡•¡h.)\ ''"·"il"' """'!'!'" 11! '!''11\lll!lll ~t:\\ '.),t:t¡d 
i'"·l .)1{1 JUJ 111 :1111\11111 1111!1\:UIJII)II! .\11 \JHI:¡J,)\ll) 
1 • •1:1dJ! Jl( lll ·,¡,;o:qd ,111<1 ::iliiJllll Úll\l\,1\ll Jll ll\11 
( '\I>IU •"l"l (11::¡ Jl:l{l tlllll''ti\JI>Ifll jll \llllllll\1: ,1\(1 \t­
I ltl '[hl\l:.l•l!•ll Jl( 111 J.\1'1( 1'"1 j>l(l ,,¡,;l:t['l ,J,\I>•SJJ 

·,•'t-l ll! ,\J>lllldl\1 111 :111illll:•ll,l.l J.l..tfqo .\111: 1~; <tt'!IS 
,,,J ... t: -:11rJ( -·: ,)(,)'\ ..,,b1'rpl.lqL f(: :.\ICtlU,Jlll 1111!\U 

;·• ,,,~ .JIP !'·'·' ,,., 1"''1''1' ... ~,"'111 \11\' :hllJI:p ~~.,Jrq•• 
\ oii\,)J,tpl \fl ['Jidli,I,)O) ,),Jt;d.,. p:\ll\ J\{J ({ '¡\1111 
•, • •.: -:J~l'l[d p111; -,¡JJf'l" ..tl{l ,¡,.llll![·' u¡ •Ú:I\ W·l(ll"lll 
1 1! pJ.llf lfJ)·'' ,¡, 1 1'!11•1 11 ,;I,J·•fqo Jl(l ¡u 1•1:-'(ll::l 

'1"'' .l~tl[d ,\111: :1"1111( 1 .. ·~.l-:lll(«l., 111111 ·111111 
• IJI!I'Id!J;JO,l '"! (1111: ,'1 ,,J(op>, 11111! lllllll!!llJIIJil! 

--111 Jfll.\l[l p¡t11111 .t.>llllllt',IO!co.ul Jltl '.\ll"·llti.\,L • 

o!uitutlii:J'do.ld JO ~ ,()!· 01 1_'(. 'P·"l!>ll! !m,¡¡ 
· ¡•lid .\t:¡.td.\0 .. Hp J'l .Jplll!lllfmu ,JI(I .\\.lJ:;l u-: 

'!'·I'U•JJ,J\11 -:tuuJ:;loJú j•J .\l!"·l[dtuo.¡ Jt{l ,.,,. 
1,1;,¡ ,lA! p: i·>J l( 1!.\\ S tU llJ:.lo.ld ,¡'¡iJ¡:¡ l.lllJ ISUIJ,l 

• 1 ·'\'!l'~od 1! o~putu .Io~¡ll..:o¡ ~lll~\tl!( Jl¡t pnr. 
1 (1)~·1y p111: ~\'HLHO:l '·j·,¡) SJ~t:n¡jlll:( .¡,).11\0S 

.•llliiP!·I(I;l¡t: JO 11()! l·lll¡>t>JHl! •H[,L ,. ·r,..; llp 

••1 'Pllt:LUtUO·l Jll:t.HI•>I<.illt: .ll[l IX..ll lUt:.l:.ioJÚ 

.ot¡l 0111! jjll!ll•l'll! puu .ÚOtlhllU .\JI:!(!Xl\1: 

j•:ll: ll!l:lU \1.),)\\),J'\ IIU!lUUI.IOJU! <J.\OlU lll 

t;,,¡¡ \\ put: .\\Ol( ~II!P!·'·'P '''l!A-WJ¡r¡otd fiu¡ 
·.t •.lo oJI[I Ol p,JIO.\d)J ..;1· \\ lUJUido¡.l."..)¡> Wt:.!:tl 

-1. tl! JO Ulll).IUJJ ,,:;iJ u¡ ll •s¡uupuu ¡s -:,.\upo 1 

.\<¡ 11mu~ ,Jqnu -m.\\ ,.;JJ¡ndtuo.l tuuJ:;fmd 
·(ldJOIS .\pu.l ·H{I ll! .\JOWiJlU U!l:lll .J,>U!S 
·" ''"l!UJ ,.;u :>p._¡.¡,¡oJd m.1¡«¡oJd .\u¡.tJAO .. Hp o 1 
¡¡¡¡pn¡os pJit:tuo¡m: uu JOj lU,JWl\~Ju iltt.L 

'Jlq!ssod su 
¡•,1o¡ ,;u ·llll!l ~II!PII!q ~11!.\u¡.¡p .\q -:.),¡Jno~.,J 
Ú«JUJ,1tU :illl! IC.JU((I: ll! .Ú!\!li!X..l!J Ull\Ul!XUtU 
~.,P!-\U.IÚ ,)JO¡-; -¡.>.\·>[-,Juu <ll(l 1mp ,uosc.JJ 
!J'lt: ,;uo!ll!.)O( p:.¡!-;.\qd (t(lt.\\ P·>lt:pos 

"t:) 01 11punoq., .JJn ,;J.)Y!IIl.JP! utt:JnoJd 

!lll\1\ IU SJlll!l 0[fl!"'~ou ..ll[l ~J.l\lJI puO.hN 
.¡tp ~ .\Jotu.Jm upJtu J,)nuws .\¡.,Apn¡.u t[ll.\\ 

·lllll!-JlllU U UO .ÜOlllJW •l\l{UUllutWioJd '.J:&'!Ju¡ 
1: ilm¡c¡mu!,; .\q p.l.\\0:> aq uu.1 11tu.>¡qoJd 
\ :¡.t.}.\0, .n¡t ¡utp ..,nusu.u 1"'.1!-J .Jt¡ 1 : 'l·lllUJddn 

"'''P .\Jll~nr o¡ p.hn .uH ¡u._¡um~üu JO s.m!l 
"".L ·.\.!OlU.JUI U!ULU (_[Ull\.l!t.) P·llt:¡ntU!-1 
.t':1!1:( U ~! ,).IQ li1 p:UO! jll}l\UtuO,l oll\1 ',J,lti.H[ 

,¡¡ • [-1 ¡jll!~tJt:q \! ll\IH\1!·\\ .ÜUlU·llU U!t;!U 

~~·.11:¡ ,ÚdA U Sll J,ltlllU\U:.foJll Jl[l 01 SJU.Jd 

dt: lt:t\\\ S(tl•llli.J\dlUI •llOio; \•'A·l[-·lUU ·ll\J, 
! 1 U] 111 p.J•,..,n,¡,.;!Jl ,JJI: ..,lU.J JS,\S .ÜI:Jodw.J lli' 1,) 

~· • sc~¡dwux::r 'liO! lll.>JX.J ~upnp ,;Jsl'l.up¡u: 

,1.11: \'!1.11:'1 11111! ..,,J-...;.uppt: un:.!';ln,ld ..:,q¡:¡ 

··HI!'II 11 -.1: !lld('!''ld s,tlldJ".\..; ·ll{l -..:,Jtl(ll,lo~t¡ 

lll·'l'I''Jd lll,JtU.JAit:lll:lll .\.lolll·llU ·"LL ·.¡,)l•d..; 

\JIJLII.)II[ lllll<¡l! ,1111! tdtllll""'l: lO!.Hl JO )lld{lll"d 
-.lp111 djll!\ll pul: tlli:,¡Jio.rd oll[l '! 11\\ .\¡¡1(,}1( 

-l:llJ.I.H! p.lll'!,lll:-'"1! ,¡r¡ ll\:.) ,J,l\:d'l .Jl\II:U ,11(1 JOj 

':;jll!lllllli:J':loJd lliO.!J lll,ltU,I:tit:UUlU .\JO\lldiU 

Ult:Ut JO -.110! ltl.l,l['!..;llol.l ..l.\(Jtll.l.l O)·'!!(\: SI JIIO 
1
110! ).lll! 1"!1' ,.;up :;¡ll!~¡t:ltl .\H 'JJOtl~· li.I•!IIIJIII ..::n 

li\\OII'l ·"!o¡ .ltuo,¡ -:m¡ t"·'~-:.upp1: JJt:\\pJt:q; 

"ll"! n:.w¡ .üotu.Jtll up:tu ¡u.l!.,·Ú[d ¡p: Jll t.:..: 

,H\1 p111: ',JJOti:J JIIIV!l .10 S~'J,I[I/JD ..,¡: 11 \\OW[ ,)i¡ 
o¡ ,Jtuu.J .:m¡ (,.;.¡.;:;._¡Jppu mr.JjoJd) \lO! p:m.IOJ 
-!1! :-.t.Ht.I.I.Jj-1.1 1! su ,J)I:J,lli.J:il 111:.1 Jo-..:.nntc! u 

s,¡,-.o~.lp¡m ¡¡n JI! l·l" ·"l.L ·p.JJI)I" "'! Wl! ¡t:tlllllJll! 

JO f'l"l\ t: l[·l!'l" 11! .JI!,; ¡n.l!o~.\qd n .tillt·>'l 
1111! p:.u¡¡ n puu uopt!tti.IOJII! J'> pw \\ ¡¡ Jllj 

.Hut:u dl¡l :i!H!·'II ~-o.,,"Ptn: un 1[1!-" "'uv: n:.Jo¡, 
puu ..... ~.uppn, u.l.l\\l•>l[ UUtlolii!~Stp 0tp 

.¡p1au ·lll!tpmu HPI.L 'li~ll J.J¡ndtuo.J supy 
•111\ Wl p.¡.JilpOl\ll! ',)JOIS \dA.J{-,lllO .H[I lUO.lJ 

.1.\!.1·'!> lU·>[<¡OJd liO! n:.JO¡¡Il ·>Íh:Jol,.; .>pt:tU 
-o¡nu .np Ol suopn¡o..; UJJpom ·11{1 JO ISOJ\: 

,uaw~6ouow I..Jowaw :nowo¡nv 
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!\>.>.t• q~ tiiJ,n-~uo! puu ¡uuonn ¡ndtuo.) ¡.Hq 1"! p 
.).'\Ul{ >.tU.l),;.\s lSOJ'{ 'SUopUtU.Jtu,¡¡<ll'.l! J!.ll(l tq 

.\Jl¡tUoJlU .\.:umxnu puu uruw .¡,.;n .\utu i[ IOH 

'J.JtUtUr:JjoJd .n¡t u¡ pJI\1.1'l.JJd su .uutu ... 'lU 
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lOU :O:Fl·>fl{O lFJ!t¡.\\ U~ W.Jl~.Úi .\JOUI•)lU <h[l Jll 

IJI!d lUl[l S! .>JOIS lllt.l)-í!U0[0l!J, 'lU,H';.\-s o.lll\ 

JI) s•'!l!!!·H:J ~U!""•>lP!H: ciJ\!.1\p.tut¡ ..!tp .l'lu!•n 
tu.H[l J.llt.IJ.lj,)l U'CJ SS.JJOJd \l l11ljJ m d{)!"'•)J 
¡..;mu s¡.,.>rqo tp!t{l\ m tU.Jis.\s .úc•n!.Jül dl[l Jfl 
pt:d 11:1[1 S! iJJO)s [UliO\IU)lldtUOJ •>t¡J. p..ls!\ 

•l<} 11!-1\ JW7S llf.IJ¡·fiuo¡ pun a.10¡<: J'O!W,IJOJTlCfliiO.>• 

¡;tu.t.JI ·ll{ ~ 'UO!S~O.)S!p ~Up\Ol!OJ 0tp UJ 

,¡UO!l 
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:1S.Jt[1 :;luomu llll: IJOdtU! ¡~otu ·>4.1 ·s ¡.1,)fqo 
s•:,),J,H: Ut.:.l S,J>;Sd·l•>.lll l¡.l!l\.\\ 11!'!\!·\\ SIXJ jiiO,) 

\IIJJ,lJJ!P jO uo;¡pl!J·lP .np JOj :.ili!P!AO.td .\r¡ 
.\I!J•:¡npotu ~ll!lUIUU.!::JoJd JO !;:tUlliJ p:J.nt,l~ 

.ÜJ.\ 'du!.\·l!l[-11: ttl!·" p.niJ,I,HtO.) .J m )UJUI 

-.Jñt:ttmu 0wt:11 JO s .. ml>!ut¡.)J 1 .Jl(J.. ·.\JotuJm 

p:n IJI.\ .10 11'0.10)..; \•l.\J[··HIO, •ll{l :-! ,.;.)Oh!llt¡.l,)) 

·>"'·ll[l lluumu ¡lii;¡JOdtU! ¡.:;otu .Jl{.L ·.úutu.Hll 

JO :O:[.JA•>[ .JJOlU JO 0.\\ ~ íftHllll ¡; UO! p!tUJUj 
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Third ( rt /(( 1(!//011 r.JIIIfJll/r·r St¡.</('/1/.~ 

' 
, . .,,,, nJU!d l~ pi._l:dl.\ In• :1--l'iilwd t<l -.ni\'ÍII:.!; 
tiw , •v1·rlay pr.'lhl,·¡¡¡ [::::q Tlw no•l'd for 
o''\I'I'IIIÍII~ i:lrgl' !JI'II,!.!,I:IIll' Ín '-nl:dl 1111'1\Hlry 
'Jl!ll'"' t hu:; mor iva t<'d t hP ,],·n·l• opnwn r of 
h:1rd\\an• :md :<ottwarP nwl'h:\111:-111' tor 
11 u ,,·in~ in format ion aur om:u Í··~dl.' lll't Wl'<'ll 
n1:un and amn ha r~ nwmnry. 

TIH' nrgunwnt ftll' po .. l poning binJing 
r inw prnrPcds n .. follow:< Tht·r<· :lr<' fin• bmd­
lllg tinws of iilll'f<''t · 1) ¡f ¡¡, .. pro~r.1m ¡_, 
"]l!'cificd in machinc lang;uage, addrr·-.-.('-< in 
rt are houml lo ~torng;e Jo¡·ation~ frr•m th!' 
trnw thc pro~ram i~ writtt·n; 2) if tlw prn­
!.!;ntm i:-~ :;prcifiPd 111 a J,i¡,¡h·l••wl languagP, 
-prorrram nddn•._..,, .. , o~n· b<JIIIHl-to-:-tnr:t!!,l'lrwa­

trol~ .. h,· tlw l'lllllpd .. r: :)) if rlu· ]ll'll~ram i-; 
-.p,•r·rfiPd a.., a <·olll'l'llllll of :,ubrnurinl'", 
progr:un addn•-.,t•,; a n• boullll t o ., t or:lg<' 
lo<'ation:-; In· tlw loadt'l'. In tlll':<l' thn·P r·a:-t•:., 
biruling i~ .PI'llll:ln!'nt, onc<' fixed. It ma~·. 
how<>vl'r abl) IJ!' dvnam1c: -!) -.tur:q.w 1::. al­
lu<'at!'d '(urallo•·ntrd l on dl'mand. ~uC'h as 
at pro!'cdure :tl'tl\·atwn (Jc:u·ri,·atlllll) times 
111 .\LGOL or ut data :-llliCturco t:rl':lllon (d!'lt·­
li~tn) tmws in Lt,P aml PL/I; :mli .¡·, "tor:ll!:l' 
i, allucall·d :\\lt<~m,tt u:ally b~· nwm··r~· man­
agcmPnt h:lld\\ar,. aml ,uft\\:•n· pt~>\ 1dr.·d by 
1 he 1·omputer .. ~ ,¡pm itsrli. Th(' .. ,., [lH'lll'f' l 
1l11ulig,h .) i5, in L.t.\.·t, thP hi~t,-)ri~·~ll Pvnlution 
oi :;olutions to tlll' ~tmag;P allrll':lllfoll prob­
IPm. It is chartll'tPrill'Ll h~· p•H p•m,.nwnr of 
binding timl.'. Alth<)Ugh po;.tpnnmg hmchng 
rime increa,..C'., tlw t'o,..t of tlw ¡mp1Pn11'tlta­
tion, it does incn':t:;l.' trecdom aml ft,•xJbihty 
in t'OIIstrul'tin:,?; pr"o.;.ramH :md in alln<'aling; 
r<'"'Olll'l'f'S. 

Th<' two pn•t'!'tllll!.!: para12;raph,; lllltltlll' tlu• 
<¡ualtt:llive JU-.ttli<'al i"" for atll .. nt.tllt' .. ,.,r. 
a~<' allneat ion. l'unlll'r ¡J, .. ,.ll .. :-1• •lh 1 ,¡ tlt""" 
Jlllll\IS frum dlfl<'I'L'IIt JWl.,!JI'I 1!\'(•:- L':tll lJI' 
t'ounJ i11 [.\~. D.{. Dli, DI, H 1 j (2uallt ita­
llve ju~t1fication i:: provickd b~- Sa.ne [:::i:3]. 
However OIIC' arrtvl':. at thr tondu::ton that 
.. onw form uf d:·namic :;tor.19,L' allul'ation 1::: 
n•qtllr<'d, tt ¡., appan·nt th:ll thP prro,¡;ranmwr 
¡·annot hancllf' 11 adequarf'iy lllm-l'il. :\ot 
onl~· tli lw tHJt prl\;~· to enot.!-!'h ¡n¡'nrmat ion 
.d)(Jut machine np<'ratlon to m:lkl' allne.lllnll 
de!'t~iuns elfil'ir:ntl,,·, hut -.oi\·111!.!; tlw o\'l'rla~· 
problPm ut tlw prograllHlllll:! l•·v•·l ll'l[llin•-. 
extem,ive ot1rla~,. of hi..; valt~ahl" r inw, a11d 
t he results art• not l'onst,tl'nt 1\ n•\\·,¡rdtng. 

Y1rtuol Memory 
:\I .. d•·tntnl'lll"r.' ... , .. ,,·m..; an• :;tudil•,'(i¡~· 

lld':lll ... 11l 1 hl' ¡.,¡¡.,11 111!!. ah-.¡ r:ll't ions: :uldn· ... .., 
:-p:tt'l', nwmor~· "Jl:ll't·, a rul addn•,.:.., map. 
Tlw;,e ah~tra!'tlons allf,\1 on<· to dt'l'l'fll a 
p:ll tt·rn amo11¡.:; 1 hl' "''l'lllin~l~· l'lltlll':o~,.¡ vuril't ~ 
oi <'\:1:-t m~ nwmon· :-~ :-ll'llb. TI u·~· are ::.lllll· 

mariZt!d 111 thl' form oi a mappmg 

j:.Y- J/ 

\du·re .Y ¡,.: t h(' addr!':<~ space of a givC'n 
prop,ram, Jl ¡,.. tlw matn nwmory l::>p:t<'!' rof 
t hP :-y:-tt'm, ami f is t h<' aJdn""'i m u p. If t hP 
word "ith program addn·-.~ .r Í.;; ;;torf'd nt 
locfltiütCy, tlwn f(.rr = y. H-.r-i:-cm- auxili:~ry 
llll'lll"n· hut uot in main nH•mon·, j(.r) , .. 
lllldl'lit;l'd, and an altPmpt to .rdl'l'<'llt'<' 
~l!l·h an J' cr!':ttl'" a fault ('omlition t hat 
cau-.p~ tlll' ,y-.tcm to lllt<·rrupt tl11• prog;mm':5 
cxreut 1nn unnl .r 1·an lw pbePd in memory 
ami f upd:ttC'd. Th<' ph~·,.ic al intrrprPt::ni011 
of j ¡ .. that a "mapptng nwchani>-m" is intN­
po~··~t l)••twr•pn tlw pr<H'<':,-.or aml nwmory 
( l"i!!Hrl' :!\ to tran!3latP prot'P::.:-•lr-gt'nerut<·d 
;,.\dr.•-.-, .. (frnm .\") tntn loenti<Jn:-~ (in JI). 
Tlu..; rdi<'L'h u11r earlu·r r<OJ:¡UJn•mr·nt tLat 
t ilt' .1ddre..,.., -.p.,,.,. X UC' iml1·p<'nd"11t nf pnur 
;¡ .. ~tun¡Hiülb ah .. ut .lf; a., tiH' prr¡¡.:;ramnwr 1 ... 
:l'\:tr" •mh· r:>f .Y and not of thc two il'VPb 0f 
nwmory, · thl' proce::-:;or that <'XI'l'Ut<·:< hi ... 
pr<igr:t m rnn g.PnNatP addrc-;;o;l's from .\" 
onh·. 

r:l'l 1..1'5 !'011:-idrr :<o me• :-nJH•n t :tSp!'CtS r ,f 
virtual memory implt·m<'nlatiou:-;. DingratH ... 
m~tn• dPt ail!'d th:m F1pu·p 2 ÍIHhcntin~ t lw 
o¡wmtÍ<JII of :11ldrr•..,.., mapptllJ.!. in :-]JP<·Íli•· 
1.1•r•-. h.t\'1' b"l'lll!,l\'1'11 ill !UI, Dli. 1>1, 1:1. 
\\':l, \\'ti] :md an· 11ut fi'Jlrodtl•·t·d hPrl'. Tlll' 
:u!dtl· .... map f 1- uonnall~· pn··l'lltcd 111 tl11· 
IIJI'IH ,_.¡ :1 tabl1• -.q that 1t <·.m lw .lceP;.-.I·d 
:md upclüted PHiri<'ntl;;. Hr,\\I'V<·r. \\lwn 
l'ltlbtÚ<'ring viahl<' implenwntation~ off it h 

ll<'t'P,..-.ary to d1.::pen:-:;p "i t h 1lw not ion oi 
pro\·1dmg ¡,pparatc mapplll~ in int mat ion ¡'¡_,r 
f'~rh •·IC'nwnt <Jf .V. In-.rcnd, .\' is partit1on1·•Í 
intn "blod,-," ~tf contip;uou-< addre:-s<':-, and 
-.('p:1r:1t1' mapping informatirm ¡., providt•d 
¡.,r )¡]owk:-: unly, * thu:- rcdw·111¡!; thP pot!'lltial 

• l1 h , ... t b(,ck numtlf'r. thf'lll'llher.f(/Jl IS the IJ:t,..•' 
.tddll' .... -. ol !\ t'Oiltl!r\lllll~ IP':!IIII\ IJ\ 1/ C.'Oilt.lllllu:!' 
1>i01<'k l¡, nr (,/¡) l:o \llldt•lin<'d 11 f,[.,l'k /¡ IS !1\1-.~lll~ 
ll'<olll 1/. Th•• lll:\Pfllll~ mel'h:llll'>lll mal..••-. a ,.., .. 
q•u•nce of tran::.l'urm.ttwu~, r - t/J. w) -o U\bl, 

1 



""l·•q l'·•¡tl!ldp "'"ll.f,)(lll.ld 1111:1.1""'-"! .1.\lj ·•'!1 
.. 't:q --ur.• t~ \...: .ur~tu.nu p:n 1.1!·' .111 -..•LI ú ll \' 

'(()()\l.!. ~)(J.) ·"11 
ptn: '..:.\11.1, O!J: J\H! ·'1[1 .1" "'·'"1(111.,111 tll•:r.r.u 
··:...;:():!:; J\H f .J'(I '~·.1) '""!'l·ll:tll 1111! 11:Jd1!.1':i 

·(1.1!1(1 ·lit:¡ \111:1u 111 po~ ... ll ,..\ tuur.•tu .r.\t:¡--.. 

'" ,..wq..: .Hpt:.l,, .¡¡p :-:! .l.llllll ·"11 :.t.l¡lld 

-11(1),) ..;q ¡y ·ll(l lll<IJJ P·'·'!J"(> tll.)l' \..: ,.llllltp 

-,JJO.I,, p:.¡¡,-;1:1.1 .np ~! lll·ll"·'-" \JotU.Jlll jo .ul.q 

J,JlUJOJ .11!.1 •!t.\\ 
1
(.'{1 o~Jil11p11:q 111 .\p1p11., 

P·>Jll.)lll.)ldlU! ';j¡[(,)(( .\.IIJlll.llll JO lll.Jlll.l'iil:\11:111 

(lllll >'·l''"'·l!ppr: JO IIO!lll\'tii:Jt .Jl(l 
1
.\..lllllt.•lll 

.\.l•:q1~1\G .uo.1 ·lll·'ll~l:tll pm: .ünn1.nu lltl:tll 

.IJI;I:u',J.I JO\ Hl¡>ll;J,J!tll.l' '•hll lll:ll~.\..: .\JonÍ.Itll 
Jll .)d \1 :tcHutu•l.l .tdtpouy ·[r:r 'UG]·I.li:_,,¡Jn..; 
pttt: .l.lll1\fll1ll( Jll ll••tll:llll(llfll,l 1: .\•1 I).IIII.JIII 

·.Jitllll! :;il\t.HI .\.llllii·HII jll \ll.l\Ud'iil'lll:lll 11111: 
..,, .... .,,,,11'1'': .1" lllllll:l-.111:11 ·11\1 '.\.llllll·IHI \.tl:l(! 

-xnt: ttllll(l pu11 .\.lotu .. tu ll!ULU ,J,IIr.l ·'!l"'''iiutu 
s,><:n tuJI'"'.'-" .\Jutlldtll JI) .Jcl.\1 uotutun.¡ ·111() 

'ÚOlUJlU .ÜU!!!Xl\1! J>llll ll!l:lU .!" >'1111! 11:7t¡•:dJ 

11:·)!"·'-lld .np JO ¡u.lpu.Hí.Jpll! ..;! dnut ,. .... ,.lppn 
UU JU UO!l!lll.J·l\) :.lU!IJ'd,J.Illf .np ll:tp•l.\.l.''q() 

·.\\!l(•IC[ p.)~"n.>S!P d!( {{1\\ .. ·:hll:ilJd JHll: IIU!) 
-u¡u.nu:ti.>::: .. -.¡: 1!.\\tJil~[ ·,¡.;¡mo.tdmn.l y ·"·•!Jt: 
-pun•H[ p:.Jli'!O¡ 01 'iiii!!JliJ,J.H: p.HIO! lpJI~d .J(( 

.\ ruq~ S·il!nb.u lii·Jlli·J:t:t;m:w o~tm:u •""!·'!!Jol 
JOj p.l.JU .)l{l <;t.:JJ,JI~ 11 'p.m¡J!".¡p .\¡.t.¡d•J.:Ú 
u,;t¡ \\ SU!.)lS.\S pJ.llfl,)'o11:111ltU .):ilt.:JU ¡..; llloll.l 
·tj!J ;)JOlU 'JJ[Ülll!'> 01 :>pt:.¡{ .)Z!.; ':-¡·)01(( p.1'\(J 
'puut¡ JU') <H[I WJ >·J!.m,¡puo~¡ <ltq I·HUII'-'·' 

0\\l JO .w:_\\U ..>q 0"[\J ¡.;;nw JJUj!'•'P ·11!.1 
·[oal '·'! 1!lod uopt: 1o:¡,· ·'!'1!:-...;od JI) .\.nt..>:.l!iJ·> 
;:n¡¡ p•tt: 'UO! IUZ!J!lll ..>ilt.:JOIS jU .\.Jihl!·>!iJ-1 ·>l[ 1 
'm:mtt:t¡.).JtU :i1u!dúr.m ·"!1 JO .\.Ht·>!·)~H·l ·>tp 

ltll11;,J,lU OHI! ..>~¡t]l ¡,;ntU J<:lu11!Sd\) Jl[l ',J,tl 01 

·¡ t~l .111111 0.1.1/ 111 p, ...... ,).l.lll ,)1, pplll.) 

dmll ,.,.;Jif'l'll •"!l.lf,II'IJ,¡f1,,1'!1'"" 11 1J 111[\\ \1'1'·'•"1" 
,•lp )" '.•: 1: '"'JI!\\ "' lll..,tl)l''l·l·llll :'111llldt·lll ,)1{1 

1" p.l,lfl""ll "::ll!l•t "1 1""1"1 11·""1 ,¡ ''·'1"11·1·' 'l! ·'1'1" 
10 ... Jiltllll.llll ,).\lll:¡,)u ..... \" ... tHilt\ ,,(.l\,) .\IUIIl.tlll ,;\\} 

-.1 11 .... , ... ,(,Ji 11'1 ·"11 111 "1''1 11 .111111 .)¡ .•. \.,) '!llll(,ll\1 

dllu ~1)'11•\\ ... n d ... -:--.. dlf'l" p.Jtl ... •p ,)'P 'il "''1.11.J,l·)l 
,,q¡ •ll·'ldiiiii,J 111 p.lltll!ld( .Jllll) ,1111 ',J-.\',J ldlliJII) 
,)lJl 1'! '\IIJ\1!,1111 .Jhl!l:l "'"''" .llfl 111 \1~11.1 p.l•HI 

·'1""""'·' l''··'l ._)lp ~ ...... :"·" (l•¡lj .,,, .\.i¡tl.) "'11 1'11" 
'J'·'~~.),I,Jl' .)1\ )•lllll \JII\11·11'1111 / •11'\1'1 .!lJ 1 ',\-) \U,l'/ 10 

:.\(,JI',lfiJI\Il\11 J('l"11\l.\l! ~~ 'jl"1'f•ll!l jiJ (<f)j ''-JII'Illl 

,¡..:1a¡ ,Jifl 'Jilllllll -1 .\J¡II.l p.lJIIIh,lJ •l'll 11 ((•¡lj ''/) 
\,I)IJ,J 1111 1~>1 1·'1\'·tl'(f ''! (IJI1·lll!J.; .JII: '1!•'·' \JO 

•lllollll .1.\I¡I'I,Hih~r: JI!I'J1ll.lll hl '/ ~JIJ[I( 111 ,),JII,II'lJ.!J 

t: .IJ.\,II!Jif.\\ '((r¡)f ''/) 1\JJII) ·1'11 J•l ~,•UIIIJ :;:'llllll'l 
·1111.) ~~~.).; )11 s¡-.¡,l(uJ \ICJUJ,)III ,J.\III:!JO~~\l ,i11,f. •• 

lnt rl 
.. Jn:ll ¡.11 ··n .. ,: fl.Jlii.I..;.¡Jd,,,, .\rii:,JJ¡t: ;:uu ,. l" .. ,a.¡u¡ 
··•(·l ',hi:J •ll!l ,_,JlllliJtll•_>; ~1 .._,,'JI f'•lllll!l•l "'\ ,\l'lU 
(.11 '1/1 ..-J' llloi)I'IIJ,JIIi"lll',l) ,111,). "-.•.>if>jll, \111111,)1(( 

~~ "'t /1 pu•: "'/In ,¡...,1lf( ·ll!l ••1 .1\IP'l·•l 1' ¡n -.,,,¡JI'!"" 
o)~~ l ,.,¡ 11 '1 'i11111IIIIIIIU,) '1·11'1'\ ,)lj 1 ltt I.H¡III\HI ,il( 1 ,.,¡ 'r 

·--·IJI'I"' llll'l~ll)fl ll "! J' ''·'·"1 \\ '.11 -1-( '/),. = IÍ ·-(.11 

,),\lll:tu.,qt: tt·,!'l'\ 7iu!P'·'·'P u.J'L\\ . .,dllllnoJ 

-qn.; st: q.ms ''!·1!.tt:ptHIUq ¡u.1p"lo¡ ¡t:.m p:11 01 
flu!pJo.l.1t: ,J,Jt.:d"l :;s.>Jppr: J'' ,.:~¡.)I)¡CJ, .np ·titquy 
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Tlurd (;, 1/l'llllWII ('ollljJilkr ~ys/CIIt8 1~!) 

1) \-irtu:tl ntl'lllllr~· fulhil-. a v:lril't:o-· of pro- T•me 
!.(r·;mmll\~ ll¡,_¡,.,~tl\'1'-.. (.t) mo·lllllt\ nl:llt­
:t~··nll'nt :LtHIP'.I't'l.tl, .11'1' ,,¡' llll 1'11111'1'1'11 lO 

thc• prn;.::rallllllo'f, íhJ 110 pnor .1"11111flllllll:-
:lbout t he• nwmqr~· :-p:t1'<' .1/ lH•t•d IJI' made, 
:ttHI tlw addn·-.,. -.p.ll'i· S i-.ltl\':11'1:1111 toa:-­
sumpttlll\::o ahout J[; :mcl (t·) ph:- .... it·all,\·, .1! 
ts a litwar arra\' of lcwat Ion.-: ami .V t::o 
luwnr, hut t'OIIi 1~11nu" pro!!ra m nddrP:-'-'P~ 
nt•cd not lw storPd m t·onttglllnl::o locations 
bPt•nu-.e tlw :uldn·:-, map pnn·idc•s proprr 
autlrcss tran,;;lation; thu..:, th(' adur<':-" map 
g1ve~ ''artifi('i.d ronti~tnty" ami, henee, 
grcat tlex1blltt ,. 11 lwn cleci:-ion-; must be 
macle about '' lH·rP informntion may be · 
plnrPJ in main 11wmor~·. 

2) Yirtu:ll m<'mnr~· fulfills a vnrit>t~· nf sys­
tem dr-;ign oujt•t'l\\'1'" in multiprngram­
ming :md tinw f-haring :::-:o-·stems; thc ahlli­
ties to: (a) runa pro;;ram partÍ,\' lo.tdPd in 
main mf'mory; !h) rc•load parto; oi a prr,­
gr.un in p:trt:< ,,f llll'lllor~· difiPI'PIIt from 
tho¡-.(' t\\1',\' 11\:o\ flll'\'111\1'\\" h:l\'1' lH'l'IIJHPd, 
and (1·) \':tr~· 1 j¡,. :unount of ::.tor:l~t· 11:-1•d 
by a pro¡;.ram. 

3) Virtual mPmor:• prondf's a f-olution tn 
the relorat1on probl(·m. Sin ce t hf'rP 1s no 
prior rcbtic111"hip lw1 "epn .Y nml J[, it 1'> 
posstble to load parh ot' .V into .lf 1111hout 
rf'gard to t h,•i r onk r or prPviou:> lorat ions 
in Ji. Ho11rwr, 1t m.n· :;till bP neePs:-nr~· 
to use a loadf·r to lmk and relncatP :ntb­
progrnms 11ithin .Y. 

4) Virtual nwmnry provid<':- nwmt>r~· pro­
tec:t ion: a prorc,, may rPff'l'l'l\1'1' onl.\' t hf' 
informatinn in ir-. .Hltlrf':-" :-pat'l' tu•, in 
thP r:ll\!!1' nf tlw :Hidrt·~-. map), :In\· nilll'r 
lllform:llloll lwin~ lll:ll'l'l''"ihh• lo it. Tlus 
is :111 itllrllf'di:lll' (IJil"l'I!IICill'l' of IJ\1' lll1Jlll'­
ffil'l\t::ttÍ011 nf addr''" tran:-lation, ac:r·()rd­
ing to '' hll'h f':u·h .lddrc•,-, mu:-t lw mctppPd 
at thP time ir Í"- c.c rwratPd. It i"', th<'fPfore, 
impos.;;iblr to rPi,'rrnrP any infnrmation 
not reprcscntf'cl m thf' mnp . .-\f.,llming the 
corrf'ctncs;; of thf' map, it is lik1''' i•P tm­
pn.,~iblt' to r<'ft•r··nec un:lllthni'IZPcl infor­
mation. In addit11m, it is po:-:-.1blP to in­
elude ,;protf'etion ke,·::." in f':.wh t•ntry nf 
tlw map, so that cml~· rf'frrc·n1·•·::: ni the 
typ<'s spf'cifi,·cl h.'· thP klo~·s (r.g., rPnd, 
\\'I'Íte, f'\:C'I'\111') \\ ill h<' ¡wrmit tr·d b~· t lw 
mapping hard1\ :lrl'. 

, , , 
...... _ "'' 

, 

T{nJ 

'7;,(n) , 

.,._ 
,' ---­... T, (n) 

S pace 

FrG 3. Spnce and time 111 virtual memory. 

.) ) Tlw ;:;pacf' /time tradcoff do<'s not hold m 
a virtual mcmory. Ll't T,(n) dPnntP thl' 
running timP of tl11• fa:-tf':-1 progr:1m th.tt 
t·orrc·t·tly :-o! vi'" a 1-!,i\"1'11 prohlPm 11 lwn tlw 
addn·:-:- :::-pal'l' 1-iZP ¡-. 11 and tiH' l'lltll'l' 
pm~ram is lo:1U1'd 111 m:un m•·mor:·. Till' 
"P:lt:l'ltlmc tradl'off "tate-, that thl' lw::-t 
progr:lm is fastrr m largcr mcmortP:o:: t. e . 
T,(n + 1) ~ T,(n). \Yhcn tlw mnm 
mc·mory sizc is 111, t hP ob:::crvcd runninci 
ttme is T(n) = T_(n) + T(l(n), '.\hf':-e Tu 
i-; thc ovPrlwad in thc storage mannge­
mf'nt meehanism: To(n) = O for n ~ m 
and To(n + 1) ~ To(n) for '~ > 111 (o;PI' 
Fi¡!;llrf' 3). ThcrrffJr". whrn n > 71'. it m::-.:--· 
t'a:"ily hap¡)('n that T(tL -t- 1) > T(Hl, l.l'., 
'-pal'P and-timr nf·f'd nnt t radP '' it h rP,JlP''' 
tlJ oh,.,l•rvrd running tin11• .. Sino·t· ¡mnr 
kn"'' ll·dge of 111 is dPIIit·d tlll' pro!.(rallll\11'1', 
hP 1·:umot rPI~· 1111 t lw t r:llh-olf. Tu :ll'h lt'\'1' 
goiJd pPrfnrmallt'l' from a virtual nwmnry 
:-~·,tf'm, thf' programnwr mu,.:t tn;,tl·ad U:-1' 

tPc·hmques that maxtrntZl' thc "lcJetdtt\' of 
rPif'rcnce" in hi;:, program [DG, pp. 1S:3-7l 
Tn this point. tliP J¡-,cu:- ... ion ha-; dPalt 

'' ith thr mechnni'-nh of virtual nwmor:·. 
Ülii'P the mcchani,m has bren 1'\w-.ron. :t 

p<~lie~· is ncedcd to managP it. A mcmory 
m:111agc·mcnt pollry nHI:-t ~trive to distribute 
information amon~ tlw IPvf'ls of mrmory :"0 

that somP. spPcifif'd ohjt>c·tivl' is nchiPwd. It', 
fnr Pxamplf', t he ohjrf't ivf' is maximum 
~~·:-tPm opPrat ing; :-pl·t·tl, tlw policy should 
scek to rcto.in in m:un nwmory the informa-
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PROCESSOR 
progrom 
oddress 

y es 

error 

bose 

me mor y 
address 

'',' _' 

ME MOR Y 

Fw. 5 U,e of hase and hound regi¡;ters. 

must be rPlon.dPd to contn.in rlll' mappm¡r 
m formal ion for 1 ht• 11<'\\. pmee":;. Tht:; 
nwthod is u:,eful only wlwn main memory 
can hold l:>C'\'f'l':tl n.ddrc>~s :-pacc>~. :1s for I'Xam­
ple in the CDC GljOO or tite IIDf OS, :wo- · 
:\[VT. 

Tlw <;c>ro11d nwthod of mappint!. :t rollePtion 
of n.ddn·~~ ~pa''''" tnto main llll'lllol'\· ¡,.. a 
dirPI't I'XII'It~ion ,,f thP l1ln1·k-orH•Iltt•d map­
Jllll,!!:" dt-w11,~1·d ,•adll'r: mallt rw·mon· ¡.; 

trPatPd as a puol "llduek,;, and thl' ,.~,.t('Jll 

Jra\\'i from thts pool to a-,~ign block~ to in­
dividuai acidrc•-,, maps a, llt''''•''u. Tili,; 
"-econJ altNn:HÍ\'1' ¡.;; "tdrly u~t·d. 111r it pt>r­
mits mapptll~ uf :uldre::,::. i;pael·:, Llr,w;t•r than 
m a in nwmpry. \\'lwn properl~- dP.~tgnc•J, it 
can bf' r,preiully rtfil'h'llt und1 r jH\;.!,111~. 

~Iemory manng:f'nwnt polH·H·.., ior multi­
programming .m· bt•::,t undt·r~tood ,,·irh tbP 
:ud of a t{'(ll J.ul'f·'rt morir! for ¡m •!:!;ram lw­
lmvior. A pro¡.:r:1m'.., wnrhlll~ '-l't at :111~-¡;t\'1'11 
tune is thl' :-:m.ill1·~t ~ub~Pt 11r tt~ :tddn·~~ 

:-:pacl' that lllll~l lw l"adl'd 111 111:1111 llll'lllnl'\ 
111 ordt·r· to gu:1r:tltlt't' a :-p•·•·ltu·d lt•v"l .,f' 
proc1·.~~in~ l'lft<·J••fll'.\"· ( For pr.,p•·r chnll'l'~ ul 
the paran\l'tc·r T 111 a pagtng :-~,11·111, 111ll' 
ean U>-~' tiH' :-1·1 11'(1, 7') ot pa~t·~ rl'll'rt'llt'C·J 
amo11g t hP T pag:c-rl'f!'l'f'l\1'1'~ ttnllll·diatPly 
pn•¡•f'Jing t inw 1 a:- an 1':-:timator .,f t hr work­
tng set at time 1 [D~. D(jj,) Tl11• u·"t'kUq~-~(·t 
eont·Ppt h:l:3 impli1·ations for IJut!. th1· pm­
gramnwr :llld .,"y;;tPm dt•:oigtwr .• \. prn¡¡;ram­
mrr <':.111 rc·al i z<• ¡¡;noJ perlorm:llll'l' 1 ro m a 
virtual nwmt,ry ~_,·:-tl'111 by ITe:ttmg pro­
gram¡, \\he'~" worktng :.<'t:-: :tri' ..:mall, :-:tahh\ 
and :-lowly ehall!!;lll~- ( If 1 (¡¡, ts · :l<'hÍI'Vt•cl, 
thP l'ltal :llllflllltl of :uldn·~.., :-p:II'P t•mplo.\Pd 
is Íllllll:llt•ri:d.¡ .\ ... ~ "'''111 ti••-.J)-!.111'1' t':111 n·:dit•: 
gootl pt•rfol'llllllll'•' llnclt•l' 1111111 1 p1'11)!.1':1111111lll¡.l; 

b,- tk:oigning polieif',: \\"hid1 gun.rantPr t h:1 t 
<·:wh :lctivc proet·"s has it, \\·orking: ~•-1 
loaucd in main nwmor~-. Ii t lus principl" i ~ 
not followctl, n.ttl'mptPd liVcrenmmitmrnl • ·f 
main nwnfory may mduec eoll:lp:-:e of 1' r­
t'urmarH·e, lnrnm as thr.1:-hi11~ [D-t]. TI.·· 
¡wrformunce oi t·on• 'drum p:lglll)!; "·' "'l•·m ~ 
1',111 lw improvt·d by departm~ irom ,.Tri· 1 

:ullrl'l"l'lll'!' lo dl'llWllU p:q . .:;tn~: dltrtll!!; a t tm•· 
~lll't', pag¡•s f:ln '"' addl'd o u tkmaud t" ': .. · 
\\ orktng :;ct of !\ prot·<·:-:; auJ n·plael'U \', i11 11 
thry l<'avc it; hut at thc lwp;inning: nml •·t.•l 

• • 1' 1 , 

01 a nmc :<tH·r·, ::,\\appmg eau •w ll"'l'U ,,, 

m ove t lw worki n~ :-t·t a-; a un i t hr•t\\ een m.ll n 
ami auxliiury mem<Jry. 

Motivaticns for Neme Manogement 
The tcchniquP:o of vtrtual mf'mory nur­

luJt·d ahov<• dPfiru' tl <·omput:ttio11nl ~1•·:•· 
\\ hi<"h np¡war:-: to tlw pro¡¡;rutnnH•r a~ a ,.,.r-. 
lar;,.:;l', linPar ll:lntt: -.pa<'P. But, oncP pn·~t·ut • d 
\\11 h a ~ingiP line:tr nnnw ~p:wl', no 111a P•·t 

1,,,, lar~"· t l11• JH'II!.!;I":Illltlll'l' '" :-1 ill t'.l• , . .¡ 
\ltth tlll' tll'l'cl to :-:olvf' four important ¡m.l•­
l .. nt ... · 
1) handltng grrJ\\ lllg or :-hrinking uhjc·•·t ~­

anJ l'fl':tt ing 1 •r lkh·t 111).!; 'JIIJ<'t·h, \\"Jilt .. t.l 
havmg to n•:-t1rt to u~in~ IJ\'Prla\·,. 111 nam•· 
~¡J:tcr• 11r to inlroclui'Íilg J~ 11:11111<' ~t,,r:~~~· 

.dloC':.ltioll prOI'I•dun•s m tu nnnw :-pa1·1· ( "' 
addition to tlll' r¡np:-; implPnwntin~ tl' 
eomputatiorwl :-ton•); 

:.!\ providing lon¡¡;-t<'rm ..:tor:t¡!l' :md l'l'lrÍI·\-,t: 
r'or nanwd infurmation ohJPI't>'; 

:p allowiug information to lw :-:han•d ami 
protl'l'tr•d; and 

-l) :u·hÍP\'ÍIIg' Jll'll¡!l':lllllllÍII).! lllllfilliarit ~·. :11·· 
''"l'<linl-{ lo \1 ht,.JI ollt' lllodldt· t':111 1"• <'"111· 
¡ul,.d (iut" :-ouu• part uf nalllt' "llllt'l') \\11 ¡,. 
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out kn0wlf'd¡:!:<' of tlw intPrnal !'ITUI'tUrP of 
othcr 1~wdulcs and wJthout having to !w 
rceom¡nkd wlH'n other modulP~ ar~. 

A t·ompiPtr> diseu~~loll of why linc·ar nnnw 
:-pai'C iuib 1o :-:\IÍ!--f~· thC'sC objflt·tin~ ha~ 
hrC'n givC'n by Dmnis [Di]. Tlw ba~ÍI· proh­
lem is that th<• (h·n::unies oi information 
aclditions nnd dc·lcÚcll)<> in name !'Jlu<·<· im­
pliC'd by caeh of tht•sc obket Í\'l's n•c¡uÍH' 
:;o me m el hod of stn,t"turin¡r and m:ma;.:;!n~ 
nn.nw:-:, a nwthml uot intrinsieally providc·<l 
by 1 h~ virtual nwmory nwt"hanism:. as 
dt ·~ni ht•ci n bovC". 

