3.

4.

DIRECTORIC DE PROFESORES DEL CURSG: INTRODUCCION A LAS
* . MINICOMPUTADORAS (PDP-I1) MAYO-JULIOQ Iﬂﬂ?- '

INGE DANIEL RIOS ZERTUCHE

DIRECTORDE INFORMATICA

SUBSECRETARIA DE PLANEACION DEL DESARROLLO
SECRETARIA DE PROGEAMACION ¥ PRESUPUESTO
TZAZAGA NO. 38-11° PIS0 .

MEXICO, D.F.

527 98 98 y 585 &0 &4

ING. JORGE I. EUAN AVILA ~

“PROFESOR . .
EDIFICIO DE INGENIERIA MECANICA Y ELECTRICA
ANEXD DE INCENIERIA .

1° PISO CUBICULC L1

URHAN .

MEXICQ, D.F.

550 53 15 Ext. 3746 .
- '--

ING. LUIS C. CORDERO BOREDA

JEFE DEL DEPARTAMENTO DE COMEUTACION _
EDIFICIO DE INGENIERIA MECANICA Y ELECTRICA
ANEXOQ DE INGENIERIA

1? PISO CUBICULO 1L

TRAM

MEXICO , D.F. .

550 58 1§ EXT.3746

ING. ARMANDO REYES CGONZALEZ
' SUFPERVISOR DEL PROGRAMA UNIVERSITARIO
N DE COMPUTO
DEPARTAMENT(Q DE FORMACION DE RECURSOS HUMANOS
v xNaAM :
558 52 1§ EXT. 4136

ING. ‘ANDRES GOYTIA IRALA
AYUDANTE DE INVESTIGADCR
FACULTAD DE INGENIERIA
UNAM L.



T

5, DIVISION

U.N.A. M.

PROGRAMA DEL CURSQ :

QUE,_SE IMPARTIRA DEL 2 de

FACULTAD DE INGENIERIA
DE EDUCACION CONTINUA

|.- uuuu [

mz'c al 1° de Julio

A LALS MINICOMPUTADORAS

DE 198 3.

FECHA |HORARLO T -7 Ee M PR 0o F E 5 9 &
Mayo 27 |17 a 21 h ELEMENTOS DE UMA COMFUTADORA ING. ARMANDO REYES
' : ' (EDIFICIC FRilCIPAL DE
Mayo 26 |9 a2 14 h RRQUITECTURA DE PDP-11 ;4 map n= T037321An Ledb Tue. LUTS CORDERN BORKOGA !
dJunio 3 117 o 21w "'JCE DE-DIEcor IO IERTD [0, LTS CORRERT BOREOA '
Junle 4 3 a li b PONJUNTG DE INSTRUCCIGHES M. EN ©. HUGD COYQTLE ESTRADA ,
JUNIO 10 /1T & 21 h HDI/TFB ING. JORGE EUAN AVILA. .
: . g THG.JORGE EUAN AVILA
JUNTO 11 |9 a 14 h PRACTICA ING, ANDAES IBALA G,
JUNIO 17 )17 a 21 b MANEJO DE SUBRUTINAS ING, PANIEL RIOS ZERTUCHE )
. _ . ING. LUIS CORDERO BORBOA
JUNTC 18 |9 a 14 h  FRACTICA ING, CARLOS AIYERA BIVESA -
JUNIO 24 |17 a 21 'h MANEJO ENTRADA-SALIDA DR. _ADQLFO GYZNMAN ARENAS
JULIO 1° |17 m 21 h RPLICACIONES

———— e, o



@88 D/vISION DE EDUCACION CONTINUA
QAN FACULTAD DE INGENIERIA U.N.AM.

INTRODUCCION A LAS MINICOMPUTADORAS  (PRDP-1 1)

THE PDP-11 FAMILY

Mayo, 1983

Palacic da Mineria Callade Tacuba 5 primar pise  Delag. Cuauhtemoe DEOOD  México, D,F, Tel.: 521.-40-20 Apde. Postal M.