:\Ind<'rn eomputPr :-~·:;lems UH· two nwth­
ods for arhie\·mg thP-.(' ohjectiws: 1) .file 
syslc:¡,:,., by far thc most \\ÍOC'ly u:<<·tl. which 
pr0\·idC' ;t :;trm1;:;r• ¡.;y:-IC'm cxtC'rnal to thc• 
n;,nw sp:wt•: :md ~) -'<'!IIIICtlfed 11Gmc ~}lace, 
u sed 111 .\1 t"LTICS IB::!j, which altc•r,., t he 
struriurc· of thc namc spnrc ilsc·lf. The file 
sy::-tem implenwm:. a long-tcrm ~ton• scpn­
ratP from the computational store, \\hile the 
S<'g;mcnt<'d nunw :;pa<·e implenwnts n long­
term store idt>ntical to thc romputationul 
~tore. \Ve ¡,hail comm.cm on each belu\\·, 

File Systems 
:\Iany of todny's operating ~y,t<•m:; pro­

vide both a virtual nwmory anda f.lr sys­
tl·m, ;J.Jl apparent paradox sine<' the viri ual 
mrmor~· is suppo:-t'd lo ronc(•ai tlw existt•Jwe 
nf aux1liary men10n·, whilc tlw fil(' sn.t cm 
Joe:; not .. Thc par;1dox is rce.olwd i'a tlw 
lil:!.ht oi the inability oi linC'ar nam<' spac·t· to 
s.1tisiy tlw four objf'ctivP:; giwn abow. Th<> 
programml'r is pr.·~rnt!'d wit h a pnir d 
¡.~·s1cm:, (l\-, F), wlu·r<' .V is a lim·ar unnw 
~pace and F Js lhe file !-y:-;tPm .• \n mlcln· ... s 
map f:.V _, .1[ i~ Ílllplt•mt·nt<'d ill tlw ¡¡,.ual 
way. Th1• fill' s~·:-t<'m I'OH:;ists of a clircctury 
or dircclory free [D2, Dll] :md a !-PI of jtlc 
prorcssing pri111ilircs. The direetory r<"¡Jre­
s<'nts a mapping from file nanws to auxiliary 
mernor~·. Arranging a t·ulll'('tion of <.lin·<·torics 
in u trcc has two aJvautagrs: 1) <'U(·h diree-
1 ory cnn be idC'n t ifil'd uniquPly h~· i t s palh­
na111e, i.e., tlw t-:Pqllt•nc•e of dm·etor~·-uanws 
on thc path from tlw I'<IOt of tht• lr<"P to tlH· 
¡:!;Í\"<'n din•dory; and :!) 1 lw :-ame n:mw yan 
h<• reu:,cd in diffcn:nt directori<•~;. Ob:-ervt• 
lhnt. tllt' din•ctory ln•t• ¡·:m h<' n·g:mlt•tl as a 
"f1lc• nunw ~-;p:wc" iu '' hid1 objl'<'ln (filt·s) 

:lTI' nanwd h~· pathnanw:", this is t·ontr:,!-tl'd 
with tht• lim·ur nanw l-Jl:t<'l' Ji~<·us.-t•d P:ulir·r. 
Iu :uldit ion, n direl'lory 11 !'!' !-'f'rVt·::.to provJtlt• 
variou" ¡•ontcxts within "llll'h prot·c·~"f':- mn~· 
c.pNalr·; il dol's lhi!-- h~· allnwing l'.lth pror·e,s 
lo ha\'(' a Jl<•ÍntC'r Uf':-i¡.:nntinl!: n ''t·urrr•nt 
dire,·tory" in th<' tri'P. Thc file· procc·ssing 
pnmit1vc·,.. in elude op¡•ral ions lil-P ":-;pnreh 
dm·ctory": "!'hallgl' <'fJllll''\:1 to pn·tl!·<'!':--,or 
or :<U<"<'<'"':-or dirt·<·t••ry''; "linl• tn un <•ntry iu 
unot)l!'r tlir<·<·tory"; "r•pt:n filP"; ''rlm:" fill'"; 
"en·nt1· file"; "1h•il't<' fill'"; -"n·ad file into 
.\.": :md ''\\rÍit' fill' lrom X." Thc dirc·elory 
tr1·1' .. of indh·idual ti:-Pr!- <·:m bP madP !!ub­
tn•i':< t•f a siu~lc·, :-~·~1<·111·\' ide Jin·etory trrP, 
und u~C'rs l'Hil l'mploy t h<· linkinp: primit Í\'<' 
to !'har<· fJIPs. ProiC'rli11n kc•y¡., ean bP :-lorf'd 
in dirt•t·t ory t•nt ri<'s. SiJH·t· f1l1·s c·an g,ro"· and 
sl1rink, he erC'atc·d :J.Ild d(·~troy<·d, bP ~torC"d 
for long ¡wriods, b(' ~har<'d and pro! PetC'd, 
and be pro:;ram module·.:, the four pro~mm­
ming ohj<·<·tivf's gi\•pn aiJove are satisficd. 

YPI, fi}(· ~-y"tPms haw nn import ::ni limita­
twn, \\hir·h i~ a eon ... c·qu<>Bre uf th(' dl~tine­
tiün brt;·,·('('il eon1putn~ionrd and !oi!g .. t(\rnl 
storagP ~~st('m~: in ordf'r to lakl' ndvantage 
oi t lw effic·if'llric•s of tllf' arldrP:>:,JJJg h[lrd­
warr·, thl' programnwr ¡,., fore('d lo l'OPY in­
formatinn bPIW<'<'n thC' fil<' svslem nnd thc 
computalionul stor('; thi!>, in.f'ff('(·t, rC'inlro­
duec•!> a proh)pm thnt \·irtual mPmory sought 
to f'liminnlt'-the ovcrlay problPm in nn.nw 
:-:p:H·C'. As will })(' diH·u~~l'd !-hort !y, t he sC'g­
nwnl<'d nanw SJ1Ut'<' ov<·n·<•nw~ thi:- prohkm 
by rc·moving t lw t.list iu<·t ion het Wt'C'll 1 h<' 
computational and long;-tf'rm F'torag<: "~'S· 
IC'ms. 

Fr<•q lll'lctly lllC'Ilt ioul'd in tli:-c'tll'o:-Íons ahout 
tilf' i'oy:-trm!-- ¡.., "hl<· !:olrudurt·," i.C'., 111(' 
orl!allÍZ:IIloll of inform:~tion within a fi)t• 

[ll]. Thn•p typPs ol Jilt• btruetur<'s arC' in 
c·ommou use: 
1) bit or word ~trings (n linC'ar addr<•:,s 

sub::pacc); 
2) dwius of rt·,·orus; und 
3) a !'I,IJPt'IÍtlll of fl'!'nrds, !'fl<"h ha\•in~ :1 

uniqut• indt•x (1,,.~·), \\Íth tlw indt'X<'S hav­
ing; a nnt ural ordc·r; a ~ivr•Jl rt·<·oru 1':111 lJI' 

lot·att·d u"'ill;.!: lc:l .. hin~ ll'r·hniq111· .... wlwn it~ 
md<"x is prPs<·nl!·u. or tlw n•<·c,rds <·au IJI' 
:-eardll'd St'<¡U<•JJIÍally in th<• ordc•r <•f 1111' 
indt•xc•s. 
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The tir:-.t ~tnll't un• rq:,rr~•·nts :1. iu1Hl:tnwntal 
\\ :1~· of thinking ahuut hk"; t IH' "<'I'Ond and 

· thinl do not. Tlw ph~,.;it·nl pro¡wrti"" of 
· auxiliary nwmoriP::; {tll:-k:;, drum::-, ta¡w::;) 
· havc nlwa\·s fort•'d tlll' u_,,. of n•!·onl:-: in tlH' 
. implt'lllcnt.at ion nf a filr; but, jm:t a-; t he 

blocks of ml'mory \1::-Pd h~· t lw mapping 
: mcchnnism nf'rd not hl' vi:::ibll' lo tlw pro­
: gramnH•r, !-O thf' rc•t•onls of a tape or thC' 
' trarks of a di~k or drum nced not bP visihlC'. 
! In othcr worJ:>, rect)rds und scquPntial in­
: dcxing are not prrrcqw:-ttl's tn undcrstanding 
: n filf' system. I3y confu,-ing th<' tmpl<'mC'nta­
, tion of mappings with the logit•al properti<'s 
! of filc5, mam· sy=-tf'm:;; pr<'~Pnt u confusing 
, and ovcrly romplicatcd picturc to thc pro­
; grammer m this respE'ct. 

, Segmentation 
· The pü\\·er of the ¡,rgmrnt<•d name !'lpare 
, to solve the four programming problrm.-,; 
pr<~scntPd undcr ":\Iotivation~ for :\'amt• 
:\Ianagcmcnt,"' nhovc, w1thout thc limita­

, tions to which file s~·~tems are :-;ubjert, ap­
pears not to bl' widely apprC't'Í:ltPtl. ÜnP can 

, regard a file systcm a<> providmg a coll<'ction 
of named, !mear aJdrc~s sub;,p:tcl's (filt ,) of 
various sizes, nugmcntmg t he main name 

. space implPmented by thn computo.tional 
1 store. From this, we cun makc the gcnNalizo.­
' tion thnt, instf'nd, thc computationnl "lore 
· it::.Pif rompri~"" a •·ollcdtun of n.um·d, lint·ar 
, Allb~p:l!'P:-l of vnrious sizPs. En!'h of 1 h•·~~· 
isubspacf's is callt•d u Stfflltolt; the !•tl!in• 
· namc spare is rall('d n ~·eymented name spncc; 
,o.nd tht• c·upnhility for a :-.1•gmrnterl name 
spncc is r·nllt-d SCfllllf'lllatwn. Each wonl is 

· rdPn'ntrd hy a t \\ o-tllmt•n-.ional ntldn·::;s 
. (sPgmf'nt n:llnl', \\onl nan~t•); this 1-: •·on· 
tra~tcd with hni':u n:unn :<JXII't~ in \\ hich n 
single diml'n,ion of addrr·::-sing 1s u::-cd. Si1wc 
all scgmcnts may re::-idc pcrmanently in thc 

, name :;;pace {no ,eparnte fih! system is re­
, quired) und thc programmcr do1·s nut ha ve 
to progr:1m file opPrations or solvc nn over­

; lo.y problem, the four programming, prohh•ms 
are solvcd. 

~ Undt·r segm<'ntation, how.-vcr, thc systPm 
; must handle the linking of segnwnt~ into a 
· computo.tion, and ¡,pr.cml hanh\ ar<' and 
: compiliug techniquc•s are n·,¡uirPd to makt• 
- this pron•s:; t'ffi!'iPnt [Dlj. (In :;y::,l!•m::. \\Íth-

out :-q!;lllt'lltat ion, 1 IH' pro;.!,ramnwr implit·­
it l~· :<ni Vt·:< t hP lmkin~ pwhlPm \\ hilt· t·op~ 11~:.! 
filt•, fwm thl' till' ,.~·!'tl'm inlo ~pi•t•ifi¡•d an·a~ 
of atldn·,,.; sparl'.) Th<' mo~t t'olllmonly pro­
post•tl appro:u·h lo ~harin;,!; :..1'!!;1\l<'nts :tlllloll;_!; 

t 111' nanw :-:p:u·Ps of dist inl't procPs:-f's use:- a 
sy:-:.tPm-\\ id1• Ulr<'elor~· ll'l't', as di~cU~:3Pd 
abovr for file ¡.,~·stPms [B2, D:!J, ~o t hnt l':ll'h 
Sf'~mrnt 1s r<'prc::.f'nlt•d twil'c in thr !3y,.::tcm. 

Tlwre.are two m<'thütls for mnpping a '-l'g­

nH•nt!'d namc l'p:we into main memor~·. Tlw 
first stores a sPgment eonti¡.¡;uously in mam 
ffipmory, in thP manrwr of rigurr.'S -l and .), 
PXI'Ppt that tlw haf;P-and-bound information 
is !:>lorc•d in thc mnpping table. Th1~ treh­
niquc i;; subjPct to tlw sume limitation~ a..: 
th<' variablr•-blork-sizP mappings di!tcm:~f'd 
earlier [DG]. Tlw second method, known as 
seymentation anrl payiny [DiJ, uses paging to 
map cuch sPgment, whil'h is u linear n:ww 
spare in ito; own right. It u"e" two leve!::- of 
tablC's to map o. giv<'n f;PJ.l,mf'nt-word pair 
(s, x) to a main memory location y in tlw 
follo\\ ing stcps: 1) the sPgment na me s is 
u,<'J to indt·x a "segml'nt tnble" who.'P 9th 
entry givP, the bo.~P o.ddn•ss of a "pagP 
tuble" for ::rgment ~; 2) the word name .r h 

convcrtl'd tn o. pair (p, u·), \\ herP p is a p:lgt! 
numbcr und i!' thr relativf' addrl's;; of .r in 
pagc ¡1; :n t he puge nunüwr p is uscd to imlex 
the pagP tahlc whose pth entry contnin~ tlw 
hm;l' addrP::-:-:. q of t hP pap;P framc ltt~ldin;,; 
pap;e p,· :llld .J:) the nwmor~· nddress is !1 = 
q + H'. Expl'l'inwnts on the :\lt:LTICs ~y~r•·m 
dt•monstratP that th<' spf'ed degradati•m 
t•ausNI by using t his mnpping terhniqw•, 
t ogPrlwr wi t h u 16-cell n:::,.;oria 1 i V<' nwmor~·, 
awr·ap;t•::; ;~ .. ;r;, [S-lj; thu..;, ~Pp;nwntation nnd 
png;llll!; t•ompPI!·~ in l'llii'ÍI'nl')' with mon• 
,tandanl forms of virtulll memory. 

CONCURRENT PROCESSES 

WP mentioncd <'arlicr that concurrPncy is an 
important uspect of computer s~·stem:-:, that 
mPehnni::-ms for eontrollin¡¡; it must bP nvail­
able for ll"C in ~ome programming languagP~, 
and that programnwrs must undcrHtand the 
ba:;il· roncurrmcy problcms nnd t hci r ~ni u­
t ions. E ven though thl' prf'st•nt hurU\\ an• 
tcchuology nllows for thc rcalizution of c·on-
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rurrC'nt .'\~tivity, it rrmnius t:1e task of thP 
progr:U.17~H'l' to writf' thE' progra,ms that 
bring it mto being. 

lt uppP:\rs morr naturnl to rr¡card n rom· 
purer syr-:rm as tl !!Pt of proc•('l\!=C·s <'oopc•rat· 
ing and rPnd<·ring E('TVÍ<'P to onc onothcr, 
rnthrr thnn n~ a ¡;l'f of subroutin<'l'l prrform­
ir1g in thr !-anw fa,hion. In othrr words, th(' 
unit of s~·s!Pm drromposition j¡; th~ proress, 
not thr ~ubroutin<' !B.)]. Thi~ yirw pcrvndrs 
tl·.e dPsip;n nf IJijk!!lra':- TnE multipro­
grammin~ ¡;y:-;tPm [Dl4] and has influrnt•f'd 
othcr third ~<·nc·ration ¡;ystPms, though not 
ns ¡,lrongly. Cndc·r thi!- VÍPw, th<· mo¡;t t•lr>­
mentMy Ponc·C'ivable opcrnting ~~·stt'm i~ une• 
tl1at prn·.-ídr· .. fur thr (·rNttiou, n•moval, con­
trG!, nnd ir;H·rr·nmmuni!'lltion uf prorf'sH•:-; 
:•11 oth<'t oprr~ting !!y~tf.'m funttions ran bP 
(Jr¡xanizl"d nround thi¡; [B.>]. 

The c•r¡nec•pt "proc·r>ss" appeurs to have 
origina!C'd in "f>\"f't'al dt-sig:n projct'ff; durin~ 
t !w Par)~· 19GQ¡;;; for !'XllmplP, in :.\it-LTJC~ 
~nd in OS/300 t,dt<'rr it Í!< <'tli!ed a "t:~5k":. 
h y;as illit·ltd('d as :m abstraetion of tlw 
nrtivit;: of ~l pi'O~'f'"~iu¡¡ unil. ami was 11C'!'df'd 
t o sol ve t lw problf'm of pn·Pmpt in¡; nnd rr·­
!:Wrting prog.ram¡; without affPeting thl' 
rc•mlts of tlwir eomputafions. Although 
numy rurly ddinitions of "prore&s" WPrr im­
pr('cis~, t hr~· \\NI' ndcquntE' to t·nnbiP sys­
tc•m dPsiWJer;.. to impiPnw!lt multita!'king. 
Sonw E'xample, of ('nrly ddinition:-; arr•: 
"loc•u!' of control in nn instruction sPqucJwt•'' 
[Dll]; "pmgram in <'XC·rution on a pseudo­
rroccssor" [Sl]; "rkrk (':J.rrying out t hP 

• t-IPp!i of an algorithm" [\'1]: nuu ":-c•quf•twc• 
of Ftalf'!' of a program" [H:>J., Tlw inll'lll of 
thl'"C' d;•l;nitiull..; is tn cli:'!tillg\ll~h llw ~tatie 
pro¡rrnm frnm t IH' dyuamic· prm·t· ... ~ it ~~·n­
era te!-, aml tu ;-.uggl·st thnt thc• ll·rm "pr,,. 
gram" ])(' appliPd to n sN¡ut•ncP of inFtrm·­
tions, \\hilP tlw tl'rm ''prol'l'!-~" lw U!=<'d to 
dC'no1e u scqm·n<'e of nrtion!! ¡wrform('d by n 
progrum. 

A pr<•t·i:-:c· U<'finit ion of pro<·P~!-l e:m l>P dc·­
vl'lopt·d a~ follo\\·:-:. \\'ith n p,inn program wt• 
:1!-'~0t'iUt e a H'(J\IC'nt'C' of ":l<'t Íl!llS11 
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a, · · · and a :-.t•t¡uf'nc·r> of "::;1at<',;" so8: · • • 
.~. · · · . ror /; ~ 1, :ll'IÍoll U¡ Í~ :1 fumtion of 
Sk-I , and s1 i:-: t hr rl'~ul t <'f nl'l ÍLIJl a¡ . Tlll' 
!<l;l\c:-; rc·pn·,.c•Jit l'O!Hiition,; uf a pro~ram':; 

pro~n· ... ~, with No thc• initial 1--tatc•. Tlw ~"-«'· 

r¡U<'Il<'P Ota: · · · O¡ • • • is called un adion 
sequencc, and soJ:t • • • 8;., • • • a romputatzon. 
A prorr.ss is detim·d ns a pair P = ( s, TJ), 
wlwrc p is a prngram Qnd s is Q tJI:lt<'. Tlw 
priJC<'I:iS (s, 1') implit•s a fut urc :1rtion sc•­
c¡uen<'e OtO: • · · a• · · · and n rnmputntíon 
SoSt • • • 81 • • • • wh<'r<' so = s. Iutc·rruptin~ 
a prorPss (s, z¡) nft('f k SIPps is C(J.liÍY:lll'nl to 
ddining th(' nrw procc·ss (s~r, p), ::md (st, p) 
is <·nllcd n "<'olltinuntion" of (s, p). We huvP 
ddinrJ "proc•p¡:;.;'' in thil'l wn~· in ord<'r to 
<'nptur<' thc tln\·or of its U!':tp:C' in pra<'ti<'~', 
whcr<' a proc·r:":< (s, p) c·an lw implrmcntrd 
ra<: ll data l'ITU<'Illl'l' :md br r<•¡:rnrdc•d R!' Hll 

('ntity that dPmnnds rP~oun·r:-. ::\f'ither thf' 
n<'tion nor th• ~1atc H·QUC'IH'<'" nrc· by tlwm­
sc•l\'<·s ndN¡ua :e• fnr t hh:. 

The intPrpretntion of "nrtion" nnd "statE'" 
clf'j)('nd~ ·on t lw pro!'<'!;" um t rr.l prohlc·m 
undcr ronsidcrat ion. For <.'XumpiP, if WE' wcre 
int t•rp<:t ed in prPc•rnpt in~ proc·c·¡;,~or or nwm· 
ory n·;..ourec·;; und<·r multiprc•;.rrnmming, a 
"st :1 te" wr"J!d <''lll~ist uf !l spt•<·ifit:-t! !0!1 ( Pr 
implil'd "j)Pl'Ífic·ati(Jn) of thr c·outPnt, of all 
proec•;..!'or rc·~i•ot Pr;.. ami nn nw "'pa ('(' )()C':\ t ion,., 
nnd un ":ll't ir•ll" "ould lw nn in.,truetion 
c•xc•eut ion. Thu¡,, nn nd!'quatt> th•:-eri pt ion c1f 
thr proc···~ for progmm p j¡: tlw YC:'Ctor (i, 
R, .f, 71), in whit'h i ¡,.. tiiC' in~trw·tioneountcr, 
R is thP c·ontc>nt~ of al! proc'l""~t•r n·gi¡;;ten., 
and f io: (a point!'r to) tlll' ndtJrp,.¡;; map. • 
Prl'('mptin~ thi:: proC't'i'S requirr,. saving thl' 
information (1. R, f). Oth<'r intc·rprPtations 
of "nction" aud "~tutP" nr(' di~¡·u.;;:-pd lw­
low. 

In ord(•r tCJ appl~· tlu· fon·w•iJJJ,!; t'n!H'!·pt¡.: 
toa sy:;tl'm, ''<' llf'NI to ~t'IH·r:dizc· tlwm. Tu 
do t hi~ '''<' dt·finl' n .<yslr111 t(f Jll'tlt'C·'·'CS t o lw n 
('oiiN·t ion of pro¡'(''~'·:-;, tO¡!;Ptlll'r \\ 11h at<¡Wl'Í· 
fit·at ion of prc·l'l'llc•JH'«' c·on;;t raint,.. :11111111~ 

t hf'm. If prtlC'C':-:< l't prPt'f'df's ¡mll'r;.s P~, 
t !JC•n Pt mu..;t t c•rminat ,. t•xPrut Íflll bdorl' 
P2 l':llllw~in. Tlw prc•t·t•ciPnl'<' t·nu-,traiuts :in' 
a;;:<unwd to 111' ph~·¡;j,·:¡ll~· rPnlizahl(• in thr 
!--f'll~::>C' that JHJ pro<·t'l-:< 1':111 Jlr<'!'t'UI' it:'!C'if. (lu 
mn t hPm:l t'ieal tc·rm:-;, t h<' pr.•t·Nh'IH'P <·on­
"'raints parti:tlly ordl'r tlw :-~!-tc•m of proe· 
t•:::-;1·~.) Two pro(•t•s:-PS without nny prN'<'-

• ="'ntr the ~<imii:HII\' hctwN'II t)¡j .. oidinition of 
•·prru·¡·!-,." :tllfltlu• :H.'II\'.tliuu d!•,.o·npt"r <klmitiou 
)!1\t'll .d"'\'f' t•,t ,, ptu(t•dnJP 111 t'\l'l'!llinl,, ]u f.u'l, 
tlu• d!'itni 111111 or "pro<'('~ .... '" a tlu \ ( 1 j!l'lll'rah.:a· 
tu•n of t h:at oi "prtw!'dllll' 111 1'\l't'ttl ¡.,, " 



' 
,¡, 111·t·, t'olbtraint b,\t\\l't'll tlwm are ilult·-
·" 11,/, 111,' :uul may iu• t"\l'l'llll'd in par:llll'l. 
\11 a•·tinn sl't¡UI'Ill't' p;PJWr:tii'U by tlw :;;y:-11'11\ 

. , o¡,,...i .. ts of l'llnl'ah•nat ion~ :mt.l llll'r~•'=' of tlw 
11'1 inll :<l'ftllt'l\l'l':) of ils 1'110\JIIIIll'llf Jli'OI'!':':-1':-., 
, .,,, .. ¡,...tC'n 1 wi 1 h t h<' pn'l't'di'JH'I' t·on,. t rain t"'; 
dr.11 j,.:, a :;y~l .. m :wtion ::<l't¡Ut•nce i:- obtainl'd 

• ¡,,· nwrging the prol'l's:; :wtion Sl'<tlH'Ot'l'S 
~~····h th;tl, if P, prl't'l'tl<'s P:, tlwn thl' 
:•1'1 ion:-~ nf P, 1\\\l:-t prt•t•t•th• t ho:-.1' of P ~ in t ht• 
~'"''''1\\ at'lion ::<PftiiPlll'•·. En•n thou~h tlw 
Jlflh't''"' :wtion ::<l't¡th'llt'l':< an• uniqtu• :mtl thl' 

' prt't'l'tlPncl' con:-:traints fixed, thcrc ma~· h<' 
m:llly po,.::-:ible ~y,t<'m :11'1 ion :-:••r¡w•un•s, 
di'Jl!'lHiing on tlw total uumlJPr of po~-.1ble 
wa~·" of nwrging t h<' ,.:{'(¡llt'IH'I':' of indl'­
¡wnt.ll'nt prol'Ps~c;;. StntPd diiTPrc•ntl~-. thC' 
:tri ion ::<f'f¡lll'lll'<' oh:;t•rvl'd in a givC'n run of a 
,.~·,.:tem of procC':;sp:-~ will dPpPnd on t he n·lu-
1 ive !'j)Pcds of t lw individual prnc~·~ .. ps, 
,,·hich. in gPJWrnl, may nnt be prl'dietabll'. 
Figun· {) illustratP;; a .. y¡;tl'm uf four proe­
p,.:,.:ps and thr<'<' po..:-.ihlr• :-:ystPm action ,p. 

qtwnrl''. Finally, of t'•tllrH', C:l<'h po.,sihle 
s~·;;tcm :u·tion Sl'l¡tH'IH'I' will corrc•spnnd ton 
~equPnel' of sy:::.tf'm :::.tutt>s, i.P., to a ,.;ystcm 
computation. 

Lt>t P, = (s;, p,) ht> the ith prot•e,.s in u 
given sy·~tem. If s, is not thc final stJ.te üf 
P; (i.e., if furth1•r ut·tions are possible by P,), 
then :my process P, thut P, pr('cPt.les 1s 

¡!l.-, 

blm·J.e,f or tli.wriJ!cd. [f 1~. is not blol'k1·t.l an•l 
.~; ¡ .... not it::: final -.tate•, tlwn P, is ar/11'1'. ,- -•... 

\\'it h f('"'P"I'l lo n ~y:-:tt·m of prorP:-:,e:-., 
11wrl' :IJ'P four r·ontrol prnhl"m" of impor-
1 :1111'1'. 

1} Thf' ,/pferminary problr-m ari:-1':-: whl'lll'\'t•r 
a -.~·:-.tl'lll nf prot·r-,.:-.¡•..: :-:harPs nwmory r·r•ll,., 
Tlw sy:o~tPm is dPterminate if, no matt1•r 
\\ hidt :-~·st('m :wt ion ·""t¡IIPIIt'l' nri:-1':<, tlw 
rl•,.ult of the l'lllllputntion, a:s m:mif1· ... t•·d 
in 1 he I'OIIII'Ill:- of llli'OlllfY t'l'lh., dPpl·nd::; 
uniqul'ly on tlw init ial t•ontl'nts of nu·m­
or~· l'l'lk In ot lwr wort.l:-:, t i11• outt'olliP of 
tlw r·omputation is mdl•pPmh•nt of tlw 
n•la ti ve ~pf•('([;o; of t lw prm·p;:~p,.; in t lw 
s~·,.:tPm. 

2) Thl' deadlork prohlem nri:::Ps in limit•·rl 
rP,.:oun·r• =-~:-:1t•m>: whrrl' it may he po~:-~hlr· 
for :t ~ub:o:et of t he ¡n·oPf'!'l'I'S to hl' bhwkPd 
¡>PrmanPntly hreuu:-P f'a•·h holds nonprP­
Pmptihlc Tl'soun·t•.. rl'que:o.tl'd by ot hr·r 
proll'l'~"l'" in 1 he ,.uh~Pt. 

3) Tlw uwlual eJ'Clu.~itm prohl<•m ari~P:-. 
\\ ht'lli'VPr 1\\o or mun: int.ll'pPndPnt prr,•­
e;;:;;ps mny r<'quirl' t lw u~c of a rcu!'abll' 
n·~ourl'e R. Sin1·t• PUdl pro¡·p;;s m .. difir.; 
1 lw intcrnal state oi R whiiP usmg it, ••u 
tWt) procf':',.:p~ may ht• using R at thl' sanw 
tinlf'. Siuec ~ach proc""~ inirializPs riw in­
trrnal stute of R when it fir,.,t ncquires it. 
the order in which proct·sscs gain nc;ce:::s tu 
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Fao. li. .\ system of prnce::sses. 
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R is immntPrial. Two proc'C'SSC'S nrP mut u­
nll~· C'xdmlPd \\"ith rC'sp<'ct to R if nt most 
o m• may be using U nt o. t imc. 

4) Tlw .~ynchrnreizaticm problcm bctwr-cn 
two proc'C'SSC'!:I nrises whrnc:vcr thr prog­
rcss of onC' dcpcnds on that. of thc oth<'r. 
Commnn cxnmpl!•:-. of ~;~·nl'hroniza:ion 
indudr·: tlw r<'quirrmr·nt t hn.t onC' pror·c·ss 
cnnnot ronlitntr pa:;t n I'C'rtain point Ulltil 
n ~igual i!': n•cPivC"d from :motlwr; nnd. in 
t he e~¡;;~ of crrtam toopC'ral ing ryclic 
proce~.;;Ps, t he rcquirPnwnt t hnt t he numbc•r 
of c·omp]C't<'d r~·e!C's of 0nc should not 
difio:-r from thc numbrr of completC'd cydcs 
of thc otlwr b,· morr t han a fixcd nmount. 
Thrsf• ím¡r eo~trol prohlcms n.rc de~c·ribcd 

in gtentPr ¡\ctail bdow. Thc·ir ~;olutions enn­
strnl!l th-:- "Y¡;trm of pruc·cs=-cs, rithcr in the 
riC'sign or by the addltion of PXternal control 
nwchanífmls, so thnt only thc desirnb](' sys­
tem action ¡;equc·nt•e;. anu l'OnlpUI:ttÍnnS 
arisC'. Íhe Folutions giwn lwre ~hould lw re­
gnrdeci n~. modcls for tlw <.lc·¡,irC'd bPhn,·ior of 
¡,y:,tcms; thcy do not nccc¡,!'.arily r<'pr('~C'nt 

the most prncticnl approach for a spccific 
problem. The designer would have to b(' 

Memory M • (o,bl 

Procosses ~ ~ 
Atlton 
Soquencos r, "'• 'z"'2 

lnterpretoltons 
1 11 

P, o...,_ a•o o-.a•b 

P, b-- a•ll a--b 

Computoloons 

1 'z ""z r, w, 

a 1 ' 1 :3 3 1 3 
' --

b 2 2 2 2 
1 

5 ' 
a 1 i 1 3: 3 2 

11 
b 2 i 2 

i 
2 2 2 1 ' ¡ 1 

prrpnrC'd to modiiy the solutions to suit thc 
f'xigenciC's of t he system nt han d. Discussions 
of otlwr approuclws ('Un h<' found in [A3, A5]. 

Detormlnocy 
Considcr a system of processes having 

acccss to a !Wt .11 of m<'mory c·<·ll~'>. Ench proC'­
css hm; a~sOl'int('d with it flxPd seis of i11¡mt 
und ouiJ!ul edls, both ~:ouLsets of .1.1/. The 
action¡; p<'rformcd by C'ueh procl'bS are rcad 
or writc nrtions on the input und output 
cells, m:;pectively, of tl1ut procP::.s. A !.'tate 
in this ¿;ystcrn is a vector of valucs of cC'Ils 
in M; u' rend action lC'nvcs the state Wl­

chnnged, whereas n \Hite action mny motlify 
t he val u es in t he out put ccJ)¡; of t he procC'~:o,... 
A systPm computation is thc scc¡uencc of 
such stull•s genernt('d by a systcm nC'tion 
sequen ce. 

An m.tcr¡¡relatimz for a prtJccss is a sprrifi­
cation of tl•e nlgorithm pcrformcd by tlw 
program of thnt process, bubjert to the re­
qnirement that thc input :.md output ecll!' 
of the prorc:-,; IJe tixed. A ~y~tcm of prnee~~e~ 
is determínate if, for all possiblc interprrta­
tionb of thc procPs:>cs in thc sy:;;tcm, thc 
final eontcnts of .ll dcpcnd uniquc·ly on t he 
initwl eontents of JI, rcg~m.llf?~" r,f whil'11 
systcm netion sequcnce arb<·s. (T)tat is, the 
final stnt<.• of a ~y~tPm comput ution is 
uniqud~· dPtrrminPd by tlw initial state.) 
SinC'r a pn•c<'~;;s gencrntl:'s a computation de­
pendiug only on thc initial contPnts of its 
input c·<·lls, individunl proccsscs nr<' det_er­
minal!·. 

Fig;un· i ~<l1oW~ a ~>Ín1pln Plwmph· of a 
llolul••lt'l'lllinat•· ~y:-.lt'lll. Tlw 1\\o prcu•c·:-.:-1"-. 
1'1 and [J~ 111'1' mdc•p¡·ndeut and II~>C' t\\u 

nwmor~· ('clh;. For t == 1, ~. t lw :H'tion :-.f'· 
qm·nec of P, is r,1c,, ''hrrf! r, dC'notC's a r<.•ad 
aC't ion on the input t•f'll:- of P, ami u-. dl~­
notC's a writr nction ou thr output <·eli!:> of 
P, . Two po~sible intcrpr<'lations, I und ll, 
are gi\'cn. 1-'or c:u:h interprPtation, t\\O com­
putation~ un• :;hu\\11 in the tnhlP, the rows 
lwing thc t'OiltPnts of tlw indicatrd nwmory 
c·t·ll~ aft <·r sur<"f'l'Si\'P n<"t ions in 1 he nl't ion 
H'l}U<'Ilcc•, nnd the columns being tlw ~;;ystC'm 
statPs. For bot h intPrpr<'tationb, t he final 
::-YstNn :;tutt• dC'p<·nds on ·t)w <•rdN in wllidt 
tlw t wo pro<.'t'SS('S ¡wrlorm t 1 H'ir rcaJ and 
writP o¡wrat ions; h<·m·P, tlw 1-)"~>tl'm is non-
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d••terminatl' undl'r hoth intt•rprf't:ninn-:. It 
¡,.. not hartl t o :-:PP t h:tr 1111t'rpr..t :\ t 1nn I 1s 
lltlllfh•tt>rminatP hr>t':\\l~l' t>al"i1 pnwt':'-: wrilt•s 
intu the input l'l'll:o~ of tlw otlwr, ami tln\1 
intr>rprNat ion II i:-~ nmulPIPrmin:\lt' IJI•I'all,..r 
bnth proi'Psse:; att1·mpt to \Hit•· a valur 
into thc saml' output t'<'ll. 

Two prm•p:;:;es ar1• nmlinlerfain~¡ if: 1) 
11111' prl't:Ptks t lw ni h0r in t he :;y,..tt·m of prot:· 
l'SSl':-; or 2) thr>y are iudPJll'ntlPnt ami no 
output 1'1'11 of otll! is an input or nutput eell 
nf th1•'other. It <":lll b,• ::,hU\nt that nunintPr· 
ft•rl'llt't' is a suftit·it•n t l'llndit inn j,)r t he tle­
tPrmina¡·y uf a ~ystt•m of pt·oeL·,,.:p:; [.-\ü]. 
l.Jndl'r generul ~:ondniom~, noninterfen•ncr 
i:; 11 nPcessary coudition for dPIC'rnunaey. 

Deodlocks 
.\ dcadlock is u logical proiJI,•m <tri-;iug in 

multitusk ~>y:-:tt•ms in whieh pn)•'"''(o.; <·an 
hold resources while reqm•sting additional 
oncs, and in which the total <h·m:md mav 

' exceed the systPm's cap:u·it~· en·n t!wugit 
the demand of Pach individual prut·P::-5 is 
";thin system capacity. If at f>ome P''mt in 
time there is a ,.:t üf proccs.:;e;; hüldilig re-

. Progress 
of P, 

so urce< nonr> of "how JWndinv; 1'1'((\IP,..ts (·:m 
bl' :-;;¡1 j..,fiecl fmm 1 lit• a\·ailabk n•,..oul'l:l',.., a 
tiPadlork exi,..t~. ami t lw procl':-.st•s iu t hi-. 
~Pt al'(' deadlucl,t•d. 

F1~ure 8 is ~m informal illu:-;1 rat ion of t he 
p:,. ... Pnt ial fPat tll'!''i of t lw dPadlo<"k prob!Pm 
le 1]. The fil!;llrl' :;hum; :l 1 \\'O-dimcu::;iuual 
"progt·e:-:; spacc" n•pre:sPnting tlw joint 
prc.gre~:.: (mpa,..urPd in number of iust rUI'· 
twn, romplPtPd) of two JH'O<'I':"~>C'S. Any :,l'­

quPtH'!' of point::., (Xt!/t), (X~!/2), '"' , (Xl!/k), 
· · · , ~tarting at thc origin (0, O) in thi:-. 
~Jl:II'P, in whil'h l':u:h ¡liJint i:-; ohtninl'li from 
i 1::, ¡m•dcl'l'::-:,or b~· a u ni t inercment in onc 
eoorJinat<', is eall!·d a "joint progre:5s put h." 
Sueh a path may nPver dr>crcuse in eitlwr 
coordinate beeau~P progn.•ss i:; assumctl to 
be irrewrsiblc. Xow, tlw s~·stcm has un" 
uuit cach of n·¡,ouree typt•s U, ami R2. SiJH'L' 
Pach proct>:;s requires Pxdu::-ivc control ovr>r 
R, or R~ during eertain sta:.;Ps of its progn· .... -:, 
no JOint progrc:;s pat h muy pa.-;s through t hP 
rl'gion of progr<'::-s spacP in \\ hich tlll' joint 
dcman<.l of thc proe••,..s•'S cxcccd:-. thc capacity 
mPithcr R, or R~. This is culle<.l the mfeast­
ble region. Deadlock is po.;siblc in this systcm 

y 
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Fw. S. Illust raliun uf tlt>atllu<"k pruhlcm. 



HIK PctCI' ./. De11uing-

h(•1·:tusr, ¡f jtoint progrf's,.; t•vcr 1•niPrs tlw un­
¡..af~· rq1;ion, 1\wn: ~,.; no "a~· lo avoid 1 \¡(' iu­
fl'a~iblP rP¡;Ío!l witlH,ut vioh11iup; thP n.-.~ump­
t ion of Írrt'\'PI.--ibilil y of progrP;:s. A tkad­
loek "ill t•xí:-i "lwn joial progrt•ss r¡•:wlll',.; 
t he point ~~ t 111' up¡wr ri~ht t·onwr of t hP nu-

, 1-'afe rrgion. Al lhat tinw, /'¡ ,rílJ bP holdm~ 
/~1 and r!'q¡¡¡•.r-t ing N:, '·' ltil<· Jl2 will UP hold-
¡jj¡i R2 :md n·t 11H'.'-I ing H1. -· 

Fwm thi:,. l':\amplc onc <'nn st•r that thPrr 
nre t hn·0 t'OIH.lit 10ns n!'cl'~::-ary for dt•adlot·k 
to occur: 
1) c!lc·h prn<'''"" l :m dnim c.rrlusi!'e rrmlml 

ovcr tl:c r\'.,o;;rt·t•:-; it holds¡ 
' 2) CD.ch TI"•C:Ul'r'(' j,.; IIOilJliWII!]>fil.Jlc, i.C'., it t':lll 

hf" rell'a::;~>d only b~· 1 he proc(·ss holding 
it; nnd 

:)) thC'!'1: i~ a circular traít, l':tt'h Jli'Ot'('!"'!' }Hold­
ing a rpc.,,un·(' of mw type nnd rN¡lll'~<ting. 
tlw n·,.;omce of th{' oth('r type. 

lf a f;y,11·1n t·an lw dr· ... ig1wd :c;w·h thnt an:v 
onP of lht'5<' <·onditionl' j¡.,. prPdml<•d a pruJri, 
tlw :-y~t('m will1H• fr('(' frC>m dPadlnc·k. It ¡, 
not !ilwa~·;; _roo::.sibiP to ¡m•n•nt dl'atilcwk-, by 
ckn:;ing: 1 hr fir;:t 1" 'J r•otHiitinns h<•<'UII'-!' nf 
vnriou:- propPrl ÍPs of n·~oun·<·s. Tilr t hird 
l'!!ildit ion t.\11, \10\\ C'\'Cl', lw prrcllltl<'tl b~· a 
!':t t hrr Íill l'n:,.;t Íll!!: 1\H'IImu callt·d "<,rdl'r,.J 
rc•c..ourc·e u ... :t~<'": t lw n•:-oUf('C t ypPs R1 , · · · , 
H ... arP onkn·d allll r<•qll<·!-15 :11'!' c·on.-.t rai!H•d 
:-o t ha!, \dH'IH'V<·r n prctl'l'..:,.; hohl,.: U, ami 
1 !'1¡\H'..,¡., NJ , llll'n í < .i [ll:?j. Hl',.;l ric•l ÍIIJ! 1'1'­

q\1\'"'1,.; in 1 hi~ "ny li'> pw .... iltll' iu a:-:-t•mhly-
1 Ílll' t:qw ~y.-.1 \'lll!> (\'.!,!.., Íll Íll]lUI·I'Xt't'\1\ 1'·\lll\­

pu1 pro¡!:ra m¡.:) \\ hPn· n pro<· .. ~,.; pro~r".: ... ¡•,.; 
up" ard m tlw rl':-:o\ll'l'l' onh•nn~J;, hut IH'\'P'r 

1'<'· rN¡\II'"h :; n·:-oun·p 1 YP~' it hold:< or nnt·P 
lu·lti. 

ThP mc•r" 1liflicult n:o:p<·~·ts of 111<' dl'aUIO(·k 
problí'm t'Oill'\'rB tltt' th•tPrt iou of dt·adl<wk 
nnd tlw nvoida!l\'1' uf Ullf-afc· n·g.i<ml- 111 prog­
rt·~~ !"pat·t•. To :-t ud~· t lwm. it i ... JH't'e:-,.:nry t o 
formalizt· tlH' probi('Jn, Jnlldl'lin~ thP wa~· in 
\\ hil'h prot·t•:-.r-Ps rt·qw·:-1 :mcl n·l<'aH' n·­
!'<oUrt'P". Fnr 1 )¡(' !;-y!-l<'m-of-prtJI'I'~~P~ mot.ld, 
it ¡,., :-uftir·u•nt lo :-:t ut.ly a :-y~tc·m oí intiP­
JWildPnt pro\'1':-"":-:, :1.: 1ll':1<llcwk 1•:u: :uÍ:-1' 
un!~ :mv ll:[.!: proc·c·,.: ... l·:- ~¡ mult :m<'o\1 ... 1~ t·nm­
¡wtin~ fon· n•:-:ntll·•·c·,.;. Tlw ;u•IJon:- JI<'J fornH·d 
hy a Jll'lll'\'"" :u·p "n•r¡\11'"1:-" ami "n·h•a ... l':-." 

uf fl':o>tllll'l'l'.""· .\ :-~·:-:lt•m ~t:¡tt• i:- a 1-'Jli'I'Ífi,·atloll 
qf: l) IHI\\ lllllt'h uf c·;u·h 1'1'."'11\ll'l''' 1.\')ll' i:-. 

eurn•ntl~· alloc·at<'d to <'UI'h pro<·t•!:<:-; ano 2) 
hn"· lll\ll·h of Pac·h rt·;o;oureP ty¡w ¡ ... h"Íilí-!: 
rC't¡lll':-tc•d by <·;wh proec·::-s. Thc· ..:paet· of all 
po:-,.;iblC' ¡;~·~t l'nl l-'1:\1 ,.~ c•on:-111 u1 <'.~ a pn1gre~" 
::,pat•c• analo:;r•u"' to t hat cltN:ril..lt'tlnlJovt·, und 
nn Ht'1 ion ::-c·<¡Ul•llt'<' of tlll' !-:iY:i1<'m of prm·-
1':-:-l'~ p.<·m·nltr·~ n j11int pro~rt'"'"" palh. A., ltP­
forP, t hc•r•· \\ ill he infl·a.,.•bh· :mJ uu-,afc 
r('gionc.. Coffman c•t ni. hav<• ~hnwn liiJ\\' lo 
rc·pr<·:-:!'n1 n·qw·::-ts and rcl<'tt:;t•~< by vrrtors, 
:111d ~y,.;tl'm t-t!ltc·:-: by matrh·t·~ [Clj. Ilolt 
ha~ dPwlo¡><'d u!gorithm:; that t•xaminl' u 
::-:y~tl'm ¡.:tatc· nml th•eiclf' wlwthcr or not it 
ecmtall~:. u Jt'atllu1k, in a tinw Jm,.;Hly pro· 
por1 ion al tn 1 h0 numlJI'r of t'omp!'l ing proe­
p,.;!;t':o. IH4]. 

Tlw most diffku\1 nspet•t ftf 1 h<' de:ldloek 
prohkm ¡ ... 1h•: ('fJII"'1ruc·titrll of nl¡;orithm¡.: 
t hut dt·t·it.lc· "lwt Jwr or nol a gin·n ~~·strm 
statt~ is ~aft•; f.Ut•h algori1hm::.- wc.uiJ lt<· 11::-t·· 

fui in d('<·iding: "111'1 h<'r ¡!r:\111 ing 1 hf' l'<'<pwst 
of ::.1mw prol'"'" woultl pUl t ht· !:') ~t<·m int o a11 
Ull!'i.lf<' 111 at <·. This prf,hlt•Jn Í!' <"omplient<'d 
h~· the r<'l¡UÍI'I'Jncnt thnt :<ont" inforn•:1tinn 
n hou1 flll \Ir(' n·,.;oun·c• U!':tg:P e;f proe<·RSPS ltP 
nvailahl<'. H:t\)('rmnnn ha, dcvl'ioped a11 
nl¡?;orithm for tkeiding the ~nf('n<'::-s of a 
!'1:\11' in a timr• lint•arl~· JIH•Jlnl'lional lo tlw 
ntmlh"r of Jtl'llc'l'l-""~• untlt·r t hr prnl'lll'al 
a ..... umpt inn 1 hat tlw maxin111111 po<..~ibk rt'· 
so\ll't•f' d:tim for t·:wh prol'''"'"' Í!:' knnwn in :.ul­
\'atll'l' \Hl]. 

llPatllowk tlr·lt'I'IÍon alj.!;onthln,.; :m· ll·wd 
in a fpw l'otltl<·mporary ~-~·--t•·m!', pnrnaril~· 
in t·onjmwt ion wit h p1·riphi·ral UPVÍ<'<' :u:::;i¡?;n­
nwut:- !H::?]. ~Íll1'1' clt·udlcwk anoid:mec nl¡.?;o· 
ri1hlll!' :m· :1 l'l'l'l'lll tl<·v<'ln¡mwnt, tht·y l•nvt• 
not ~·1'1 c·omC' mio wide u:.e. 

Mutual Exclusion 
""<· !-taa·d !'::trli<'r that :-onw PXIPrnal t•on­

troi nwd1:mi:-m rna~· lw rPqnin·d to impiP­
nwllt mutual <'Xt·lu!:lion, Í.P., t 111' r<'qlllrt·m<·tll 
t ha 1, at mo-,t, otlt' prOI'I':---. havP :ll't'f'f.!" tu a 
J.!.ÍVI'Il TP'-uun·1· R at :m y ouc· 1 in u•, t lw ordPr 
in"' hi1·h proc·<•:-<;('~; \11-1' R h·ing; imma!Nial. 
Ex a mplc•.: of n·Mmrc·t>."' !-Uhj .. l't t o mutual 
!•xdu-.ioll induc\1•: pro<·t·,..:-nt· .... p:t¡.!:I':O: of nwtn­

cll·~·. P•'tlplwt:d tiPYÍI'I'~. :IIHI \\Tit:lhlt· tl:tta 
h:l'-1',.:. ~lut ual ~·:o.dw-ion of prol'l''-:-nr:-, llll'lll 

01'~·, 111111 lrlllf•)' J'I'I'Íp\11'1':1\ <lt•\'ÍI'('l- Í~ )101'· 
mall,\· Jlln\'Ídr·.l hy llw ~~ ... 11'111'.; llllillipli':<..ÍII¡.!. 
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llll'l'h:IIIÍ"m". H<l\\dVI'r, 1!11 re• :m· m.my pro· 
~r:unming; pn,hlr·m: ... in'' hi..J1 t\\n ¡mn.:;ram,. 
may <'ontnin cri/11·a/ ¡¡re/Ir I//S rd'' 1·odP, i.l'., 
)ot'flli<~IH'I'S of instrul'! ion-; 1 hal mw•l lw' pi·r­
¡', )rnwtl hy :tt mo::~t 11111' Jll'"f.!rn 1\1 at u 1 i nw 
hecau:;c tiH•y rf'fl'rt'IH'!' ami nwdtl\ tlw ~t:H!' 
of ~onw resourl'l' or dar a ha:-•• [D 1 :.!]. In rlw"" 
r·:ts<'!<, a. nwch:tni!<m t)o n·c¡ui11·d for impiP­
m<'nting mutual Pxdu,.i. m at t lll' ~oft warP 
h•vel. 

The simple-M sw·h m«·•·hani,.m j,; proviclc•d 
by memory "lo•·kout" in,.tructton~. For a 
given addre:;s :r, thi:. nwdwni,.m tnk<'s tlw 
form of machine in¡,trucuou.. Iock :r nnd 
unlock :r, whosP opPrations ar!': 

lock: (if .:e = 1 then .:e<- O cl .. e goto locl.j 
unlocJ..: f.t- lj 

The brnckets indiratc thnt thc <·ndo~wd :w­
tions are mdit·tstble, i.P., at tr•mpt ing t o 
PXPCUte more tlwn one lock or unlock at the 
~ame time hn-> the :,ame pffrct a:< 1':\PI'Uting 
thcm in ¡,onw onlPr, on<' nt a timr. If tiH• 
actions W<'re not indivi..;ibl<', two pror!'s~or:; 
could, for Pxumpl<', find x ,= 1 :uul pn<;;; the 
Iock instrurlton, whcrea!'> the intPn<kd 
effcct is thar rmly om• l'hould p:l'·-,. It is im­
portant lo notp t hnt thP sure<·,.,.ful o¡wratinn 
ni the:-c Ín:<tnwtirms n0rm:d!y d<'pr-nJ, u11 

thP fal't th:tt mPmory-atldrl'~:-ing harchHlrP 
arbitrntes acc'<'i'"f'" to tlw !-amP loeatH,n, 
permitting one n•icreneP pPr memory e~·c!P. 
The mutual e~du'-inn aln·ady implr·llll'llll'tl 
ut the lower (hnrthmr<') lf'nl is mud<' uvnil­
able by th<' loe k and un loe k ill'-trUI:I ion~ for 
implPnwntntion ar thl' hi~hrr ( .. oft\\arP) 
li'VI'l. 

Tn impll'llll'lll mutual •·xc·(¡¡-.inn wil h rl'­
spect t'o somP l'rit ll':.d ""''' inu ¡¡ .. ing; !-Oilll' n·­
source R, u nwmt,ry c·Pll.x iw 1 t.dly eont aininp; 
vnlue 1 is nllrwated; thP prog;r:unmmg is: 

l:N PRocr.ss P, 

lock x; 
crit ical 1.ect ion; 
unlock .r, 

lock .:e; 
cnl•cal section; 
unlock .r; 

If both P, nml P, ntt<'mpt to ae,·e:.-:-; th<' 
eriticnl b<'ctirm togPtlwr, on<' \\ tll ~w·c·,·ed 
in setting x = O and tlw ot ill'r \\ tll ll)np on 
thc lock instrur·tion; thc•n·forro, at mol't onP 
of P, and P, ca u Ul' po:.ll iunt·.I het W<'en t ill' 

in ... tnle'tion .. Ióc:k and unloek. Tht.; o.;olttti••ll.·­
¡!.<'lll'l':llizl',; imm<'diatl'l~· to morl' than '¡"·" .-. 
¡>I'OI'l'~"I'S. 

Ev('n th••ll!!.ll thi"' i~ a c·otTI't'l ""luti"n ¡,, 
tlw llllllllnl ('xc·lur"iou prohlr•tn, it ha!< thn·,. 
hmttatirm ... Fir ... t, a prrwc• ...... ,,r l':lllltnt (,. 
lltl<'rruptl'd' \\ hilr· pr•rlorrmng a c·nti1·:tl ,.,., .. 
111111, Pl-,1' Íhl' variahll' .r "ill n·main loek,·d 
nnd ollwr ¡mH·r·~~•·' ma~· hl' tl•·niPd thP n~·· 
of R for :111 uukt1nite pl'riod .. \cl'nrdin!!,ly, 
many impll'tn('lllations of lock di ... ab!P in­
tl'frupts "hilr· unlock c·nabll'" th<'m, ami 
,.omP tinw lunit on thP duratinn nf a eritit".tl 
~~·~·tio11 is tmpo""d k,.t t lw pr.,r·,•,.-.or rPmain 
uuintC'rruptiblP for nn indd1ntt<' p•·rir¡d 
SPI'Ondly, thl' ~olution U:-1•-; tlw IJII.~Y form nj 
l('atlil!(l [D1:3]; i.l'., u proe<':-.. or .mn~· loop IJII 
tlw lock in~trtll'tion. :\ morl' dl'simhl" 
nwchnnism would :tilo\\' t 11(' pror•p ... ,:or to h~ 
Prl'<'mpt!'fl and r<'a~.;;ign<'d. Tlmdly, thr· 
:--olution ¡,.. not ";:nfp" if programo are cyclic·: 
l.P., it h po,::,tbl<' lr¡r nn<' pro1 ~'""<Jr loopu •. ~ 
011 tlw lork to bP hlol'kPd indefinitdv from 
l'ntering t h<' c-ritica! !<<'t'l ion h<•cau,p a ·:-<•r·rJnd 
procr:-~or lonping 1hrough Íh program m:1y 
pa~ ... t!w Iock lll:-lru<·tion arhitr:mh· ufll'll. 
!"1,r thP-.e rea:-r>n:. thr lock «llll unlock 111-

st ruetions ar<· not norm.tlly availabiP rr, 
u5,.¡·s. Im:¡paci, a gPtwraltzPcl form of Iock 
and unlock ar<' usr:d, and implPmi'IIINl :¡ ... 

qpc·r:.~tmg ,.y:,t <·m rout inrs <":tilf'd by illtrr­
rupt:-: .. \lthough the gPJWralizPd f(Jrms '3nh··· 
tlw :-,t'\'OIIU antl thinl problc·m-,, a timl'r i,., 
:.ttll n•quirPd to rlPal with thP fir:-,t. 

Dtjk:-tra ha ... d••fu!l'd g<·nc·wltzPd lock and 
unlnl'k 11'-ill~ tlt" rolll't:pt of .<r/llfl/Jhmr:, a 
variahlt• ¡¡..,r•d 111 inl•~rpror'l'":- :-ign:tlin~ 1 J)J:-:¡. 
,\ ,.('lll:lplum· '"' :111 lllii'J.!:<'I' \':ll'l:tiJl•· N\\ 11 h a u 
i nlltal valll<' .so ~ O w,,¡~nr:d • ,n I'I'Cttl ion, 
n:-:-.ol'iatPd \\Íth it is a qm·uP Q,, in \\'hic·h :m· 
pb<·Pd t lw idPnt tfi!'rs of prol'C''"l'" wait ing f¡,r 
thr sPmnphorP to be "unloeked." Two in­
divi:;tul<' op<•rutions are d<'fineJ on a scmn­
phore s:* 

wait .~: [s +- s- l: if s <O thc cnller pla<'t''i 
himR<'lf iu t!t<' queuc Q., <'Hter,. the waiting 
st ate, antl relcases t he proc<' .... ~orj 

• Dijk~lra 11'"" P autl l" for "uil aurl .. il!uul. rl'· 
"JlC<'Ilvcl). (TitP morr rlr~enplÍ\'1' il:lnl''~ ll't'd (tPrr 
"·'"'" hPeu su¡.:l.(e..,tcd bv 1'. Br nwh 1 Lut:<l'lt aud 
.-\ ~ llabcrmauu ) e l:-'/~liO use" t he E~Q :11111 
1!1:<~ rn:wro:', '' hi••h opcrutc on thc I(IICIII' ratlwr 
t han thc !<emuphorP. 
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!'i~mal ¡;: ¡.~ i- 8 + 1: if s ~ O n•mo\'t• :-:orne 
proru·~ fmm Q. and add it tu tlH· "''rk 
quruP of t ht• ¡H·orr:.:-.or::,] 

SPmnphorP vnhH'f- ma~· not lw in"'pt·,·t~>d 
PXePpt :-~-. part nf 1hP \\ólit nnd ¡..i,;mal npr·ra­
t Í()n~. lf s <. O, 1 hPn - s i~ t lw numhPr r,f 
pron·~.,.r·" '' ai! ing: in 1 LP <ptl'\H' Q, . EX<'!'\It in~ 
wait "hen s > O dcJI' ... not oPia~· tlw !';llkr, 
but PXt·PII\Ín)! wait "lwn 8 ~ O lloc·:.:, 11111il 
::uwthN proep.,:~ I'Xf'I'Uir·~ a (•orrr•,.:¡xmdm¡!; 
si.znal. I~XI'l'\11 in¡r ¡.;j~nal doC's ll(ll dt·lay 1l11• 
c:1.l lc·r. Tiw jJrop.r:.muninc; for mutual r•\!'ht­
.<-ion u-.111p; '~ait nnd !'i~nnl i::. t\w :-a:n¡• rt'­

for lock 'atd unlock, wilh l'o = 1 ('•ait 
lf'Pla~·r ~ lm:i. 1 and ~i:.:nal n•plat•t·c uul(l(·k). 
B~· dditnt1 m, tlw f..•·,~ll)d prohlr•m wi1h lo<·k 
m:cl uniOt k l.' :-uh·l·d J¡~· "ail :\llu ~i¡nwl; 
tl,,_. 1hirJ prr,IJlc>m um ],p ~n!vPd hy uo..ing. u 
íi.r"! -11. hr:<:I·O\Jt (.\¡~('ip1int:.> in queuí' Q, . 

Synchroni-zation 
In :. ('o)mputatio:1 pC'rformed uy NlOp<'rnt­

inc; Jliü('' ·~~-·:< 1 C'C'rl a m pror·Pl':-<''-' m a:· not 
cominu? 1 \wir priJ¡rn·~,. unl il informnl ion 
lw" hrC'n Hlpplird hy nlh<·r!'. In ollH·r \\Or<.l:::, 
nl1 boug;i1 program-C').('<'U1 wn:: prrH·<·C'd af.yn­
duon(Ju,;J ·.-. t hcrr mn:· he u n•qmrc•mcut 
thm cf'n;in pro~rnm-f-...t·<·ulion:; \)(' orderc·d 
JIJ rinw. Thio:: j¡:. <·aliPd "ynehronization. Tlw 
J>I't:l'PdPJlcl' < un'-ll':llllt" t·xi~ting amo11¡r proc­
í'l;<'C=' in a F-Yi-1Pm (''Xpr<·'-s tlw n·qu.n·nwnt 
for ""n(·hrni;IZ:11Jon. :'-lntunl Pxi:·lu,.,i"n 1:-:. n 
form. uf "Yil<'hrouizaliotll in tlH' '-c·n-r· that 
Olll' prnc·P~:-> may bP IJJ, o('k¡•tJ Ulll jj :1 ~Í;,;naJ 
ÍF' n·r·r·in•d from awo1ÍH•J. T\11' \\::tÍt H!Hl 
"'i:.rnal- "111'1':111•111", \lhi, b ¡·:tn_l)['. u~¡·¡\ to 
('\\11'1'"' ;,11 ffllllh 11f '-\lll'hi'IIIIIZ:IIInll,_, 111'1' 

11!'1••11 c·:dj,.,¡ .~!flll'l'' ""¡~ ''"' ¡n 1111il11•·~ 
.\11 Ílll<'tr·,.tln¡.:; :111d 1111pnr1:1111 ap¡oliraiJIIII 

of "YI'' ltrnnizaiÍoil ari-··~ iu <·mJ,iiUH'IÍon 
wi1h ¡·r••.¡wraiÍII¡.!. t·~ vlw pro<'<"':-1'..:. An ¡•xnm­
pk m:Hit• f:tnJII\h by DiJk.;trn !DJ:{j i:.: tlu· 
''pr.,du('rr '<·ou:-tmwr'' pr .. l,ll'tll, un alHra~:­

t Í••n oi t'lw mput :out pul prohlc·m. Two 
<'Y,.lie pr•W<'~~Pi-, t\1(' prcodut•t•r and 1111• ron-
1-~mwr, ~han• a hufiPr u! 11 > O , ... ¡¡,; 1lu~ 
prnJut-o•r pi:H·r;; itt·lll'- 1 ht·r<' f<,r lnll'l' u-.t• hy 
1 11<' (·ron~unwr. Tlw prr;tlu!'rr mi~ilt. for 
<·"X.lmpk, lh· n ¡Jm<·P~o.. thal J!I'JH•rat¡·,.. 11\lt pul 
f•IW linP at n 1inw, a111l tlw ¡·rm~unH"r a 
Jlr<•l'(•<--. th.1t '•}WI:t\1• ... t\1P litH' priutt·r. 1_'lw 
pr.,du!'er mu;..l IH· ],lod,.·d from al I\·Ju¡o1111g 

to d¡•pqo..il :lil il<•m iul" a full buffl'r, "hilr· llll· 
l'l•ll~u 111''1' 11111:-.l lw IJirwl,r·tl frorn :tllt·rnplm:r 
to n•m(J,.C' :m il<·m frr,m an Pnlpty bufti'J. 
l!!lii·I'Í11~ 1 ht• dl'tnil;.. nf prnchu·iug:, dl'pr•~ÍI­
¡;,.r t'I'IIIII\'Íll", :md c·e~n~umill¡?; Íl l'nl:-:o, ~tlHl 

,..., "" l . . 1 t·cmt·r·nl rat in~-t ¡.:,,¡,.¡~- <•n ¡.,ytw HOJIIZI!l¡:!; 1 lC' 

1 "o pr<wt·~:;C'J< wit h n·~tw<·t to 1 h(• ('Ondti ir!11" 
"IJ\IÍit·r full" nnd "lmfic·r 1·mp1y,'' W<• nrnvc> 
at lill' fc,llo\\111;! nl,~tr:wt di'HTÍption nf what 
is r"qum·d. Lc·t a1a~ · · · aA · · · bP u ,.,,...,.., Pnl 
ac·1ion f.C'<!\IC'D<'C' for thC' ~y:-tl'm t•on!'Íf.ttng. of 
thc> produc·t•r nud C'<JII,..Uill<'r proc•c•¡;sc·,.. Lf't 
¡¡( /;) dPnntc• t h(· uumhpr of 1 inws t lw pro­
dw·r·r ha~ <IPpo . .-itPd :1!1 itPm amonp: tlw 
:wtions a 1a~ · · · a, , nnd lf•t r(l;) d('IJOtt· thP 
munhrr of t inw,.. t 11<' <'Oil"lllliC'r lw~ rf'movPd 
nn it<·m from among thr nrtion!'; a1n~ · · · a,. 
It. is n·q11in·tl thut 

o ~ p(/;) - <'(/¡) ~ 11 (lj 

fnr all/;. Tlw prn:;!;rnmming that impknwnt;: 
t he 1'<'(¡\111 l'd ... ~ ndmmiza 1 ion (Eq. ~) i;.. gi.v~·n 
lwlow¡ :r nnd y are• S~'m:tphorC'~; w11h m111al 
val u.·:- ~·,. = O ami Yo = 11: 

pro: prrodttc·e ítem¡ 
"'ail 11; 
¡Jpput-11 11 cm; 
"'i:;nal r; 
J!ulo pru; 

roa:"' uit r; 
fi'II\11\C ilt'lll, 

I'ÍI!na 1 !1; 

!,!O lO COIII, 

To pron· t h:1t F.•!. 1 h"l<l- for t lw~' pn1l'­
<'~~P~, !oo\lppro•!' oll11·r\\ i~L Tl11·n ci1 hN cíl. ; > 
¡1(/:) or ¡.í/.) > e(/;) -r 11. HowC'wr. r·(/. l > 
¡¡(/,) ¡,. impo~:-ihh• i-ilm· it unplit•:-= thn1 1 hí' 
11\ltll\)('1' (1f r•otnpll·tr·d "~j t I r·XI'l'!'U5 1 J¡p 

11\llllhPr of <'Pmpl•·\(·d !'>Í~nul x, thu~ t·•mtra­
tlli·IIIIJ!. .r,. = O. ~imilarl~, ¡¡(/;) >e(/.) + 11 

¡,., abo llllpo~·tl1l1• o..iu··" 11 impli,.,.. 1\o:11 1lw 
Jl(.liolu·)' c•l l'ltlil]'l• 11•c\ \\:til !/ 1'\l'(•¡•d• lo\ 

llloll'l' 1\1:11111 llw 11\lll•l,..r olc·oolliplc•lc•d '-i¡.:nal 
!1 1hu" l'lolllr:ulic·lill~ !/u= 11. 

' • \11o: lu·r appli,·:¡ 1 inn of ~~·nl'hrnniz:ll ion ¡,.. 

-, t\11· famiiiar "J<•:,cl~·-:u·hwJ\\ktl~r·" form ni' 
~i,gu:.ling, a,. u:-<'d in !-l'llrlin!!; a lll(''-":Jg:r· and 
wainng foJ' a JPply ¡n.-lj. l>l'finP tlH' '-rma­
pl•on·::. ~"anda \\ith iui11al Yahu~~ r,, = n,, = 
O, 1\1(• pro;_!;r:unmin¡.¡. i~ of tlw form: 

J." TIIJ :-;, :-uut 

¡.!'('ll(ll:tl(' 0\l'~ ..... l:.:t·; 
-i~nul r; 
"ail n, 
ulo1 :0111 rt•ply; 

} ' 1'111 J: ll'l'l \f.H ----------

"u i l , 1 

oht :&111 JH(Io~.O::..Il!;f'; 

~CIII'ra1 e rqth ; 
,j¡:tnal n: 
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1 Thinl ( ;1'111'1 nl1r111 ( 'm11¡111fn· Sysfu11.~ ~01 

'l'lw ,.:, lll'hronizin~ ¡ntm.tt ÍVI'h ¡·an IH' u~~·d 
111 tmpl~'ment tlw pt<'l't'dl'llt't' <'lill~tr.tinh 
.dll"fl~ thP 11\l'!llhPr,.: nf a ~~ •l<'lll nf p11l!'· 

~·,.~~·~. \VIwtii'VC'r l', ¡n·¡·¡•r•tl<·,.. 1), in a ,..~·,..tC"m, 
11 , · 111:1 \' dPfinr a :-1'11l:tphort' .1'" 11 i 1 h in i 1 ial 
,·alttP Ó, suflix lo tlH' program 11f 1), IIH' in­
~lntdion :.igrwl .1:1 1 , aud pn·fix lo tlw pm­
!.!.rarn of P1 1111' in:.tnu:tion nait .1'1 1 . Om­
plt•mcntations \\Íth f<'\H'l' :-t•mo~pll!!rt'' l':tn 
lw fonnd, bnt thi~ nnr i,; 1':1:-tl'"' tn t·xpbm.) 
Lcttmg; St 's~ 'SJ' and 84 di'!Hlt<: tlw ::.tatc­
nwnt;; of t lw progra ms of t h<' fou r prrwr,.,..p,.. 
111 Figure G, t he --~·,..te m of Fignn· G can hr 
implenwnt<'d a,; iollo\\5: 

P 1 • hc;.:in; S 1 , !--i:.:nal.r¡:; crul 
p2 bc:.:in; \\aÍt J"l.!o s~; ~~ooi~n.Jl.I,:¡. t•rul 
P 2 . he,::in; ,S,, ·i~n..tl .l"¡.¡, l"lltl 

P, . begin; '"ai t :,. , W'..ti t .r ., , ::;, , cn.t 

As a final PxarnplP, lrt u..: con"ider hnw 
1lw s~·n('hronizirw; primitiw .. dn lw U•('<l to 
dPsrribe thc opN:ltion of an lllll'rrtlpt ,y,;­
trm. Typieally, thr intf'rrupt h:mh1 ar<' <'Oll· 
t:tms :1 set of p~1irs (ll flipflop:-, l':tch pa1r ron­
:;t:-ting of a "m.t:-k fltpflop" an<l an "IntN­
rupt flipfl1Jp." Tlll' s:at<'" of tlw fltpflop~ in 
the !th pair arr dc'notrd b~· m, and .r,. n·­
spectively. Thc 1t h 111tPtTupt ts ~:ud to hP 
"disahlc·d" (ma"k<'d olf) if 111, = O. nrul 
"ennblPd" if 111 1 = l. \\'hrn tlw hard\\UW 
sensPs t he ort•urrr·ni'P uf t hP it h r~xer·ptirlll:tl 
\'Ondition c .. , ii u• tt'ltlpl:, lU !'-Pf X, = Í, ÍÍ 
m 1 = O, t lw ""' t mg of x, is dl'!aycd unt il 
m 1 = l. Thr sf'! t ing; of .r, Í;, ::,11ppo~t·d to 
awakcn the ith "mtermpt-hancl!Pr pmer:-s" 
ll,' in ordrr tn al't 011 rlll' I:(I!Hli;i¡,n e,. By 
rPgardinJ?; 111, and .r 1 a;; hanlwarP -,prnaphon·s 
\\'Íth initial valth"' 111, = 1 nnd .r, = O, \\<' 
c·an dP~r·rihP t ht> fnr<';.;oiu).!; al'! Í\'ll ir·., ·'' an 
intcrprocrss ,..ignalmg problem: 

1 :-; H.\¡¡ D \\ \ltr. 

C, uccurs: wait m, 
'iigual .rl ; 
bigual '"• ; 

drsuble· \Oait '''• , 
enuble· ,¡gnalm, , 

[s I:.Tr:Hnl'PT 11 "JJI.I lt u~ 

start. "uit r, ; 
proce~s rnterrupt; 
goto !'tart, 

The fon•goin¡.: '"· uf c·nuro;P, int<·nck<l mon• 
as nn illu:,tr:ttlon of the intl'l'pl'OI'<'~,.. :'l!,!;ll:tl-

in~ :1:-pt•t•l:- of lllt•·r-rupt ~~·:-:t l'lll'-' t h.1n a-, .111 '-< 
a•·•·ttr.H<' lh· .. c·nption of intPrrupt h:1rd\\an· 
llllt'l':tl 11)11. 

RESOURCE AlLOCATION 

Tlll' purpr¡•<' nf automat ir• (f-~·,;tPnH'Illl­
trulll·d) n··oUI'I'I' :dloeation i..:' to l'l'~lllatP 
rP•Ollf'<'<' l!,..:tgl' by proee~,..c·s in ordrr to opt i­
mit.<' givc·n mcn::-un•,; of l'ystPm cffietc·rw~­
nnd g:ood -,<·rviC"P t hroughou t t lw U~Pr <·nm­
lllllll!t~·. Though it is JlO"-:>Iblc• to c!Pvrlup 
tlw mP<·hani-m;; of rcsouree ~hnring fir:--t :md 
tlw polietes for U!'ing tlwm bter, dc·~irahlP 
polwir:-; may requirc spC'eial mPehani;:m,;. In 
othrr worck the sy~tcm dc,igrwr mu..,t know 
\\ hu·h gPnPral dn;;" of n·:-;ourel' alloeati,n 
p•>lil'ir..: '' tll lw u~rcl lJ<'fore hP spPeific,_ t li<' 
tin:~l l'holl'l' of nwehuni..:m. 

Hc:.ouret' allol'ation polil'ir,.: arr g<'IH'ralh 
of t \1 o kind": :::hnrt -ter m polieir<>, \\ hieh an· 
for nukmg ckei,:ions on a t inw »ealc• <'<¡m­
parablr to or c;;IO\\'Pr thnn humnn r<'actiun 
tinw;:, al\(1 lon¡r-t<'rm polit·IPS. Long-ter 111 

pniu·u·" f<'!Hl to bP U"f'd fnr rconomH' t·n:.­
._¡dc·ratinn.;;, "lll'h qu<•:-:tion:- :1 .. : "Hü\\" d¡,,., 

on•· f"n·<-.1-;t t hP ckmnnd on t lw ;:~·.;tc·m , .. 
"Hol\ Jr¡t·~ rmP 1 !w.rg<' for rr·~tntn·r us:-.g,.~ .. 
and ''\\'hnt i,. tltr role· 11f pricing polir·y 1!1 

l'ontroilin:?; d<·mand?" l'ru·rng pnlw!f·" h:!''" 
tw<'n fuunJ to b!' impurtant as a too! frJr 
r:HH•nmg rc•<:r1urer~ and n-. a mc·Lln" for <·(Jn­
trollin¡?; thr tl'ndrncy for usrrs to dcvdop 
<'rltllltPrmt·:t•lll'l'• th:1t rr·nckr ~IH•rt-tcrm 
p<•lll'tl'., IIH'rtl·t·l Í\'C [ C:.!]. S!IH'f' long-t •·rm 
pnlu·i<·..; ar<' of llVlfP eon<'<'l'n to .. ~ :-:trm arl­
llll!ll•lr:l1or• 1han In ,.,..,t<'m d<·~r~tll'r:.. \11' 
~h~dl uot pur•ll(' tlwm' fr11 th<'r IH·re. Uuud 
cli:-t'U:-•ions of tlw various ic.~urs enn be fnunrl 
in [:\I-1, Xl, S.i, Sli. 87, \YS]. 

Tlw trrm ''automntie rr~ourrP. allocution" 
rrf<'r"' to thr :,tudy und iwplcmrntation ,Ji 
short-t<•rm pulicics \\'lthin the opPratin~ 
s\·~t<'m. Automatic rcsourc·p allol'ntion i;; 
n'Pccs~itntcJ-und complicatr·cl-by various 
fuctors, in el uding: 
1) ,y,;te,m dP..,ib'lH'r~' con"i~trnt endcavor~ 

to relieve pro:;r:tmnwr;; oi thc burdcns <•f 
re::.our:l'e allo~·attnn by 1 ran:;ferring 1 ho~P 
lnmlt·ns to thc oprrating !-ystcm; 

:?) 1lw tlt'<'d lo eontrol tlw Illtl'!'fl'n'rl<'<' ami 



.!0:2 Prtcr .J. Dcnuiug 

tll1l'r:telifln nm"n).!; proef'F-!'r·~ 1hnt rC'~uhs 
frfJlll t!w !;h:uiu¡..: of C'<¡Uipnwut b.y C"on­
t'\IITI·nt proc·¡·~!:'l':-; 

:{'. mul111 a··kin¡r. \\ h io·h t•:>.p1H'" t lw f-P·1rm 
111 1lu• thllg:o·t· uf ,¡,.aJ1m·k: ~nd 

.JJ tlH· nt·!·u to Tl'l!:lllatC' tlw r·om¡w1i1ion f11r 
n·~•,urel':" lw1·H\I!."t' 11w in'-l:lll1_:1.11C'oll::: total 
d1·m:md of 1lw \1!'-C'r comnmuity if'.1inw­
,·arying;, ~.uhj••t·t lo ra11dom inflUPIII't'S, 
:m el m a,. PXC'I'I·rl tia· !<llppl~· o¡i rc~ourcc•::, 
•lm.: inll rf .. nn~ with OVI'rall f'y~tc·m ¡wr­
:·._,rr n:Jil('('. 

Ti"'"" fnrtor- ar(• th(• motivnti(JII for n the>mt• 
1 ,, lH· dt>Vt·lr•pr·d in th" suh-1·c¡tH•nt dif'eu~­
:-lr•ll: m:lll:lg:t·nwllt of prot·t·:--or~, m•·mory, 
:1 • ,.¡ "' 1ll'r l'' -• •llr<'l'~ c·anunt l ,. lwndlPJ lw 
-1'11.!1 a1•· l"'lll'it·-.; tlw~· nn· n-pr·c·l~ of n :-iugh·, 
l:trt::" rt"·mm·<· :dlol'al Í(lll pr.,b1l'm. 

Tiu• ¡!unl- ni ,.:lJort-term pc.lil'ic•;; ~r<' of two 
di-t inc·t and t¡fl!·ll c·o~¡fiu·till!t IYIIC'~: ¡•ffi­
rwnp~· r.•1d \1'-t'l' ¡,ati;;fal'!iltll. T1v_• fnrmf'r in­
dwlr• nwa~ml·,.; of thn.ugllpllt, r<';:ourt'l' 
u:illz:ltJ,n, and c·onp.C';.tion on informntion­
f!n\\' pa!h". t1H• hllt•r inl'llldt· lftfr..;;¡rc·;; of 
1!·-pon;:<· tim:·. tuwarouncl ttnw, nnd fund~ 
''"I'ViHkd tCt 1'1111 a jnh. rig:li''l· ~ illu-t rat<·~ 
thr· ¡·rmAí<"t lwt\\l'<'n a nwa,.n:t· of U·<'f ,..ali:-­
f·ll'tlllll (w[lilmg; tim<•) nnd a nwao.:urr• of 
t·ll,l'ic•nc~· (fral'ticn¡ oftinw a proel':-,~ori'> idl<•) 
:-u<"ll H" mi¡!ht lw l'll<'t•UntNPd in a :-impl<', 
monopro~r:1111mc•ll t imC'-1-'h:, rinp, ;:y~t Pm. Tllt' 
t'tJnfii<'t !t.llfl\\",.: from a n·-ult in quc·twtn~ 
tÍIPon·. '' hil'h :~;o:-<•rt:5: th<' more• likc·l~· it i:-
1 hat t lH' prr"'~"":-ur c¡ttc'\1<' ¡,.. nn1wmpt ~- (:md 
llt<'rt•f(lrP tlll' pro¡·¡·~:-or i::o n1•t itllt·), thl' morP 

Wo•t•no T1rne 

ldlene~s 
() 

FH. P \ t'IIHfh,·l hPI \\('f'l¡ :--all ... lar·luq¡ a11d •llla-
c'll'llt',\ 

likl'l~· i1 io.: thnt tlw quc·uC' i~ Ion~ (~nd tlwrc­
fon· a u,.:<•r mu"t wait longPr for F-<'rvicC'). 
(ludf'c•d, ii a i.., th<' idknc;:, of 111<' proccssor, 
t 111' t'XPS'<'I<'d W:llt inp; 1 inll' in Cjlll'lll' is pro­
Jlltl'IÍnltal to (l - a)/a [:\14].) 

Thf'Tf' nHl~' h1• ol lwr sourc·P:- of c·onflkt 
1 han :-C'rvÍI·p ohjc·c-1 Í\'C',.;. For <·xampl<', in 
!-~ ,., <·ms wlwrl' dPadlo<'l' avotdnn<·r• rout in";. 
~11'1' u"C'd, an all(ll'ation sln1<' i:o: clr•1·nwd "gnfl"'" 
ii tl:r-rC' I'Xi"t;: n !-dwdul<' onknn~ rt>sour!'l' 
ri'<¡Uht;o; and rC'IC'a:"C';o, of proc·!'S"-l'" l'UI'h thal 
all m a\· hf' run 1 o <·omp1c·t ion "11 hout dPad­
¡ .... ~.. Tlw d<·,.IJ!.II<·r mu:-,1 be• <·:m·ful t hat surh 
H·lwdulc·- nrt· e·< .n ... ist <'ni wit h nn~· pr!'-rxi~t­
in~ priorit~· ru\1•:-; ot lwrwbt•, a tlt-adlrwk ma~ 
lw g<'lll'r:\lf'cl by a eonfli<'l b<'l\\l'!'l\ thl' 
oid<·r ,,f pro!'~'-:-'"" !-JWI'ifkd in IIH• dc·ndJo¡·k· 
m·~~idatl!'l' :O:!'Iu·dulr und tlw orckr sp<"rifird 
b~· t hC' priori t iPs. 

A Resource Allocotion Model 
:\lc•:-1 f'YF-1 1'll1'- :Jrl' or~:mizPd :-o 1 hat, at n.ny 

~in·n 1 inw. a prot·c·¡,., will hP in '•11<' of 1 hn·<· 
''('"'nllll-state,,: 1) in th<' rratl1¡ ::,latl' 11 is dc·­
m .• uding, hut not TPl'('iving. 1 hf' usP oí, 
pn '''""':-or :md nwmory n·:::ourel'•; 2) in t lw 
nc/ u·c ~~a t <' t1H· workin~ :-<•1 uf t h<' pro!'<'!;:~ 
n·-i<l<·~ in mnin nwmor~·; ancl ~) in t 1w 
/¡/ud:td ;:tal<' it i:; not dPmandlll!! U"!' of 
proi·P-::-or rtr nwmor~·. but i:- l'ithc·r JrmnnJ-
111;! lo u..,,. pr·ripltr·ral <'(}ttipnl('nt or wniling 
lor a m<''":i!!" from mwt 1wr pru<·f':-S. Till' 
all·l\\:lblc• tr:lll:-i11oll<; amon~ th(' ~<ai<'S un• 
..,hown in I'igur<· 10. Thro:-c• tkmand-!:-lat!'-; 
:Ir•· rl'fl,•¡•t<·d in tJ¡p org,nuit.:llion of qw·uc·:­
ill I'Oilljl\111'1' ~~·:-ti'Jn~, ¡!;Í\'111[! Ji"l' lo:\ llf'l· 
\\ol'k of <¡111'111'"' \\ith ft·l'dh:ll'],, ln ~<·lll'l':d, 
1111'1"1' :111' 1 hn·<· :-:ult!H'I" or\..,.. l'llll'l'"l'"lldlll:.:, 
111 •·:u·h uf 11u· 1hn•1• !-1alt·": 1) ll':ld~· pr•w· 
1'•:-t':- :ll'l' di:-tnlttttl'rl amoltl!. "h·vP] .. '' of a 
<¡tH'\h', r·al'h 11'\'l'll'orrc· ... ¡·nmling 111 a pn•dH·­
tlt•n of fu1un• rc·:-ollrt'P u-.ag1•; :!) aelivl' proe­
l':-~r·-. m:1y 1 u• par111 iulwd iuto "young," ami 
"oh!," dl')l<'tH!in¡.!; upon \\lH'tlll'r tlwy \\"C'fl' 

l'l't'<•nt 1~· inil iu11·d or no1 (11u·~· may al:::o bt• 
p:tr11t iotu·d in tu I'XI'<'l11 iug :mJ pag.\·-\\'aitiu~ 
¡n·o¡·¡·,.~""' 111 a virtual nwnH•r~· :-~· .. tl'm); :llld 
:~ l !JJ¡wl\l'd prot'l'"':-'1':- may 1 u• part i1 ion0d 
an·ordin~ to tlw n·a"'"":-: f11l' t lll'ir IH"ill~ 
¡,¡, ... 1-nl. l11 nll thn·p <':1"'1'"· 1l11' :-ubdivi,.ion:­
"it hin a gi\'1'11 da:-.., ¡¡•flp¡•l \'al ious d¡•m:md 
.-ttl• ... 1 a 1 1'" .. r 1111 ¡•r< ·!-t. 



TJ,¡u{ (,'utctalttl/1 (.'mu¡w[,·¡ Sy:-:lcm:> 

term1note 

{ltme sllce expired) 

Fw. 10. Process dem:uui-states. 

Thc c>xtc>n,-ivt' litt>raturt> on ":;dwdulin:.r 
algonthm::;," :H"f'Uillui:Ht·d bdur.• mulupro­
gramminp; hPc·.lmP pn·dcmun.utt. ignorc>-; tlw 
blocked :stah' uf Figurc> 10. l;o,•tl :-un-.. y, of 
thc>..:e mcthc.u-; are il!tlltll 111 IC:!, 'L-1]. :mJ 
a unifi,·u vit·\\ "f tlwir o¡)l'ration in ¡ r.;::~¡. 
Thr=oe P:\rly mouc·l;;; h:l.VP bpr•n iounu to bl' oi 
!inlitrU ~pp!i~·:1hilit~· in n1ultipr~",gr2rnn1!ng 
:.y,..trm-; sitwe thc>y tn•:1t ::.v,tem, with onlv 
a singk pomt .. r l'lJll!,!.<'~' 1nn (P g., prrwe,,.r¡r), 
wherca~ Figure 10 implit•, a sy::;tem with 
many pr>inh of con;,:!:t':'ition (l'.g., auxiliary 
UCVil'f':>, tnain m•·mur~·, l'Oil:OOle input/ OUt· 
put routinc>-.. ~'te.). In f.•t t. nwmor_,. m:m:t:;c>· 
mcnt i..: 0ft•·n lllllrr •·rit intl t h:ln pro•·c>s,.:ur 
sdwduling hc·t·au:,t• procc-::.sor:-; may be 
~wit l'lwd amon).?; prot't'!''f'" mttl'h morr 
rapidly t han informal ion am~tng; nll'll\t¡ry 
IPvt·l-.. Thu-., t lw appllt·ahilil ~- 11f 1 J¡,.,..,. 
nuult·l:< i~ llmtll'd b~ lht·ir i:ulun· ''' r<·lll't'l 
accur:llt·l~- jnh no\\ :uul -..:~·,(1'111 :-,1 rl\1'1111'1', 

not hy IIH•Ir fn•t¡uPnt u,.." of c·xpont•nllal 
assumpt io)n,; in nnni~·;;,•,.; [F1). But dP.-pitr 
tlwir :,hl!rtt'lltning'-', t\11'~- have matl•· :lll un­
demabll' t·ont rilmt ion 1•> our pn•-.t·nr undc·r­
l)l amling oi rc·,•Jllt'l'e alloe:tt ion. 

Succ·ps~ful anaJy,, . ., oi t¡III'UPill!!; nl'l work, 
l'I'JH'r::;c·ntativl' oi Fi:.;un· 10 h:t\'1' dt·mqn­
stratetl t hl'ir applic·ah1ltty to mollc-tn ,..y..¡­
tems, :uul havt• :--hown that rP-;nurcc· alltH':I· 
tion poli,·il'-, m:ty oc· n·:.;:mlt·tl as j .. h-llow 
r<'gui:llion po)]j,·¡p-, íB(i, 1~:21. Thh appro:11·h 
prontt:-t'"~ tn \'tl'ld in-.i:,::ht intn opt im:tl poh­
,.¡,.,__ 

Thc> working-sc>t modc>l for progrnm bc>­
havior can h<' U,f'd to gain insight mto thosc 
n"pc•t·ts of t h<' rc·!"ollrcC' allocation prohlc-m 
c!Paling with t h<' flow het ween t he rc:uly 
aml :11:t1vt> ~tnt1•;;. lt illustrates whut appr:\r' 
to \w a manifc::tation of :.1. more gPnc>ral 
principlt>: therr• may exi:-;t situation:; m 
u hir:h '\ pr0•_·f"3~ nm ... t hP :1llnrn tNl :t ¡·nt ic·:.tl 
amount of one n•<;ourec t y pe \)('fnre 1t l'an 
u:-c> nny rcsourc·c•, t.ffrc·nv<'ly. SpcC"ifically. a 
prorc>~ eannot bP cxprctc>u to US<' a pron'~"'"r 
l'fficit•tHiy if ito; \\orking !"Pt is not ]f)aded in 
main nwmory. This fat·t has two implica· 
llou, \\ith rP!<pC·C't lo multiprogrammmg. 
Fir:;t, attempted ovrrl'ommit nwnt of matn 
nwmury in corc>-t.lrum ,ystems may rr,ult an 
t lw 0\'c>r:lll rolla¡>:-<• of systcm prot·c· ... ..,in:!; 
PtfieiPnt·y, whidt i:-; lmown a-; thra,..hlla:!; ~ 

1 D-l, Dlij. This situatton is illust ra1 l'd 111 

Fi~nn· 11. \\'ithotll tlw aicl uf tlw \\orkin~­
sl't mc.u•·l, one miv;ht conjPcturc lhat proc·c·:-~­
ing t'flit·it·ncy appm:wh1·..; muty a:-; t lw dl'l!rt't' 
of multipro~r:muning; 11 (numher uf :tl'tÍ\'1' 
prnl'P,.:~c>-.) incrl':\'1':;; hut, in faet, prol'"""in~ 
('[fi('it·ncy exhibits a markcd drop<.ofi \\ IH-n 
tht• dPgrct! of multiprngramming; t'Xt·•·•·d" a 
l't·rtain eritieal lPvc>l tlu. The C'Xplana!Um ot' 

thi,.. lwhavior i::- :-;imply that, \\hcn 11 > n,, 
t lwn• , ... nn long;l'r ~uffi•·u•t\t spaC'c> in memory 
to at·c·ommodatP a\1 ~u·tÍ\'1' working ;,PI::i. Tlw 
~f'l·ond tmplic·at ion wit h rPspt·rt 1 o mult i­
prog;ramming i:; I'Jo ... eJy rl'latPu tn tlw fin,l. 
.\~ :-ll)!!!:'""tl'd in Fi~urr 1:.?, tlw ro:-t 11f \\':t ... u·d 
(llllll"'''ll) nwmory tll't"rt':l:-c•..¡ \\Íth 11, :1:111 
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Process•nc;¡ 
Effic•ency 

'1- .... 
.. ---· ," 

., • • ccn¡ectured 

Cost 

• • 
Dec;¡ree of 
Mulltproc;¡rammmo 

1-'to. J;l Cu:ot of Amhi¡trn~r:onunin¡:. 

t he co:::t of wn~tC'd prm'<',i'Or follow:; a t'\11'\"C' 

whrt:;(• :--hapt• i:-: ~imil:lr to tlw C•tw in rii!Ufl' 
11: al !"'OIIU' puint in t lu· \'h·i¡ut ~· nf ''íl ,¡w 
total ''""' Í:-' mínimum. Thu .. , h ¡,. d<·,..irahle 
tu load a..: ma11Y \\urkill;.t :-1•t,.: n,.: Jl''""'~ilth• 
llato lltt'!llory; tlat.- nppro:o.imat1·:- :111 ~>ptitual 

d•·¡.!,n·•· of lllllllipro~tallllllill~. 

System Balance 
Tlu• 1••1'1':-!;nin:r ''ntt .. io!Prati"H" ilhHral .. :1 

l!t'l\t't':d phi•Jiot\li'JIItll: ot\'l•r:til :-y,.to'ill ¡•t·r-

furmallt'l' may .:-uli"r il n•,o\IH'(' \1:-agr ¡, 11• ti 

h:tbllt't'tl; Stall•il ditl't·rl'llll~·, u\"t'r- (r•r 
\11\th·r-) ,·unnnit 1111'111 of ••tll' fi':-11\IIT<' ma~· 
l"'"'lllt in otlwr:: lu•i11g w:a:-ll'tl. "Bal:llll't'" 
c•:IJI ltt• J,::Í\'1'11 :1 prt•t·Í·'" dt·tinit ltll\ :1'- ftall"""· 
.\1 •·:11 la lllllllll'lll uf IÍIIII', •·a<'la prowt•,,.. !1:1.' 
a"''''t:tlt·tl \\lllt it a v•·•·tor, 1\:- a/(lll!lllal, 

\\ho''' l'lllll)lltllt'lll:' n·fl•·l'l tlJI' :lltl••littl ,,¡ 
1':\l'h r•·~t;lll'l'l' t~·¡•t• fl•iplitt·d ¡,~ illl' proa·(·" 
al :h.at :iuw. Tillt·, pr.w.·-~ 1 \,¡¡¡ lt:l\t' :1 
•li•s,i:otnl el, ;,., (d,,, · · · , ti,. .. ) in \\ hn·h ''·· ¡, 



Thtfll r:rnna/1'''' CiJm¡;atcr .)y,,!ell/.~ :2( ).-. 

tllf' amount nf typ .. .1 r""'IIII'('P 11 rt•quin·~. 
Tlw dr>mand~ •l. ,tr•· r.tnd"m van.d,J,·~. Tlll' 
/o~/al tlcmawl 1) ut' dtl' :-t•l .1 oi :H'IIVI! prol'­
,.~,,·..; is the Vt•t·tnr ,um nvPr tlw dt·nt.tlltb of 
.di processps i in A: 

D = Ltl, = (L .!,1, ···,¿ti, .. ). (1) 

Thc total c!Pmand 1) 1"! :d-o a r:mdom varia­
hit>. Two vector., an• a:--.tll'l,ltt•d w¡th tlw 
n'~ourecs, p = (J't, · · · , ¡1,.) and e = 
!Ct, · · • , c.,), in 11 ludt ¡11 i;; an allo\\'ahl<' 
,,,.,,rfto>w prt~b.thility and r, a t':tp.wn~· of 
rt':-<~llrL'l' 1.1 ¡w j. Tllt' ~~· ... ¡,·m ¡ ... ",.:ttPl_r t·nm­
mittl~d" if lhP prnhalt:llt ,. th:tt thl' total, 
rll'mand D <'Xl'Pl'<b llw :-.ystl'lll <':ípaclt~· e 
¡;; bounded by thl' pmbabtlittcs p; i.P., 

Pr[D > e] ~ p. (2) 

The "Ystem is ''fully committcd" if ndding 
one more rcady pro,., . .,, to thc active ~ct .1 
would \-iobte condtt1on (:!). If thc !>ystcm is 
overcommitted, thrn for somP resour<:P type 
j, 

Pr ( L: d,, > e,] > p,. (:3) 
t ID. A 

The system i'> /¡a/nnced "ith rP,p<'ct to a 
givt·n dPgret' of multiprogrnmmmg (;;iz<' of 
A.) if the capa~:it1e:-. e have bt:en chusen l>O 

that 

Pr[D > cj =p. (4) 

Thus, system bnlaw·<' in the sensP or' Eq. (.f) 
implll's that: 1) ¡¡¡,. ,:y.-,tl:m ¡, r'ully t•om­
mittcd; nnd ~) rr .... qUr('C'i urc íulll' uttliz<'tl 
to thc ·~xtPIIl allollt•d ¡,~ thr~ ovt·rilu\\' proha· 
btltllt·..,. lJurl"r til'·,p l'ondllions, .l t•au IJ<' 
called tlw "bal:llw<' ... d." 

In the t::l:->l' uf a ~y,tem m · '' hil'i1 tlw 
designer 1s intr·n·:-.tl•d in babnt·ing; onl~· u. 
~ingh! proec,.,;;ur .llld nwmt)ry, Eq. ( -:1:) can 
be imcrprctcd to nwan: 1) thc mcmory is 
filled with workmg ;:;ets to the extPnt allo\\'<'d 
by the mcmory ovPrflow prnb:!btltty: :!) 
processor t1mc is committed :;o that rPspon;;c 
time cun be guarantr_·cd \IÍthm ,.oml' tixPd 
time in thr futurP, dr·pcnding on procPs~or 
overflow prouabi li: ~-; u nd :3) . t he amuunt 
of memory ic; u::, ::,mull as prJ:-:Oiblc. Thc;,c 
points ha ve Ot't'n t rP:lll'd more fully in [D.ij. 
It is intercsting to note thut Eq. t.f) is not 
difficult to evaluate in practit:e, :;mee 1 he 

r·•·ntral lin•ÍI· tlwon·m ot' prnhahilit~· th•··.r~ 
:tpplu•d lo Eq. (1) .l"t·rt,.; tktl 1 ht• di ... tni>u-
1 Í11lh of !111• t•nmpnttr·nh nt J) t':lll hP approxl­
lll:ttr-rl ¡,,. normal dht ril111t wn..;. 