~ THEPDP-TIFAMILY

EE - | Do s

- "’u
i
i
f
| "
Y
t !r:
H
— i
- kg 8 :lJIﬂ. " $
A s : "
B® ¢
) 4
" d
oy _...-‘-‘_-'_l__ i ,
ﬁl""‘"‘ il Te y
: . . 5 | )
: w2 b
. . h
[ ‘a'; wi
Af H
b
1:;:
By
7
M

s R & r ek 84 ma
'

o el gl _

i

g

TP

e T b Y
.]-?:w- " :1 v fn i -
i .,-. 3
i H
L.




i3

LRI

The PDP-11 Family

The PL:P-11 has evolved yuite differently Meom the other computers discussed
in this book and, a5 2 result, provides an independent and interesting story, Like
the other computers, the faciors that have created the various PDP-11 machines
huve heen market and technology bused, but they have generated a large sumber
of implementations (ten) aver a relatively shorl (eipght-year) lifelime. Because
there are mu..iple implementations spanning 4 performance range at ihe same
time, the PDP-11 provides problems and insight which did not ggcur in the evolu-
tions of the traditional mini (PDP-8 Family), the optimal price fperformance ma-
chines (15-bit), and the kigh performance timeshyging machines (the BECsw stem
10%, The POP-11 desiens cover a range of 500:1 in system price ($500 10 $250,000)
and 500:! in mcmory size (4 Kwords w2 Mwords). )

Rather than attemp 0 summarize the goals of designers, sentimenis of wsers,
or the thaughts uf researchers, the diseussion of the PDP-11 s divided it chap-
ters which. in most cases, consist of pupers written contemparancoush with vari-
ous important PDP-11 developments. The chapters are arranped in five
categarics: introduction o the PDP-11, conceptual basis for PDP-11 models, im-
plementations of the PDP-11. evalualion of the PI3P-11, and the virtual sddress
exlensien of the PDP-11,

-

INTRODUCTICN TO THE PDP-11

Chaprer 9, first published when the PDP-11 was announced. introduces the
POP-11 architecture, gives its goals, and predicts how it might evolve. The con-
cept of a family of machines is guite strong, but the actual development of that
family has differed a good dezl fram (he projections in this chapier. The mzjor
reasons (discussed i Chapter 16) for the disparnuy belween \he predeicd and
actual evolution are:

I. The notion of desizning with improved lechnology, especially For u family
of machines, was naL undersiood in 1970, This understanding came luer
and was presenied inoa paper in 1972 [Bell er af., 1972b]).

2. The Unitus proved unaceeptabie for intercommunications at the very hiph
und low-end designs. Although Chapter 9 suggests a multiprocessor and
mulipic Unibuses for hiph-end designs, such a structure did not evolve us
¢ stundard.

3. The address space for both physical and virtual memory was too small.

I
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4. Several duta-1ype extensivns were not predicied, Although Todting-point
arithmetic was envisioned. the character siring and decimral opermions
were nol envisioned. or #l least were not deseribed, These data-vpes
cvoived In respanse 1o murket necds thut did not exist in 1970,

CONCEPTUAL BASIS FOR THE POP-11 MODELS

Chapiers 10 and 11 consist of two papers thit form some of the conuveplual
busis for the vanous PDP-11 models. Chapier 10 by Strecker is an exposition af
cache memery structure and its design parameters. The cache memaory concept is
the husis of three PDP-11 models, the PDP-11/33A, the PDP-117/80. and the
PDP-11/70. in addinen 1o the cache-8 (Chapter 7y and the K L 10 processor for the
PDP-10 [(Chapter 21},

Strecher gives Lthe performance evaluation in lerms of cache muss ratios,
whereas the reader is probably interested in performance or speedup. These two
mzasures. shown in Fizure |, arc related |Lee. 1969] in 1he following way (assum-
ing an infinitely fas1 processor):

p = Taul number of memaory accesses by Lhe processor Po

n Number of memory accesses Lhat are missed by the cache and
have 1o be relorred 1o the primary memany Mp

Cyele vime of cuche memory Me

Cyele time of primary memory Mp

ipfictratio of memory speeds). where R is 1y picatty 310 10

It

L

p
&

il M

The retative execulion speeds are:; :