Eqs. (;J) :mrl (·l) :-.IHJw that a ~ÍV<'ll :-.y;.l,·m 
llt't'd not lw halatli'<'U undt•r arhit rar~· :-I'J,.,._ 
t1ons of <'r¡tupnwnt cap:willf'"', i.P., liw Pquip­
nwnt t•onll~llr:ltion. Only t·r·rtain t•quipnwnt 
<·untigumt iun-; a ti' t·on~i:-tt·nt 1\"llh systr•m 
halaut·e aml giVI'n dt•m:Hnl di:-.trihutions 11f 
thl' u;;Pr I'Ommunlll'. Otlwr confi).!;uratiun:-. 
\lfollld onl~· ).!;i\·1' ri,.e.to ll.t~ll'd equipment. 

\\"¡Jk, .... [\\"i'j has ,.llOII'Il 1 hat 1 lw f'ffil'il'llt'~· 
ot :-o\:-otf'lll opt'r:tllull I'Uil lw improv<'J ~~~· 
lmplt·nwnting tlw fnllo,,·ing polil'y \\'ltilln 
th<' palatH't! sl't. Tlw "litr·" uf a prot·f>~" ¡,.; th•• 
amount of prot•f':;~nr tinw it cun,umes lu•­
tw<'t>ll mteractions 11ith the u~r.r or with 
oth<'r proce~;;<'s. Tlw "age" of a process at a 
givPn tinw is tht· amount of proce;;sor tinw 
it has OP!'ll ob!:-PrVPtl to consume sincc lis 

Ia,t intf'raction. One property of the proe<'"~­
itiP di;;trtbution i~ that the cxpPCt<'u remnin­
mg life, givPn tlw :u;e, increases monotoni­
cally 1\'Ith inerca"Sing agr> to a maximum. 
Thus, in arder to mmimize thc probability 
of removing a p:tge of a proec5-s from mam 
nwrnur~· slwrtly bet'orP the rC"mninmg lifc of 
that prot:C'ss PXpir<',;; (t.P., to givc proce:--.•e:. 
'' ho~e next !/ntcr!1, .. t!on is immincnt n. rhuncc 
to rNlch it mpidly), it is desirnble to prote<·t 
thP pagf's uf ~·otm~ pro<·e:;:;:ps, over tho<;r oi 
old ones, from rl'moval. To do this Wilke:-; 
propo~f'c; 1 hP part it ion in~ of procPS:.<'" 111 

nH'lllOry 11110 a "rr•:-.id<'nt r<'ginw" (,YOUll!!; 

prtw•·,..,..f'o.;) and a ''f>\\apping: rPgimP" (oid 
pr<tt't''""'). Simil:tr <'Oll:-.tdt•ration:-; nrP mad<• 
in CT;:;:-; [C lj. 

Tlw fon.·g;iJing; i-; not t lw only po->-,iblc \\'a~· 
t o :tppr• >adt ... ~ ,.;! l'lll bala nt•r•. Bala neing a 
;;~·'>IPm hus ulso bcr·n l'allrd "tuning" aml 
"load !Pwling." Bf'rn:..tcin and Sharpe ha\'1' 
formulatPd it in tr:rms of rPgulating JOb flol\' 
H> t hat nwasurf'fl rP~ouree-u"age functiorh 
tr:u·k Jc:.ired resomcP-u:;:age funetions [B:3j. 
\\'ulf has formulatPd it in a stmtlar way, but 
111th mon' attr·ntion to measuring U<>age 
ratP-. ancl df'mamb'[WlOj. Wtlkcs shuws how 
eontrol tll('ory may bt> applied to aehievmg 
,¡ :ll Jilll y wheu t he> ~y,tem attcmpts tt1 
b:danc·f' iliit'lf uy ('(Jlltrollmg the number of 
u-.<-r., acct'ssmg tlH• :;,ystem at any gtven 
tinw[W9]. 
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1 •. L ~1'1 of con-..tr:linl-.. 11 1thin '' l1trh tlH' 
pn ,, ,:..:.; m:1y :H'I'I'" I'Prt a 1 n ohj< •¡·t" E\:lntplt .... 
,,f domains int·lud,, ,.u¡H·rvl~or II,.Pr :-!atl·~ 

111 :l machinP 1 tlll' hlnl'k,- (lf tlw lllllitlpr<¡­
::;r.tllllllÍn~ partltlt!ll in th·· tl~. ;;¡;() . .\( \ T 
.. r tht• CDC (jliOO, and tlu· ti!P dll'l'l'tori1·-.. in 
.\llT 1s CTS5. \'an<Hb tcrr11- havl' bt•¡•n u,., . .¡ 
tu dl'note the ic!t·a oi dnm.un: protl'l'!Íon 
f'Oilll'Xt 1 protectwn :-1 :lt1'1 ~plll'rt' of prolt'l'· 
1ion [Dll]1 :11\(1 ring of pr"tt•t·tion [G:Jj. 
~itH'P subjt·ct,; mu:-t bP pmtt't'tl'd from !';~eh 
olrlll'rl suhjPCI:' ;\f(' al:'n nbjf'i't'-'1 i.P.I S i:-; 
contamed lll .\' ThP tlmd p.1rt of a prot<·c­
flon sy:;tem modd i:; a coih'ttion of arccss 
ulcs :;pecifyinf!; th!' 11·ay;; in whid1 :t !'UUj<'d 

m a~· arres-; nbje('t,. .. \ nwt h, .d of :,¡wciiying 
:H·cc:::..: ruk;; II'Jll lw de-cnll!'d ,.hortly . 

. \ protPction .-,~ ;;trm iull1ll..: two funl'tion:,: 
tsolaltoll aml cont,-nllcd acrc;:,s. hol.ttion refers 
to constraining paeh ,:;uhjpct :-oo that it ¡•un 
use only t ho-,1' objrrt,.. 1 u whit·h acce:,.-, ha:; 
bt.>f'n uuthnrtzecl. Cnntr•JilPJ ::\l't'f'•" ref<'r:-> to 
a!lo11 ing dtffPrPnt -uhj!'l·ts t!J ha\'<' diff<'rl'llf 
typf's of :1('1'1',-,-; tu tlw !:-:\1111' ubJI'I'L I,.o!.uion 
i:; very ~impll' to tmplt·nv:·ut 1 !Jm eontrolll'd 
arcrss is in ia•·t thL' rul¡mt <'•Jmplicatmg 
mo,t prott•,·tiun -~-,tl'm..: Tu illu:,trat0 thi, 
point 1 Wf' ~hall fir~t <'un-iJ¡'r a protcction 
sy:;tf'm that tmplrnwnt:-: i,.u!ation only: then 
we ~hall ~tudy how and 11 hy c·ontrnllPd 
:tl'l't• ... -; may hl' ill'-''1rpnratrd. 

In the ::.impk--..t ,.:,~•·, l·.w!t ~-,uhJ<'I'I i:-, n 
Jll'flf'l''"· E:wh ol•j<·l'l i-.. ,11 f"•·--tl•l" lo <'\:11'11.1' 
oru• ~uhjt•t'l 1 i.1·. 1 tl,c• toi•J''' t... .. r tlll' :-.~·,..,,.m 
arl' part i t iorll'd al't'ordlll;..!: 1 () -..uhJ"I'I :-:. 1-::lf'h 
subjl'l't S ha~ :1 UI!Í<[Il!' idl'lltlhi':IIIIJII llllllllll'r 
i,. ~ubj1•et" Ílltl·r.H·t b~- ~~·tldllq.:; llll'•=<a~l':-:. 
E:tl'h rw·--;ag;" I''JII,.!•t:-. 11f a ~:r·in!.!: of data to 
wlueh thr. >-~"·lf·lll prdi\1'"' 1111• id,·ntiti•·atÍ•Jll 
number of tlw •Pnd1·r 1 all llll'"'-..agl'" dirL'l'lf•tl 
to n givcn ,-,uhjrr·t are· ('(Jllt'et Pd in a Jlll•,. ... ;¡~¡~ 
buJTr.r a,-,-,Ol'l.lted 11·ith that ,.,uhjPct. Wlwn 
subjcct s \\'1'-ht·:-: ro tran"mlt u mc>~:;:;agP a 
to subject 8

1

1 it ealls on the sy<.tem hy :m 
opPration 

send rnes,.,age (a, s'); 

and thc ,.,ystem tlwn J.-·p11•Íts tlw pair (i,, a) 
in t h.~ me-,::::.lge IJIIIY1·r fJf li

1
• A!:! '' 1!1 br f-<'l_·n, 

thc princip!P th.1t !!;llar:mlo'I'S the corrt'l't 
opcration of pmtf'l'llun is that thc uicnltjica­
Lion nwnber of a scnrler subjecl l'a/lnul be 

fn!ojl'd. ln olh•·r \\"ni,.., 1'\'1'11 lhflll~lv 1,111' ~· 
if!<·Jlllfi,·alron Tllllllhl•r,.. ma~· lw kn11\lll--.(,'~ 
•'VIT~'OJH' 1 th•·n· '" 1111 1\a~· f.,r .~ to i-ol'IHI a¡, 
s' t h:ll I':Ul :ti 1 1•r tlw fal'l 1 har nw,.,...a;.¡:1• (i, , o l 
¡,.. plae,•d in tlll' 1\11':--"'app huft•·r ot' .~' . 

This v1·r~· :-.implP protPI'Ilon sy~tPill ¡ ... 

f'Oill(lil'fl' from tlll' VÍI'I'!)()int of i:o:obrion. 
l'rol<'l'11'd l':dlin~ of :--uhrntttlli<'S (prot<'l'll·d 
l'lltry point~ [Dlljl 1.• impiPml'n!Nl in th1· 
ohviou:-: 11ay: if s wi,..hl'~ tu "¡·:di" ii 1

1 s >-1'1111 ... 
. )' a 1\l!':--•:l~f' <·om,jst ing of t lw pnranll'tt·r 
li-..t a and I'IIÍf'r~ u stntP in ll'hif·h it waits for 
a rPply nw:o::o:a~f' (rl'turn) from s'; wlwn .;' 
ti nd:-: nw~sage ( 1. 1 a) in it s nw::;sagf' l.HrfiPr 1 
11 prrform~ it;; fun('fion 1nth parametpr,., a, 
tlal'n rcpli1•s to li \\'Íth a nw--Jg!' eontamÍil;\ 
thl' rcsult:;. ThPrf' is no ,,·ay that s ¡·:1n 
''Pntpr" s' nt any point othrr than the OIIP 

:tt ,,-hich s' in•pc·l·ts it:> mP:-•:tgl' buffer. B~- a 
:-1milur argum!'nt1 ~ubroutine rcturn is pm­
tPeted. Thc protf'etion implPmc·ntPd l11·n· 
¡ror·-. lw:'o-·oml guara n tl'r'i ng t h:lt ~ubrout 1111·-.. 

l':tll and rPtllrn only at tlw intPnJPd point:-, 
tt i:; elf'arl~- pol-o:-;iblf' to ¡..!,U:Irnnt!'f' tlwr s' 
'' ¡![ ac:t on lwhalf of aut honz1·u l'::tlif'f:,. only. 
,.mee s' can <"IH,Oi'l' to ignorf' (or rf'port lo 
tl11• ~nprrvr,.or) nny nw-..:-.1¡:!:1' (1, 1 a) from :m 
unaut horizc·d <':.llll'l' .~ .\<:1'1'•-. to un arbitrar~· 
objrl'l x in thi:-; :-o.\·..:tpm io: :tl:-in rnmpii'IPh· 
protr!'ted: a ~;ubjf'ct s muy :u·rP-5"5 fref'ly any 
.e af.,..oriatf'd \\'lth tt: hut if .r i,.; ussoeiat1·d 
11 11 h anot lwr :,uhj<·<·t s', ;.¡ llllbt ~r·ncl a nw-,­
.. :~~~· lo N

1 n·qlll" .. tira).! ,' ''' :11'1'1'>-'i ;r ,,n it~ 
IH"italf. TJ,I· HC-·IOllO •\ ~t1·m opl't'at¡·~ in 
pn'I'Í•Piy thi~ f:L">hion -¡n.-,¡. 

Th<' :,~·,tr•m df',-,crill<'d ahovt• hn:-: ,.rvPral 
iliHÍtation,., that nwtiv:tiP tlw :~tldllion oi .1 

1'11111 rolil'tl-al'l'e~ . ., n11·c-lranr~m to tlw prot1·•·· 
lron "·'·~¡¡•m: 
l) 1t is not p11:-.>-ible tu »l11p a runa\\'ay prcw-

1':>:-'1 :,.Ínl·e thcn• i~ no \\':1~ tn for<:<' 11 rPCf'l\'(·J' 
c·ttlH•r to f'Xaminc hi, mc•,...·u~e huffc•r '1r 
todo :111:'-'thing <'l"t~I\-IIH·h. amon.c; othPr 
thing!'-ll makf's drbu;¡:~irig utffieult; 

2) therc• is no sy~trmat Ít'. !'tfic 1ent ,,-ay ,Jf 
sharing ohj<'I'IS among ~uhjl-cts; und 

3) it tii'CI',...~itatf's thc P•tabli,..Jtnwnt oi :1 
po~sibly l'iaburute :-~;:tt•m of <'IHI\"t'!l!IIJ!l'i 
lo enaiJ!t• n·e«"ivr•r:; to di•t"I•VPr thf' idPntth­
'':11 ion numbers of nut h11ri.wd ;:PmlC'rs. 

lt is nf'<'l'i:i:-i:lrY1 tlwrf'!'on·1 to gf'twralizP tlu• 
fon•going system :-;o that sonw ~ubjccts t·:m 
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F!G. 13. A11 acress motrix. 

<'xrrci~P ~.ontrol over other:::, shnrc objf'ets 
with ot lwr::, nnd di!'('OV<'r ll('('t';;~ right.-l 
<"t:;ily. In th{' gl·nPrulizution, thc rorrN'tl\<'ss 
~,f th< prot('::tio:1 !'y2tt:-m io: guarsnteC'd b~· a 
grnp¡·ahzat ioa of the nonforgcry principie 
stat<•d abo..-e: whenever subject s nrl·(·s~es 
obJcc·t x, the nccc,s is nccompnnied by the 
identifi,·:.lt¡on number i, (which c:mnot be 
forg(·d '¡, and tlw prot~ct ion sy::tf'm pf'rmits 
aecP.~~ onl:-· if i, has becn uut horiz('d. 

ThP g:eneralized protl:'ction syst<·m rf'r¡uir(>S 
an c.;;plicit ~pccification of the n<'('l'"~ rul<'s 
dcfining the arcl':;s th:lt subjt'rt¡;; hav1• to 
nbjcr:t1-. (In thc simple ¡,ystl•m, th(• ncct'ss 
rutPs W<·rt> implh·it in tlw m<'Nlg<' trun;;­
mlttln¡; mr('hani'-rn.) Tlwst' a<·rl':;¡;; rult·:> t·an 
lw ~J'h'lli('d in :Jw i'urm of an arcr.\.~ lllllll'i.t, 

.'1, \\ hto'-!' rfl\\':" t•orrl'l'J'I•IHI to !o\llljl'<·l¡. 111111 

who~(· column¡.. t·orr<•t-ploll<l tu ohjt•t•t:-. An 
CJ\1 ry A[~, .r] in thi:; matrb: ronlniu::- a li~t 
of string-< ~peeifyin~ tl1e occc~;:s nyl.ts thnt 
»uhje('t s has to obi<'l't .r. Thus, if ~:ring a 
is in A!-~, .1·], we sny t hot s has :H'l'E·f;::o right 
o: to .r. For e:mmplP, in Figure 13, 

st i:-; 1 he O\\"Jwr of s1 and s2 ; 

s1 may n:ad f 1 ; 

s1 1na~· wak,•up 711 ; 
~~ mny f'Xl'<'UlC f~ j :.md 
S a lila~· SI op JI¡ • 

E:l(·h 1:''PP uf obj<·<·l hn:-; u,:,:odatf'tl wit h 
it u C<minrllrr thruugh \\ hid1 at'l'l'~"'''~" \o 
obj1 '1'1,.: of 1 hn t t ~·¡w mu:-;t pa,::-;, .\ :-:ubjrd 

cnlls on thP npproprintc ('ontrollcr "hen it 
wish"s to acccs!' nn obj<'ct. For <'xample: 

TYPF. or ÜBJr.CT 

~-oul>ject 
file 
SE'!'ment or pnge 

proccss 
tt>rmm::tl 

p•nt '='~' i"n ~ystem 
file .,~ :;t cm 
mcmory n.ddressmg 

h11rcl'' are 
proecss manager 
term111al manager 

An :t<Tf'S'- would pro<·c•Pd n~ fol!O\YS: 

1) s initiatC'~ nrl'f'~l:- of t~·¡)(_• ato object .r; 
2) the i'Yt'tf'm ~>UppliPs mp:,..;ng,<' (z., x, a) 

to the eontroll<"r of x; und 
3) the C'Ontroller of .r nsks tlw protcrtwn 

:,.ystPm whetlwr a i:-: in .l[s, x]; if :,n, at:ec•s;;, 
¡,. alJ,nwd; otiH·rwJo;<·, it i~ drni('(1 nml a 
prnl 1'1'1 ion vioia 1 l()ll O<'l'\lr:, . 

lt Í!-< impcol'lalll le• llllll' thal tlll' nw:l!IÍil~ o! 
a :-.lrin~ a in .11.•, .r} ¡.; lllll'l')ll'l't<'d by lhc 
<·ontrc;ll<•r of :r dunn~ <'al'h !lt<'<'"" to .r, uot 
b:-· 1iiP prüh'l'tinn :-y:-t1•m. Tlw <·orr<·etii!'SS 
of thii' :-ystl:'m folluws from the :--~·stcm's 

gu:\f:\1\ll'l' t hat t hl· i<lc-nt ific·at iun i, rannot 
b<· for¡r('(l :md that the nu·p~s mntn:-.. A. t:an­
lllll lw modifird f'Xl'PPI by ruk:-, "u eh ns 1 ho~1· 
g;i vc•n hclow. 

Tlw t hrt>P si <'P" abov<' t'Oill't'rn t l11• \1'-(' of 
1 hP :wt·c•,.s mal nx on<·<· JI:-, ('lltri!':> havP IJPC'Il 
:-¡wl·ifit·ll. In :nhlition to tlwsP, rule, nmst 
1·xi:-t fnr t'fPat inp;, ddC"Illlf!, :md t r:m.'-l1·rring. 
!11'1"1'":-; righb. Tht• nll<·!:> propo~('(.l by Lamp-
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~··11 (L:.!j u..,,. th" :lt'l'":-" ngnl" "o\\IH'r." 
"enu!rul." a111l "copy fbg" (o): 
1) Cn·atuu¡: s can adJ auy al'C<'":; right to 

. L[s', J'] for nuy s' ¡f s ha:- "owuer" ,l\'t'l'::.S 
to .r. For <'X~tmple, in Fl~un• 1:), .~¡ 1'~\11 

add ''con! rol" to A[sz, s~J or "n•:Hl" to 
.l[sa, f!]. 

:!) D,·fellll{l: 8 can delete n11y :lCt't':>S right 
fro111 A(s', x] for any x if s has "control" 
acce::-s to s'. For example, s2 can dPlctc 
''wntt•" from .l[sJ, f~J or "stop" from 
.-1 f SJ ' p¡j. 

J) Transfcrrin!l." if o.x uppears in .-1(.~, .r]. s 
c:111 place cither •a or a m .l[/, x] fur 
:un· s'. For exampl<>, St can place "n•aJ" 
in .l[s2. ft] or "•ownrr" in .l[s.l, sd. 

Thc cc•py lbg 1"> rt'qlilrL'J so that one :.ubjcct 
can prt>VI'nt untru::.t \\ orthy other subjects 
from m:t!Jciously givm~ awny accPss nghts 
that it has givcn them. 

Thr thrrc rui<•s gin·n abow ::.hould be 
regurdcd us Pxumpll's of rule~ for crentmg, 
dPletlllg, and tmn:;.fcrrmg. Thc exuct nature 
oi the::.e rules mil depend on thc objcctivcs 
of a givcn system. For e:-.:ample, accordmg: to 
Graham [G-:1:], tlwrc 1s no nced for "0\\'nN" 
:md ''<'ontrol" to bl' di'Stinct. Furrher, thr 
not 10n of tr::m~ierring can be extended to 
include a "tran::.fer-onlv" mode accordmg 
to \\hich the tran:-fcrrcd aece-,:; nght di:oup­
pears from the transfPrrmg :.ubjcct, thus, 
1f thP ¡,ymbol e mdwates thi:> moJe, tlwn s 
can place o a or a in .1 [.l, .r J \\ hencver • a 
app<'ars in :l[s, .rj, lmt, m :-,o doin;;, e u 1s 
Jdrteu from .l[s, .r]. OIH' may \\i,h to lumt 
t he numbr~r uf owm·r..; of an olJjl~d to r~-..:aetly 
one; nssuming that Pneh object inltlally has 
one owncr, thi ... condit10n enu be pN¡wtuatPd 
by allowing only" o r¡wnt·l·" nr "ownl'r," but 
nut "•o\rnPr." ·-

.-\ prartical rralizntion uf a protPI'tion 
itystem can nril h.:r r<'prL':;ent acr·e:--s rights 
as strings nor ¡,torc thc acre~, matrix as n. 
two-dimcn:;;ional array. Access nghts are 
eneodPd; for t·-..ample, the cntry in .l.[s, .r] 
m1ght be a billary ,,·nnl who.,;1· tth btt i::. Sl't 
to 1 if and only if the· 1th accl·.,., rig,ht 1s 
prcsent. The sizr of thc aect'':S mntnx ¡·nn 
be reducrd by gr,;upmg thc ubjN·h X into 
disjoint subscts, eallt·J categooes [ G ll, u:-i11::;1; 
thc columns uf matrix .1 to rPpn•,.,ent the:;c 
subsets; thus, if a 1::. in .l[.c, l'J fOI' cat¡•gory }', 

t lwn ::.ubjt•et. s ha:; a :l<'l'f':<:i to Pach and PVIT\' 
ui>Jl'l't m catl'~or) r. ~tonng the matrix .l 
a" an anay is 1111prat'lu:al ::.lllcl' it is likl·ly 
tu IH• Hp:lr:--l'. ~tunn~ it mthc form nf a tuble 
\\ ho:-,1' l'lltru·:> ar<' of thr form 

(s, x, A(s, .r]) 

1:5 ltkt•ly to be impractical in sy:otPm::. with 
many obJ<'d:;: the cnt1rc taLle eannut be 
k<'pl 111 t'a:-t-access nwmury, e"peci:dly sinee 
ur¡l\· u fl'\\" subjPet:s and objl'ct~ an~ likdy 
to b1• active at any glVf'n tinw, nor can it 
bl' guanmteed that a :;earch for all.r tu whil'h 
a grvcu s has aece&s (or all s having acces::. 
tu a gi\·cn x) can be performed l'f!-iclcntly. 

Thcre are, hO\\ ever, st:verul practica! 
implemcntations. One of thc::.e store::. matrix 
.:1 by columns; i.P., cuch object x has usso­
Clated \\ ith it a list, callcd un access control 
list, mth cntrics of thc form (s, A[s, xj). 
\\'hpn a subjcet attr.mpt~ to uccess x, thc 
controller of .r can con:mlt the acee::.::. control 
ll:,t of .e to discover .l(s, .r]. This b preci::.cly 
thr method used to control acce~s to files in 
CTS:; aml to segments in .\ltiL TICs [B2, 
CS, D:2]. A second methoJ storcs thc matrix 
.l by rows; i.e., each :o,ubjcct s has a:,so­
ci.ltcd with it a list w1th entrics of the form 
(r, :![s-, xJ), ~[l.eh 5Uch ~ntry bt:.>ing r::t!!ed tl 

capa!nltty, and the li,t a capability list. \Vhen 
a Hubjl'ct s attt•mpr., to aeel'h x, t he con­
trullPr of .e can cunsult thc eapability list 
of s to di:,r·ov<'r .1[.~ • .rj. Tlus ¡, prPeisPly the 
nl!·l hoJ prop11~ed by Den111s uud Vuu Hum 
[Dllj, an<l implPIIll'lltatlons of it are dis­
cu'"<'J in [Ll, \\'tiJ. 

Of the two preccding implementations, 
tlw rupability li:;t appcars to he more elli­
ei,·nt than thc acce,s control li::;t. In either 
¡·a~~~. the itiPntificatiou uumber of the current 
subJel't can be stored in a proteetcu processor 
rr·gi:-:tt'r, so that attaching it to any acée:,s 
i..; tnviul. If tht' li~t lo be cono;;ulted by an 
objeet controller is in a protccted, rcud-only 
Urray in fa,t-:1('('1':,." ffiPffiUf}', thr Verificution 
of nerc:-s rights enn br done quite' casily. In 
thc ca,_e of capabihty li:sts, the li::.t has to be 
111 fa . .-t-aecl',s nwmory whencvcr the subject 
i~ active. In the case of UCl'C:>=' eontrol list::., 
huw<'ver, t he li::;t necd not be avatlable in 
fa..,.t -accc::.s memory as a. particular objC'ct 



'.JJtl \\pJUI{ :.illl:.•.uppn 
.ÜOlll.llll j•l ,);jl'jtlll,\{'11 ·>'tlll"l J,J(llllllt-. 11111'01 J,ll'd-. 
-•,,uppt: (''.HI! u 1 {l·lll·l.\11<1,1 ,)1!111 .l.\1'1{ ppto \\ -.,l\11•'11 

J'¡uqtu \~ ,) .... JII.L ::-... 1:-:!·.., .... )lll 111 :-•Jlll JO ~·qii,HU;td...; 

_¡u ..:JHI\!\l ,lt ¡uqt.J \~ '!!-""l'd O~ ...._., ..... ~,))O td ,l.UOj ',l¡dt~l\'\.) 

JIIJ 'P!I"'" ll )ll,ll¡t¡¡.l 'll.il'"''·l·hlll 1'>11 "l l hlr'!t~'< 
tpr.::J l{l"' ,JJt:d-. ..,,,up¡n: ,lp:Jul!Js 1: :1111\tl!·"b~\' • 

'IS.lC'l ¡n 'p.l.!.lpt:-:no.¡ ,¡e¡ Ul:,l :-¡l{.¡,JIIO.l •l"'-ll!l 

• .1·>.\J.\\O H ·,;m.> 1 -..\..; :ti u! 11;.1Jdn p 1 :-:.1¡d !-111! rd 
qn.)HJ!P ll,JljO ,¡1p illli)U.H¡tlx,¡ JO ~¡-.:u¡ .ll[l 

'üp .\Jt¡l ,;¡: 'flll!'~l:,¡ 'lUOO.l•'it:¡.> •lt[l U! .\1!!!111 

l!Jl[l !J•l)t:J l~llOlll·l[l O•[ U ,),\la[ S td.J,JI!Il,l 

,¡~.)l{J.. ·;; llillld.\\.!L\ p.l¡d,J.l,11: \pp!-•\ JO "'IH •ll 
-l!;(![l:J,)lt,):;l p11:\\.llljl1[7l!l!JI"' ,J,Il: 1:-0lll '\.)l:.f ll! 

~lllJ!\1:J,JdO put; Uli!..,,J¡> Sll!Jl"\,; :ill!hO.U!IU! 

j•J ~[-.l!) ¡I:.Jll·ll:lcl •11[1 11! .\l![!ln .l!·JI!I j>·lll'.tl,.; 
·llOtU-I(l ,).\lJI[ ,)J,Jl{ P·11ll·l,;.¡,¡d .:;¡tf,J,)ll(j,) ·"lL 
'¡jll!Sil[.l 11! :;lu!\lfl!)ll.llU l{lJO.\\ ,Jll; ,;¡u!od ,\\.Jj \"" 

SNOISnDNO:> 

'1! ~lU!JCl{..; Sl.>·lfqns snO!ll:A •ll{l JO sdlltU 
s,; .. :uppu dl[lll! P<~fqo !Ul{l JOj ".J!lltlrl liOlU\lll),} 
~np¡nct .\q p.)¡p•tm¡ S! ¡:q,¡,)f'-ln" ¡jumut: 
1UJlU~,¡.; t: ~11\Jl:I\S\ ',J.JU.\\¡>Jill[ Jl{l .\<¡ p.l.llOjll·l 
,¡JIJ S.l¡tll IIO!IJ.JIIJJÚ •>tU puc '1>1!! -Ú![!<¡ 

-t:dt:.l U Jll lUJUJ t: ,;! ÚlllU ::~J.lppu ·H{I '..,1\l!J.. 
(,e ~J.Jfy_u u¡ ~,.,J,J.lt: d~I\J.;.x,J .1u '"'1!.1.\\ "¡.n;JJ 

:íJU!Al:fl :;l!q II!U ¡llllJ )l{íl!lU ([ ,¡pn.¡ ,n¡~) ',lpO.) 

IIO!lJdiO.IJ C i.! d .)JJl{.\\ '(!l 
1
(.r.)f '.r) lUJOj 

Jt{l JO S! _{ de m ,.-;.uppn Jt¡ 1 U! .\.qua u u 'u.n¡¡ 
'.t' lJJf'-\0 llll!llllUJOjlllJO,J "'·¡.h>fc¡n,; l{-lt:J ![l!_\\ 

JJuds ssJ.!ppc m: :nu! IU!Jussc .\q pc~Z!!llJJ Jtt 
m;.> p.:¡¡.J,))oJd ,¡q 1-l·>['-\n-; u.;.-.!:il 1: l[l!-\\ P·IIH!-' 

·ll,,.;t: Uüll\:UllOJl!: IUl[ l )lt..!tu,J.l!!\bJl ,1ti.L 
'J,)UJJ,)j,)J .\JJ.\J puu 1{-lUJ JO .\l!P![U.\ Jt{l 

~1-1·11{-l o¡ pJ--:n pur. dt:w 11 "! .\Jl\l.l t¡.Hl.> lfl!.\\ 
P•lll:!Jo~~t: oJt[ 111:.1 s .. ¡pu.l uop.>JIOJd (¿; pm: 
'-;,..,)JOJd t: o¡ •ljC[!~~.JJ,lU S! Út:tu s..;J.ippu Ut: jO 

.¡ju¡;_¡ .Jl{l ll! UO!IlltUJOJU! .\[110 ({ :,;tU,ll".\-> 
liO!l-J.))OJtl .\q P·'l!O[dXJ ,)JI! ,)Jt: \\pJt:q S!t¡ 1 
JO s.1! ¡.1Jdo.1d o \\J, 'JJt:.\\{Jl\:1¡ UfJ!l u.JO¡.u pm: 

ju!s,:;.uppu .:np .ú[ p.>JJOJUJ ,;! uopJ,> ¡oJd .\Jo 
IIJJ!\: ¿'{JO \\dtUt:Jj S!l{l O!U! I!J 11

1
110tlll-l01!\'" 

,¡1ÍUJO lS, 'uo! ¡,,,¡.; p.!ttp atp 11! pJ'!Sn.l"! p 
U.\\ :ll\J tpn,; 'UO!)JJ)O.IÚ .ÜülUJtU SJU¡> .\\OH 

'Uü!l·ll: .IOJ 

,.>.Jfqns JO!Jddns .\¡J¡utp.!tUlU! .H[I o¡ P·>llod.u 

~! p.:>~qno; u->A!~ u U! P·>P·liJ{l uo!u:¡o1.\ t! 

"'UO!)U{O!A UUII.l•l)U.Jd f!U!l.lOÚJJ JOj {U,)UIO.ld 

'¡ju¡li!J·>p JO ;¡'¡jt;¡Ut:Apt: [UUV!I!(J{>G atp ~t:!{ 

\q.J.IUJ.J![\·)·1-IrC[tH u :duptt.llU;¡[tltu{ ·u,>p! spp 

.\J!¡dut.l:o..,> [ ~H l tt.hlll!H t\.HI!JH .\'i P"l"'·lJ1'fltl" 

5:.J:--:>J,III,Id Jn .ú¡.w:.t.'!'l -11\1 puu [IIC!l 1l.l'lH 

111:.\ p111: ~!Ull-'(1 .\t¡ P·ll""'ii'l1n~ lt'l!l.l·>ltl.ld _¡·• 
sJJ,H[tb Jfl .úp.n:.t.l!ll "\{1 I[IOl[ :-..tptolt .J..:,ll[ 1 

Ul pJt¡.II:II\J "1:--!{ .\l!{;l[lldt:,J .np 1ll11: .lolll 

r. ji) :--.lpoll ·ll[l 1\1!·\\ p<~IH!->o,--:t: ·H[ \tall ").!.lC 

-qt" .. np ·uopu¡u.m¡,o¡dmt IS!I·-\l!\!ql'dt:.l Jt{l 

u¡ ·,:·'!IJ JJr. :-:t->.lft¡ll .npudt¡\\ 1'·>!'! "!lll .\J![d 
•tlhlXol SUI,))-',\'i <Jj~ ""J!.L'l:lJ\: Pll\! S8J.:) Jlp 

!-...>p•Jll ,¡-:,np 01 p.n¡.JtlHU ,;¡-;!\ ¡o.tl\1•,.> :--:;;J,),l1) 

oll{l puu ,),JJI ll .JO S,J¡>tlll Jl[l 'll!-\\ P·li11!JO--,:"\! 

·>1[ .úau Sl-l·>fqo Jtp ·uopt:tthllli·J[dlllt 1sq-¡o.n 
-ll•J,J-~"'ol·l-lll ·H\1 111 · 111.1!->!HJ JJOllt 1 ¡o~fqo 111: 

:.lll!)l:.>o¡ J'' ¡<-:,¡,1o.1d .np .l~p:t.u u¡ P·· 'ltpüJtll~ 
•>'[ UU.l '-l•)tll,ll{·'" iJlqtu IJII !Hit\ 1-lll.I)S·J,¡_, ¡ 
',),\lll[l; ~tlllpt:.I,I!J!'UO.I -.ll[l 01 II•J! tljl[l11 ll! 

·q.H:O.ltldt: "!1!1 JO,¡...;¡:,) t: S! O!Jt ~() ·ll{l 11! 

p.¡·;n .. "'llO[,, puu 11"'.\J~t ,J'ii1:.tOl"',. J'J tu,¡¡--.:_-.;.., 
•ll{J.. ·puii(JJ <;! l[-llUlU \: J! .\¡uo ::.-'·1-J,Jt: :-'I!WJ,Jd 
pull '.L' UO ,;'\,JU{ •Jl¡l JU JUO S-.l\{,11\:'U ~· JU -;;~,¡'[ 

JI{ 1 JfJ auo :o u .10 .IJl!lc'l{-\\ ;¡,¡.., <d -!'i·hll{-l :r JC 

J•l\l'JJlt\11.) Jl{l 'J' ~,;o~.J.IU Ol <;¡JtU,Jl!\: ~· II·HI_\\ 
·:o .ltUO:i .IOJ UOlli:)U,),;J.tÚJ.l p.lp0.111·J .ll[l :;ju!,Jl[ 
~\-'IJ{ t{-1\;,) ,.'~~{-lOf., JO 1"!\ 1! >i! X lJ.J[q•) l(-1\J.J 

l{l!\\ P·l!U!Jrl,;..;y ·¡.r ·~JI· U! ~1 ·'/u. 'iiU!tJII<X[-; 

-,JJJlJ,l O Jt{l J! .\¡uu ~JO 1~![ \.J~-l-lo~(q•¡ oll\1 

ll! [M,Jli[Ú <JI{ 11!·\\ (.7 '.1) tJUI1 .V 1\{~lJ :-"oJ.)JI! 

Jll{l\,)!l md u JO WJ!tnlUJ,.HdJl P<~\>oo~u,) u1; ~·! 

.y .\.,~ tpn:_;r ·s 01 <~[C(!--:,J,lJUU! ~! i~(i '!1! 1 ¡nu; 
"' .\J~., U S! .y pttn ;)UIUU pJft{O ti U :1! X <).lJl{.\\ 

V! '.r) ~.lp;d JO ñUP"!::iliU.l ~"!t _\,¡:¡-\.)dlt[U :u: ~¡ 
.S ),),}[qn:> LJ..:>IlJ ll ~~\\ p<>lUIJOS-;y ':'UOll U lliJHl 

··Jtdtu! ¡.;;!¡-.\l!!!l¡l:tit:.) .11¡1 puu ;.::q-¡nJ¡uu.: 
-,;-.,).1,)'C Jlll 1 !.J<~ \\ IJ! t .lS! t\IO.l Ju.1 '-'·' u "¡u ,.; 

·•J.IÚJl UO!l'ClU.Jtu,l{dlU! J[q!~, .. ,.¡ \..}iJill'J \" 

·[1 DI l!l.J!·'!:U·> •tl!lll: pt-:\•" u,,,¡q ;,t:l( 
p111: tu.Jls.\-s ~li!JCI{"·JlU!l YU:I .Ji¡: no p<~:;l\ "! 
.mh!lll{-h!l .üo:&l<~IU.l Jt¡l puv "!'li _to uopt:u¡q 

·UIO,l y 'l S!"¡,' jll l!l[l{l_l JI[~ IU'l 10 .hll[hJI[\\ 

;).¡...: Ol :;~¡.>.ltp Jc'I\OJIUO.) Jl!l ''.J: l,l.Jf(\0 Ol 
,.;-:,lJJU ~ t:HhUJl)t: S UJI{A\ ·'X 1 hJ\'•to tp_l ,)tp 
o¡ o H¡:ñ¡J ~.:;_,,>.>u sut¡ s p..¡rqn..; J! ·:¡un pm: 
J! t o¡ ¡.::> S! W!.tll.' J:>oq.\\ p.w \\ \.11:u!q u st: 
p-llUJ:>JJdJJ ,)q uu.> '"~· :\q ?JIU(hlp 'o ll!:rl!J 
s,;,),J,)I; JUJ S P·íf!)l\S JO ~,;!{ ,H{I : ¡ t¡'ilJ SS~•J,lt; 

J!<[!i';;;Od t¡.¡¡;,) .!Uj Jtlfl 
1
SlS!{ JO .;,)~.1,1'-l 1: 1! 1\1!-\\ 

P·llt:!.lO,,n: sut¡ 1->·lfqns q.H:,> q,,,l! \\ m tlO!l 

·Gill,)tUoJ[tllU! l'!f·.\!1!\l[lldU.l o.ll{l .''' p!Jttl.llly,l.: 

u s1 uo1 n: IUJlll·l[dW! ¡u.>! puJü P.l!l{l V 
'SJlU!I lt"G ~¡; J[t[1![!1:.\t: 1~!( ~~~ ~lll!ddol'[ 

JUUJJU.\\ 01 \{~1\0UJ U,l)JO olA! I,JU ,)1[ IOU ,\utu 

Q[(; 



,,,,¡,. a lll'g:innmg: in 1\w PV!olnlinn of a 
ilP·"r~ '' o!" opn:ll in~ ~,·,tl'lll', fnr llwrP 

:•'lll.llil' :1 muhituth• of pr .. h!l'l\h and i:--,\11'"­
,, r \\ h11 h 1111 viahll' ;~\.,¡ r:lo"ll(•l\,. hav1• \"PI 

111'1'1\ d~·v<•lopPtl. Tah\,· 1 [ ii,.t,.. 1 ht• 111;,r" 
illl)llll(:llll oi thP'I', l11;.!1'lh1·l" \\llh tl'fi•J"('Ill"l'l' 

111 rlw ltt•·ratun' that l'lll\1"1 I'll' r\wm. 
T\u• lmport:II\I'L' of I'Volvah!P :o-\·::;tpm:o;­

nlll'::i th::t.t ean l'Xp:uul or ¡•h:mg1• in;kfinitPiv 
-appl'::t.r:;: to bP \\ idl'ly pn·ar"lll'd, t\untgh 
r:1rl'ly imph•mentNL ~liT'..; CTSS, an ex­
¡,•n,:ibh• ,:y:;tl'm, i::. an '''~'''IIPnt '''Gitnph• uf u 
,,·:'t<'m rhat P\'OIVPtl into a form v1•rv dlfier-
1'111 (and con,:idPr:lhh· mon• tt;,-l'l't;l) irom 
that on~inally imp!tomt'lllL'd. Ho\\eYPr, for 
a :::~·stem to be P\·oh·,,b\,•, it i~ not sutf1eiPnt 
1 hat it be Pxtcn~ihiP, i t n 'lt\lire::- a eommunit v 
atmn:;phrrl' eonduc1n• to Pnrouraging u:;:t•;:; 
to den'iop or improve on s~·:;tPm ~erviePs. 
In otlwr words, evo\ution \\lll nnt in fal't 
occur if thc usprs t\wm::-elv<·s neithPr gain 
from it nor contributP to it. ..-\ filt' systcm, 
orother pro!!;ram-shanng facliitv, i,: an e::-st'n­
tiul cat:1!y:;.t in the evoluuonaQ: prot'P:;:~. 

A.lthou~h thc comptitmp; Pr:l i~ :,:tili young, 
it has evolvcd so rapiclly th:H wp have ::-omc­
time'> romp to rf:'g;anl as obsolete :1m· idea 
publi::i:PJ more tch.m fiw yPar::- n¡¡;L;. Onc 
is frequently strm·k by the similnririP~ bc­
tween our current probiPms nnd tho;;e fnt'Pd 
by our predcces..:ors. .\ l:.tn~· JW\\" probleuls 
are men·ly ab.,trtH'tl•m::> of old onc.-;. The two 
most ubvious Pxamples are tlw :-y-,tcms 
programming bn¡¡;uage probll'm und the 
virtual stnr::tgf' :dJo¡•ation prohlf'm. Thu:;, 
thc impnrtance of hPÍll;.!; fn.mili~lr '' ith some 
of tlw olt! idP~h-,o th.n we ean avoul rl'­
traelll;,!; :dn·:Hly-trocld~·n patl\.-5-l'annot \)(' 
ovcr,.t:ltcd. (Of cour.""• not PVPn· ¡•urrPnt 
prohl1•m is an aho;tr:lctton of an ol~l <•lw; tlw 
parallel proef:'::--; eun t rol prob!Pm anJ t!w 
protcenon problem, for cxamplP, arP nPw.) 

Two factors that have pPrV.Idct! and 
fluvorPrl approachrs to ::-:oft,,·are dr'"l!.!;ll SlllCC 

the mid-1930s are thP Pxi:,tent·P ,¡f magnetic 
core main memory n.nd moving-nwdium 
auxil1ary mcmory (t'.g;., drum;,-, t:l ))('::-). Three 
propcrties of mcmory ,.y::.trm:; u;;ing thc::-P 
dcvices ha ve bet'n partieularly influcntial: 
1) the time to acet>-;s a word in main nwmon· 
is of an ordt>r of magnit ude :-lmwr t ha;1 

:! ll 

T.\B!.E rl T.tTI 11\1 l"lt~: 0:\ I'HOIII.I.\h 

H ~:•¡111111 :-,¡; .\ "" rlt \( Tlll'-" 
------------

Rtrtrtnuc 

--- -----·------------
• \olmllll..;t ratlllll 

Cump.•l•hll• ty 
Complex11 v 
Data communications, 

nPtworks and utililtc<i 
De"1~11 tPchniquc!l nnd 

Ct 'l"rt'C' t 1\f'SS 

J:v.,¡valuhty 
(-;¡onerahty 
P!'llormaure evnluntion 
H<'li:tbihty :111d recuvcry 
l"ystl'll\ uhjectives 

Transport ahility of soft­
war!l 

Nl. PI, ~5. ~ti,:-;¡, Wli, 
ws 

\!l, Cti 
C3, DI-t. 115, :-:1 
:\3, .\4, DS, Pl 

B.i, D!l, DH 

D!l, DIO 
C3. ll9 
.\i, :\!), WIO 
\\"(j 
A". B5, C-l, C5, Ci, D!l, 

DlO, 11, Pl, W:.!, Wti 
P2, Wl 

lop;ic spel'd::;; 2) thP locations of core m<'mon· 
an• organizrd in a linrar nrray; and 3) th~ 
spePd ratio betWPl'n uuxiliarv and main 
ml'n10ry is on thc order of 10,000 or morl'. 
The introduction of new memorv tE'eh­
nolog;iPs (of whieh thr eaehe storc is thc fir,t 
stPp) i!; going to rPmove some or all of thP'c 
assumpt10ns, prrhaps pr(>cipitou<,ly, und i~ 

gnin9; to rcquire 'un extcusivc rc-evuluation 
of :lll asprcts of eomputcr architl'cturc de­
prmling on thrm. S~·stem destgm•rs wiii 
rrquire abstractions of the kinds prc:,cnted 
hcrP, both for usscssing the effects of tht> 
chang«' m tcchnolop;y on existing dPsigns and 
for devPloping effieiPnt implrnwntation~ rJI 
tlw :,:lmf' abstractions in the new technology. 
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ANNOTATED BlBLIOGRAPHY 

Al AJr•TJ:,J.;A,Plf.Dl'll\'11!. ''Optim1zin~thc 
prrformancc of a drnm-lila• Rtor:l,!r." J.t:EB 
Trtrll'. r:o111¡nda,q C-!11. U (~ov. l!l(i!l), !lU:.!-!l!ií. 

A ur•:rrip: inu und nu:dy~i!l of \he ~hortPF>I· 
nc•rr:,~-t imr-lllst qucueinc: rii~ciplinc, \\ hich 
miur:nil('f- tire nrcur.IUI:l'Pd btf'!lC'\' tinw o[ 
requr·-ts iuf rotatmg-medinnl auJo.ilii1ry storef>. 

A2 . ..\C:O.I. ·•:::tot:Jgc All('lr~lic>n :::~·mnno;i¡¡m" 
(PrlncC'!on, :.;:.J., Junc 1llól). Comm. AC.l! 4, 10 
lÜcl ll•tJl). 

Thc!'e prqH•rs urgue tht> cr.!'PS rmd h·C"hniques 
ior Ei:1l!c Pnd d~ nrrmic 1-torag:e nllocauon. 
Thr1· pr(>\·ide a picturc uf thl' statl' of con· 
s1drr\'d lhou¡:ht on storólt:,e a!lccntwn 113 oi 
19tll 

A3. A('\l, ''Pr0c. ¡;:rmpol'Íllm on Opcmtitu: Rys­
tcm P.•.· '!f'l~>s'' (Gntllnk;rJ: Tc!rn., O('t. l!Jui). 
Somr ,,¡ lh•' pnpci!' nppear in Comm. ACJI 11,;) 
(,:\! n . n:.~). 

Tr•~"<' p~p(•rr; provirlc, collrrtivrly. :t s1tm111nry 
(,f 1~11. ¡do:as ll.rongh thr mid l(IÜÜS. ThE> ~cs­
s,on :it!c·<, r.•r: \'irtuai :-.!rmory, :\I('mory 
:-..l:lll~~i'mP.nt, Exte:rdC'd CNc ~Icmnr~- ¡.;ys­
trn:~, "illlr>~op!uc~ of l'rocr"'!' Control, ¡.;,.I'IE'm 
T!wor:• nud De"'tl!n, ¡¡,,d Computcr Ket"·orks 
uml Cn:r.muniratwn". 

A4. AC:'l. Pmc. ,<zumpo~i•lm or1 P•oblcmq 1n the 
Opl!>i··:nlirn oí Da:a r:o"""""'Crttro~s S:¡r!rmt; 
(l'me :,¡t., G ::1 , Oct. 1969). 

ThP!,e pnp~rs prov1de ;¡ ~umman· of idcu~ nn 
rnmp::t Pr e !:Ita <'•1mmunir::lltoon~ ;lid :re:\\ o1Tkb 
::'- o; J!lt.l(l. Thc sel-"l"ll tiT'~'' .:re: AdYanrrd 
:'\ rt '' nrk~; Ad,·:mrr• :n l l;:ta Communicatwns 
Tcr-!:nolo¡:\·; Prt'procP••(m: fnr Data Com­
mU~I:r::l:on<;; L(·;:al. l'olínr~.l. and Pnvc,cv 
C"""idern 11on~; r.r:~;>iur TJ:~p!!IH aud Trr­
mlll d~, :O.I<;!Pms Optun:zatirJJJ; Hnma1: F:rr-
1 "'·', nud ~dt1\ are lmpilcatiOil8. 

.'\."•. AC\!. !'roe. !!nd S'''"1•o•u ''"' nrr Oprmtmr¡ S•t·~· 
tw" l'riur:¡•l<•. (l'r:urrtnu l"rriv., Utt I!IW). 

Tli•--•· i''' pc·r, fll"ri\'Jdc·, c•ullí'f't ivt:>l:o,·. 11 ~nn:mar.v 
nf idl'.l~ thrnll!.dl tlr•· l.1tt' } 1 11iP~ Tlrr ~f'·~i"n 
1111<·- Jut·lriJic• (;p¡rl'rall'nnr:plr~ ol (J¡wrall!l~ 
S\ -1 o•n¡o 1 lc·~l~:r: \ :r! u:ol :\1 f'llcon· lrnplc•mcu­
l:t1¡,.¡1, l'r .. rc".- ;\l:tll.·t.:<'lllflll ~tud Cornmlllll· 
rall•'ll~. :0·\'-t•·ru" :rud Trclrrnquc•. nntl In· 
~lflol!ll'lllalll.lll nllli :'llr:l~\lrt'lnt•ut. 

A6 .\C:\I. H<'l'ord of lile ProJC!'I .1/A C Conf. on Con· 
curren! s,,,f, m., a111l Pora/l,·l Com¡111tation 
\\\'opd',:o Hole, ~l:lss, June 1910). 

Thr:-:r paprr~ dcal Tlith vnri0us a~pPrt~ of 
1mr.dlt·l Pomputa\Inn, "HCh n~ PPtn !\c:t 
; b('OTI', prPl!Tllm ~I'ÍII'nl:ll :t, Hlod ~prPC'! -l!IOC· 
pcr.dt'nt romput:1.t1on. A rnrnpl<'tt• bih!.og­
r.qllrl· of Jlt'Tllnent hterrtturc is included. 

A7 .\C:\1. Proc. Syll'/10'1111>1 011 So~slcm Prr.form­
n~oc ( Er aluat1nn (ll:~rYard l"n1v , Cambrid~c, 
~J:.-~ .. \¡.rrl 1~•71). 

Ti:r~., p•qn-r,1 dr:1l 11 irlt \"::Jrir,,~ :1~prrts nf the 
p .. riornr·o11rr• ev:tiu:otlnr¡ prol•lr·m Tlrr :=:c·-;;:n:o 
11!1".: :on• l:,"llllllll'lll'lt:on. (l:a·nrlll;:: Th<•cJ­
n·il<' :\l .. d··l". i-nnul.oTi•n: .\:.,dt·l". ~¡,..,,,,til'-
1111 u•. and J'Pri<~I'III:OIII'<' Evalol!llll!rr, 11111..1 
~l:tllrc•m·otic•:.J :'llt•th-!.: 

AS. ALt:X.~"nF.n, :\1. T. ''Trmc ~hann¡:: ~<11nr;. 
vti<OT progr.lln" (notes)." l.:' ni\' :'lltrhigan (\,rn­
puu•r Crntrr, ;\l:iy 196(). 

A romp:m~on nf four l'~!<lf'ms: thr :'lhrlt:c::rn 
T111w ~hrrrinl! :-:~·¡¡tcm (;\lT~), :\It-L'JICb, C:i't 
ui. nud T:-::..:;aoo. 

A!l. A1m1:~. B. W.; \'D D. B(lr:TT,I.rc. ":0.>:."­
uremrlll nnd prrformancP o: A. nnrltipror,· m­
min¡: S\"tem." In Pror i!IJfl S;llll1lO<JWII 011 O¡¡cr­
a/111!1 Sy .. :nns Pnnc1plr•IA."r]. 130-HG. 

A dP!-I'Tiption of ~implc but u~eful pe1 k•rrn­
uurt· 1'\':•lu:otwn terhnHp:rs usrd on thc ~Iw!u­
¡:nrt Time ;o,hariup; S~·stem. 

lB. DI;L\JW, L. A. "A l'lltdy of replacFml'nt 
nl~:nnthmo:; for ,·irtual ~tor!lJ.!C romptller:" 
IBM Systrms J. 5, 2 (IV6ü), 18-101. 
A drtailrd empinen! stud.1 cnvcrmr.r pr"rrrtJPs 
of pro¡.:r:mt brh:lVJOT nwuifr"t l:'rl tltrom:h dP­
maud pag1u~ al¡:;nrJtltrn'i \'unou<: algrJnth!T's 
t~re comparcd for d1finrnt mPrnon· nr:u p~¡:P 
sJ,:r~. An opt1mal algornlrm, :\11:\, 1~ prn­
po.,ed. 

D2. nr .... ~;;m·s~AX, A.; c. T. CLiva:o,;' A~D n. C'. 
n.~LF.Y. "Thc ~lt-LTICf' \'irtual memon·.' Tn 
Proc. 2nd S!Jmpo•nun 011 Opau/1ny .Sybii'IIIS Pnn­
cip/cs lA;)], 30-4:!. 

A dr~rription of thc mntiY:ttion" for. nnd dr-
8JJ.!n of. the srpnentrd addre~,.; ~pace nud dt­
rectory structurc lll'rd 111 ~lt·LTJCS. 

B3 Br.rt:O.:'>TJ:r". A .. T ; \ "n J Su ~nrr: "A poltcY 
dnw·n sthedulrr for n lnnc sh:JT:ng SY<'tem.'' 
Comm. ACll lJ,:! (Feh 1~'71>. i4-i8 

A prc.po~r.l inr re~ourc·e nllocntton p0liry 1h:1t 
nttcnrptl' to :d!ocale rc"ourr,'s >o th!lt n n¡~:J.¡..­
urr oi ol·~rrvpd pro¡;rFss ''tracl..s" 3 rneast.re 
of df'~Jred progres!:. 

B4 Bm:'\c-HH\SI'E~.P. (ED.). UC-~000 ~r,(tU'nre 
m•dliprnr¡rnmmrn(l ·•!t~lrlll A /f:. l:r!!:lE'~cniralrn, 
Fnlkrr¡wr Al le 1, Cnprrrha¡::Prr F, Drr:r11~•rh, 
Apnl I'JW 

Tl11• d••¡..c•ription of thl' J:C-1000 !-.\'!!tc•m 11• 
pltlio~uphy. OTJ(:\1117.11 t ion, and ('ltar .. c·tr•r:'-flr~ 

13~•. JluJ:o-1·11 JI ''~•:'. P "Tirr nudr.1~ ,,¡ a 
mult1nrn:rrarnrnrru: .•\'!'lrrn." (,',,,,/. ..1('1/ 1:1, 4 
(A¡nrl 1!170¡, :;:¡::.-:!-11, :.!.".11 , 

A 1-fli'C'Ifil':otrnn of 1111' harr milllllllllll rrcpillr­
!11<'111.., ol a llllrillp!ul!:l.illlllllloL': :-1 <otrm l! ¡.; 

rl'!:llrd '" 1!11· '1'111 ~, .... 11'111 il114l:n ito; IITÍf'll­
t::Jl:un lO\\ nrd proYidiiiC: u11 rfht'IC'nt t'n\ JTOn­
mrnt for P...:ccuting par:dlel pro,'r~l<es. :3t>e nl~o 
llH]. 

BG. Bt Zl::o.:, J. "Annh·rj-. of ~~·~tl'm hottle,l(•c\..s 
u~:nc: a r¡ueur·imr nrt'l'lork n,,,.¡p¡ "111 Prrr S:n•.­
}•O>IIIIII 011 :S!¡'IWr Performallrc Eroluotw'l IAi]. 
82-103 

An nnnl~·,i!> of n ryrlir qurur ncll\t\Tk f11r u 
rompliH'T!'\I'IC'lll \\ltir :o !'llltde r·t•nir:tl proer;.­
snr (rP<llod-ll•lnn Sl'hl'dllllr::rl aud n t•ol!cnton 
oi pPtlphpr:ll pr cH'c'...::::.or.:. :---, •tnc tf""'lli t;;, t'Otl ~ 
I"(Tllllol" <•p: lltl.d JOU !Jn11,.. ai'!' ~IVI'II 

C1 CotF'\1\:\, E (:, Jr:' ~~ ELI'!IIU..: .\ .... 11 A 
~1111:-11 1 '1. ":':. -1t•rn dt•.rdt .. rh~ " Com¡!II/IIIQ 
.o.;u, e,,, :1, 1 (J11111' 1'•71 1. 117 7S 

A ~un•·,v of tlrl' llll'!lrod<> fur JII'I'VI'Irllllt!: dr­
ICI'IIII).!, :quJ :S\ ulllllo).! clC';¡,fiud.,s. liH'IoldC" 



1'hirrl r;cncratinn Compulrr S1¡stcms :.!1'\ 

!'umm:Hie" of tlu· Hnpnrr:mt .nt:tl,\ t1cal mcth­
od:; for trc.\11111-( dc>.Ldlock::; 

C2 Cnrnr \:10', E. C. , .J1t ; \:\ll L Kr.n:-.nncK 
"C'ompulcr ~··hedul111l! llll'th'"'" and thc>ir 
counternH':lf'llrcs" In l'u>r' .tí .. ll'S /Oii8 S./CC, 
\"ol. 3:.!, AFIP:-! l'r··~~. :'ll•mtvalt•. X.J., 11--..!1. 

A rcviC\\ ni the h:t;;ic tlmc>-•hartnj! :<<'hc>dul1nr: 
model:! nnd rt';,!tlts, und uf \\,¡•.s tn ¡.:am lul);h 
priority for scrvicc. · 

C3 CoRn \.TÓ, F. J "PL/I a e; a too! for sy;;tpms 
pro~ramming." Dalamat 1011 l:i, .; (~Iay l'Jll'J), 
68-76. 

Arp;ucs the l':l~t> f<lr a hi~h-lev!•l svstrms prn· 
~:rammin¡: lana:u:u::e, .1nd reeounts the )!LL.­
Ttcs e:o..pern•nce \\1 t h P L/ [ 

c-1. coun.\TÓ. F. J: :.\f :'IIERwrx-n \GGt::T; \,o rr. e· 
D \LF.L ".\n Pl\pl'nnwnt.tl time ;;h:trtll!!; sys­
tem" In Proc A.FIPS !!Nl S.!(.C. \o! :!1. ::;par­
tan Books, ::\ew York. 3.3,)-~4-L Also in IH2j. 

Overview of the CT~~ (C'ompatlble Time 
Sh:mn¡; :5y'<tem) at )liT. 1nrluding the pro­
posa! for the mult1level ferdb.tck queuc. 

C5. CoRil\TÓ, F. J., .\XD \' . .\. \"yssoT'>KY. "In­
troductiOn and overv1ew oi the :'lll'LTIC5 svs­
tem." InP1or A.FTPS JfJIH FJC(', \'ol 2í, Pt: 1, 
Spart:m Books, Xew York, !S;)-196. Also in 
(R2j. 

A descnpt10n of the h:~rrhare and software 
fac1lit1es for the )1t"Lncs 1 :\ICL T1ple:-.l'd In­
formation and Comp11t1ng ::3ervice) system nt 
:\liT. 

C6. Cnt:F.CII, B. A. "Implementation of operat­
ing svstcms.'' In lEE!:." !970 1 nlernrzll. Colll·en­
tion Dq¡rol, II:.I:J.: P;;b! 70-C-D, 11¡\-ll!l. 

Strcsscs the, import:lllce of n programming 
lanf!;nage for !l,vstem~ pro¡;r:1mmiul!, and re­
ports experience w1 th the ourroughs Bü.)OO 

C7. CnnrHLow, A J "Gcneralized multipro­
gramnuag :111<1 rnulllproH'P--Itll! ~ystcm'< ,. In 
Proc. i\F/1'8 /:Jt¡'J F./C'(', \ ul. :!1, :::partau 
Bouks, :"i<•W York, 1t!7-1:.!G 

A rr!vir!w tr·u·1n¡.( lb<• t•volutl<oll oí multipro­
~~;rammin:¡; and 11111l1ipr"' •.'-~llll! tPdull<¡lll:s 
and conccpts throu~-;h the carly l'JlJOs. 

CS. CRIS\t \S, P. A. (E o ) . The compatzblc /u11c 
.~har¡n!l ·~'J'lem: a pro!lra111•11er's !J'U<ll'. :\liT 
Prcss, Cambrid:;e, )la~:~., 1\lü.) 

The l'ompletc dcscript1on nnd '>pcc1fication of 
CT~S. 

Dl. D.\LEY, R. C.; ASO J B. DF.:oo.sts. "Virtual 
memory, proce«scs. nnd "hanng in :\ln.ncs." 
Comm AC,l/11, j (:\lay 1~1&)), 306-31:! .\i~n tn 

(A3j. 
A descnption uf the hard\\are anri ~oftwnre 
faciltties of thc C~E-ti-1"> proce"•0r wh1ch are 
used to implrmrnt nrr 11.:1 mcmory, ;,t•g;ment 
hnkages, aud ,[tanng in :\lt'LTIC'>. 

D2. D.\LEY, H. C.; nn P. C.. Xr.l'\1\X-.; "A 
gener.l!-purpo"i' fil<• ,;)~lt'm lnr ;;;¡o,•ond.Lr~ ~l•>r­
age.'' In Pror . .IFTPS 13rii FJc'C. \ ol. ~i. !'t 1, 
Spartan Hooks, Xe\\ York, 21:~-:.!:.!\.1. 

Describes a lile Jircctory lut'r:.rclw st ructure, 
its use nnd conventious, anJ rmplcment.ltrou 
problems. 

));¡ D1 '""'' P J. "Thc \\orkHH!'"' nrod<'l inr 
pro.:ram lwh:.vrnr." _Cm1w1 .lf'1/ 11, ;, (:\1 ,, 
1\h,'S ¡, :l:!:l-3:1.! Al"o 111 ¡. \.ll. 

.\ m:H'hinP-IIHir•pciHicnt rnndl'l for pro¡cr,1111 
ht•h.wwr ¡., pro¡JtO:>Cd aud ,.., ndil'd. 

D4 lh sxt:~or.. P. J. "Thra-,fun¡¡:: ¡,,. ''"""''~ , 11 .¡ 
prt'\'<'llllou" In l'roc . .-1{·'/I'S J:/lí.~ F./1'1', \' .. J 

:J:l, l't. 1, .\FlPS Prcss, :\luutv.d<', :'~:' .. 1., !t¡.-, ··~..! 

A definition of, and expl:tu.11 ittn fnr. t !tr.•-1""!.: 
(perform:J.ncc rollapse dne to ov<'r<'olnlllll· 
mcnt of maiu m<'mor~·) r:l oiTt•r<'d, n•11n.: , ¡,.., 
working set model ¡u;¡¡ a'> a t'<>ur·••plual ,,,, ¡ 
;o;ome ways of prcvcnt1n~ thrashin¡.: an• d1• 
•·u~sed. 

D.i. Ih:-.;s¡xr., P .. J. "Equipment. r•oulh::ur.¡ll"ll 
in bal.mced computer :;y:-.ti'm~ '' /1-:t~·¡~· Tum· 
Comp11/er~ C:-111, ll (:"iov. 1!1ti'll, WIIS 1012 

:-'ome a~<prrt;; of des1¡rnuu1: ,..,.,I<'IIIS \\llh 1111-
derstanriahlc hehavtor-:m~ dl'!lnl'tl and appiu·d 
to the cquipmcnt coutiv;uratr<>n prul>ll'lll 

Do. Dt::-.si-.;G, P. J. "\'1rtu:tl mrmon·." ('.un· 
pultllg Surt'CY3 2, 3 (~cpt. l!l;'O¡, 1,",.1-ll'-'l 

A snrvey ami tutorial rnvcrrnc: r lw delinit in11•. 
implementatwns, poltcll'~, anJ th<'t>rv of ant .. -
matic :>torage alluc:ltton. • 

D7. Df:xsis, J. 13. "~t>l!ntCnt.ltwn aud th<' ,¡, .. 
Sl¡tn of multiprnrz;r.lmnicd C'lrnp•lt••r ,.., ,,, .• ,, 
J :I.C.ll 12, 4 (Oct. l!lb.i), .-.~·l-tJIJ2 .• \!,:,, 111 ¡¡;.: 

The se~:mt'nted name s¡ucc and adtlr··-·::t..: 
mechani:;m are proposed nn<i dcvt•lopt'<l. ( ·, ... 1 
pansons with other nnme -.p.lct• strul'tur•·- :,; ,. 
nw.de. 

DS. DF."\:I.IS, J. D. "A po~ition papt•r on '"m 
p:!t!!lg :-r1rl l'nmmunieut1nno<" Cnmm .• lf'\1 J 1, 
::; (:'llay 1!.168), 3i{}-3ii. Alo;o 111 ¡.\a¡. 

The problems that f:.!re computrr 11<'1 \l·•r'~' 
are outliued aml S<.lll<' ~olutit>ns prop• . 1 

D!l Dr.-.;:-11'~, ,J. D. "l'rngr:munim¡; l!<•ru•r·tlp'. 
p:or:dl<•lt.:m, uud t'olnpnl<•r .lrl'llll•'<'l•ll•' · 1 ' 
/'ro,·. lF/1' ('""'/· I!J•i-~, \',1, l. ;\;orll. 11 •'' 
l'nbl. Co .. \m.,IPI'Ilalll, J¡.,l-1'1.!. (.\J.,.., '" \J 1 1 
l'ro¡c>r•t :'11.\C CQIII¡>tllallnll :-'1111<'1111'1'' 1 .:· • ,., 

:'111'1110 :-.;,,, :):!.) 
DefineR "programmim: J.:•'ll•'l.d 11' " 11,. · 
1ty ro CoJII'itrut•t prngr.nu< Ir""' • ""' • 1 
mod1tlcs \\ho.:r 1111<'111.11 "1"'"''1"11' "' 
krwwn-:uHI l''lplon'~ ir... • ,.,,,.,,,., 11· · 
systcm cte~i~~;n. 

D10 D•:,:-.r~. J. B. "Futur•· 11••11d. 111 111•· 

in~: svsrcms.'' :\liT l'ru¡•·•·• :\1 \1' ( ·,,"i' .· 
::itruétures Group :\(1'11"' :--.;, .ili 1, .In··· 1 •·• 

Classities timr-:-.lrarrnt! '' "1'''"~ ,.,J • ,,., · 
SlZCS the 1mporf:tHt't' 111 p111~l tlltlttll"• '- 1 

" 

ltV in achlt'\"1111..! t l~t• ••inlc•nu 11 ton 111 dct. • . 1 
u{ sulvtng thf' 11:-.t•r'l'' 1n• pz~~J.¡, 111 " 

Dll. D•.-.;:-.;¡.,, .J. B.;"" E C' \ '" ll"1" ,., .. 
_gr.unmlrur "'t•rnautlt''"" ¡,.r •ucd!qn~~~~ 
comput.Ltums." (',Jiu m . . 11 1/'1, .1 t \¡,,, ,, • 
H:J-1.j;j, 

The 8\'Strm re<¡llir<'tll<':il"' for wqol· ,., : ·~ 
.,, .. !!'mciat:Llli•U, prurr•• t 11111, :--1. '''1•&.: 
J,·Ji~nl. :uul nualttpr~~~r llllllllllt.!': Hr•· ,¡, · 1 

1 
• 

1n tern1s uf "nu'la~•••· .. r:n• 11•'11"' ·· 1 h· • ·"· 
eept oí "cnp:ÜJIIt t.r" 1"' 1111 ruohu···<l 
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Dl!:. ;}¡J~: 1iT!!.I, E \\' "Solution of n probll'm ir. 
con e •·• :'•':JI pro¡.:r:.mming control." ('o mm A ('l/ 
1:!, 9 (~l'pL l!JG">), .iG\J. 

Tllr<> h thc fir~t pnhli~lwci 'So!ution lo the mu­
tual ('XCb•ion prohlr:m. p~(Jgr:muned in staml­
nrd ALGO!, t\ 1! lwu! leo,·!.. :wcl unloek ma~hinl' 
iu<:t.rtn'ilon~ brin~ avu:Jahll'. 

1>13. D1 ¡o;:~TH \, E. W. •'CthJ¡wratin~ f'cqtwnlt.li 
proí't~~sp~ '' In i'rogram:;nr:p ltutf]ll'l[JCS, F. 
(;Pnll\'-" (l~d.). Acnd!'ruic Press, XC'w Yurl.., 1\Jtl&, 
43-11~ 

ThC' fir~t ,;tndy ni pnralld pr,l'~··¡;r~ ílll'l í'ono­
,?!lrr,·nl pt·n¡.;o:rlilllliP!'. iu<'lwiiu,: :! wd!-illw<­
tra¡<•d IIJ•t! C•l!llpit'lt' .!C'\'I'ln¡uol!'llt nf th!' lllllll· 
ll\11'!1 it'qtllfl'!lH "'" on tlot" "'"'rdwn!tnlo n11d 
~'YI•<•I,n•r,:,.al•<>ll l'natrol pronliil\'t'S. 

Dl-1. Ji¡J~HH\, E. W ''ThP :<trurturf' of Tl!l.­
mul tipl \lc"r:unmin.: ~,·Mnn " Comm. A ('Jl[ Ji, ;, 
(l\fn:-·1• ,,·.,¡ ::l~l-'l4G. Aisoil' iA3]. 

A 11 p· ',·:r•1• nf a pro~C'l!!-ori('nted, !T•ul: tlC'vf'l. 
ln!..i''" ·,, ¡~aol?<'d opcruur.p; ~.rstcrn dP»I!!r>l'd 
so 'iw• ¡ t•: ¡•orrt'<'l npcs r!ln ht" t'Stabh;;lwd ll 

pno. i.: '·~ "ldr:: :111 appendix 011! hP. Sl'nrhroniz­
l•oC' ¡wirn'<<.·rs l' :mti !'. (Tllf-Tcr·bnbchc 
J!¡>~:H.q•·l•ttle E111dhuvcn) 

F1. Fl·r¡;-., }:,.; ~"D P. E. J.-\(;K~o:-;. •·E;¡;timatPs 
of r·nalnm Yan:Jblr:. fof r·ert:dn cromputcr com­
mumcnoom: tr:!l!\r. modcls." Ccmm. AC.llU, 12 
~Dl':c. lJ70,1, i'.)2-'i5i'. 

An CHDlnc::l stud\' of interarrival n11d serv;c¡> 
di<:t¡,!Jt•tiou;. !'1c<1ilf•nti~· eni'ountered in cr,m. 
n11 fp~ :n:<:\ f'm'1. Tlw 1'\!'fu:ent ial :11od l!amma 
di~tnh\;tioros nre fmmd' to be \I~E'ful ui man\' 
cn&cs oí practirnl intercst. · 

Gl. G '\!Xl:.S, Ji S. "An oprrnting s~·stem ha~cd 
on tht-> roucept of n suprrYa~ory romputl'r." ln 
Proc. Thrrd Symposium MI Op.-ra!tttQ St¡.•lon~ 
Prinnplrs. to 11ppenr iu ('olt/111 AClf 15, 3 
(;>.larcn 1!!7::!). 

A d~¡..::-nptwn <'~f thE"!'im:-ttm• of titP o¡wrntmg 
!',\'!'H'tn 011 thn C!JC (it,llO <'olllplltrr al IDA 
(lr.•li!ulr ¡,,r J)(•ft•¡¡:;.¡• .'uoah:;,.~). Pnnrcton. 
:\ .• l. Tlw d<''-1[<11 11o1 rf'inted tú 1 h:11 of tlw HC­
-h)(ltl (B4, B.:ij. 

G::!. (; \Yr H, 1J P ••;;;tati>olir·al HH'Ih11d.., fnr Ílll· 

\
HII\'IIH! '-fn!lllat ¡nn <·ll~:·trnn· '' C:IIII<'L:Il'·:\lr·ll. 
;¡.¡,.,, l'.t1""h11q~h, P:,, ~l:¡ua~''lz.t'tll ~~·~t·¡ 

Ht "''"11 :•1t i ;tPllp i'Ppo~t'! :\H ttriJ. ,\q~ I~Hi:• 

ll1~<'U~...,p.._ a HllrlliJPr ur TlH 1 jh11d"i. fot :-.hoJH'II!. 
iloP <:Mlljllll.ttwro lrmr ol ~:luulaiH•n:; b.' u. 
provwg tlw r.ric of ~·om·<•rgraH·e. 

(;3. GH\11\:,J, lL ::\1. "l'rotr<'laon i11 nn informu-
11011 !>wcr~-i11:,: ntilat~ .'' Co111r11. A('l/11, ;, (:\la~ 
lOtiSJ, JG.i-:3G!l Abo in (A3]. 

A d('"t'nptaon of t hP "ring" prolf'et iou ~trur­
tme 111 :'11u.-r¡c,;. 

G-4. (~u \li \'t, (i. ~:. "Pn.tc·<'II<Hl strnrlwrs 111 
"J'<'I'aiJill.": :;.:• :·!cm~.'' :O.Ia"l<'r uf Ht·wut <' Tht·.~a-., 
Cnrv '1'8l'llllto, Toronto, Out., Cau11da, ..'..ug. 
lYil. 

A dí•!:nl"d irl'.'l'"'u::.ttroH <,f Lump~nn'~< m0t.t· 
th!'nry IL:2l :tllli iH ~~"'tlll ampluatiofl~, to­
¡rl'ther watn i1;;. n¡rphr.11aou lo l'rojc<"t l:'l'l; nt 
the Uuivf'rr.ity u Toronto. 

IIl. H llli'H\1 \!'\'1;, A. :\. "Prr\'Pntion of ~~·1<1rm 
dr:Jcllork •· Comm . . ·tCJ/ 11, 'i (Juh· l!Jüfr). 373-
3i'i . 

J>rfiui!wn of thr dl'acllot\.. prol>lrrn. and 'he 
·•kmkrr':;. :Jh,o:urithm" nwthocl of actcrmu11ng 
safc nllof'n t inn 'l'<¡tlcnccq. 

B2. JI\\ n.n1.11, .J. \\'. "Avoirlin¡r dradlork in 
rnnltrtru-ku:~ <;~~trms." 1/J.l! Sysltms•J. ~. 2 
(I%S). i-!-S-1. 

Tr<'ai'· ¡;,.m<' of thP ricarll•wk prohil'ms '!n­
t'ollnl!'rcd 111 OS/:>GO, unrl ¡lropo~P~o t he '•·r­
drrl'rl rpsonn·p usa gro" mrt ond of pr< Vl'roi 111~ 
dPadlock. 

11:1. lllll't'\1 1:->. l. .J "('omplll!'r~ :wd pr!VIlf'''' 

u >'llr\'!'Y "('urn¡wliuq .S""'!'·' 1, 2 (Junr l!Jti!•), 
¡;:.-103. 

An 0\'f'TVI<'"' of thr philnMJplotral, lr¡r:d. n:od 
f'oriul un pi Í<'nt ion" nf tl11' ,por vary ~roh!Pm, 
\\ith cmpha~as 011 teclmarul solutlons. 

!H. HOl.T, H. C. "Df'ndlork 111 rnmputN ·w~­
tl'ms." J'hD Tht•.,is, Hcp TH-il-!ll, ('nrnt>ll 
iimv., Hcpt. Computer ::ic1enre, Ithara, :\.\'., 
J!J;'l 

An e\poidt if'n nf t he Ór!ld!or k prob!l'm for 
S\Slf'nl'< ('OII~I~tin~ f¡f hoth l'Pli":Jhip :liiÓ <'fJIJ­

StlmabJt> l't''iour~el'. Thr cmphasi<; is on Jrraph­
irnl mf'!hods of de~rraptwn :111d on E"f!J,·trr,t 
al¡::onrhms for d<'tcctmg ami prc\'entin¡: de~d­
locks. 

H.i. Hon~l';c;, J. J.; A'\D B. lh..;oFJ.r. ''f-tntr­
la•rinu; romplex pror('F.S!';<; '' IB~I Thumus .J. 
\\'atson HP'-earrh Ccnter Hcport f:C-2..\:/), !\ln) 
19ü9 

A form:tl, state-maclmoP-or¡en,cd moclel fur 
th€' ·dcfinition, control, nad rompn~itlon of 
p1 ntlP~S~~. 

Il. nnr "Ür!'r:oting l"'.'"'"m 3(\0 conrE'pl~ nnd 
f:H'Iittac"" n Proqramm1ng .S•¡<Irm• and La11-
(ltiO!JU; 1 i::!J, ;,ft¡HJ.IG. 

Exrrrpt~ frnrn IR::\1 docum!'ntatoon on thf' 
~trurtme nnd uprrat101o of O::i;3GG. 

12. IT:EE. "Panr. l(l(i!l Computcr Croup C'oll· 
fPrl'lll'l'." 1 J::J::J:: Tra11~ Cun.pu/cr.~ C-!1!, 11 
(::\uv. l!IW). 

Of illtPrP~t 1'> the ~>rf.'·l!'ll on '·Cnrnputrr !.~ ~­
l<'m nwth·b und nnr~l.' stil " 

l1111''• J·: '(", ••J-:\.pf'llt'Hit' \\11h 111\ 1'\l('d'•i\.!f• 

'·'"i!t"•~-:•· " 1 \11um .11 '.1/ 1:1, 1 (.1:.". 1\r;·u,, .\1 111 
:\!lollll'l f''\:Jlllplo• of rwioH'\ :ol>!!' 1->lll'('l"·' 111 ,¡,.. 
~r¡r11111t: n IIIIH'-:-.h:.a·oll!: up<'l'.oihg- ·~::-trrn (f<~r 
thP CIJC bbtlO) 11"111~ an l'lo.!l'll"lbl<•, h1~h-lr\ PI 
J :111 f,!ti:tJ.';C. • 

Jl .loll'\,.,'10'1;, .J B. "The l'o•ntour mo.i,.¡ of 
l.lt .. ·k ~trw·t'lrf'd prorr;""" .. ln l'tor :'t.!t.¡.r>­
·'llllll on J)uffl Stuu 111•(.:: lrt l':O•IIl11ll1J/llnl /.an~ 
(JliO~II'' (li.IIIII''\I!IP. 1·1:1. F<'h. J;rTJ¡, .1 T. Tou 
~ 1'. \\'p¡.:IIPI (¡.;.¡, ), ~p!'roa! ¡,,_1!1' nf ~f(Ff'f...J. \ 
.\'o/11 C\, .\C:\1, :\el\' Ynr k, Fd1. l!lil. 

Th!' ¡•ont"ill'. mod1•l 1', lllllll:llrly n ptrl<\ltal 
11:1\' flf dr·.-r·rd.iart: Tiof' IJI'"P''Iilf'"· ''(Ji':':ofWII 
Hlld llllplf'lll!'lll a 111111 ni p: tJ( !'"'<' f,:f'lll'T:l ¡ t•d 
h,\' pro,!l.llll' \\Tii!<'ll 111 lolol'l -.trlll'llln·u pro· 
l!r.\tunun~ J:u.g-ua'r-~ .. \ .. (ontour·' !'"' !11" 
huundary of a lora! ClovaruHnoenl of 1111 nr'l­
\'ateJ block in the daagmm~ 



1\1 Túr.tWR'\, T. 1) B r, r:n•1 \tW:-<, :\[ .1 l.'"'· 
,,,:-.;; .\:\0 F. JI ;-., \1'\, 11 "0n<'-il•vrl o<lni'IC:t' 
.'<\'Stem." nu.; Trnn,,, rc-11 (.\lml 1~1tJ2). :.!2:!­
:!;)S. 

Tlw fir:-t dPt.lil,,d -lr"rrtplHlll of thP paC:Irl:..': 
nu'< ham:lm <111 tlof' .\tl.t~ \omplll<'r. lrit'lll!lin¡! 
t he Jnop·dl'll't'lllli.t "11' tr111111(' :tiC:<H j 1 i1111 ft>r 
p:u¡;c rPplucPnwnl. 

K:!. Kt\IIILI"TO'i, ~ ; 1 '\ n C. A ;\[notn. "Prnh­
abiii~LIC framc11 nrk inr ,..~·!:otern performant't' 
cvaluatwn "lnl'ror: .'Í•w!po'r""''"¡ St¡</cm i'fr­
fomtalll'C El nl11nlzon ¡.\i¡. :3;Ji -'lül 

A procP~~ h mori<'IPd as c.•·••J¡ng thrnuu:h thc 
st:\1!'<' '·hlr•ckNI," "rf' Hh·." tnci "r,prur !TI U: " 
Thc mude! ts .ut.d_t I.I'J :1nd ~ho11 n to prrd1ct 
ccrtain proprrttcs of the ;\Iaclugan Tamc :-ih.ar­
ang S) stem 

K3. KLET:\ROCK, L ".\ con!lnuum of timr shar­
imr srlwdul n!l; alc:nllrhm>! '' In P•ot .. !FIPS 
197V SJCC. \'ol. ~,¡, .\FIP~ Pre:-s, :O.IontvaiP. 
~.J, -!03-l.iS 

:\ paece11ise lanear pnontv functlon is nsS•)­
Cialrd with each jc,n. J.nd :hf' schPcluler runs 
the JOb nr JOb« oJI hac:he~t pnonl , . .-\Job PIIIPr'< 
thcsyslem wJth zero pnnnty. at c;:ltns prt<Jrlt\' 
while waJtan)); accurdang lo .t "11 .utin~ <lopP." 
and 1t ¡::uns paaon11· "hllt- ntnlltllll: nccordtn~ 
to :1. "srn·in~ slnP'!." .\ tii·P-dimPn•lonal pbne 
dasplays thl' pos;:ablc combanar~e,ns ni thc t11o 
slopes and the corresponthng ~chedulin~ J.l::;o­
rithms. 

Ll. L \ \IPSOX, B. \Y "0\'namar protf'rtion Mrnc­
turf'<;" In Pro• . .-tFIPS I'YiD F./CC, \ni ;).), 
AFIPS Prcs~, :\loutnle, X .J . ~¡ -:ls 

An e-<po~i laon of t he p1 o~r.tmmin¡¡; implica­
tions éiiad po,,·er of ,\ ~\ ~tLru uf !JluleLi iuu 
based ou thc r•apabJht1· tdea IDlli wath h.trd­
ware '<Ínular lo that uascus,('c! an IWGI 

L2. Lnrpsn.'l, B. W "Prolectl•)n." Iu Proc 5th 
Ann11al Prin,·c/on Con(. PrinrPton Univ., :\lar<'h 
19il - • 

A ~encrJ.hzPd mnrlcl for protectlon syo;tem-,, 
inrorpnratllt~ nn ":trrco« malri'C" and nnu­
for~Pable "d•>mnan adf'ntdll'a<,'' 1~ propo~ed. 
E•o-tan)); protl'f'ltllll ~~·~tPm-; :trr >'hOII n to he 
specanl c,t>'f'" 1'1 ''il''l'tH''I ot "conect" protec­
tlon fl~otem• are treated 

L3 LtPTIY, J :; -.. ~trur•lur:tl a>'¡wrto; oi t1if' 
~ystem/:l(,Q m!Jdo'l s:,: tlw cache '' /JJ.lf Sr¡8/un.i 
J. j, 1 (1'1~). l.i-~1. 

.\ dc~crtptton uf the onmnanttion tl!td bchavaor 
of the cache store on thc lfl:\1 :;GO/S.i 

i\11. ;-.r 1cDocr. \LL, .\1 H "Compuler !'ystem 
Rtmulat10n an mtrorlurtaon." ('ompulln!J /:!.ru­
veys 2, 3 (~<'pt. HliO), Hll-200. 

Thr I'Padcr as mtrorlurcd to the construrtaon 
and operation of cvcnt-dnven simulataon 
tcrhniques by a runulltg C'\amplc ni a multa­
programming system 

l\12. ;\I\TT~ox, R. L.;J (rLL~tr, D. R ~r.r·Tz, 1:--o 
I. L T11 \tr.f.R. "1-:v.llnatwn tl'rlllli<ptl'~ ir•l' 
stor:l!~c hwmrchtf'~.·· lfi.ll Sy<lcm.<.l. 'J, 2 (l!liU), 
iS-111. 

Thl' cnnrcpt ot' "st·H'k ,¡h:;onrhm" as a rnolllc-l 
fnr pn~an¡.t nl¡:nralllllh h antrndllt'o'd tnd ol< 
paopt•rtit·~ .'<tndao•ol. l·:tlu•u•nl :ol~tnJJIIuu~ :111' 

:.! ¡,-. 

drrtvf'ol for df'tf'rnnn:ll!; tliC' "~¡arce~!" fnnc­
fton'' VPI":-'11"' JHrtnnry ~1/.P fnr a g1ven Jl:l!!:llli.!: 
al;.:orithm l'aiont\·, optimal, .uul r.tnclnm-lf'­
placf'nH~nl al¡:nrtthrml are >'hnll'n tn he stack 
alc:ontluns 

~l:l "e(' IIITII'. J; F. .T. \nttu •·ró; 1so :\1 
\lcn11 1'\-D "·'"T. "Tiu• lanktnl! -c•c;mcnt "lnh­
PI't>C:t a m l:.nf!;ll:tl!" and linkin~ ln:td<'r." \on1111 
.1(',1/ 6, i (.luly 10fi:l), ~01-:l!l.) .-\1-:o •n 11:21. 

De:-1rrihf''i a mech.111i~m for aclucving prn~ram 
modulanry. 

:\P. :\ld\:1'\'f \', J :\1 ".-\ surVl'\' of analvtiral 
tllnP-!"haaing n¡q¡JpJ~. ·• Computrñg Sttrvt'lf~ l, :! 
(.Junc l!li.>!JJ, 10-i-llti. 

The amporl.tnt f¡ltC'UPÍnc; thcnrv mndels t'nr 
lamc-shartnl! schl'rlulang arr d<'lined. nnd th<' 
analytic resullfl statecl and discus>'ecl. 

~~ XtFLI'-1::--, X. n. "Thc allocalaon of rom­
p11lf'r rP~onrrPs-is prtCin!! th" an'ill'er?" Comnc 
.4('.11 11, 8 (:\u~ HliOJ, -!üi--li-l 

The phtlo;:nphv, common conrcptinns, and 
common mi~rnncPptlons of prio·an¡:¡; structurP-: 
ior computer systems are Jiscn<;sed 

PI P \Bf>HJLL, D ThP thnllcnr¡r or' /he contp•dcr 
11!dtlr¡ .-\ddtson-Wesley Pub!. Cll , Tiead11tg, 
:\la!<~ , l!Jf)ti. 

A good de«cription nf thc ¡;:sucs. philosophy, 
mf'lhods, hoprs. and iear<; thal C'\IStcd dnran;.: 
the early lfiGOs, 11 hen enthusiasm for the rom­
pu ter utility ran high. 

P:! Poor.r' p. e.; .\XD \\' :\L w \!TI . '':O.Iachinr 
andl'pcndent software" In Proc .!nrf Sl!mpO'itiWl 
on Operullng Sy8/em• Pnnczplc~ 1.\.i/, l'.l-2-1. 

Dc"'criks the Jt.:'quileJneul:, and ui>Jccuves ior 
rcahzing transportable soflll'are See also 
iWl]. 

Rl. H \XDELL. B.; \:\D C. J. Kn:HXER. "Ov­
nam•c !"lorn¡:e allocation S\"Stcm~ "Comm A('.l[ 
11, :, (;\"!ay l!lü~¡, ~!J-;'-:106: .\J~o in !.\:l¡. 

Vanous nntomauc stora¡:¡;c allnration svslem~ 
~nd hardware adolre-""lnt:: mrrham•nns are 
da~~afied, comparcu, and clPlHwol. 

!:~ Hnsf::o-, ;-; tEu J. Programlltiw¡ .<r¡,fcms nnd 
t.mqrwge.'i. :\lc(rrall·-Hill, Xcw York, 10tii 

A collection of "cJa,.~ir" p:tper.., on program­
llllrHt lan¡rua:;1' rll'''lgn, drfinnion, as~rmhler~. 
cornptlcrs, nnd npcratang !") -;tcrns to l!Jhü. 

H:l. lto"F", S. "[lectronae computNS: 1t ln~­
tnncal survey." Compulmg Surrey.~ l. 1 (~larch 
106!))' j -3ti. 

An overview nf rlc-ctronir compntin~ machinP~ 
through the rnaJ HíliO:< The Pmph:lSh ts on th.~ 
propertie~ of thc varaou-, mach111L''> and th·~ 
forccs that led lo thear dl'vclopment 

1:1. Rnstx, n. F. "SuperVISOr} :tll(l monitor ~n­
.r~~s." Computzng :Srtl'l'C!J-'i 1, 1 (~farch l!lü~)J, 
.li-J-l. 

.\ hisloncnl nverva!'w of ,:;prond aud llHrrl gen­
t>ratiOn operar in~~; system;:. Thc rrnphas1" '"un 
1 13:\l approal'he~ 

:-'1 Slt.TZI'll, J. 1! "Tmllif' <'nnlrol 111 a mnlti-
plt~'\o'tl l'lllllfliiiPr ~\ .'<ll'lll." ~liT l'rojl'<'L ~1.\(' 
l!•·port :\1.\l :-TI! .:m, llltill. 
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:\ dC'S<'I ip! ion cf 1 he oper:•' 1nc; princip!<'R of thc 
.\l 1 LTIC!> interptnrc>.~l' rommumcauon fnctlit~·. 

~2 !-=.\\f\lt:T. J. .t.~ PrnrJrnmm.lng lnn(lltflqC'':. 

l't•'llii('('·Hall Inr., r:lll:lriiOIJd Cli!Ts, 110 •• 1., 
l\.11¡'1 

Lrll'' cloprdic covcrn¡:r, t·ompnring nntl cou­
trn~••ng ovcr lOO progr.mnting l:wgu::¡;;es. 

Sa 1-\Yi:L,D. '·Isuutnm:¡t:rfoldiro¡;orprograms 
<'fhr•p;,t CIICitCh to dto;plarc llltHUIII?" ('omm. 
Al'.i! 12, 12 (!lPr. J!!üOl, G)G-GGO. 

Pol~·at ~"i.HHricnl cvideu\'c supportmg thc 
r..!'o;rrtifl:t dta\ nutomll!lt' ~tor.t¡;<' ~!lor1111on 
c·an hr at lraM us C'O!'t-<•l'iccll\'e us manual 
stor!'lgt> nllo("ntwn 

~-! ~C'li1Wr.r>r.'~. ::'.I. D. ''Pcrfrorm:.nt·r of the GE­
tj¡;, to~o.,)rJ:d i t·c mcmon \1 luit> ~h-LTIC" w in 
úp;•r.•tton.' ~~: ".oc. Sumpasiro~ on S!fslem Pcr­
for",¡;r,·r l'.I'UIWrtwn !Aíj, 22i-2-W. 

A •• ,·~rnpt:un of the 11"<'-0rwtive mernon· u<~<'d 
:,, thc ).¡, r:!.CF "i'glllrrlia:wu and pad11!i hnrd­
,.,,,n~. :!n•i Nr.ptnral d:.lta on its pcriormanrc. 

~!>. ~J:I·'' r:o:, L. L. "Computer rcsource nccount­
¡n:.:; 1n ~-t tirl·~~~~h.:trin.c- euviro1.n1rnt" In J>rnr.. 
AFIPS 1970 S.!CC, Yol. 3G, AFIPS Press, Mont­
v:llo>, '\J., 119-l:?!'J 

,.', (!l .. ~t'ription of the m.tnagE'IIH'nt,l\c~ounting, 
::wd rnrinr, ;;~·stf'TIIa of CT::;S-hke I"~'Stemq. 
~ L<•u, cl Ut rc .. -u1 u~ ronj unr. non \\·nh 1:~:1, 57, 
Wbj. 

:--:fi !'-H.\l'Pl.. W. F Thc rconomics of compufcr.L 
Cnlumbr~. Univ. Press, :\cw ~ork, l\lll\1 

This i~ a s•:!f-containPd trxt eovcrint: the cco­
ll'~~llr tb<'or\· prcuh:tr to comp.rters and lo 
;;~ St••m sclcc1iou and evaluatlon. 

S7. 1'l'Tt:t m •. \ ._u, 1 E. "A futures mnrkPt in 
rnmpttter time." Con:m AC:.l/ 11, 6 (Jull(' l!lGS), 
~J!I-.f;, 1 

Dr~cnlH!S n z;,,tpply-anti-dcmnud l?ricmg s~·s­
le:t, ior C(JillpuJcr ut!litil'!'. :'houlo he rr:~d iu 
C(JIIjt:nctlon 1\ith [:.'\1, ;:;,:¡, W8j. 

Tl. Tr,:llliLE, G., Ju ":\ timc-sharin¡; bibliog-
rnplo.l' " CM.•p•·ling Ut•l'ldi'S 9, 5 (:\lay ll!i>S), 
2!11-:.ll)J. 

\l. ,.,.., IT:ol!-;, ¡: (' "ColliJlltiN dt"Ír";n i,r 
11'-\ 'lf f.¡q¡~~~·~ 1\ lt'pluolq•·lldt• IIIUftiiii'IH'l'":•!IIJ~ 11 

:\11 l' 1'~<•¡••·1 ,\i H: li•·l'"'' :'-1:\c:·¡¡.;¡l. l!lloll. 
\ ''"' ,,¡ t llf• l1r.-t doC',ur:tl •Ji-..•l'rlntion-. aJJ!rp¡.,:;. 
11·~ tlw ¡noh)Pilt'- of Ut!lf'rmuwtc t'OIIljllltation 
lo~ p:.r.dld prort·:--~c~. 

\\'1. W \!TI', W. :\l. "Thr mohilr prot;r:on11n1ug 
¡;~·qrm. ::'T.\GI.::!.'' C.:omm. AC.ll 13, i 1Jul~· 
l!liO), -i l.i·-121 

1 Jrscn!Jes a boot!';tmp seqt,C"ncc tcrhnique for 
im~lrrn!:'nt llll; 1 ran .. ponablr software. 

W2. Wrr.ncr, P. {Ed ). Jr¡frocluctio:l to .~]1,1let'1.~ 
]rrogranulltT!!J. Academil· l'ress, llo"cw York, 19V4. 

A collcrt:on !lf some •·c)ussic" papers ou oper-

:lltng !';Y'HC'ms principies 11nd dcsign during the 
carl~· Hlt.iOs. 

w:~ Wt.G/I.J:H, P. Progrnmmln(llnnouagrs, tnfor-
11WIIOTI .~lrllcluus, and urnrlt111c organizotton. 
1\It(irtl\\'•iltll, Xrw York, l!JliS. 

!)i,;cuS<;Pf' t he f¡('IICf3) n~pPrls Of third genern­
!!011 mach1nc nnd soft\\ nrc or;;runznt ion¡ us­
sPml>lcr:< and macro-grncratorq ¡ A1.r:nL run­
llmP t'lovirournrnt implcnH'tll nt 1011; PL/I and 
¡,¡mul:lttor. langungcs¡ und Lumbda Culculus 
mn•~hiucs. 

W4. W!LKJ.i>, !\1. V. "~lnv<' mcmoril's und dy­
tHtmJr Rtornl!r ollocnttou " IEEE 1'rans. Com­
put.;rs C-l-1. (l!l6.j), 2i0-2il 

Propo!>rs an Butomllttr mllltil('v<'l memon· 
.~~'.!'tem, thc prcdecessor of the "cache storc'' 
IL3]. 

W.i. W!l.Kf.". :\J. Y. "Comoutcrs thcn and now." 
J. AC.il 15, 1 (Jan. 1968;', 1-7. 

A: t hour:ht-provokinl! piN·c containing his­
torir:d perspe<"t:ve nnd <'\·aluatJOn of trends, 
writtcn us n Turing Lerture. 

WG. \VIL"E", :\T. Y. Time shnrinr¡ rompufer s¡¡s­
tems. Amr.ncnn Elsevier Pub!. Co., ISew York, 
1!)6EJ 

A ma;:.tNfnl 96-pagt> ovcrdcw of t he propcrtles 
nnd problems of CTSS-lr!-..(' time-shnrtng sya­
tems. 

Wi WJLKr.~<, .:u. Y "A model for core space r•llo­
cntwn in a lime sharing !:o\i<lrm." In Pror. 
A.FJJ\r') jSI]S SJCC, Vol. 31, .\r'lP!-= Pres~, :\Iont­
vnl<'. :\.J., :2G.}-2il. 

!'Rr" Pxprrien<'e with llmC'-~hnting systems to 
cJc.n·lop A mintnt:tl rclat ~nn~lo1p bct\\ eeu proc­
PM>I'T and rore alloration pollcies. 

WS Wn.r,r.-', :\f.\·.¡ .\Xfl]) F JhnTLEY. "The 
m:::ua¡.:Ptnl'!l( S~ S!Pm-n flt'l\ ~JlCI'IC' of f'OÍI· 
wnrr'" Dalalllalwll 15, \J (:-!rpt. HlG!l), i3-i.-, 

Ottllinrc: thf' ntOll\':llltln norl requircmcnts r,.r 
n mana¡!cmrnt S\'S!Pm as illustrnted by the 
Cnmhrid!'C l"niversrty :\!u! tiple Acrr!'!< ~~ ~-
1r.m. ~irould Le r<'ad tn <'OliJUn~tion \dth l:\1, 
f-\5, S7}. 

\\'(1 \\'¡J.rd·~. ~[ \' "Au1c•lll!lllt lonol uolj•r.~lillf 1o: 
111 lllltt' ·ll.!i'ÍIII~ t.t','hll'llll ti ltt I'HII', SOIIIJIII' 1'1111 

1111 ,._,,,,, 111 ¡•, rjutl/11111/'r' /·.t '"'"'''"" j.\ 71. ::11o.; .\.'11 

A mnrlPI of thr lo:td-lr vr·IIII:.: In•'l'h'llll''" ll'"d 
on ("T:"~ 1..; pn."··PII i t•d !111d a11:ah ~~(·d ll="l u e !--cllliP 

ll'l'l!IIIIJ\11'~ 110111 l'l•llllol !lii'OI\' Tlot· f•lllph.o,j~ 
,.., 1111 pri'~'C'IIIllll: 11\'-lah:lttr' i11 1!1(• "1'-1<'111 
n !""'' io:•tl ts IJc¡¡,~ rolttrollcd 

WIO Wn.•·, W. A. "Prrform:::nre momtors fo1 
mnltipro~rammin,:: ~y:;:tl'ms " In Proc :Jwl Sr1111· 
po<111111 011 Opcra1:11g .S11~tcms Pnncip/cs [A.il. 
175-181. 

A propo>-al fnr a grneral n.rdtod of perform­
nnrr monito: ;11g and control of resource usa¡;L' 
ra1es. 
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SUhL\1ARY 

This papcr describes a skcletal opcrating s~ stcm '\ hich providcs the serviccs and structure 
ncccssary to implcmcnt real-time applications. Fcaturcs which would rcquire a specific 
configuration or a non-mínima! computcr are cither omittcd or optional. In particular, 
althou¡:;h sorne protocol is cstablishcd, no pcriphcral dcvices are rcquircd. Systcm fcaturcs 
include dynamic storag-c allocation, n1cmory protcction, multipro,;ramming, pscudo-clocks, 
and co-ordination and communication primitivcs. Due to its simple dcsign, the system 
'kernel' has provcn to be rcmarkably error free. · 

KEY WORDS Real-time Operatmg systems :VImicomputcr:a 

PREFACE 

Although traditionally viewed as difterent from each othcr, real-time systems and general 
purpose operating systems have grown more abke in recent years. Capabilities such as multi­
programmin:;, dynamic resource ;¡llnc:-~tion :md pricrity schcdül;r,g .~.re essentiai to rcai-tm1c 
systems, although this terminology is not always used. Dcsign principies based on thc work 
of Spooncr,1 Dijkstra2 and othcrs \\hose efforts were primarily motivated by the problems , 
encountercd in largc scale, general purpose multiprogramming systems, have obvious 
application in real-t1me environmcnts. 

The DSOS system illustrates much of this. Its fcatures and capabilities, though perhaps 
interesting, are by no mcans unusual and, in rctrospcct, severa! weaknesses and Iimitations 
are apparent. The simplicity of dcsign resulting from the influenccs mentioned, however, 
has produced systcms in which software reliability is a fact rathcr than a goal to which only 
lip service is paid. A simple, straightfon\ ard 'kernel' has been produced and, in effect, 
thoroughly dcbuggcd. Systems built around this kernel can rcly on its integrity and pro­
grammers can concentrare on the specific problems at hand rather than who was at fault for 
the most recent system cra:.h. · 

INTRODUCTION 

Development of a real-time application typicaiJy occurs in one of two ways: the specific 
'from thc ground up' approach, or the 'general purpose real-time system'. The formcr is. 
often used when time and memory are tightly constrained, and the result is typically a 
workable but error-prone system which is difficult to debug. Documentation is oftcn limited 
due to time constraints and the dynamic nature of system devclopment. Scrious bugs are 
often dctected years after such systems have been dcclared operational, and thc only reason 

• Th1s work \\OS carried out wh1le thc author was a consultan! to Texas lnstruments, lnc., Serviccs Group. 

Rtait·ed 19 Fcbru11ry 1974 
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thcy succ,·..:,l at :1ll m:\ y wdl be that thc magnitthÍI: of thc applic:ttion is sufficicntly s1w il tr> 

allow onr ;.,r two 'cxpcrt' programmcn; to know thc systcm thoroughly. 
Onc of thc most unfortun:1tc rcsults of tl11s approach is that good software iJcas tcnJ too<.: 

hidllcn, burinl or 'lost in thc shufilc'. I\Ian.t~:cmcnt is traditionally sccrctin: wit ' .ln~; 
dcn:lo¡,m;:nt \\ h.ch cJn be dc::ocribcJ. .ts an im;1rovcmcnt, cspcci.tl!y in thc prc~C!•· e 11f 
compctitiqn or l>aks porcnti:1l. In thc fcw c;\scs "hcrc tlctadcd dcscripttOns an.· publ1shc 1 th.: 
rcada_.l,lp i~• likcly t., be limitcd to tho~·~ intl·rcstcd in the applic:ltion. Ycar:. latcr wl.~ n 
Slmil.H· i~kas are p11bli:;hed in a !>Oftwar:.: dc.:.ign cnvironmcnt thc practitioncrs \\ il! :>cu:t 
that 'thc acadcmics are only no\\ di,;con:ring somt·thing we publishcd ycars ago' (ptol)abiy 
in .\n J.rtidc on real-time co1Hrol of willt;ct gri.hling). 

Th•: '!Sen.:.::r.~i purpo~c real-time systcm' is oftcn Jc\clopcd whcn a series of rcbtcd appli­
cotio·¡.; ~m~ ;-,nticipatcd on ¡¡ gi•;c¡~ computer¡ simi!.tr hardw.trc configurations are nlsr~ tl'-t'.l ly 
c:-~pcct•: .. i. U.'\! of onc systcm fnr severa! applic.1tions cnablcs thc programming st.lli to 
conc•'l,ttate on thc :!pplic;¡tion rather than thc dct.1ils ami idiosyncracics of thc i .,rd·,\ are. 
Dr:n· b.iC:k:. of this approach includc a tcndcncy to consume largc amounts of mcmor) and 
oütcc- 0 .. ·crhcaJ ~·or c:.1pabilitics \\hich are mor~.: pO\\erful than is rcally necessary; conñgura­
tÍ'::n dt·pcnúcnce which crecps in along with th~.: 'standard' featurcs often requird to rna: ... c 
a sale; and reluctance to use thc system bccause of thc 'not invcnted here' syndromc. 
Howc\·c.· icl.l'U<; dcveloped in this context tcnd to spread more rcadily, since public.1tion, if 
it occurs, wiU prob..1bly be in a lcss spccialized journat Furthermore, at least potentially, 
over-:;ll documentation is more thorough and system organization is more stra1ghtforw.ud 
sine•) a ·•ariety of cnd uses must be anticipatcd. 

The DSOS systcm was born in an environment similar to that described above, mmcly 
ant.íci.pation of a series of rclated real-time applications on a given computer; however t1mc 
:lr:d mcmory constraints as v,.·cll a::. unc~:rtaimie, about the uitimate configur;:tlOn dctads led 
to ~m unpretentious design in which only thc kernel of the system and its over-all organiza­
tion are 'cast m concrete'. The configuration dctails, the logic of the r-eal-time applicatwn, 
tht~ s\zes of numerous tablcs :md various other system paramcters are spccificd for <.'ach 
application, \\ ith a considerable amount of fn:edom in the approach taken. Certain con­
straints are, of course, imposed on the design of the application system; the differcncc from 
lar~cr 'g,meral purpose' systems is more a matter of degree. \Vh1le DSOS-bascd s:ystcms 
ha\'e had several óisadvant:·.gcs characteristic of the 'general purpose' approach, sucn as 
requidng more storage than originally expcctcd, thcse effects have bcen only modcratc 
wh1:rca3 bcncfits ha ve bccn substantial: the software systems ha ve becn remarkably error­
free, cvcn in thcir initiai rclcascs (sce concluding rcmarks); cx:tcnsion of onc syst~.:m to 
SC'I¡Cr:!l ncw arplications has bccn achicvcd Without modifying the 'kernel' j and the d¡:;ciplinc 
(or, pcrha.ps, burcaucracy) imposcd by thc dcsign has aidcd documentation and program 
simplicity. 

To summarize, DSOS is not an operating system in the traditional scnse, for it providcs 
no direct capahilitics for job m:~nagement, I/0 support or operator interaction. lt forms, 
rathcr, a basis on which a varicty of systems couló be developed. It would appcal partic,,larly 
to the OEi\I cnvironment \\hcre spccializcd software must be developed for mmimum 
ccnfigurations and non-standard pcripheral deviccs. 

DEFINITIONS AKD TERi\IINOLOGY 

\Ve providc a set of working dcfinitions and terms. In several cases where other terms have 
been used in the litcr:.ture to describe similar concepts, examples of this altcrnate tcrmino­
logy are includcd in parcnthcses. 
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Thc rcadcr ~hould undcrst.uHl tlut, as vicwcd hcrc, :m opcrating systcm controls ta~ks, 
not programs. In particul:tr, '' hcn a program 1s rc-cntrant, it m ay be invoh·cd in numerous, 
concurrcnt tasi...s of varying priontics. Thus it is convenicnt to view programs as rcsourccs 
uscd by tasks. From this \'iC\\ point a rc-entrant program is a sharcablc n:sourcc, much like a 
rcad-only data base. An opcr.1ting sptcm, then, simply allocates rcsourccs and schcdulcs 
tasks. 

A procedure (routinl.', program) is defir.cd to be any scqucncc of code "hich pcrforms sorne 
function. A task (.1ct1\ ny, proccss) is .111 im.:ocatwn (.lct¡\·ation, call) of a proccdure, achicYed 
by combining that proccdure with an invocation rccnrd (working storagc) consisting of a sct 
of arguments (par.1mctcrs) passed from thc calling task as wcll as scveral other qu:mtitics 
descnbing the task. The invocation record is dcfincd to include all data which may be rcad 
and/or written by thc procedure during execution of the task. 

If a procedurc '" i m·okcd '' ith idcntical argurnents from t\\ o sep:uate tasks, the resul ting 
tasks must be uniquely ident1Iiablc; thus the identlty of .the calling task is a part of the 
invocation record. Another implied member is the real-time at which the task was invo1.cd, 
since this may be needed to distinguish similar calls from the same parent task. Finally, the 
contents of the high specd registers in the CPU are viewed as part of the invocation record, 
a part which dynamically changes to rcflect the state of the task as its execution procecds. 

A procedure whose output (cells into which it writes) consists solely of the computer's 
high speed rcg1stcrs and arguments passed by the calling routine (i.e. a procedure which 
docs not motlify its own code or interna! data) may be used concurrcntly as part of severa! 
tasks. Such a procedurc is callcd re-entrant. All DSOS routines are classified as re-cntrant or 
non-re-entrant and the former may be shared by any number of tasks. Non-re-entrant 
routim:s are usuaiiy at icast serially reusable (i.e. can be used again, once run to completion). 
This is relatively standard in a real-time environrnent. In fact most routines can also be used 
again if terminated abnormally (as in a system restart without reloading). The latter property 
is called reusable. Generally speaking, all re-entrant programs are reusable and all reusable 
progr.1ms are seri.1lly reusable. Sometimes, although its individual routines are not al! 
reusable, the system as a whole has this property. DSOS, in particular, is reusable without 
reloading except for the systcm chccksum which is computed after the initial load and 
checked on any restart. Any ap~plication system using DSOS may also be made reusable by 
providing initialization entries for routines wh1ch save local variables between calls. 

One important subclass of the non-re-entrant routines which is a traditional problem in 
real-time environments is the non-re-entrant procedure which may be called upon by two or 
more concurrent tasks. Such procedures rnust not be allowed to handle a call from a sccond 
task until the first cal! is complete. \Ve rcfcr to thcsc as NR proccdurcs to d1stinguish thcrn 
from thosc \\ hich, Juc to thc logic of the application, cannot be callcd concurrcntly. In 
DSOS, calls to ~ R proccdurcs are qucucd (first come first scrved or priority) to assurc that 
concurrent use will not occur. In ctfect, they must be treated as non-sharcable resourccs. 

A task has read access to a section of memory if it may read the contcnts of that section. 
Similarly, 'iJ:rite access implies the ability to modify the contents of memory and transfer 
access the ability to branch (transfer control, jump) to code located there orto initiate a task 
whose procedure is located there. 

HARDWARE CHARACTERISTICS 

DSOS is implemented on a TI 980-A 16-bit minicomputer with an I/0 bus allowing up to 
sixty-four dcvices, d1rect memory access for up to eight devices and severa! other interesting 
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fr.tture:>. Thc only c:tpabilitics \\ hiclt are import.mt to thc ovcr-all design of DSOS are a 
ba,·e Tl'gi,-fet (ln \', hich aliO\\S acccss toa scgmcnt of memory remate from thc .tCCl'SSÍO[! COÜl', 

i\\O mcmury bnouls rcgisters \\hich ::~llow thc uppcr- ::~nd IO\\cr-most portions of mcmory to be 
prott·ctcll .llld a stat11s rc.~i.~ter '' hich allows thc prohibition of 1/0 instructions, boun·', 
rl'gist~.:r scttings and otlwr d:mgcrous activitics. ln short, it is possiblc to havc a protcct 
opct .tt ing sy;-;tcm, to diYidc a program into t\\'o scgmcnts and to forbid ccrtam actlvitic:, 1 

in.tppropriatc pl.tccs . 
• \ not.1bic omission from thc st.m,lanl h.udw:tr\! is a real-time clock, although an in ten d 

timcr is aYaiLtblc. In mot~t rc.tl-timc applications sorne kind of clocking devicc is nl'cdcd 1 n 
g>!ncratc intcrrupts on a regular, pcriodic b.1sis. DSOS is dcsigncd to run indcpcndcntly oi 
;¡:-n· su eh de,.· ice; but it pro'< id es support for onc if it cxi;;ts (thc lcngth of the dock pcriod 
beif'lg irr~;:kv.mt to DSOS but \';.'ry impurtant to thc given application). 

Thcre are four standard interrupts on the 980-.\ and each causes control to transf..:r to J. 

separatc adf!r,·~·S. An optional fcaturl! is a priority or 'l'cctored intcrrupt capability \\ 1th '' hich 
each pcripr¡::r.1l dcvicc muy be assigncJ to a separate intcrrupt addrcss in memorv, \\ 1th an 
associatcd ¡,¡t.:iarchy of interruptabliity. Again, Gince this feature is non-stan<.lard: DSOS ¡,; 

designcd tn opr:i'atc with or '' tthout it. \Vhcn the fcature is used, a block of mcmory ts 
relcgated (by h.miwarc) to support linkage. \Vhcn the feature is not available .DSOS uses 
this same hlock of rnemory for a table which links de\'Íces to device support software. 
Standard Üllcrrupt handlcrs determine which dt!\ ice interruptcd and transfer control to 
appropriatc ':ioftw.lre through this tablc. The format of the table is identical to that rcquircd 
by th~ priority interrupt hardware ;;o that littlc change is needed ·when switching bet\\ een 
configurations \VÍth and without the feature. 

OVERVIE\V 

DSOS is a simple multiprogramming system design to support real-time applications. 
Standard fcaturcs include: 

(1) Scvcral priority lcvels (thc number is -arbitrary but must be specified at system 
asscmbly time). 

(2) l\Icmory protcction. 

(3) Concurrent exccution of tasks, where appropriate. 

( 4) Dynamic storage allncation for data are as, buffers, etc. 

(S) 'Con ligu rat ion inlll'pl'Olknct.!. 

(ó) :Su¡'purt for rc-l·ntr.mt codc. 

Optional fcatun's ( Jcpcnding on configuration) includc: 

(a) Rcai.-timc clock support. 

(b) Support for ccrt;.¡in pcriphcral Jcviccs (telcprinter, papcr tape, etc.). 

Since DSOS is dcsigncd to run on any configuration, including one \Yith no periphcrals, 
it ncither requires nor supports a mass storage dcvice, and is fully contained in memory w1th 
no ovcrlays, swapping, etc. If thc !J.ttcr are nccded they are vtewed as part of the real-time 
application and must be supportcd thcrcin. 

Thc mínimum configuration rcquired for DSOS is a TI 980-A mainframe with a 4K 
(K= 1,024 16-bit wonls) mcmory. \\'ith thc mínimum configuration, about lK words are 
available for the application program(s); m a typical application, a configuration of S.K or 
more woulJ be suitablc. 
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DSOS is Je~i¡;ncd to sim¡'l1fy thc dcwlopmrnt of real-time applications by providing a 
frarnc\\OI k :in,\ a sct of sen 1ces \\ hich .trc nccdcd in such an cm ironrncnt, mcluJing ta~k 
schcduling and co-ordin.tt1nn, communicJtion bctwccn ta-;ks, mcmory managcmcnt and 
othcrs. :\lo~t of thcsc sen in·s are supportcd hy sy,.tcm rrc¡ucst::. which may b~.: invokcJ by 
.lSSl'mhl: l.tngu:lgl' macro:;, ,.,) tlll' etl"ort rcc¡uin·d to utilizt• th~:m 1s mínima!. 

An .lpplic.ttlon using l)~,l)S \\ i\1 ap¡wJr in nu:mnry as a scriv; uf 'shells' corresponding to 
prior1ty anJ l11L'lllory-protccti"n kwl-; (Figure 1). Each shdl has two parts kno\\ nas thc data 
blod• .wd ende blodl. Shdl O,'' hich consi,.ts of thc two outer portions of memory, is occupicd 
by a series of pcnphcr.tl dcv¡cc hanJkrs ami ltltcrrupt proccssors. For thc most p.ut thes~.: 
routincs Jrc spcciti~ to a gi\ en applu.:atwn, although severa! routincs are availablc for 
stand.trd dc,·iccs anJ configurat1ons. Routines in shcll O command highest priority and havc 
read, \Hite and transfcr acccss to all of mcmory. 

HI:;HEST 
MEHORY 

TADDRESS 

VARV 1 NG STORAGE 
(CHANGING BLOCKS) 

Fl XED STORAGE 
(UNCHANCINC BLOCKS) 

l LOIJEST 
MEHORY 

COIIPUTER MEMORY AODRESS 

Figure J. Slzcll structure (physical layout, memory access) 

Shell 1 contains the 'kernel' of DSOS and shells 2 and higher contain application routines 
and certain optiona\ DSOS routincs. Shell 2 will have highest priority within this group, 
with shells 3 and higher having succcssively lower priorities. This enablcs a protected 
hicrarchy of environments within thc applicatwn, simdar to those found in a number of 
general purposc oper.1ting systcms.z.a For thosc familiar with Dijkstra's work it should be 
pointed out that F1gurc 1 rcpresents a plzysica/I,lyout \\ hich is 'inside out' from the '!ayer' 
picturc usual! y associatcd \\ ith the logical structurc of his systcms. In fact, the logical 
structure of DSOS rcscmblcs that rccommcndcd by Spooner1 (Figure 2). 
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Figure 2. Shell ~tructure (logical organization) 

In general, routincs at shell .N have read, write and tran~fer access to all portions of 
memory allocatcd to shclls ~. ~ + 1, etc., but h.lYC only transier access to lower-numbered 
shclls. Furthcrmore, transfer access to a lower-numbcred shell is limited to its code blo..:k. 
Routincs at shel! 2 or highcr have no acccss to shclls O and 1 exccpt through strictly controlled 
opcrating systcm rcqucsts. This proviJcs an extra lcvel of protcction for the kernel of DSOS 
anJ tlic intcrrupt routinc". 

Dy convcntion all routincs in DSOS con;,ist of an unch:mging block anda changing bloc~;.. 
All codc and sorne unchanging J.1t.1 (líO f(Írmat <.kscriptions, cte.) are kcpt in thc forrncr, 
with changing Jata kcpt in thc !J.ttt:r. Thcsc two blocks are storcJ in scparatc areas of stor.1ge, 
one in cach part of thc shell, and cach program's base (13) register contains a pointcr to i~::; 
data block. If this connntion is followed in the application programs as well, the nct ctTcct 
is that a progr.1m at shcll 11 hac; wnte acccss only to changing blocks in shells n or highcr. 
So me at.h!iüonal ad\·antages of this convcntion are as follows: 

{1) Sincc all unchanging blocks are contiguous in storage, a checksum for system integrity 
is easily imph::mentcd. 

(2) \Yhcn rnemory dumps are requircd, only the changing blocks need be dumped, thus 
rcducing the volumc of output. 

(3) Such danbcrous techniques as sclf-modifying code are prohibited. 

(4) Rc-cntrant codc is convcnicntly implcmcntcd. 
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Duc to thc instruct ion ~d of thc TI 980-.-\, ccrtain l¡'O antl opt'r Jting-systcm instructions 
must be moJitictl dunng -.p.tcm opcratwn; thu~, in shdl O only, thc cotlc block m.ty violatc 
thc conn:ntwns just m..:ntinnL'ti. 

Onc subst.mti.tl lilllit.ttion is that shdl bound.trics are static once thc systcm has b..:cn 
loaucd. 'l'his rcstriction, though not inhcrcnt in the structurc, was mndc to simplify implc­
mcntation. 

TYPIC.\L OPER.\TIO~ 

Aftcr a DSOS-b:;,:.cd application is loadcJ anJ pm,crcd up, it will havc initiatcd a series of 
tasks at \·arious slH:Ils. Once in1ti.ttcd a t.1sk may be in rcaitwg or in aclÍíJe status. In thc lattcr 
(active) c.1sc it is cithcr rw1ning or idle . .-\ \\,Úting t.1sk is onc which c:mnot progress furthcr 
until sorne evcnt occurs (such as compktion of anothcr task, thc setting of a flag by an 
intcrrupt procc:-.sor, cte.) ;-:nd which is scht:Julcd to be activated \\ hcn tl1.1t evcnt occurs. A 
running task is onc to "hich thc proccssor is currcntly assigned . .An itllt. task is one "hich is 
walting to use thc proccswr. 

The OSOS schcdu!t:r processes all active tasks at shell O, then all at shcll 1, etc., until no 
more rcmain. If, \\ htlc a task is running, a task at a lowcr shell (higher priority) is activatcJ, 
the currcnt task is intcrruptcd until thc lower-shell task either completes or changcs to 
waiting status. As a result of this, ta:>ks at low priority levds (high shell numbers) are servic..:d 
only occasionally whcn thc system is busy. Tasks are initiated and activated by other tasks 
and b:; h.trJ,, are inr..:rrupt handlers. A t.tsk m.ty termínate (complete) by returning to the 
operatmg system or to the task '' hich initiatcd it. 

A task may 'call' (in thc scnse of a subroutine call) for other tasks at any shell. A ta~k may 
also initiate other t.1sks in an mdependent manner; i.e. task A may initiate task B \\hich, 
conccptually and pcrh~rs hterJ.lly, will procecd in parallcl with task A. A good example is a 
background (low-priority) task which initiates a high-priority task to type out a messase. 
Duc to the printer's rdatively low speed, thc high-priority task will frequently be waiting for 
a printer intcrrupt (i.e. in 'waiting' status), during which time the background task may run. 
Whenever the printer requires service, the high-priority task will be activated (briefly), 
interrupting thc background task. 

SPECIFIC SYSTE:M FEATURES 

Dynamic storagc allocation 
Th~.: la!->t port10n of tho.: u.tt.L block of c:~ch ~ltcll is a sct of free storagc which may be 

dynamically allocatcd to t.bks in that shcll. Thl.! mcthod of allocation is thc 'buddy' syste~ in 
which all a!locatcd blocks are of SIZe 2111 for sorne m. If a block of sizc zm is not availab!c, a 
block of size :?.m·H can be spht in two or two 'buddy' blocks of size zm-1 combincd. This 
simphfil.!s storagc rccovery whilc allo\\ ing Jkxil>ility in block size. Additional information on 
this systcm can be found m Knuth's First Volume~ although the methotl used in DSOS is 
sorne'' hat Jiffcrent in that rcturncd block:; are not collcctcd into larger blocks unless (and 
until) ncccssary. 

The lattcr approach is takcn bccause, in the kind of system envisioncd, a state of 'cquili­
brium' is expectcd in ''hich .1 fairly steaJy numbcr of smallcr sizetl blocks are necded. If 
enough memory is avallable, this statc can cxist with littlc overhead from block splitting ánd 
collecting. Furthermorc, by hsting the free block chain aftcr an extended period of system 
opcration, it is posstblc to asccrt:1in th.tt spacc was unuscd and thus 'tune' thc systcm by 
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a:;:-ignlll.L; this sp.tcc d:;c,, lwrc. Tt can b~ arr:ut·d that a thorough analy-.;is of thc pro¡;r.1111·: 
would J'!•;n-ll· more acc•uatc inform:ttJ•Ill 011 block u~.tgc, but \Hth thc continuous cli.lll~t·, 
and in!tll'tll,d Jdinitions ;11\oln:J in a typical application, such analysis ''oulu be Jiflic•dt l•J 
achic' e. 

A Sl'p.u .1tc fr~c sp:tcc arca is providcll for <.·a eh shell, anu cach m ay be of any clcsí:. hlc 
sizc (~pccificJ at a::;scmhly time). l':ormally, blocks Y.ill be allocatcd toa routinc at :;h· il j 
from thc free spacc arca of ::.hdl j; howl·,·cr, any task may also rcc¡ucst th.tt a blo•:> ¡,e 
allocatcd from thc highcst-numbcrcJ shdl, shcll N. Such blocks are c.dled zmh·ersal b/ocl~s 
sincc thcy may be acccsscd from any shdl. A Jrawback duc to fixcd shcll boundarics i· tk.t 
íf onc ~hdl runs out of sp.tcc it is impo:;siblc to .lUtomatically borrow space from anothcr. 

Softwar.~ intcrrupts 

Among thc csscnti.li componcnts of a real-time systcm are mcchanisms for communicatinrr 
hetwcen :.1. ;.;~. resolving mutu.d intl!rfcrcncc proi)iems :mJ scheduling tasks on thc ba~i:; c•f 
variou;; '~' (:lts. A comrnon solution to al! of thcsl! is a dcvi..:e for sending (posting) and/or 
awaitin;::: .'. si¡;nal andfor mcssnge.; To nu~mcnt this, some systems provide devices to send nr 
await rc:sponscs to mcssa¡;cs or signals.6 Protcction is pronucd by requiring mcssagcs to be 
accomp:tcicd by an identification of the scndcr and pcrhaps also by se\ crciy constraimn;; 
mcs~agc form:1ts. 

In vicw of thc skclctal naturc of DSOS the mechanisms pro\·ided for thcse purposes are 
rather simple and non-constraining, with protection mcchanisms supcrimposcd, if dcsircd, 
by thc applic:1tion sy~tcm. A p:uallcl \\Íth líardware intcrrupts is used both for simpl1c1t\· 
am1 to to:>tcr harJwan· indepcndcnce. A set of flJgs called software i11terrupts are mamtaml'd 
(the total numbcr is arb1trary) and thcse mny be acccsscd by any task through primiti\·e~ r_.f 
thc kernel. C.1po.~uilities providci.Í mcludl!: mitiate a task when a flag is set; wait (suspend ta,k) 
until a flag is sct; and sct, clcar, test .md sct, test and clear, or test and invert a flag. E\Cnt 
driven scheduling is achicved by associating flags with events. Flags may also correspond to 
signals, and mc:;!'ages are handled by associating fixcd message locations or blocks of stou .;e 
from frce space, :\1utual c:-..cluswn :mJ task co-ordinatwn problems are handled in straight­
forward ways, though thcre are more elcgnnt solutions in the literature.';!· 7• 8 Certain probkms 
which are ínJigenous to real-time systcms can also be handled by the uninterrupted copy 
and pseudo-dock features whose descriptions follow. 

Unintcrrupted copy 
It i-. ol.ll'Tl thc c.l:ic in .1 real-time l'm·ironmcnt th.u srvcral routincs sharc a block nf d·tt.l 

and, 111 l'·•lti..:ltl.tr, tlut lllll' or llln1C of thc rollltncs \\JII pcnodic.tlly modify thc data. Pnltap.; 
thc blo~.k cont.tin:; th~.: currcnt v.tluc of a ml·~-;agc which is frcqucntly upJatcd. Rathcr ti1.111 
quc•1cinz copies of the mcssagc it is import:mt that only the most rcccnt copy be useJ. It i.; 
also usual!y important that no rcads be inittatcd or interruptcd uuring an update because th..: 
rcsulting rcatl wou!J be incon-.istcnt. Sorcnson:l has Jiscussed this type of problcm and 
illustrat<.:J \\ hy convcntional solutions may be unacceptablc in a real-time environmcnt. His 
solutions, howcver, are more claboratc than that of OSOS. 

DSOS allows any t.1:-;k to rcc¡ucst an unin!errupted copy of up to si:-..ty-fom words of data 
(this lunit is arbitrary and may casily be changcd, but woulJ endanger crittcal timing dcad­
lincs if .11lowed to bccome too Iargc). lf all rcading (copy out) and updating (copy into) of a 
particular mcssage block are pcrformccl using this feature, thc dcsircd conditions will be mct. 
Since all accesr. occurs in priority ordcr, b1ocking for long periods is not a problem for high 
priority tasks. 

) 
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Real-time dock sl.1pport t :.. • 

:\ny dcvicc '' hich' [!cner.ttl·s intcrrupts on a rec;ul.tr, pcriodic ba;;is may be Jc~ignat~:d as 
thc s~ stcm real-time chJLk. \\'lu·n such a clock is a\ ;ul.tbk DSOS pnn tdcs mcchani;;ms by 
which any t.tsk may rnptcst the crc.ttíon of a pwtclo-clock, a countcr which is updated on 
each e y ele of thc real-time cl01.:k. Pseudo el oc k~ may be classíficd as follows: 

(1) A timer runs oniy ''hcn itc. r~:cpll'sting task is running, whcrcas a real-time clock always 
runs unkss spcntic.dly stoppcd by its t.1sk. 

(2) An inacmcnlin:.; dock is incrcmcntcJ by 1 on cach cyclc. A decrementing clock is 
dl·crl·mcntcll by l. 

Thus thcrc are four possiblc typcs of pseudo clocks: incrcmcnting timer, dccrcmcnting 
timcr, incrcmcnting rc.tl-tunc clock and Jccrcmcnting real-time dock. 

Numcrous clock manipul.!tion and utilizJ.tion functions are available. Capabilitics 
providcd in el u de: 

(a) Genera te a soft\\ are intcrrupt '' hen a clock reaches a certain value. 

(b) Stop or start a real-time el oc k. 

(e) Read, \Hite or adJ to the value of a dock. 

In conjunction with thc system's c.1pabilities for scheduling tasks when software interrupts 
occur, clocks enablc a ''id e varicty of timing rdationships to be arranged. Sorne examples 
are givcn latcr in this papcr. The po'' er of thesc simple features has lcd to a more thorough 
analysis of tl11:: typcs of timing mechanisms used in ~ystem implcmentation languages, and 
some of the re;;;ults thcrcof are Jiscusscd in another paper.lO 

Peripheral devices and hardware interrupts 
Proccssing of hardware intcrrupt<> and pcriphcral devices is highly configuration- and 

application-depcnJcnt; thus few routines are provided. Sever.ll conventions are required and 
cert.tin support vehiclcs are available. Optional routines for frequently used devices are 
suppltcd with DSOS and thesc may serve as models for simtlar devices in a particular 
application. 

E.1ch pcriphcral dcvice, whether capable of generating an interrupt or not, is treatcd as 
though it does so. E.1ch dcvice is assigncd (at asscmbly time) to one of thc si:-..ty-four priorit~· 
interrupt locations regardless of u:hether priori/y interrupts are m:ailable. This location is uscJ 
thcrcJ.ftcr to rcf<.:r to thc llcvicc or its handlcr, and to determine its scrvicing priority. 

Each device is a~,i¡;n.:d to a prionty intcrrupt location corrcsponding to 1ts sen icing 
prim ity. If prionty intnrupts are nnt .tv.til.thlc orare not uscJ by a p.trtll.lllar Jevtcc, thc 
Jm:ct mcmory ,tcn·-.,s ur l/0 bus in ten upt routine ·~imul.tlc:.' thc .1ctinns of .1 pttottty 
interrupt. This fcaturc cn.tblcs a rclattvcly str.tightforwarJ upgrade toa systcm \\ ith priorlty 
intcrrupts. Such simubtiun is not nccessary in the case of a Jcvice \\ hich docs not use · 
intcrrupts, but thc a:;signment of a priority interrupt loca'tion is still made to assure consis­
tency in deviccfh.mJler rcfcrcncing and to allocatc a scrvicing priority. 

A software vchiclc pcrmfts the assignment of handicrs to specific devices (or, rather, to 
spccific priority intcrrupt locations). It is possible to dynamically changc handlcrs for a 
specific dcvice or to prevent such changing for system protection. 

Periphcral Jcva:c h.1ndlcrs, which must be locatcd m shdl O, may be called by system 
tasks or via harJ,, are intcrrupts. Tht:ir function is to perform dircct communication bct\\ ccn 
devices and tl~c appltc.1tion system. All functwns \\htch do not involvc dircct communication 
\\ ith a dcvicc, ::.uch as butfcring, code conversion or error checking, are pcrformcd by routines 
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at shcll"' {''' highcr. 'fhi:=: tl'nds to mini111izc thc occurrcnce of systcm cr:tshcs duc to crrors m 
I/0 h.mdlin¡; sincc only thc 'kernel' of thc lh:\·icc handlin~ function is allowed to run Jl a 
priorit;-¡prolcction kn:l \\hieh woulJ pcnmt owrwriting of DSOS. 

Subr01.lt~.;1c calls and task initiation 

DSOS ·-apport:-; a varicty of subroutinc and task invocation functions. Onc may cal! a 
subroutinc at any shcll (cxccpt O and 1) and, if thc shcii is highcr than the calling shcll, :1uy 
assign it etth':'r priority. Onc can init1atc a task which is exccutL·d (conccptually and pcd· 1ps 
litcrJ!Iy) in p:;ralkl with thc c.liling task, and thcsc two tr.sks may rctain communicatio!• or 
bccome mn,pktely inJcpcnJcnt. 

Ü~hc; C:lí•.:bilitics induJe tcsting for cornplction of previom,]y initiatcd tasks, qucuc;ng 
tasks in :). sp(;Citic scqucncc and schcduling ta:;l.s to be initiatcd on the occurrence ot harJ­
\Varc or soft\\ are intcrrupts. :\ny ta:>k rnay makc itself id le tcmporarily, allO\\ ing other tao;ks 
at t:hc same priority to procceJ, or may suspenJ itsclf un,til a specific software interrupt 
o~curs. 

it coJ~r.c:n:c·nt fcaturc of thc DSOS architccturc is that c:.:.Iling tasks nced not know thc 
pr~ority ·~i 3ubroutincs or othcr tasks which thcy initiate. Only thc name of thc task and .m 
argumcnt list r.ecd be spc.:ificu. Similarly, a task need not know the identity or priority of íts 
initiator. Furthcrrnore, a task may be callcd as a subroutine (calling routine awaits 1ts 
complt:tion) or initiatcJ as a p.Hallcl task in various ways. In other words, a program nccd 
not know how it will be uscd. 

SYSTElVI ORGA~IZATIQ:-¡ 

Over-all structure 
Thcre are two types of system comp?nents. Kernel com¡:>oncnts are those required in 

all DSOS systcms. Optional components are those useful in sorne ca:-;es but not required. 
A 'minirr.al' systcm would cons:st of the kernel and an application program. A typical 
system would also contain IfO routincs and selected optional components. 

Cert:<in of the kernel and optional components must be taiiorcd at assembly time for cach 
spccifi~ system. For exampie, the table of 1\R routines must contain one entry for eJch such 
routine {the 'minimal' version has an empty table). By and Iargc, all tailoring is done in d:1ta 
arcas, with only an occasional situation where reassembly of a code block is nccessary. 
Among thc other tailoring possibilitics are: number of sheils; size of free space (for blnck 
allocation) in each ~hcll; munbcr of distinct software interrupt8. 

Among thc optional cornprmcnt~ are thc real-time clock suppnrt routincs; I/0 support fnr 
a tclctyrc\\'ritcr; a FORTH.\~-1Jkc I/0 fMnl.lt scanner (rc-cntrant anJ Jcvicc indcpcnd­
cnt); rc-cntrant hbrarics of arithnwtic functions ( doublt: lcngth intcgcr anJ si m u latcd f1oati 11~ 
point); error mcssagc accumul.ttion and printing routincs; chccksum routincs; a mcmory 
dump/writc routine uscJ from thc opcrator's teletypcwriter; support routmes for thl! 
standard I/0 bus and dircct mcmory access intcrrupts which 'simulatc' priority intcrrupt". 

Thc kernel componcnts can be subdiVided into fixed data arcas, dynamically allocatcd 
data area.s and systcm routines. 

Fixed data areas 
Corrcsponding to each shell is a control point indicating which tasks are currently active or 

waiting in that shcll, thc mcmory boundaries of thc shcll and other such information. In 
addition, each shell has a block of free space and a set of pointers and flags pertaining to the 
current status of free space. 
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For software ,intcrrupts thcre are a flag tablt: (l bit/lh~) anda tasi~ table (1 wordff1ag) 
imlie.1\lng thc ta:;ks to be 1mt:.1tcu whcn mtcrrupb are gcncratcd. Thc priority intcrrupt 
loc.1tion:, serve as thc intcrrupt tablr, rcbting pcriphcral deviccs to dcviccfhardwarc intcrrupt 
handlcr:-. 

Fin.tily, thcrc is thc 11otz-rc-cutrant table containing cntry points for l\R routincs (non­
rc-cntr.lnt routincs \\ hich might ha ve concurrcncy troublcs if callcd while alrcauy active). 
Each cntry in thc t.lblc contallls thc address of thc routine, a pointer to thc TDll (sec bclow) 
of thc task currcntly using thc routinc, a pointer toa list of waiting tasks and assortcd flags. 

Dynamic:.1lly allocatcd data arcas 
Each acti\·e or w.titing t.1sk has a tash descriptor block (TDB) "hich describes thc current 

status of that task. TDD's are ch.uncJ to thc control points of thc corrcsponJing shclls; i.c. 
control point 3 points toa chain of TDB's dcscnbing tasks at shdl 3. Actually, thcrc are two 
chains pcr control point-one each for active and \\·aiting tasks. 

A TDB may cont.1111 the high specu rcgistcr file and status flags for an iJle or waiting task, 
a pointcr to the TDil of a task which is waiting for the first task to complete, a pointcr toa 
chain of EDil's (sce nc:-..t par.tgraph) and othcr such information. A task is identificd by its 
TDB, thus a 'task pointcr' is a pointer to the TDil of that task. 

Whenevcr a block of storage, a dock or other rcsource is assigned to a task, an entity 
descriptor block (EDD) is crcatcd and adJed to thc EDB chain of the task's TDB. This 
enables an arb1trary number of such rcsource entities to be assigned to a task and providcs 
for thcir automatic rccon:ry "hen thc task tcnmnates. 

Thc EDll's anJ TDil's are storcd in blocks obtaincd dynamically from the shcll 1 data 
area. If this data arca should overflow, the system will refuse the rcqucstcd function or, in 
sorne cases, abort. The spacc limit, of coursc, applics only to the total number of blocks, 
rcgardless of type. Specification of the limit must be made for each application and is á 
function of the ma.ximum amount of expccted activity . 
. ' 

Systcm routincs 
The block allocator is a re-cntrant routinc which allocatcs blocks from the data arca passcd 

to it as an argumcnt. The scheduler causes tasks to be activated whcn software intcrrupts 
oceur, determines the propcr task to be run next and dispatehes that task. The interna! 
interrupt processor is callcd by all system requests ("··hich are initiated by 'out of bounds' 
branch instruetions) as wcll as by certain hardware-dctccted crrors. lts function is to deter­
mine the desircd system rcqucst (or thc nature of thc error) and routc thc request appropri­
atcly. In most cases thc requcst is processcd by this routine, but occasionally it calls u pon thc · 
block allocator or othcr scn·ice routincs. The interna! intcrrupt processor always cxits to thc 
schcduler. 

The only othcr routines in the kernel are assorted service routincs and a memory dump 
routinc which actual! y rcs1dcs outside of the systcm and is loaded only when enough memory 
is availablc. 

Application systcm organization 
An application systcm will have an initial 'po\\Cr up' task whose function is to initiate 

cverything clsc. This rouunc is entered whcn ::: 'systcm reset' is initiated by the operator 
(DSOS resets itself :111d thcn initiatcs the 'power up' task). · 

The remaindcr of the application systcm may take any form desired. Typically it wili 
rcsemble an opcratmg systcm \\ ith high priority functions and control routines at lower shells 
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:m u bad- ~rounu tasks at highcr oncs. Ccrtain functions such as pseudo clocks and dyn.trnic 
allocatinn of data ~p.1~e wouhl be hJnJkd dircctly by DSOS. Dynamic allocatinn of pro_:;:ram 
spatx, if dt.:!>Írt:J, \\ou!J be h.mdkJ by thc applic.ttion systcm and would probahly be limiteJ 
to higlwr numbcrcu shdls so asto pcrmit a ma:\.imal amount of checksumming. 

EXA1\IPLES 

I/0 din¡;nost:c systcm 
This ~"\ampk is a ln\'thica 1 composite of scvcr.1l cxisting systcms. Jts function is to test out 

onc or 1norc oi a !'el o'f IjO liC\'Íl"cs. lt..; componcnts induJe the kcrr.cl, thc tclctypC\\ ntlr and 
real-time dock routines, thc fonn:1t scanner, IJO support routines for all dcviccs anJ 
diagnostic routincs for c.1ch dc\'icc. This systcm \\Otlld normally run in SK and coulJ be 
mot!ifi,:d to run in 4K 1f thc numbcr of dcviccs were limitcd. 

Thc ·i,:..,r task ot' thc application waits for thc opcrator to kcy in ccrtain fbgs via sense 
S\\ ;t·::h·::i- u;¡ the. control.pand. :'\o I/0 intcrrupts are allowcd and at this point no IJO de' ¡ces 
necd b.: <::onm:ctcd to the compurcr. The second stcp, initi::ttcd by a switch setting, io; to 
thorou:; hly test out thc tektypc,Hiter (without allm' ing intcrrupt!;). If a real-time clock is 
avaibbk, it is also thoroughly testcd. Finally, the 'main loop' is entcred. 

The purpose of thc main loop is to control all other tcsting. It runs at shdl 2 and thus ts 
protecl~o:d from and has !lighcr priority than thc d:agnostic roulines. It first connects an 'error' 
hand!er to ca..:h possible 1/0 dcvice, so that any intcrrupt can be caught and thc operator 
informcd. Next, the operator typcs in a set of commands indicating which devices are to be 
testcd ;tnd ho\\ they are connected to the hardware (which device number, etc.). As entries 
are madc, support routin<"' are 'connected' (by softv·;arc:) to speciñc devtces. 

Dcvtccs may be tested singly or in paraliel, with or withcut interrupts. Once a group oi 
devices has been specified, thc opcrntor typcs a command which allows interrupts (if spec¡­
fied) and causes the requested dcvicc diagnostic routines to be started. Diagnostic routincs 
are written in such a way as to frcqucntly idlc or deactivatc thcmselves, ailowing others to 
procccd in parallcl. (Usually the diagnostic routincs wait for hardware or software interrupts.) 
Thc JI)Htincs \\Íll be lncated in shclls 3 anJ highcr. 

l!' ,\ ll'.tl-tiuH· dock 1'- :t\.uLthk, tln: main loop may incorporatt· time lirnits on thc aclt\'.1-
tion of diagno:•tic routiul's. lf 1111 dcn:k i~1 .;vall.thlc 1l IIIU:-.l n·ly on opcr.Ltor al'lJon or tlcL' 

dingno:;tic routincs thcm~chcs to g1vc it control. 
An opcrator command on thc tcletypcwriter can cause the main loop to bccomc acti\ <! 

(thou~~h not ncccssarily stopping the diagnostic tests). \Vhen an 'end of test' is called for, thc 
main loop prcvcnts interrupts, 'disconnccts' al! 1/0 handlcrs, restares the 'error' hanJlers to 
all dcvicc:-> and waits for commands pertaining to thc ncxt test. At this time new devices m.1y 
be safdy connected to the computcr. 

An optional fcature of the diagnostic systcm is to continuously run a background, lnw 
priority checksum of all codc blocks. 

Navig:1tion systcms 
This series of systems is the primary application for which DSOS was designed. The 

systems control thrcc interrclatcd functions: navigation of a boat hased on position d;.ta 
obtaincd from severa! dcvices; taking geophysical measurcments of the terrain underncath 
the boat; and displaying and rccon.ling these data on assorted dcviccs. A certain amount of 
processing is done on sorne of the data befare recording, and other background functions 



DSOS-:\11:-.;ICO:'.IPUTER 01'1 ~.'I:Tl:-.;G SYSTri\! 17 

may Le performcd from tmw to t1mc. Thc CEO:\'.\ V"' systcrn, a typical mcmbcr·ó·f the 
scrtl·~. u~cs most'of thc opt1on.1l cnmponcnts of DSOS anJ h.¡:. ahout t\\enty Jistinct IIHcr­
ruptlllg de\ ic.:s to attcnd to, .h '' l'll as severa!\\ luch do not gcncr.ltc intcrrupt::>. Thc systcm 
rcquin:s 32K of memory, d1ndetl into e1ght shcll::; (0-7), and requircd about 2 m.m ycars of 
ctfort for soft,,·,¡rc de\ clnp¡ncnt. 

Tite l'O\\"ERL~ P 1'11\lt llll' (shdl 2), \\ hich is ente red uftcr OSOS is starteJ up, connects all 
JcvicL'S to thcir handkrs and thcn issucs a 'lock' cornmand by which futurc dcviccfhandlcr 
conncctions are prnlHbncd. It thcn procecds through a dialogue \\ ith thc opcrator to ddcr­
mine initial data valucs ami sct up v.uious system tasks. Thc last stcp is to ask for the corrcct 
time. \Vhen the time is prondcd the system allo'' s intcrrupts and exits toa low priority loop 
(shell 7) which checks settin!_;s of vanous S\\ itchcs and handles other background tasks such 
as calling for perioclic chcck~ums of thc codc block. 

Thc modcr.Hc prio11~Y O~ESEC routmc (shdl 4) uses a pseudo-dock to actívate itself 
once per sccond. lt;; main function is to adjust the eurrent estímate of the boat's position on 
the basis of data n:ad during thc past second. Other functions indude incremcnting the 
interna! dock by 1 sccond (for recording purposes), and updating numc10US displ.:ty dcvices. 

Most input dcviccs ha,·c associated routines in shells 2, 3, 5 or 6 which process thcir data 
and, aftcr smoothing, a\'Craging, etc., pass data on to be used by the navigation and recording 
routmcs. Thcse deviccs gencrate intcrrupts whcn data are ready and thc associated routines 
are activated whcn blod.s of data have bccn accumul..tted. 

Thc re-entrant mathcmatical routincs are storcd in shcll 7 so that thcy may be callcd from 
anywhere and run at '' hatcver priority dcsir.:d. 1{0 functions of thc system utilize thc 
dynamic storagc al!oc.1tion of DSOS for buffcrs. Over fifty software interrupts are used in 
nurncrous ways, such as for synchroniz::J.tion between t:1sks sharing common data. The 
uninterrupted copy feature is frequcntly used to avoid concurrency problems with key blocks 
of positioning information. 

FINAL RE:\IARKS 

DSOS has been used successfully in severa! application systems. Of particular value have 
been the device indcpendcnce and modular organization. The systems have easily inc,Jr­
poratcd changcs in devices, device characteristics and associated software, as well as sub­
stantial variations in over-all architccture. On the GEONAV system, the grouping together 
of unchanging blocks reduced mernory dnmp time from 12 minutes (code and data) to about 
3 minutes (d.na only), a \\·clcomc savmg on the sometimes heavily used test machines. 
Initial dcsign and implcmcntation of DSOS (including time to learn the 980-A architecture 
and instruction sct) was bcgun in Novcmber 1972 anJ requircd about 6 months of p.!rt­
time effort. Threc bugs wcrc discovcrcd in the 'kernel' within the next fcw months, t\\O of 
thcsc being founJ during i1nal documcntation etforts. ~onc havc sincc bccn found. 

The most serious problem has becn thc difficulty of training programmcrs, schoolcd in 
traditional concepts of programming, to the task and resource orientation which is fun­
damental to the design. In particular, the abstraction from 'program' to 'task' has bcen 
difficult to gct across. 

A few of the features described here, notably timers, were never fully implemented for 
lack of neccssity in the systcms under construction. Othcrs, including sorne of the more 
powerful task initiation capabilitics (c.g. create a task and notify creating task when it has 
terminateJ), have scldom beco uscd and, in vicw of the space requircd, are of questionable 

0 Tradem.uk of Texas Instruments, lnc. 
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worth. Ccrtain task schclluling functions wcrc not nccdcd bccausc soft\\are intcrrupts could 
achin·c thc Jesin~J rcsults with more th:,ibility anJ littlc additional dfort. In fact software 
intert 11pts are ptob.1bly the most hc:l\·ily uscd fcaturc of thc kernel. Pscudo-clocks, though 
usually fcw in numbcr, tcnd to be important to thc systcms in which thcy are used. 
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The design objcctivcs of real-time opcrating systcms for minicomputcrs are considcrcd. 
Simplicity, ci11cicncy aml avoidance of supcrtluitics are thc main critcria. A typical multi­
tasking- structurc is s:-etchcd and the cxccutivc clcmcnts to support it are analysed. Examples 
of thcir use in simple lnput,'Output are givcn. Filing systcms are then discussed., followcd by 
tbe interface \vith the oper:ltor. Finally, the problcm of linking and loading the modules 
which make up a simple core-resident real-time systcm is reviewed. 

KEY WORDS l\lult1-t.1sking V&rtual instructions lnterruptab&hty Executi\·e 

INTRODUCTION 

1\Iinicomputers are used cxtcnsively in on-line systems, controlling clectronic or mech::mical 
equipmcnt and maintaining communication with one or more operators in parallel. To do 
this. sorne sort of real-time oper:1ting <.y<.tem is required, which m2y be :1 or:.e-off 'bsh-up' 
wrítten by thc user, or :1 gencral-purposc manufacturer's package. However, as mini­
computer systems becomc more sophisticated, and particularly since the universal intro­
duction of thc magnetic disk (fixed-head, cartridge or disk-pack), so 'lash-up' operating 
systems bccome more complicakd and unsati~facrory. Instead, most manufacturers* now 
provide a re.1l-time operating systcm themsel ves, and many large-scale users ( e.g. software 
houses)1 \\ ill develop the1r own standard system if they find the manufacturer's package 
either inadcquate or too general to be cfficicnt. 

A real-time operating system for a minicomputer P,iffers from that for a large system 
mainly in approach. The minicomputer uscr is ncarly always conccrned with efficiency in 
spccd, corc anJ disk usagc. He w.mts no supcrt1uous f.u.:ilitics, and the system is built from 
thc bottom up. It is frcqucntly aimcJ at a JcJicatcd applic.1tion. It is the purposc of this 
pJpcr to discuss how such a systcm is constructcd. Tlus shoulu cnable uscrs to cvaluate 
manufJcturcrs' systcms, to .1ppreciatc what facilities can be provided and with what 
implications, or to write their own systcm if they fccl ít neccssary. 

• E·<amplcs of manufacturers' real-t•mc operatin¡; systems for minicomputers are: 
D•g11.11 Equ'í"ncnt Corpor.&tiDn (l'DP-11) RSX-11A to D. 1\.1. 
Intcrdata (:\loJcb 70, .'!1)) RTOS. 
Data General (:o-:ova, SupLrn0\.1) RTOS, RDOS. 
Honcp,cll (!->ene.; In) RTX-16. 
Ph1hps (P-855, P-861)) IJNc Hcalume Monitor. 
He"lctt-Pad...~rd (2100) RTE. 
Computer T~chnology Lm11tcd (:\Ioúular Onc) E4. 
Digico (:\l,cro 16\') RTOS-16. 

Reuived JS July 1973 

!&) 1975 by John W1ley & Soru, Ltd. 
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Thc P·'¡•cf is di' idcd into t\\O p:trts. P.1rt 1 di.,cusscs systcm structurc, thc constitucnt 
p.lrts of tÍ\.: CXCCIItÍ\'1!, basic Ínput/Olltpllt h.md\tll'!, thl! tiling ano disk Sj:.tl:lll, COJl101lli1:­

CatÍOn '' i~h thc opl'r.ltor ;.~nd thc import:mt to¡<cs of contiguring, linl-mg and ln:ll;•n!.;. 
Part 1 tlh'r,·lorc, dcs~o:ribcs a simple corc-rcs¡Jcnt opcrating systcm, with ..1 filing !'-~ --tcm, 
such :;s is u·:.cd in many snl.llllkOICJtcJ rc.1\-timc .lpplicJtions. Part 2 (to be publishcd i.1tcr) 
is conccrn•.J \\ ith additlonal icaturcs \\ hich 11\.ly be rcquircd, incluJing storc rrotcc:·~n 
and c.tp.•bdttics, ovcrlay aml Jyn.•mic :::torc alloc.ttion, high lcvd languagc ano b..1ckgro • ''ll 
progran.s. Thcsl! f;1cilitics are associatcd \\ ith l.•rgcr systcms and continuing progr.,m 
dc\'Clopmcnt. 

SYSTE:\1 STRUCTURE 

Thc b.1:;ic requircmcnt of all real-time systcms is multi-programming, in which many 
procc:;:ws (follo'' ing Dijhstr.l2) conccptually opa.1tc in p.1ralld. In practice, control is 
swappcJ bct\\CCn proccsscs in response to cxtcrn.1l dcnunds such as intcrrupts, intnn.tl 
acti,·atio:;; ~:.1-:h as butfcr-passing and forccd rcschcduling causcd by semaphore opcration.;; 
or, in son¡<; :Jystems, by the clock ('timc-slicing'). A 'proccss' is equiv.1\ent to thc conccpt 
of a 'task' or ::.n 'acti,·i ty' ( I3arron3). 'Task' is u seo by many manufacturt>rs. 

Processcs and PClls 
In bro.1d outline, the complete program consists of an executÍ\·e ar.d a number of pru­

cesses. Some proccsses, not.tbly thosc concerncd \\Íth file-handling and Input-Output. 
tog::tltcr with thc cxccutiYe furm thc real-time operating system; while other processcs are 
arplic:1tions depcndcnt. Each proccss is allocatcd a process control block (PCU) or it"' 
equivaknr. r\ PCli is a <.i.lta uca hoiding aii information about that process "hich thc 
ex.cClltÍ\ e nceds to know. For cxample, thc PCU contains the valucs (links) to be sct in .1\1 
prog. ammabic rcgistcrs when thc process is activatcd. It also cóntains activc/suspcnd..:J and 
prioríty ínformation about thc proccss. \Vhen thc cooc corresponJing to a prncc~s is 
insertcd into thc systcm .1 PCD must be crc.ltcd for it. This is done whcn init•~dly Cún­
figuring thc systcm, thc PCD gcncrally bcing cre.ttcd manually, although ccrtain proccssl·s 
(e.g. dri\·er proccsses for st.mciard dcvices) may have prt:codcd PCDs which only rcquírc 
linking tu thc rest of the executive. 

A PCn is nssoci.1tcd with a proccss in a one-to-one rc!.ltionship, but the only link betwccn 
a PC::B anJ the collc of its process is probably thc initial entry point, which must be ~l't in 
the PCU. Thc PCD cont.lins, csscnti.•lly, data ami work spacc for thc executive and is not 
dirLctly accc!'siblc by its procc~s-this bcing cnforccd on systems with store protcct1otL 
Ench pmccss has a PCI3, but cach proccss nccJ not havc distinct codc. Rc-entrant cnJ.:, 
if thc m.nch¡nc allows it, will cnable one orin:r program to hanJ!e severa! idcntical IjO 
deviccs, anJ to do so in parallei. Howc\ cr, non-rt.!-cntrant work- or stack-space will almost 
certainly be neccssary for cach process. 

Communication bctwecn processcs 

For such a systcm to work in co-ordinated fashion, processes must be able to communicate 
with each other. Dijkstr.¡ presentcd the scmaphorc as thc basic too\ for communications: 
it is a stop/go ft.•g, c:1pablc of bl'in~ t..:stcd and/or sct by more than one process. Proccsscs 
may use it to signa! to cach othcr to halt or to proceed. 

To pass inform.ltion bctwccn proccsses butfcrs are required. \\'hcn process A passcs a 
buffer to pro~:cs::; f3 1t m.¡y ncco to acti,·atc 13 to enablc it to opaatc on the buffer. Similariy, 
whcn pro~:css C tries to gct a buffer from proccss D it rnay necd to suspcnd 1tsclf if no 

\.~ 
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buffer is :w.libblc. Thus buffer passing i~ associatcd \\Íth activ.ltc/suspcnd signals '' hich 
c.m cithcr be clfccted by t•:--phut scm.1phorc opcr.ttions or implicitly bllllt into thc bulfer­
passing opcr.1tions. 

\\'ith st·maphorcs an'tl bt~tTcrs wc now havc thc basic facilities allowing, for cx.m1plc, 
an input proccss A to till butfcrs ami p.l:-S them to an applications proccss n, which oper.ltl'S 
on thc d.1t.1 and fills further butl"·~·rs íor .m output dri\'er proeess C. Proccsscs A, B ami C 
c:m .1\1 run in p.tr.lllcl, control sw.1pping bet\\Ccn them in response to scmaphorc opcrations 
(amon_!! otht•r causes) \\lth tcmporJry m·crruns of dJtJ being t.1ken up in butTcr qucues. 

It will be seen that sem.1phorcs anJ hu!Tcrs form two classes of items which do not 
belong cithcr to thc executtvc or the proce:::.scs. Thcy are intcr-process data and dcpend on 
the conti!,:uratwn. Communications betwccn tasks can, of coursc, be maJe vía common 
corc or disk areJs (sce below). 

Virtual instructions 

Thc basic instruction codc of thc computcr is frcqucntly supplemcntcd with virtual 
instructions (VIs). Thesc .ue subroutines \\htch are avJi!Jbk for performing ccrtain critica! 
operations: they are codcd as such for thc usual reason for writing a subroutinc (saving 
repetition of code) but also, more importantly, to incorporate them into the executive. 
VIs perform operations on executive and other d.1ta on bdulf of processes, with the result 
that proccss~:s do not hJ\·e to operate on such Jata (including their own PCDs) directly. 
l\'Iany VIs can be constructed but thcre are four bas1c typcs which are: 

(1) The p- and v-opcrations on semaphores. The p-opcration sets a semaphore to 'stop' 
and suspends the calling proccss ¡f tt alrc.1Jy was at 'stop'. The v-opcration acti,·atcs 
a process which was stoppcd on the semaphore, or sets the semaphore to 'go' if no 
process was stopped. Thc p- and v-opcrations thus work on the semaphore 
(indicated to them by a callmg parameter) and on the PCB of the calling ora 'stopped' 
prnccss. 

(2) The Put and Get operations on buffcrs. The Put operation attaches a buffer to a 
queue and activJtcs a proccss if onc ts stopped awaiting a buffer from the queue. 
The Get operation takcs a buffer from a queue, or suspends the calling process 
if no buffer is avad.1blc. The Put and Get operations thus opera te on qucucs (indicated 
to them by a calling p.1rameter), indi\ iJual buffers ( calling para meter for Put, 
rcturncd paramctcr for Get) and on thc PC I3s of thc calling or 'stoppcd' process. 

In all cases, suspcnswn of the callin~ proccss (p-operation, Gct) rcsults in a reschcdule, 
''hile acttvJtion of anoth~:r procL·ss (v-opcr.1tion, Put) may or may not cause rcscheduling 
accordtng to choice. 

DcpenLllllg on how thc system is dcsigned in dctail a fifth VI for pcripheral driver 
processcs may be ncccssary. This YI is: 

(3) Wait for Intcrrupt. Thc calling proccss is suspended until the awaited interrupt 
occurs. This cJn be associatcd with 'masking-m' the appropriate interrupt line. 
Altcrnati,·ely intcrrupts c.m simply adcl buffcrs to the proccss input queue, and the 
proccss uses Gct instcad of \ratt for Intcrrupt. Dut this method mcans that a proccss 
is looking in two dircctions at oncc-for example, it may really be waiting for :m 
output transfcr to fini:-.h and im;tead gct a turthcr buffer for output. 

Since thc four bJsic \"Is opcratc on intcrprocess data-semaphorcs and queues-the 
question of protection ariscs. Two processcs must not opcrate on thc samc ítem of dJta 
'simultaneously'. Thc eJsicst way to ensurc this is to makc the VIs 'primitives', which is 
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done by Íi1hihiting intcrrupts or CflllÍntlently by incorporating thcm into thc microprogram. 
A difkrcnt appro.H:h for sy~tl·ms \\Íth thc ncl·d for \·cry fast intcrrupt rcspon~cs is to pcrmtt 
intarupt gv:·ncing but inhibit n:sdH:duling liuring thc l'xccution of YI. It is important, 
howcn·r, to rccognizc-th.lt it is the $Cmaphorc or qucuc wc wish to protcct, not thc coJ-:. 1 

Thu:-: a more sophistic:.~tcd nH:tholl would be to check that two proccsgcs do not opcrat.: on 
lhc .s::Jt:t' scmaphorc or qucuc in paralld hy u.,iag a supcr·Sl'tnaphorc of sorne sort. tor 
mutual c'du~ion. This solution is of intcrcst \\ hcn two physic:.~l processors work on thc 
S:.IITH! schedule of proccsscs, but i:.. too complcx for ordin:.~ry systems. 

In general, thcrdorc, a \"l is not cntcred in parallcl :md hencc is non-re-entran!. It 
opcraks dircctly on cxccutive d:.Ha such as PCDs and, indircctly, by means of paramet .. rs 
passcd to tbcm by thc calling proccsscs, on thc inter-process data. 

Global sub.routincs 

Any sophisticated real-time opcrating system does not confine itsclf to basic scmaphore 
and bui-Tt :--p.1;si.1g opcrations, a!though thcsc are quite adcquatc for thc cxpcrt progra:11mcr. 
To isclatc from thc application progr::unmcr thc configuration problcms associatcd \1 it h 
c::r~Jting _,~.:ma¡:;horc and qucuc structurcs, subroutincs such as Opcn, Close, Rcad and \Vritc 
are pro\'Í.¡cd. Thcsc global subroutines (GSs) communicate with device driver proccsscs 
and contain VI calls within thcm. 

If fu\1 dcvice intcrch:mgeability is aimed at, a single call Opcn, say, v .. ·ill serve to opcn 
cither .1 di-;k file ora linc printcr. The dcvicc will be indicatcd by a parameter with the c::Jll. 
Frcqucntly the paramcter is only a pointer to a 'linkblock' in the application code which 
contains thc namc of the device. A prcamblc to Opcn, or any such GS, is thus a section 
which determines thc target dcvice. This 'entry-to-global subroutine' is often included in 
~Í1E t;~;ccuti\·e s!nce it is short :md alwnys wantcd. (It ;md n corrcsponding cxit from GS ;;.re 
cs . .;ential \VÍth mcmory protection.) However, the main code of Open is not in the executm.!. 
Differcnt vcrsions will exist: an Opcn for disk, an Opcn for magnetic tape, an Open for 
tdctype or similar character dc,·ices, and only thosc which correspond to an cxisting devicc 
will .be inclU!.kd. TJ1Us thc 'cntry-to-GS', probably codcd as a VI, will dccode the de,·icl.! 
c.nd cause entry to the appropriatc GS. 

A global subroutine is closely relatcd to the corresponding output driver process. 
Betwcen them are the intcrproccss data-thc semaphores and queues. GSs are doubly 
re-cntrant. Firstly, in certain cases, in particular a disk, processes A and B may want to 
acccss thc samc dcvicc X in par:.~llel. Dy this is mcant that B may wish to put a qucst-to­
\Vritc tcJ the disk Jnvcr hcforc A's rcqucst-to-l{c.:aJ is satisficd. This enables the di~k t•l 
optimizc st:.crch times, mHI pcrhaps pcrmits B to continuc, as~uming its \HÍte comma11d 
procccds indcpcnJcntly. (.\ami B are not allowcd to use X in parallcl, c.g. if X is a linc­
printcr, thc Open :.~nd Closc GSs includc p· a1Hl v-opcrations rcspcctivcly on a mutual 
cxclusion scmaphorc.) Sccondly, the subroutinc must be capablc of handling more than Olll.! 

driYer proccss, so that process A can output on dcvice X and process B on a similar dcvice 
Y in parallcl. If the GS called by both A and B is not re-cntrant, entry to it would have to 
be scri:1lized, with the probability of a hold-up on device Y if one occurs on dcvice X. 

In practicc this double rc-cntrancy prcscnts sorne problems. A GS must not only know thc 
scmaphorcs and queues of its calling process, it must also know those of the particular 
targct dcvicc which it is addressing. One solution is as follows: 

Each proccss has an input qucue with a pointcr to it in its PCB. In the case of driver 
proccsses, which are in the nature of 'slavc' processes, requests for I/0 transfers :uc 
attached to this qucue. The qucue is found using the targct device idcntificr, passed to th~: 
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GS, to .tcct:ss thc dri\n's PCB. Application proccs<;cs' input qut:ucs are uscd by GSs. to 
;1\\,tÍt tltc rcsults of I¡'O tr.tnsft:rs. A GS locatl·s thc qucuc u~ing thc calling procc~s' 
itkntilit:r to lind 1ts O\\ n PC U. 

A sourn: of cmpty butf~o.·rs must a !so be ;n ailable. A pool common to a group of dcviccs 
hanJkd by a rc-cntr.mt GS-Jri,·cr pair is oftcn adcquatc. Thc adJrcss of this pool can be 
cxplicitly progr.tmtm·d into thc codc, althnuc:h thc size is probably fixed at configur.1tion 
time. Application proccsst•s m.ty havc .t sccond input qucuc whcre thcy reccivc mcss.tgcs 
from othcr appli.:.Jtion proccssl·s: tht•sc are prob.tbly passcJ using a calling GS as.sociatcd 
\\Íth thc pruccss. (Such m~:ss.tgl.'s, unltkc -thc n:phcs from l/0 rcqucsts to drivers, are 
unsolil'ÍteJ.) · · 

Fin.tlly, bt:sidcs .1 PCI3, drivers are usu.tlly gÍ\'cn a dcvice control block (DCD), chaincd 
to the PCI3 .. \ DCB will cont.tin d.tt.l particular to one device being handled by a re-entr.mt 
driver, for ex.tmplc its scmaphorc (for scizing thc Jcvice) and the device's physical address. 

Structurc summary 

The b.tsic structure may now be summarized (Figure 1). \Ve distinguish five mam 
module t~ pes, "hich are central to thc discussion of linking be!ow. They are: 

(1} Thc exccutive including VIs, and detailed in the third section. 

(2} Application processes' codc, possibly with associated GSs and buffer pool. 

(3) Configuration data for application processes, including their PCBs and input queues 
structures. 

(4} Peripheral driver processcs and GSs including the code of the pro-cesses and the 
GSs, and associated cnmmnn data such as buffer pools. 

(5) Configuration d.1ta for driver processes, including the PCBs, DCBs and input 
queues for the drivers. 

EXECUTIVE CONSTITUENTS 

Althnugh the cxccutive is ccntr:tl to the opcratin~ sy~tcm, it is rclativcly small in sizc. 
A po\Hrful cxecutivc for a minicomputcr c.m c.t~,ily be written in 500 to 1,000 worJs of 
storc. It:-. function is to crmtrol thc driver :md applic.1tions processes which form thc rcst 
ofthe S)Stcm. It is composcJ of four main componcnts: initializing code, intcrrupt handling, 
scheduling and virtualmstructions (VIs). 

lnitialization codc 

The systcm must be sclf-initializing, this featurc being particul.1rly important durin~ 
progr.tm dn·elopmcnt \\ hcrc manual resctting of PCD contents, semaphores, queues, etc. 
is unaccept.1ble. Gencrally, the policy followeJ is that the executive initializcs its own data 
and the PClls, and thcn schcdulcs each proccss in turn after arranging that they start their 
indi,iJual initializ.1tion. A typical process initi.tlization \\ill ir:tvolve resetting of counts and 
clearing its queucs and semaphores. This may be done by a VI, for example, to clear the 
proccss' input queue; or possibly by a call on a GS to crea te a pool of buffcrs, e.g. for file 
transfcrs to ami from disk. Clcarly, if pools are bcing recrcatcd, the space formerly occupied 
by them must prcviously be rcale.1sed by thc cxecuti\·e initi.1lization: the free store pointcr 
should be resct to its value \\ hen the systcm was first loaded. 
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Intcrrupt handling 

Thc function of interrupt handling i~: 

( 1) To iJcntify thc intcrrupt. 

(2) To activJtL' thc nppropriatc proccss. 

(3) To schedule. 

153 

Ccrt.Iin interrupts rcquiring vcry f.tst response may be hnndlcd dircctly using n simulatcd 
dircct-mcmory-acccss tcchniquc, ctthcr in thc microprogram (cf. autom.ttic 1/0 on thc 
lnterdata nlJchincs) or thc exccuti\·c itsclf. .-\g:~in, depending on thc inhibit/cnablc anJ 
priority strJtcgy followcd, it m.ty be that an intcrrupt Jrri\·cs for an already active proccss; 
in which CJsc a 'fic!Jing' tcchniquc, which adds thc interrupt to the process' input queue, 
is uscd. Gcncrally, intcrrupt idcntification is largely automatic using interrupt vectors 
(e.g. on thc PDP-11). 

A special interrupt handler is often providcd for thc dock. Basically ~his performs count­
downs on processcs which are suspended awaiting an explicit or default time-out. Such 
proccsses have thcir PCBs chained to thc dock handler. 

Schcduling 

Scheduling can be very simple-pick the first active process encountered-or quite 
complcx, involving assessing thc relattve pnorities of acti,-e process, the time elapsed sincc 
they \\ere last run, etc. Contrary to experience on large machine¡;, where there are. big 
overhcads in changing processes and a finely tuncd scheduling algorithm can be very 
importJnt, many mmi-systems, particularly core-resident ones, are insensitive to scheduling 
stratcgy provided that no obvious stupidities are committed. 

Virtual instructions 

Thc Yls discussed so far are norrnally privilcgcd and may only be acccssed by GSs, 
drivers or othcr parts of the oper.lting systcrn. :\Iany more VIs can be invented. TypicJlly 
they are uscd to adrninister processes: kili thcrn, suspend thcrn awaiting a time-out, chan;se 
their priority, etc. ( cf. the mcta-instructions of 0Jta General's RTOS). Su eh VIs are calkd 
from the processes thcrnsch·cs, or by thc operator via a command interpreter proccss. 
A furthcr t\\O may be thc Entry-to-GS and E-..it-from-GS VIs, calls on \\hich are normJlly 
cmlwddcd in thc lll.lcro n:p.tnswns of l{c.HI, \Vritc, cte. 

In practicc, entry to Vls is usu.dly pcrlormcJ by trap instruction->, supervisor c • .Jis or 
interna! intcrrupts \\ hich .tllow a sunult.mcous ch.tngc in processor st.ttus (\\ hich is con­
venicnt for moving to a non-re-cntrant mode of operation), and Jo a,\·.1y with thc nced for 
linking the VI entry points to thc proccsses' code. The return links prcsent no problcm if 
the VIs are non-rc-cntrant. If thc VIs are re-entrant, or in the case of the entry-to-GS VI 
which is followed by a re-entrant GS (which may call further VIs and GSs), the ideal place 
for saving links is on the process' prívate stack. 

Re-entrancy and intcrruptability of ~he executive 

lt has been shown that VIs are best coded non-re-entrantly, although this may not 
always apply. The questwn of re-cntrancy and interruptability, howevcr, is posed for 
other parts of the cxecutive code. 
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1\bny approaches can be takcn and tiH:y are likcly to be hardware dcpcndent, but a goo,l 
poli e y i~~ .1~ follo" s: 

(1) Int~rrupt handling codc is intcrrupt.1hlc :md re.:entr::mt, provid~:J thcre are :ulequ.Jt,• 
stack facilities. On tcrminating a p.1~s throu~h thc codc, rcturn is 'do\\ n-thc-~•t.l<.. i. · 
to thc l.~~t intcrruptcJ p.1ss. lf no ~uch on.: l''.ists, control procccds to thl.! sch,·dukl·. 

(2) Thc schcdull-r's links and work ¡:pace are disposablc. If it is intcrruptcd a resche,lnl' 
will oc¡,;ur, and thc hali-complctcJ schedule opc.:ration ca~ be forgotton. 

(3) Post-schcduling codc is re-entr:mt or non-rc-cntrant depcnding on thc ck\'crnc.:ss • ·' 
th;,:- cod~.:r. Thcre are critic:.1l momcnts hct\\ecn the selection of a process from th ... · 
active chain to its actu.1l .entry \\hcn such itcms as the current process ind1cJtor, 
the stac:k pointcr, cte. are vulncr:1bk. Thc codc can, however, be interruptable '' ith 
rcschcduling inhibited, .like a n; indced post-schcJuling is similar to a YI in thc 
sense that it is a sort of run-in to the process code. 

(4) All intcrruptablc but non-re-cntr::mt exccutive code (implying an inhibition of 
reschcduling) must termínate with a check whcthcr a forced reschcdule shoulJ tahc 
place, owíng to a received but unserviced intcrrupt. 

These conditions bear on thc executivc's ability to respond rapidly to interrupts. They are, 
however, more concerned with aesthetics than practicalities. 

A~ EXA!\'!PLE-BASIC I/0 

As examplcs of the use of semaphores, queues and the basic VIs, two simple globJl suh­
routines anJ corresponding drivers are sketched. One is for output of a character buff~r. 
e.g. to a printing devicc; onc is for input, e.g. from a keyboard. 

The configuration of Figure 1 is used. A common butTer pool is shared between ail thret: 
identical output deviccs. lt is supposcd to have bccn creatcd by the initialization routine for 
the devicc, and arrangements must be made so that only one pool is formed although ail 
three dn·iccs are initializcd by thrcc calls on the re-entrant driver. 

To output to the devicc the programmer \Hites: 

Write ((devicc name), (prívate buffer pointer)) 

A rnacro-asscmblcr convcrts this into a trap or supervisor call instruction, the par:1mcta~ 
bcir.g pa::~cJ on thc proccss' stack, or from thc locations following the trap instruction. The 
'cntry-tq- r;s• VI uses (Jcvice name) to indcx a t.1blc which contains thc addrc:.s of th•.: 
\Vritc GS for thc devicc, andan idcntificr for thc dcvicc (c.g. a pointcr to its drner's PCl3). 
The \'1 c.1uscs cntry to thc \\'ritc GS, lcaving thc rcturn links on thc proccss' suck. 

Figure 2 illustratcs thc re-entrant Write GS. A buffer is got from the common pnoi 
using thl: Gl:t VI. Thc pool is known to the GS since it is internal to the GSfdriver pro;jrJm 
module. Thc GS copies from thc proccss' prívate buffer to the pool buffer, put:; thc poPI 
buffer to thc driver process, using thc dcvice tdcntificr, then exits back to the caliing procc""· 

Th'c re-entrant driver gets thc butT...:r from its input qucue using thc Get VI. Thl! J~i\·n 
knows the input queuc for the ~pccific dc\'Íce, the pointer from the PCB perhap~ bcin!! 
loadcJ into a program-accessiblc rcgister on each activation of thc driver madc on bc.:h.d: 
of a U(;\"ÍCC. Thc urivcr emptics thc buffer charactcr by character, waitíng for an intcrnq•: 
to signa! thc readincss for thc ncxt one. \Vhen tht: buffc:r is empty the Put VI rcturns it t•· 
the pool. 
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:\Iorl· d.dlOr.ltc appro.1chc~ are po~sibk. Thcrc could be scp:.uatc buffer pools for cach 
dcvicc; tu .IVoid cnpymg fr,,m a pnv.1tc toa pool buffer tht: applic:1tion programmcr cou!J 
h.: g1vcn .motht:r nucro \\111ch wouiJ g..:t him a pool butkr for filling prior to calling \Vritc; 
Opcn and Clo~c macros cou!J be aJdt:d to Sl'ÍZc thc de\ ice for a givcn application proccss; 
(dcncc n.1mc) coulJ be hdd in a 'hnkblock' .1nd a pointer to thc linkblock passed as a 
p.•r.nnctl r so th:1t altt'ring thc contcnts of thc hnkhlock wou!J cnablc thc device to be 
rc.1Jdy ch.lnf:cd; error mc~~ugcs cou!J be rcturnl·J to thc c..tlling proccss which would be 
obligcJ to w.1it to chc.:k succcs~ful output, etc. 

In Figure 1 tht: GS/drivcr pa1r for input .m: supposcd rc-entrant although thcre is only 
onc dcvicl'. Thcrc are comrn.md .1nd d.1t.1 butf~r pools common to the moduic. In general, 
input must be rcqucstt:d by .1 proccss, cithcr to actívate the device (e.g. a paper tape reader) 
or to tcll thc driver the ultimatc dcstination. Thus, in Figure 3, the Read GS passcs a 

Write (< device name >. -!- <prívate buffer pointers~) 
Driver -=== 

! 
Get data buffer 

from common pool 

¡ 
Co¡;y data frcm 

prívate to 
pool buffer· 

l
~databuHer 

from drivers 
inputqueue 

1 

,l!!! data buffer 
to driver 

! 
Exit 

V 
Output r character 

! t 

Ll W•i< fO< i""ru" 
Lost character 

No output7 

M empty buffer 
to common pool 

Figure 2. Simple output, with copying, usj,zg a TVrite GS 

- . 
command buffer to thc driver before receiving a data buffer from it. It also scizes the device, 
so that two prócesses do not rcqucst input in parallel on the one device and interchange their 
data by mistake. -

The proccss uses the macro: 

Read ((dcvicc name), (privatc buffer pointcr)) 
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This rcsult-; in cntry to the l~c.td GS (n.; '\ith \Vritc). Thc dcvicc is scizcd w.ing t1u· 
pocpcr.ítion \'I on ,, SL'III,tphorc tound in thc i>CB, \·i.t thc licvicc idcntifia. A comm.md 
hutT~.·r is nht.tinl·~l from tlll' loc.d poul, tillcd \\ ath thc c.tlling proccss' idcntificr (say a po; ntn 

to its l'CB sct up in~~ rq~ista by thc cntry-to-GS \'1), anJ thc butfcr is Put to thc dn' ,·r. 
Thc GS ¡,:~·ts thc rctunll'd data butl'cr from tite input qucuc of thc calling proccss (fo•,;•d 
fro~ its l'CU), copies it to thc prívate bulfcr indic.Jted by thc calling paramcter, put~ lhc 

.-· . 
eJdevicc ~Pmaphore) 

! 
~ command buffer 

from command 
buffer pool 

Looo it with calling 
• proce>5' !denlllier 

.f!!l command buffer 
to driver 

~data buffer 

Copy data from 
pool buffer to 
prívate buffer 

b!! data buffer 
to pool 

v ldevice semaphore) 

¡ 
Exít 
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1 

! 
GPt co~T~mand buffer 
from input queua 
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.&u.eommand buffer 
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l 
Wait for interrupt 

¡_ 
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L 
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! 
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No 
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Deactivate input device 
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to calltng process 

Figure J. Simple inpuc ~cith cnpyinst, Hsin;r Read GS 

l 
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d:tta buffer to thc local pool, calb thc v-oper.1tion VI to rcle:tsc thc Jevicc and c:•it::>. Thc 
Jrin:r is s1.:lf-L·~ pl.uutory. lt uses thc c.dlcr's itknt i her in the command bu !Ter to loc.ltl.' thc 
input qucuc for the d.1t.1 butkr. ,\g.un, input .dlows many v.~ri.1tions: :1\'oid copymg by 
supplying .111 t•xplicit n.:turn-d.na-butkr G S; build in an echo facility for keybo.m..l, etc. 

ThL"se two cx;tmples show that thc drivers anJ GSs are, in a ccrtain scnsc, trustcd codc. 
Thcy Jo not opcratc on l'Xccutin: d.1t.1 ::;uch as PCDs, "hich is done for thcm by VIs, 
but thcy Jo W>C pointcrs to rcn~. DCBs, etc. which thcy could corrupt. Howevcr, thc 
appltcations progr.unmt..:r ts prc\'cnt~:J from h:10Jling such entiti~:s dircctly. 

A DATA 13.\SE A:'\D FILING SYSTEl\I 

Central to almost al1 real-time opcrating systcms is a common data structure. Such a 
structurc docs not bdong to .m y in di ndu.1l proccss, but is sh:tred between scYcral processcs. 
It may he a core-rcsitknt dJt.l base or it may be :l collcction of files on disk. Typical examplcs 
are: a data base containing thc currcnt state of the pl..mt in a proccss control application, 
the d.1ta base being updatcJ by sc.tnning proccssl.'s and acccsscd by control, lo~ging and 
display processcs; a routing t.tblc in a mcssagc switching systcm, bcing accessed by m1ny 
processes for reaJing, and occ.lsion.llly being writtcn to when the network is changcd; 
tables of stock recorJs in a small real-time stock control system, again being reaJ from 
sorne sources and writtcn to from others. In the Yery simplest case, where the data base is 
only read from and is corc rcsidcnt, thcre is no nced to provide any centralized accessing 
system: all proccsses can reaJ in parallcl. But if the data is changing, thcn it is important 
that those proccsscs which Jrc reading the datJ. have controlled access to them, otherwise 
they may read half-changed mformat10n. lf the data base is on a backing store, obv10usly 
access must be furthcr controlled to stop processes issuing direct commands to that store 
in parallel. A disk driver process must be supplied, in the same way as a driver for any 
other I/0 peripheral must exist. · 

Basic structure 
We supposc that the dat.t base is composed of individual files. A file is a collection of data 

which has a unique accessing channel so that, whereas processes A and l3 can access files 
X and Y respcctÍ\ el y, complctcly indepcndcntly, they cannot both access file Z without 
being aware that thc other is also doing it, and acting accordingly. Access is controlled by 
the basic Opcn anJ Close commands. Thcsc are c.dls to globJ.l subroutines ( GSs), descnbcú 
above. Thcy use parametcrs pJsscJ from thc c.dling process which spcctfy thc file name, 
and other inform.1t10n such as thc acccss requircd (rc.td/write), and perhaps lockout­
avoiding inform.ltion such as thc maximum numbcr of file buffcrs requircd ata time by the 
process. The purpose of the Open GS is to establish a corc-resident file header block 
(FHB) "hich will subsequcntly be used to control all transfers to or from the file. This 
FHB \vill be filled initially from the file header, which will be found via the file directory 
(on disk, if it is a disk file), and remams in existence as long as the file is open. All processcs 
opening files must first check for an alreaJy cxisting FHI3, which is done for them by the 
Open GS, anJ if they find one eithcr use it or suspcnd themsclvcs (on a file protection 
semaphore), dcpcnding on thc dctails of thc systcm. If many processes are allowcd to have 
thc sJme hll! open at a t11ne, then the Flll3 '' 11l contam an Open Count, amongst othcr 
thip~-- C'l,J..,ing thc lile \\tll decrcmcnt the count and whcn it reachcs zcro the FHI3 is 
rcllí1c1•, ,;,\.::u. 
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A pron·gs may rcad from or writc toa file which it has alrcady opcncú. Rcad aiHI \\'ritc 
.trc abo GS~, "hid1 check that thc lile is opcn, and tlwn pcrform thc transfcr. \\'ith .~ tnre­
rcsiJent dat:l hase thcsc GSs .uc rd.ttÍ\'I.'ly straightforward, but with a filing sy~tm1 on 
di~k, writin~ involvcs al! thc business of gcttinl; bull'crs anú putting thcm to t!w d1~-k 
driver, airead y discusscJ. Rcnd and \\'¡ itc ha\'C as paramctcrs, bcsiclcs the file n:1rm "u eh 

.itcms as the word or record nmnbcr at which thc transfcr is to start, and thc nund· ·r of 
words or rl'cnrds to be tr.mslarcd. U:.ing information thc FIIU obtaincd from the dirú'tory, 
thc;· .11'<.: transl.ttcd int•J ,¡bwlutl.! corc or disk addrcsscs. 

'f~\'(1 more CSs, Cn:.ltc .mJ Dck·tc, are n~ccssary to allow files to be creatcd and c.klctcd 
on-linc. TIH:y havc as pnramctcrs thc ñlc namc and, in the case of Create, additionnl itcm" 
such ::~-; file typc, size, cte. Thcir function is to add to or subtract from the file dm:ctory, 
and to b•I<Jk or rclease space on disk. 

Cre;~>~·- Ddete, Open, Close, Rcad and \Vritc are thc basic GSs for acccssing the tbt.l 
base. T!wy. can of coursc be elaborated, in particular to distinguish between transf.:rs 
directly to :md from system buffers and those which use copying. lt may also be convenient 
to supply n GS which allows the entirc filing system to be by-passed. This is parttculady 
conver.icnt for pro'viding overlay and swapping facilities which are'performed in any case 
by trusted code. 

File dcsign 
The de!:-igner of a small real-ti~e filing system is faced with a serious problem. Either 

he maintains a compact and fast access system, implying many limitations, or he supplics 
a general system with often massive overhf'ads. Gener:ll!y and \Viscly, the nunuf.1cturcr 
imposcs fairly stringent Iimitations on the files. If we consider a disk-based filing systcm, 
we are confronted with deci'sions on many subjects, of which thc following Iist is a sample. 

(1) The types of file. 
Basically the files are eithcr fixed in size when created or have the capacity of growing. 
Fh:ed size files are best allocated contiguous space on a disk but files which can gro\V 
\VÍil nced eithcr an indexing or chaining structure. 

(2) Sub-divisions within file. 
Files can be composcd of a continuous strcam. of data whose structure is only 
intdligible to a program which can read it, or the data mny be split up into blocks of 
characters, individual words or rccorJs. 'fhcsc may or may not be of fixed length. 

(3) Spacc allnC.1tion. 
A record must be kl'pt of thc free sp.1ce on disk. This can be done by maintaiuing a 
m;lp of all thc disk sccwrs, or chaining all thc free sectors together (with the risk of 
losing scctors should the chain be brokcn). If the record of free pages is kept in core, 
it will occupy a lot oi space and also !cave thc disk meaninglcss in case of a computcr 
failure, or transfcr of tht: disk to anothcr machine. 

(4) Thc file directory. 
Bcsides the fil~:s thcmselvcs anu thc record of the frc_e space a third class of data must 
be kcpt on disk, the directory. This cnablcs files to be found by name. Each entry in 
thc directory contains the basic hc.1úcr information for forming FHDs when opening 
a file. 

(5) Off-line compatibility. 
It is ucsirablc that all Jata on the disk is itsclf file structured in sorne sense. Ideally, 
the Jirectory, free sector record and on-line files should be accessible as ordinary 
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files to sorne otf-linc disk opcrating systcm. This mablcs tlv:ir establishment in thc 
first pl.tcc, atlll thcir an.1lp1s latcr. 

As rcg.uds thc f.tcilitics proviJcd to the on-line user, there are additional decisions: 

(6) Probably a limit must be put on thc numbcr of files a given proccss may havc open 
at thc onc time. This thcn puts somc limit on the number of butfcrs for FIIDs which 
nccll to be providcd by thc systcm. 

(7) Eithcr only one proce,;s is :-~llowcd to opcn a gi\·cn fÚe at a time, in which case 
suspcnsion mcch.misms must be implcmcntcd for othcr processes, or decisions must 
be made on multi-.1ccess mcthods. For cx.tmple, many proccsscs might be allowcd 
read acccss in paraild but only onc to have write access at a time. Again, this sort of 
acccss might be applicJ to rccorJs rather than to thc file as a whole. 

(8) Dcpcnding on thc transfcr mcthods uscd, therc is probably a restriction on the 
maximum numbcr of d.tta buiTcrs \\ hich a process may have at any time. An infringc­
ment, for example by attempting to read more dat.1 from a file befare the prcviously 
read buffers had becn rcturncJ to the system, would cause the calling process to be 
aborted. This maximum number could be allocated at configuration time, or could 
be passed as a parametcr whcn calling the Open GS, and vetted by the system using, 
for example, Dijkstra's bankcrs' algorithm. 2 

The decisions made in such arca will radically affect the size of all the data structures 
involvcd. For example, a system permitting multi-access to a given file but with 
control on access to a record Wlthin that file would require an FHD with space to 
contain, in principie, the current record number for every process which had the 
fiie open at that time. 

Mechanisms of file handling 
The mechanisms uscd are obviously highly dcpcndent upon the design of the files which 

they must support. The basic principies have already been outlined and are illustrated 
again in Figure 4. Thc proccss wi-;hing to acccss the filing systcm entcrs a GS, such as 
Opcn, wluch puts ancl obt.tins bu!Tcrs bctwccn 1tsclf (on bchalf of the calling proccss), 
the disk driver and thc buffer poob. In thc c.tsc of the Opcn GS, aftcr a check that thcrc is 
no alrcady cxisting FHB for th.lt lile, Ú1e GS puts a rcqucst to the disk Jriver for a page or 
pages from the dircctory, obtains thc pagcs back (olf the calling process' input queue) after 
an appropriatc dcl.~y, obt,tins a butTcr arc.1 in which to sct up thc FI-Ill .1nd then returns 
control to the calling proccss. This is a simplification. The rcquest butTcr must be obtainc<.l 
from a pool, and the butfcrs \\Íth the directory p.1ges must be returned to a pool. The 
search through the dircctory may be done by the GS (with repcated calls for dircctory 
pagcs), or by the disk driver, or be avoidcd altogethcr by having some skelet.1l core-resident 
index \\ hich enablcs the appropriate page of the directory to be found directly. 

It will be seco that thcre is a great deal of scope for lockouts of one form or another. By a 
lockout we mean what is oftcn called a 'dcadly embrace', \vherein process A cannot proceed 
until proccss B has finished and proccss D cannot finish until proccss A has finishcd. 
\\'herevcr proccsscs are acccssing butfers or other rcsourccs in par.1llcl, lockouts can occur 
because one process docs not release the buffers it already has until it has obtained sorne 
more. For this rcason many small real-time opcratmg systcms have limits on thc number 
of buffers per process and cnsure that sufficient butfcrs are provided so that each process 
may at lc.1st go up t0 th1s limit. 
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Thcr..o ís also scopc for introducin~ chaos through paraÍlcl nccess. lt has bcen ~aid tl.at, 
in gcnc;.-,1, GSs .uc rc-cntrant, but if \\C considcr thc case of thc Opcn GS, it is cll:ar tnat 
two distinct proccssc¡¡ m;1y try to opcn thc onc file llimult:ancously, both finding that it it..1s 
no F liD .mJ so both crcating onc for it in par.1lld. This could be .1voidcd by protC'ctin.t: "ith 
Acmaphox es that part of Opcn which st.lrts with ;1 test for an exi:aing FHD anJ "hich ,\·nds 
with thc establishment of onc aftl'r a succcssful rcad from disk: Altcrnativcly. thc prot~·ttion 
could be mad\! much short~r allowing the crc;\tion of a rudimentary FHil prior lo thc 
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Fig11re 4. Simplified diagram of opening a file on disk 

request for directory information from thc disk. This serialization of calls on thc GSs or 
the filing systcm is highly undcs¡rablc in thc case of Read and \Vritc, can be avoiJed WJtia 
sorne ingenuity in the case of Open and Closc, but is frcquently nccessary in thc case of 
Creatc and Dcletc. This is a mcasure of how much of the d.Jta is in core and how much on 
disk. In thc case of Create and Oclcte it is essentially disk data which is being changed, anú 
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it is import.mt th.1t t\\O proct·s,..t·s do not try to add to thc onc dircctory m par.lilcl or to 
t.1ke fik ~p.11.:e 011 di::.k in par.lild. _ 

lf there ¡,; more th.m one d1::.k 1t 1s natural to u-;c a re-cntrant Jrin:r which will h.1ndk all 
of th\.'111. Thc driHr obtains rcquc::.t~ from it,; input queuc, orden; thosc request:; to optirnizc 
disk access times, picks thc hi;;he::.t pnor1ty onc, initiates thc scck oper..1tion for it and thcn 
waits fur the i11terrupt \\ hicl1 ::.ignlfiL·s th.lt thc transfcr is complete. On output this mc.ms 
tlut thc buffer is anil.1blc for n:turn to the pool; on input it mc.ms that the butfer must be 
put back to thc mput qucue ot the pron:ss '' luch callcd the GS \\ hich askcd for it. Dut if 
severa! Jisks are 011 thc onc controlkr. the rc-cntrancy of thc dri-.cr must be limited. In 
general, 1t is po;:;,.ible for secks to proceed in p.lrallcl, but not for thc actu.1l Jata tr..1nsfcr. 
So on a moYing hc.Hi disk, once thc tr.1ck has l1ccn found, thc driver must book thc controller 
with a p-operJtiun on thc appropnatt! scmaphore, initiatc thc search and transfcr and 
finally rckasc thc controllcr with a Y-operation. :\I.my minicomputcr systems use hc::~d-pcr­
track di:.ks \\hich simplify both tlH: dcsign of the driver and that of thc optimizing technique 
uscd on requcsts for sectors. 

Other considcrations 

It will be appreciatcd that thc dcsign and implementation of an adequate filing system is 
probably more complicatcd th.m that of thc basic executiYe itself. It is certainly larger. 
By the time GSs, drivers, tJbles, scmaphorcs, FHI3 buffers ..1nd data buffers have been 
allowed for, probably 4,000 \\OrJs of storc have beco consumcd. This would only covcr a 
basic filing syst~:m. 

As an examplt! of additional facilities, three subjects can be mentioned. 

Shutdo~vn 

lt is desirable to be able to shut clown all or part of the filing system in an orderly fashion. 
This \\Ould involve closing .lil open files, releasing all buffer space, etc. In particulJr, it is 
a very uscful facility to be abll! to close clown an individual process without locking up the 
filing systcm. It must be possible to idt:ntify all the open files belonging to that process and 
to close thcm using sorne supervisory process. · 

File capabilities 

Files do not :.1lways exist as a data base. They may be passed about in the same way that 
corc bull'as are p.¡:,snl bcl\\l'Cll procl!sscs. A typical cxample is in a mcssagc switching 
cnvironmcnt, whcre the flks a1 e lhe mcss.lgcs wl1ich .lrl! being p.1ssed through the system." 
The n.1mcs of tilcs are p.ls·.cd i>l!t\\ccn prm:c:.sc:. (which will be di::.cu::.sl·d l.1ter undcr'::.torc 
protc~.:tion). U ndcr thl!se cir~.:umstances, thc Cri!..Jtc and Dclcte GSs must be expandcd to 
takc into account the fact th:.1t whilc one proct:!>S may wish to dclete a file, anothcr process 
is stlll using it. E\.istcncc counts for tilcs must be built into thc dircctory. This is anothcr 
reason for scriahzing the Crcate and Dclctc GSs. 

RecO'i.:ery 

The \dwle thcmc of_security and rccovery has not beco touched on. It is sufficicnt to 
say that if tilcs are to be chcckpointcd and aud1t trails are to be maintained for them, thc 
checkpoints and audit trails \\ill thcmsclves be files, perhaps of a special sort, perhaps 
standard oncs. 'fhcy must obviously be kept on a differerÍt disk to the one whose data they 
are rcco~ding. 
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COl\Il\lUNIC.\TION \\'ITII TIIE OPERATOR 

In thc fidd of communication with thc opl·rator, thcrc is oftcn a big difTcrcncc bctwccn thc 
f.tcilitit•s oiTcr~d in a m.tnuf.lcturcr's p;jckagc anJ thollc providcd on a spccial-purposc 
sysí:cm. Oh> iou~ly, a p.11.:k.lgc must be more g'-·ner;ll, nnJ thcrcforc offcr more. llo\\ e\·cr, 
it is .lis\> tnt~: :h.lt once thc busic communication facilities have bccn providcJ, it is ven· 
casy to e:-.p.tnll thcm, and unlcss this tcmptation is rcsistcJ, a lot of unncccssary anJ storc­
consuming ítcms can be includcd. 

Mcssugcs to thc computcr 

l\Icssagcs to thc systcm as such, as opposcd to mcssagcs to any individual process, are 
frcqucntly !<kntificd by h.1\·ing thc initial charactcr a full stop, a dollar sign or sorne otlwr 
special syml-oi. \\'hcn typcJ in at ..1 kcyboard, thc input proct;ss which butTcrs thc charactcrs 
into a niC$ .. ~¿:, kno\\s to put thc compll•tcd mcssagc to .1 special proccss somctimcs n.·fcrrl'd 
to as the ('r¡mmand Int<:rprctcr Proccss (CIP). The CIP examines the mcssagc ancl, if it 
rccognizt•s it, ¡t acts on it. If it docs not rccognizc it, it outputs an appropriatc error mcssagc 
to the terminal whcnce it carne. The method whcrcby the command is cffccted JcpcnJs 
upon what it is, but in many cases a VI is thc bcst: this particularly appiies to comnunds 
which atTcct executivc data, for cxOJmplc, thc l!t.ltus of processes held in their PCBs. Other 
commands can be effcct~d by passing buffers to appropri.lte processes, or possibly by 
direct calls on GSs. E:o..amplcs of such commands are as follows. 

Bas:"c real-time data 

Commands which set up the time, the date, the identifier for the current operator, the 
machine number and any other inforrnation of this sort which will subsequently be requircd 
for logging on printouts. 

Control over processes 

These commands include ones which will change the priority of processes, actívate them, 
stop thcm, m.1ke thcm continuc aftcr a stop, abort them complctely or perform any othcr 
operation which effccts thcir position and status on the schedule. 

Re-configuration of 1/0 det•ices 
Thc simplcst illustration is a changc of control console. Thc opcrator may, for cxamplc, 

dcsign.ltc anothcr tl·lcprintl'r as thc consolc. In more sophistícatcd systcms he may ch:mgc 
pcripher.1ls, c:lUsing Jata which was coming out on a linc printcr to come out on a papcr 
tape punch. Thcrc are various mcthods of doing this, which vary from simply changing 
the pcriph..:ral hardware acldrcsses in a driver (assuming that thc new device is compatible 
\\ ith thc old, and that thcrc is no contention for it), to changing the clevice na me helJ in 
the linkblocks of the application processcs. This lattcr is the bcst method as it rcsults in a 
complctdy different GS bcing callcu, so that in principie output could be changed from a 
dcvicc likc a teleprintcr to onc as diffcrt:nt as a m.1gnetic tape. Clearly, there are problems 
at; to whcn this takcs place. w~ do not wish to change from device A to device B when 
dcvicc A has already bcen opcncd by thc process, and device B has not. Here thc facility 
to m..1ke a proccss rclcasc all its claims on pcripheral resources~is obviously important. 
To cnablc the CIP to locatc all thc link blocks in thc system, they will probably ha,·c to be 
changcd to some tablc structure in the cxecutivc. Thc CIP, using a VI, ~an sean this chain 

---
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for thc n:11ncs of thc dcviccs ''hich are to be intcrchangl·d. The sctting up of such a chain 
must be done at thc initial cont1gur.Jtion time. 

Prngrammers' aids 
Facilities can be proviJcd to cnabk a programmcr to monitor and if nccessary changc 

givcn loc.1tions in core or on di~k Thc mcs~agc to the CIP may use absolute adJrcsses, with 
all the J.mgcrs that this implics, or m.1y rcfcr to structures by symbolic namcs. In this case 
thc ClP \\OUlll ha\'c to opcn a disk tile, for example, and pcrform readjwrite GS calls just 
likc any othcr proccss . 

.M.essagcs from thc computcr to thc opcrator 

Thcse messagcs may be of any typc wh.ltcvcr, since thc oper<..tor is the only person who 
has to intcrpret thcm. Thcy f.JII into t\\O c.1tcgorics: thosc \\ hich rcquire a reply, and those 
which do not. Doth are initiatcd by a spcci.1l writc call toa GS which handles the operator's 
consolc, which is not ncccssarily fixcd (sCl' aboH'). The buffcred mcss.1;es are output in 
tlu: ordinary way, cxccpt th.1t mcss.1gcs which a\\,lit a rcply must previously arrange for the 
consok to be scizcd, using .1 mutu.li l·xclu:-.ion scmaphore, to ensure that the rcply rcturns 
to thc sendl·r. Typical USl'S of this f.1cility are: statistical outputs about devices for the 
system as a whole, and error messagcs. Error mcssages frcquently rcquire a rcply, to tell 
the system whether to procccd or to try ag.1in. lrrecoverable errors will require the abortion 
of the associated process, and if this is done by a system message, as opposed to a reply 
to the error message, care must be takcn to ensure that among the other resources released 
by a process is included thc operator's console. 

More sophisticated communication 

The facilities mentioncd above are concerned with the adjustment of the existing real­
time operating systcm, rathcr than with additions to it. Sophisticated systems allow the 
incorporation on-line of new progr.m1s and data. Indeed they frequently permit the back­
ground compilation, cditin~ and dcbugging of programs which can then be established on 
file, and later incorporated into the on-linc system. If this background batch processing 
facility is supplicd (see Part 2) the whole job controllanguage associated with such work is 
available to the opcrator. The output is a file or files for incorporation in the on-line system, 
discussed bclow. 

Once a new process is inscrted, it must be activatcd, either directly from the console or 
by changing the intern.1l routing system so that it becomcs the destination for a message 
from anothcr process. · 

In thc same way that new code may be aJJcd to the system, it is possible to add new data 
in core or on file. lf the d.Jta airead y cxists on disk it is only a question of giving a 'capability' 
for it to the relevant proccsscs. This :.ubject will be discussed more fully in Part 2. 

CONFIGURING, LINKING AND LOADING 

Givcn thc existence of program modules which are to make up a real-time system, sorne of 
which may be library modules, sorne specially writtcn and othcrs standard modules with 
modifications for thc particul.Jr application, the problcm rcmains: how are these modules 
to be pl.1ccJ in store to forma cohcrcnt whole? (Here we are only considering core-rcsident 
progr.1ms \\lthout mcmory protcction-i.c. no distinction between virtual and physical 
addrcss spacc.) 

., 
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Thl· crca~i(,n of :1 ~y:-;t.:m out of irH!i,·idu.tl moduks c.m be done ;tt the most ~irnpk lc\"1.:1 
by cud111g- I'Clb and othcr contigur.1tion d.lt.l l'y h.mJ and usin~ thc :-.t.md.m1 linkcrs a.1d 
loadcr:> supp!i~·d for asscruhlcl" objcl·t codc; or, .1l thc most sophi-;tk.ltcd leve!, llstnt: ,,, 
intl·r.tctivc .;ystl'nt gcm·r.Hion program, "hich cn.1blcs thc uscr to c.tli in moduh.:s fro:n 
b:1ckint; stor.: and link thcm into thc sy~tcll\ in .1 convcrs.ltion.tl modc. IIcrc ag.1in thc 
manuf.11.:turer is l~kt..·ly tu supp1y much more l'nmprchcnsi,·c facditil·s than are nn:l·s:;ary 
for tla: cou!"truction of a onc-olf systcm. But, \\ tth or without systcm gcncr.ttwn .tiJs, it is 
1n this arc.1 qf contiguring, linking amllo.ll!ing th.tt much confusion oftcn cxists in practlcc. 
Prob.1b!v, ;.]:;:-; is bcc:1ust: it i::. not t.tkcn scriously cnough, and thc uscr assumes that it mil 
be ~tr.1igb 1 i~JrW.!Cll '' ithout forcscci ng ;m y of thc problcms. 

Configm ;ng 

If wc c•.:;:;;,\er a systcm composcu of modules :1s outlincd in Figure 1, wc scc that thc~'­
arc fi·:e !.-,.e\~ typt·s of modules imnh·úl. Typc l, thc cxccutive, is largcly fixed, and only 
ncr;ds con:i;;1or:ng to tl:c number of pro.;csscs and of GSs in thc systcm. Thc prcJCl'SSCS ;lrt' 

idcntificd by thc PCBs, \\ hich .trc chaincd tog, thcr, so that the nccutive nccds to knt¡,,· 
only onc mcmbcr ot thc ch.1in to be .tblc to find ali thc othcrs. Thc GSs are founllu~in~ 1 

look-up tablc '' !1ich tr.llt:-.l.nes nucro CJ!Is anJ dc,·icc namcs as found in thc linkblod~. 
into cntry .:ddrcsscs for thc GSs .. -\s;.umin~ that thc six macro calls, Crc.1tc, Dcktc, Opcn, 
Closc, Ré..H.l .wd \\'rit~, c.m h,Jm!le all J..:,·iccs, then cach devicc in the sy~tem will rcqwr·~ 

, six cntrics in this tablc, which can be c~mvcntionally onlt:reJ. Thus configuring invoh e.;; 
making a 611 t.;blc for n dcviccs, and incorporating a decoding mechanism for each of thc 
n de-,·icc names. lf application proccssrs or core-resident data bases are also accesscd by 
GSs, the table '' ill ha\·c to be suit.tbly extended. 

Typ(! 2 modules, application proccsscs, require no configuring unlcss they have GSs 
~nd bufTcr structurcs to cn.1blc thcm to be called by other application processes. In this 
case thc basic structurc alre.1Jy cxists in thc code, and all that is rcquired is to allocat~.: the 
numbcr of buffcrs in thc pool and possibly the size of e:tch. This is bcst done by :trranwn~ 
that bulfcr crcatwn is actually pcrforrncd at initi.tlization time, so that all that i<> inscrtcJ 
at conrigur,ttion time .1rc appwpri.ttc numbcrs. \\'hcn the proccss is initialized it uses thcsc 
as p:.u.unctcrs on callin~ a glob.d buiTcr crcatior. subroutinc, which can convcnicntly use 
up .111 thc free storc in thc systcrn, in p.lrticular by ovcr-writing the loackr. 

Typc 3 modules are thl! configur.1tion data for application proccsscs. Thcy includc the 
PCBs .md thLi~ dual input qucuc structurc, onc qucuc handling butTcrs from 1/0 dt.:,·iccs, 
thc othcr bcing for ml·ssagl'S frorn othcr applic.1tion processcs. Thcse qucncs "i!l be 
initializcd a.; cmpty, so conliguring csscntially involvcs filling in any data in the PCD \\hich 
is not alrl·acJy thcre or going to be satisfied by the linking procedure. Such data might 
includt.: thc pnority bc-:ing allocatcd to the process, the size and possibly the initial ad.Jrcss 
of tht: stack-spacc for it. 

Type 4 modules, which are the 1/0 dri\·t:rs and associatcd GSs, rcquirc sorne thought. 
Contiguring he re is conccrncd \\ ith allocatin~ butTcr space. If wc considera filin~ systcm, 
such as dcscribcJ in thc tifth scctwn, two types of butfcrs have to be made avadablc. One 
typc is for FI-IBs, thc othcr for d.ltJ. Thl·se butfcrs are going to be used by all pro~.:csses 
which acce:.s thc filing systcm, so thc numbcr allocatcd must be rdated to thc numbc-:r of 
such proccsscs in thc system anJ the maximum d~m.mds likcly to be made by such processcs. 
For cxamplc, if n proccsscs can acccss the filin~ systcm and each is allowed to havc m 
open files a~ a time, nm fiiil butfcrs should be crcated. If no process is allowcd to have 
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more.· th.m p d.1t.1 lllltfcrs :1t a time, prO\·idcd somc sort of bankcrs' algorithm is implcmcntl'l!, 
th1.·n p d.1t.1 bulfns .m,: the 1111111!lllllll to be suppli, d. Some figure bct\\cen p .mJ np is wh.tt 
\\Íll proh.1bly he providcd in pr.11.:ticc . .-\s ~t.1h:d carlicr, butfcr sct up is bcst Jonc at 
initializ.uion time. 

Typc 5 moduks, confi~ur.ltion d.lt.l for I/0 dri\"crs, includc thc PCBs, thc DCDs and 
the input qucucs for thosc drin:rs .. \ l'C ll must h~: crc.ncJ for c.11.:h dc\·icc c.lp.iblc of being 
dri\·en in p:1r.llld \\ ¡¡[¡ other de:' ic~.·s, .mJ \\Ork- or stack-spacc for thc proccss must be 
indic.1tcJ in it. Similarly, the DCB nwst mcluJc thc spccific I/0 addrcsscs for this Jc\"ice. 

It will be sccn, bclow, that modules typcs 1, 3 and 5 contain pointers to othcr modules 

PCB chain 

Type 5 modules 
r--- r-- r--

4 ... f-- .... _ 

Entrv sddre=s 

Type 4 module 

GSs 

lnterf~cc 

Proccss 
codP. 

1 Type 1 
module 

GStable [}-

~ 

Type 3 modules 
~ ~ 

Type 5 module -
1----~ .... 1----+---ol ···+----,..¡ 

Entrv addres; 

~ 

Procrss 
codo 

-.__ 

1 Entry audress 

_ps en try addresses 

Type 2 modules 

-GSs 

~ 

Interface 

l.e-
Process 
codo 

Figure 5. Linhzng thc modules 

Entrv address 

Type 4 module 

.... 
GSs 

1-

Interface 

1-e. 
Process 
codo 

which \\ ill be resolved by linking. Thcse symbolic pointers, typically the names of entry 
points to GSs and processl.'s, must also be tillcd in :Jt configurat10n time. Configuring can 
obviously be done m;¡nually, thc rcsult bcing a scriL·s of modules to be presentcd to thc 
linkcr, but it can .dso be done intcr.lcti\"cly. A spccial configuring program, run otf-lin~:, 
can acccpt each module, rccognize it for \\ h.lt 1t is and ask qucstions of thc user. Thus, 
\\hcn confrontcd \\ 1th moduk typc 1, it \\o u id .1 . .:k the user for the na mes of the dcviccs to 
be supportcd, and continuc crcating thc cntry-to-GS tablc, until thc u ser .said thcre wcre 
no more dc\·ices. Simil.trly, a b.1sic typc S module wou!J be fillcd in conversationally, and 
indced repeated if thcrc are se\·cr.1l simil.1r dcvices, for example tclctypes, in the system. 
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Linlr.in;; 

A lJ,,,ic link-l·ditor's function is to link togcther modules which are ~imultanco11,iy 
allo~:..!tl:d corc stoa·, c1thcr by thc link-editor itsclf or by the operator. Figure 5 iilustr .• es 
thc linJ..s ''hich must be m.Hic. Thcy are: 

( 1) The links bctwccn the executive GS table, sct up while configuring, nnd tht! GS>~' 
entry aJdrcsscs. 

(2) Thc ;ínks bl'twccn the cxccutive· and the PCBs, chaining thcm togcther to form a 
basic schedule. 

(3) T;w iínb bct\\ccn the PCBs and thc codc of the associatcd processcs. Again, thcse 
are i.nitial auJresses. If a proccss' colle is bcing used rc-cntrantly thcn scvcr.d PCUs 
wi1! ¡_1oí nt to thc one piccc of codc. The proJuct of thc link editor is a binary rile for 
th(; l·•.1dcr. 

As in ~h·: c;¡se of configuring, a more sophisticated approach is possible, in which :.1 

spccial-po;~pose linkcr rcco~nizcs the modules for what they are. Indecd configurin~ athl 
bnkin¡; c:-on be madc onc opcration. As an cx.1mplc onc can consider the chaining of link­
blocks in aprlic:nion codc, to cnJble devicc indcpendcnce. Kormally, linkir.g in•:ohe~ 
mntching ~~ r.-fcrcnce in module 1 to :m externa! symbol which appears as a label in module 2. 
Tn avoid ~;.wing the complete symbol t.1blc for module 2, it is possible to declare a list of 
extcrnal ~.ymbols (thosc rcferrcd to from outside) at thc head of moJulc 2, and this li::'t al0nc 
is consiJ.:rcd by the linl..er. Howcvcr, this mcthoJ does imply that the coder of module 1 
knows thc symbol in module 2. In our examplc, he may not. All he knows is that his link­
biocks ;w· to be chaincd to moduk 2's linkblocks. (A similar situation exist:a for ch.tiuing 
PCDs.) 

The solution is to declare, under the title 'Linkblocks', a list of each one, at thc head of a 
type 2 module. The special configurcr/linker recognizes the declaration and chains the 
items to any previously processed linkblocks. Thc operator can also be asked by the 
configurerjlinker to fill in actual device names in the linkblocks. 

Loading 
If the above procedures have been followcd, loading is a trivial opcration. A binary corc 

imagc is lc-aded directly to its finallocation. In general, the modules presented to the linkcr 
bt>fore add;c;;s allocation, are all relocatable with thc exception of type 1 modules. T~ pe 1 
modules include interrupt and trap locations anú othcr dedicated addresses. Whcn linked, 
thcrcforc, the total systcm is no longcr rclocat.J,hlc, but hopcfully will allow thc includion of 
'gaps' in the contiguous load module, which will pcrmit the systcm to be madc up of more 
than one Hlt.:h module, inu.:rlcan:d, if so requireJ. This facility can be vcry important on 
sy~~tcms whcre therc is a distinction bctwccn virtual anJ physical adllrcss space. Eithcr thc 
linker oc thc loaJcr sho11lú be uscd to providc a free storc pointcr, which is thc base from 
which butfcrs are created at initialization. This free sto:-e pointer is adjusted as each buffer 
pool is formcd. 

Addin; lo thc systcm on-line 

If a com·crsational· configuring program is provided there is no reason why it should 
not run on-linc. A ncw module, c.g. a driver .1nJ GSs for a new pcripheral, can be con­
figureo and thcn linkcd to the systcm. Linking im·oh·es cxtenlling thc GS entry t.tblc in 
tht! cxccutive, e~tenuing thc: PCll chain and allocJting storc for the code and work-space. 
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If the symhnl t.!hlc from the initi.ll linh.ing is still av.Jilahle, an on-linc linker can use it to 
pcrform its functions. Ston: can be tound u~ing the fn:e store pointer, although this would 
llll'.lll th.1t cntitÍl'S hke thc GS t.1blc ''ere not a contiguous wholc. The on-linc linkcr \\ orks 
on disk ti le~ using thl' tilmg S) stcm, and an on-linc loadcr can finally lo ... J thc binary file 
to storc. Such a f.1cility c.m be pro\·idcd for b.1sic corc-rl·sidcnt systcms, but it is likcly to 
be clumsy; it is uo;u.lily only :,upphed m the circumstanccs whcn a full overlay anJ corc 
allocation sy:,tcm is alrcady avail.Iblc for use by it. 

Summary 

Building thc complete system involn:s sclccting the nccessary modules, filling in Jata 
interna! to them and cross-rl'fcrenccs bct\\ e en thc:m, allocating storc to cach and inserting 
thcm into it. \\' cll organizcd, this repctitive task, performed module by module, is 
susceptible to automation-and onc has a systcm generation program. lladly organized, 
it can become a nightmare of unresolved externa! references, store allocation and relocation 
problems. 
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TOR 1 O DE AS 1 STENTES AL CURSO DE APL 1 CAC 1 ON DE M 1 N 1 COMPUTADOR1\S 
Y 29 DE NOVIEMBRE 5,6,12 Y 13 DE DICIEMBRE DE 1975 ) 

,NOMBRE Y DIRECCION EMPRESA Y DIRECCION 

1 • 1 NG. JOSE H. BERLANGA OCHOA SECRETARIA DE RECURSOS HIDRAULICOS 
Viena 20 Desp. 301 Edif. 11A11 

- 9-401 
Col. Torres de Mixcoac 
México 19, D. F. 
Tel: 5-93-42~52 

2. SR. FLORENCIO BOBADILLA 
Adrian Brouwer 233-3 
Col. Mixcoac 
México 19, D. F. 
Te 1: 5-98-08-03 

Col. Juárez 
México 6, D. F. 
Tel: 5-92-35-68 

MENDOZA DEPARTAMENTO DEL DISTRITO FEDERAL 
Plaza de la Constitución 
México 1, D. F. 
Tel: 5-21-12-39 

l 

3. ING. CARLOS BREÑA 
Me r ida 21-7 

CONSULTORIA ELECTRONICA Y ADMINISTRA­
TIVA, S.C. 

Co 1. Roma 
México 7, D. F. 
Tel: 5-11-50-82 

4. ARQ. MAURICIO EPELBAUM 
Sierra Fria No. 505 
Lomas de Chapultepec 
México, D. F. 

5. SR. JOSE ANTONIO ESPINOSA 
Palenque 302-Bis. · 
Col. Narvarte 
Méx i co 1 2 , . D . F . 
Tel: 5-23-24-27 

6. SR. DANIEL FISCHER DUBSON 
Fte. del Rey No. 94 
Tecamachalco 
México 10, D. F. 
Te 1: 5-89-33-58 

P. Antonio de los Santos No. 70 
Co 1. Tacubaya 
Méx i co 1 8 , D . F. " 
Tel: 5-16-99-20 

INMOBILIARIA CISA 
Havre No. ·30-101 
Co 1. Juárez 
México 6, D. F. 
Tel: 5-33-60-45 

DESPACHO PARTICULAR 
Av. Cuauhtémoc 1486-301 
Col. Santa Cruz Atoyac 
Méx i co 1 3 , D . F . . 
Te 1: 5-34-88-55 · 
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DIRECTORIO DE ASISTENTES AL CURSO DE APLICACION DE MINICOMPUTADORAS 
: ( 2 8 Y 2 9 DE N O V 1 E MB RE 5 , 6 , 1 2 , Y 1 3 DE D l_u_ E MB RE O E 1 9 7 5 ) 

NOMBRE Y DIRECCION 

7. ARQ. JORGE FLORES 
Salvador Díaz Mirón No.354-7 
San Jacinto 
México 17, D. F. 
Tel: 5-41-53-24 

8. ING. MARIANO GARCIA MALO Y G. 
Retorno Prolong. Moctezuma 
Orient~ No. 3 
Col. Romero de Terreros 
México 2 1 , O. F . 
Tel: 5-54-72-76 

9. ING. ROBERTO GARIBAY SOLORIO 
Santa Ana No. 1 O · 
Fracc. Capistrano 
Atizapan de Zaragoza 
Edo. de México 
Te1: 3-97-66-90 

1 O . 1 N G . 1 G NA C 1 O HO L T Z HALE 
Angel del Campo No. 3 
Satélite Novelistas 
Edo. de México 
Tel: 5-72-19-14 

11 . 1 NG. RENE M 1 JANGOS NUÑEZ 
Retorno 24 No. 35 
Col. Jardín Balbuena 
México 9, D. F. 
Tel: 5-71-08-21 

12. ING. BULMARO MORALES LEON 
Miraf1ores 137-A-15 
Co 1 • de 1 Va 1 1 e 
Méx i co 1 2 , O . F . 
Tel: 5-43-08-07 

EMPRESA Y DIRECCION 

INMOBILIARIA CISA. 
Havre No. 30-101 
Col. Juárez 
México 6, D. F. 
Te 1 : 5-33-60-45 · 

SECRETARIA ~E OBRAS PUBLICAS 
Niño Perdido y Av. Fernando 268 
Co 1. A 1 amos 
Méx i co , D • F • 

SECRETARIA DE OBRAS PUBLICAS 
Fernando No. 268 
Co 1. A 1 amos 
México 13, D. F. 
Te 1: 5-90-83-52 

DESPACHO CALCULO ESTRUCTURAL 
Hamburgo No. 172-4o. Piso 
Col. Juárez 
México 6, D. F. 
Tel: 5-33-57-26 

ECTRO, S. A. 
Av. Chapultepec 153-106 
Col. Nueva Campestre Churubusco 
México, D. F. 
Tel: 5-71a08-21 

SECRETARIA DE OBRAS PUBLICAS 
Xola y Av. Universidad 
Col. Narvarte 
Méx i co 1 2 , . D • F . 
Tel: 5-19-27-70 
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DIRECTORIO DE ASISTENTES AL CURSO DE APLICACION DE MINICOMPUTADORAS 
( 28 Y 29 DE NOVIEMBRE 5,6,12 Y 13 DE DI~IEMBRE DE 1975 ) 

NOMBRE Y DIRECCION 

13. ARQ. ERNESTO MURRIETA NECOECHEA 
Cda. Tlalpan 3061 
Sta. Ursula Coapa 
México 22, D. F. 
Tel: 5-49-23-29 

14. SR. GUSTAVO A. OROPEZA GARCIA · 
Av. Tasqueña 1247-12 
Col. Campestre Churubusco 
Méx i co 2 1 , D . F . 

15. 1 NG. JOSE LU 1 S RAM 1 REZ CASTRO 
Rep. del Brasil 21-304 
México 1, D. F. 

16. ARQ. DAVID RAMIREZ SOUBERVIELLE 
Calz. Chabacano No. 132 
Col. Paul ino Navarro 
México 8, D. F. 
Tel: 5-30-86-48 
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INTRODUCTION 

Fa1rchild Semiconductor has devP.ioped a S1hcon gate dev1ce 
thJt cont::11ns most of the log1c reqiJired for a 4 1 /2 decade 
d1g1tal voltmeter All necessary i3CD counters, latches and 
the d1splay mult1plexmg log1c 1s on ch1p In add1t10n. the con­
trol s1gnals ncccssary for dual ~1ope mtegrat1on techn1ques 
are generated by the 3814 dev1ce The BCD outputs can 
d1rectly dnve a 9315 8CD to 1 -of-1 O decoder or 9307 SCD 
to 7 -segment decoder Zero sunpress1on 1s generated on cn1o 
by feedmg bacK the DIGIT SELECT output Outputs are also 
prov1ded for md1catm~ over rangc and under range A un1que 
feature of the 3814 1s the mcorporat1on of a 1 0-count pause 
at the start of an mtegrat1on cycle to mask no1se generated 
when sw1tchmg the externa! analog c1rcults, such. as the 
reference current source 

• 1 

•• 
" 

LEAD 

CP 
TEST 
MP 
TRANSFER 
DP 
BLANK 
STEP 
-100 

-2000 

23 10 ~~ 

1 i 

18 

16 

11 

8 '1 u 22 31 4 ~ 6 lO 

CLOCKINPUT 
li:STINPL!l 

Vss a LEAO 24 =- ~ •. •J 

Voo • LEAO 13 -

VGG • LEAO 15 • •' 

M/\Sl EH Pfll:SfT 

SYNCHRONOUSTRANSF~R 

DECIMAL POINT INPUT 
BLANK INPUT 
STEP INPUT 
CLOCK OUTPUT CP/100 
SOUARE WAVE OUTPUT CP/2000 

ÜE 1 LSB DECADE 5 
Oe 2 MSB DFCADE 5 
ÜE2L Oe 2 LATCHED 
0¡, 0 7. 0,¡, On BCD OUl PUTS 

-· _:~~~~ ~~~ ~~~: or -~rcour:~~~r,¡T s~-~ c.r ______ j 
¡: IQ 1. 

L 

DUAL SLOPE INTEGRATION 

A reliable and accurate DVM c1rcu1t must be msens1t1vc to 
long ter m changes of such factors as suoply voltaqe. t1me base. 
and pass1ve and act1ve component values For the short ter m. 
1t must be able to reJect 60Hz lme perturbatiOoJS Dual Slope 
lntegrat1on ach1eves a h1gh degree of accuracv by causmg the 
effect of changes 111 these parameters to cantel 

One method of Dual Slope lntegrat10n mvolvPs Jnte(,raw•g a 
current d1rectly related to the unknown volrage t\/x) for a 
f1xed per1od of t1me. followed by the mtegrat1on ot a -=:tant~ard 
current Osl untd the mtegrator output returns te ~ero The· 
amount of t1me requHed to null the mtegrator 1S d1rectly pro­
portlonal to the rat10 of lx to 15 and therefore !o Vx S1nce 
the same system power supplv, t1me base anc components are 
used" for-,ñtegratmg the known 'añd unknown currents thelr 

~b:~ute v~_!_ue~ a~e -~~~--~:r~_ñi_?~Y~~:'t'cal .. · - -

3814 BLOCK DIAGRAM 

The 3814 prov1des 4 1/2 decaoes of BCD counte1s. w1th J 

modulus of 40.000, clocked by the CP mput. iF1gure 2) Th 
CP mput IS TIL compat.hle and requlres a low time of 300 ns 
mlñlm"ü·m-áñd·a -h,gh t11r.e of SOO ns mmm1!m The countcrs 
change"state on the low tO-hlgh CP tranSIIIOil 
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Ttw ~.,, .>nd <l<"t:.Jdt! ••ut,l<Jt ,<; ,;.;:t•d ""''h 1111' clork ¡¡pcJ 

tJrot,~;ht off c:h•p to pr<•'J•.!·• ¡¡ clrJc.i.. puls,· uuip·•l for cvery 100 
tnput CIOCkS ( '71 QQ CJp,pu¡'') rile OUI¡1U( uf ti1C fust fltp· 
flop of the thous;¡nlfs tJPc.:Hie tS bufferec and brouuht dtrectly 
off Clltp as .. ..,.2000" Thc outputs of_bot11 fltpJI!JpS_of. tht.t 
ftfth_ :·hillf decade" ilre aviltiable as outputs C.¿ 1 and Üf2 
The 1,1tc11cd st;¡¡c of tlw most stgntftc;,ant bt! {0E2L) ~~ also 
brought off chtp 

A TRANSFER mput r.tt,;:;cs the data tn the counters to be 
storcd tn the 1.1tc1Jcs T 111S tnput ts edge senstttve ilnd tS syn­
chrontzcd tntcrnally woth the clock When the TRANSFER 
tnput changes from l11gh to low the ctrcutt •s enahlcd, so that 
when CP goes low. data 1<; storcd A TRANSFER command t5 
pet mttted only once dunng a count cycle by an tnternal fltp­
ftop whtc!1 tS set whcn the ftrs't transfer occur5, and rematns 
set unt•t the nuxt termtnal count (counters advanctng from 
39.989 to 00,000) Transiers are tgnored when thts fl,p­
tlop tS set 

The latched state ot each decade tS multtplexcd out as BCD 
ciara·- on :out¡J•tt~ o 1. _ o2 . o4 _ ~~~{ 68 · -Th·e--rñ'üii,¡)ié-;é~ 
ts drtven b~· a scanner counter wttf1outputs OA. Os. Oc. 
0 0 and OE avatlublc Thts counter ts clocked by the STEP 
tnput caustng the storcd data to appear. decade by decade, on 
the 01. 02. 0 4 and Os outputs One of the OA through 
OE outputs wtll be htgh tndtcattng the decade dtsplayed. 
The BLANK. tnput (acttve low) causes all ftve of these outputs 
to go low Because outputs OA through OE can drtve dts­
play lamp~ m a mult1plexed system the dtsplay will blank 
when they are !ow. 

t:UNCTIONAL DESCRIPTION 

.-'tgure 3 ts ¡¡ stmpltcd schematfC of a dtgttul volimcter ustng a 

3814 wtth an tntcgrator and comparator front-end Ftgure 4 
shows the ouiput waveforms of the tntegrator ¡¡nd com­
parntor for a l','ptcul cycle when sorne unknown vottage t5 
apulted to the tnput of the •ntegrator (Vxl Durtng the ttme 
tnterval from 30.000 to 39.999, a current lx ( ~VxiAxl 
1s tntegrated When the counter reaches 40,000 (or 00.000), 
the tnput to tl•e tnkqrator ts sw1tched to tntegrate the stan­
clard current le; lntegrattOn of the standurd curren! con­
t•nues untli th0 1ntrgrator crosses the null potnt. At thts ttme, 
the compurator outnut SW1tches states to .1 LOW and thts stg· 

·nal ts usec.1 to c<tuse a transfer of the count tnto the latches tn 
the 3814 The stored count tS then dtrectly proport•onal to 
the ratto lxlls When the count reaches 20.000. the 
analog ctrcuttry can be reset to zero. 

l 
1 

•zo 001 1s 

1 

S•mpllfoed schemat•c of front end. 

2 

---------------------, 

Ftg. 4. lntegrator and comparator waveforms. 

A gl1tch may ocr.ur tn the null detector output when ti 
changes state or durtng an analog reset To prevent false load­
tng of a count tnto the storage latches. thc: transfer tnput is 
n<:cepted only once dunng the tnterval 00.000 to 39,999. 
Any transfer commands after the f1rst one are tgnored 

The control for the var10us penods of tntegratton can be ob-

~_t_~ed-{~ili"-!.~~---QEL-~ri~ -·g_E 2 ~ ~uú:iuts of the_}~_L4.---A 
"1 1" state means the unknown should be tnteyrated, ¡¡n "XO" 
means the standard should be tntegrated anda "'01" means 
the reset pertod tS present (The ctrcuttry need not be reset 
here tf a DVM capable of dtsplaytng O. 1 or 2 n the most stgnl­
ftcant decade ts destred In thts case. the ¿¡nJiog stgnals must 
be raptdly reset at count = 30,000) lf onl~ J O or a 1 rn the 
most stgntftcant decade ts reqUtred. a transfcr occunng dur­
tng the tnterval 20.000 to 30.000 tndtcatP.s overflow. Th1s 
can be detected by the QE2L output. wtw.h will be htgh tf 
a count greater than 19.999 w<Js storrd tn •he latches. Thts 
can be used to tndtcate overflow. to autoiT,.ttcaliy up-range, 
and to blank the dtsplay by mt!ans of the t:..ANK tnput Forc­
mg MASTER PRESET (MP) sets the tnt :rnal counters to 
30.000 on the next clock pulse. 

The 7 2000 output can be u sed to down rar·.je tn an autorang­
mg tnstrument lf thts output has not yet !Júne hogh when the 
transfcr rs recetved. then the count r5 less thun 10% of full 
scale (count <1000). 

The data outputs are destgncd to drtve ¡¡ mutt•rlexed d15p!ay 
system A stngle decoder/dnver (such <:'. the 9315 BCD to 
1-of-10. or the 9327 BCD to 7-segment) os connected to the 
0¡, 02. 04 and Os outputs. The outputs of the de-

. coder drtve al/ the d1splay devtces ·rne OA. Os. Oc. 
OD and OE outputs drtve tranststors whtch selec: the 
destred dtgtt The BCD wtli have one quartcr untt loád ldt 
over whtch can be used to drtve a low pow· TIL latch (93L00) 
or regtster tf parallel BCD data IS destrcd as an• addtttonal 
output of the DVM. 

Tne STEP tnput. whtch dnves the 0utru• ·;JUittplexer. can be 
dnven dtrectly from the + 100 output or .::an be drt"en by a 
separate osctllator. 

ZERO OFFSET 

An analog glttch also occurs wlwn tlw mtegrator tnpt.t ts 
i'wnched fror.' -,;-to 's lf tne .nput '-'' ;,J~le ts ~.·ar 1•~rq, 
the tntegrator úutput is closc 10 the m .... '"''' at the t·nJ of th2 
tntegratton The glttch m•gt1t cauSL' tal~,- ¡o 'J•jcr,ng el tne nu.i_l 
detector For thts reason Izo adds c1 -,vant,ty of ct,iJrge­
equal to ten counts of ls durtng tnc •· ,;, :;rauon of the __ un­
k-nown -voltage Vx as shown tn F.gurc _:: .nd _Ftgu_:::.-= _ _§_ Thts 
ftxed offset guarantees that the tntt:graw. oul¡_¡ut mov..:~ away 



:rom thc null even 1f the 1nput volt<J00 '" lt!: u 'Nhen the count­
~~thc 38H re_a¡;hes 40.000 (00.01,-"-/l rhe ¿~-~r:tei_!e~~!~s 
at zero for ten counts. thus subtracung out the extra ten un1tS 
of cúrren-t adde({ cfu-r;ng .the mtegratlon of the unknown volt· 
age. 

JO 000 10000 

1 

"-. ls 
- ·-- e 
dt IGOO 

Fog. 5. lntegrator output when Vx =O showtng desored zero offset. 

UNE REJECTION 

Lme re¡ect1on IS 1mportant for measuríng voltages from h1gh 
1mpedance sources As shown 1n F1gure 6. any 60 Hz com­
ponents contamed m the unknown voltage have an average 
voltage of zero only 1f the sample penod 1S some harmon1c of 
60Hz. Smce the sample per1od of the 3814 1s 10,000 clocks, 
a su1table clock frequency would be 600,000 Hz f<?r good llne 
re¡ect10n Th1s would g1ve a sample rate of 15Hz andan out­
pul,. multlplex rate of 6 k Hz 1f the + 100 output ís u sed as the 
STEP mput 

V ;t. • VL 

VxAV -~~'---------"'o¡:<:~---7--

Fos. 6 

DECIMAL POINT 

Tne pos1t10n oí :he uc::1mal p01nt m the d1splay IS sclected by 
o'1 externo! SWitch For zero su¡:;press10n, the DP mput of the 
38 ~ 4 mus! be dnven hy one of the f1ve DIGIT SELECT outputs 
Tr,:~ f,!cdbad. 1nh1h:rs thc 2(]ro suo[Jress¡on for thi1t dccnr:le 
and ali remaonmg decdocs to the r1ght lf thc DP mput IS t1ed 
tü 'Jss· all d1g1ts are d1splaycd Ty1n9 DP to v00 has the 
sarne effect as :ymg 1: to output OE The ddferent poss,bi11t1e5 
a;e shown m F1gure 7 

Z::,IGIT rEO BACK COUNT DISPLAY • 

1\. or l ll' v .. ·'. ()( )( ¡()() o 
A, or ()f• - Vss Ü() 1 /0 ¡;,o 

B 00120 12 o 
e 00120 1.20 

o 00120 o i20 

E, or OP ~Veo 00120 0.0120 
i: DCOA 

•Thc <i"rHr •• 1 pe nt .1o; •n th~ c:.Jisplav 15 not controllcd bV rho Jll14 

EXPJ',NSION TO 5 1 12 DEC.<-\DES 

To mcrease accuracy, add1t1onal aecades car> bt: addec, u~ n,¡ 
standard MSi components. F18ure 8 shows the extra dev1ces 
needed to reahze a 5 1/2 d1g1t system · 

Fog. 8. Mod1focatoon for 5-1/2 decades. 

UNDER RANGE INDICATOR 

For mput voltages less than 10% of full scaiP dn under range 
s1gnal can be generated by gatmg GEl. O¡; 2. the -'- 2000 
output and the analog comparator out>Jut F ''~ure 9 shows 
C1rcu1try rcqu1red for a constan! output wh1ch can be used to 

turn on a L1ght Em1ttmg D10de oras a contrc,· !-.'gnal for auto· 
rangmg ClrCultry A pulsed output IS shown m F1gure 1 O 

~ 
·~· 1 .-l¡__j 

+-----i---___Jj . .. . 

Fo¡,. 9. Under range ondocator. 

L._-
F1 1¡ 10. Blonkmg under r.•ngo ond•C.ltor. 
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BLANKI:\IG oET'."•t:::EN DIGIIS · 

Whlle the outputs ¡¡re mult•ple)(cd to the vanous d•g•ts, mter­
'erence may Llppear depend1ng on the type of d1splay and the 

•ult1plex rate F1gure 11 shows a self-dnven blankmg scheme 
to assure that the segment select mputs are stable pnor to 
d•glt select 

GAS OISCHARGE OlSPLAY 

The BCD outputs of \he 3814 wlll d1rectly dnve the 9315 
1 -of-1 O dccoder for systems usmg NI XIE • d1splay tu bes. 
F1gure 12 shows the CHCUJt requ1red Fordetailed mformat1on, 
see Fa1rch•ld Appl1cat•on Note 212 on d•g•tal display systems. 
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f1g. 11. Self-droven mult•pleJ(er W1th blankmg oetween dog•ts. 
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Ftgu;c 13 show~ one vcr~ron of thc b.1src DVM shown m 
Frgurc 3 An rnput buffer. such as ¡1A776. cuuld llave been 
added to boost the rnput rcsr'>t<:Jnce to 400 MD. and provrde 
15olatron of the unknown frorn the act1on of the curren! 
sourccs. lf sourco resrswnr-•· 15 low. the buffN may not be 
11t'Cdt!d Thu Izo and ls <..urrcnt so••rces have l~tJen omple­
mented \"l.tlh cfoscrow comprm" '''S Al.; o, wmpN;-Jturc e o: npcn • 
5atron hd5 been added to tnc 's crrcurt as thr5 t5 mo5t crrt1cal 
to sy5ten1 accuracy As .. l!sr~¡rwd. only po:>rtrve rnputs are 
prop<:?rly rntt'gratcd 11 negatrve rnput capabilrty 15 also 
desrred. addrttonal curren! sources and gat1ng are neede~ 

ldeally. sw 1 and sw2 llave zero resrstance whcn on, 
rnfrnrte rcsrstance when off and no offset voltage For an 
accurate system then. brpolar transrstors cannot be used be· 
cause of offset P-Ch,Jnr. ~~ or N-Channel FETs ably sattsfy 
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oll three of the swrtch crrterra To avooJ q<llv !< -source dc­
br;,c.,n¡J. P-Channcl devrces shouid he usr:o for r .• jllr>e rr~,.ut 
vol: .. 92s LJnd N-Channel devrces for posrtrve ,r,,_¡u:s T!1e 
ver::.atrle pA 776 IS uscd aqrun as the rntenra· -,, .:on,pl:fr,~r. 

tllc JtA734 comparator reccrves thu rnlt-W.!i< r r,o'Jn.ll ¡,ncl 
upon a null crossrng. geno!rates tl,c tran!>f,•r curn•nand lo tlll• 
3814 All gntong for mode control to SW¡. s·: ~ ilnd S\V:¡ 
rs obtarncd from tl1c OE 1 and OE2 ouiput ·: r,c Ff\,021 
LEO Drsplay Module and thc assocratcd decod,:r and drrver'i 
are also shown Fcr flexrhrlrty of decrmal pornt :Jc<Jtron ..ond 
zero suppressron. a f•ve post! ron SPST sw•ich hct .. oeen aducd 
to appropnatcly gate the DIGIT SELECT output'i to the DP 
1nputs. 

Thrs DVM can be buril w1th a total of only s1x integrated 
ClfCUits. se~C!n rf rnput buffenng rs requrred 
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