Pineg cacke) = pR
v i rache) = g+ mR
speedup = pRip + mR) = BRIl + (mip) Ry
g = PISE ratie ™ fp

Therefore;

speedup = RN+ al) = Iflga+ 1/Ry

Note 1hat: -

fa = 0(100% hit), the speedup is R
Ifa = 1(100% mis), the specdup is R701 + K, Qe the speedup is
less than 1 (ie. Ume 1o reference both memories)

Chapter 11 contains a unique discussion of buses - the communications link
between two or more computer s¥sem components. Allhough buses are a stand-
4rd of inlercennection, they are 1he leust undersiood clement of compulter design
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Figare 1, The siraciure of Po. Meoache,
and Mp of cathed computer,

Leczuse thete implementation is drstnbuted in varioas comnponemis, Their behas-
myr is difficult o express 1n 2 state diagram or other conventiona| representation
{except @ timing diagram) because the operation of buses is inherenty pipclined:
heace, desipn principles znd understanding are minimal,

" In Chapter 11, Lewy first characterizes the imercommunication problem inta
the zonstiterent dislngues thitt must Like place beta een pairs of components, A fer
prving a4 feneral model of dnterconnection, Levy provides ewamples of PDP-11
buses that characterize the general design space. Finally, he discusses the variows
intercommunicatians {model} aspeets: arbitration (deciding which components
can intercommuanicele), daty transmission, and ercar control.

IMPLEMENTATIONS OF THE PDP-11

Chapter 1215 g descriptive narrative ubout the design of the L51-11 at the chip,
bourd, and baskplane levels, Since it was writlen from the viewpoint of 3 knowi-
edpaable vser, 3t lacks some of the detail that the desigeers ot Wastern Digital
[Raoberts, Soha. Pohlman) ar a1 DEC (Dickhut, Dickman, Oisen. Titelbaums
might huve provided. A detailed account of the chip-level design is available,
however [Soha and Pohlman, [%74].

- Two desrgn tevals are described: the three chip set micropeoeremmed computer

used to interpret the PDE-11 instruction sel. and the pariicaler PMS-fevel com-
rponents thal are integrated into a backplane to form 2 hurdware sustem. Chapter
12 zlwo provides u discussion of the microprogramrung tradeofT that 1ook place
between the chip and modele levels, This tradeoff was necessary 1o carpy out the
clock. console, relresh. and power- Luif lunctions which are rormaulivin hardware.

Since the time that the Schern paper (Chapler 12) was written. packaging for
LST-11 svstiems has moved in two dircctions: toward the single board micro-
compater and Lloward modulary. The single board microcompuler concept is
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the highest performance machine of the family, and Lhus his 10 have 1he righe
balunce of feelures, prive, and performance ugainst criteriz that are usuatly vigue,

Four interesting aspecls af compites engineering are shown in the PDP-11 /60
the cache 1o reduce Unibus 1raffics izice-driven design of Moating-point srith-
mrelic processors: wriluble contral slore: and special featores for rehability, wviil-
ubifity, and maintainabilily,

The Unibus was found lo be inadequaie for handling all the data traffic in high
performance syslems. bul by using a cache. most processar references do nol use
the Unibus and se leave it feee for 1/O raffie, In the PDP-11 /60 work described
in this chapter, Mudpe uses Strecker’s {Chapier 10) program traces and method-
ology, The cache design process js implicit in the wuy in which the work s curried
out to determine the struciure parameters. Sensitivity plots are used 1a determing
the effects of varying each parameter of the design. The time between changes of
context i5 &0 Imparkint. parameder becouse abl real-time and multiprogrammad
sysiems have many context switches, The study leading 1o the determinatjon ol
block size is also given,

Microprogramming is used 1o provide both increased vser-level capability and
increased refiabilinn, availubiliny, and mainainability. The wotyble control store
option s described topsther with ns novel use for daia storagze. This option hus
been recomly used for emulating the PDP-# at the 0578 operating system level.

Chapter 14 presents a camprehensive comparisen of the eight processor imphe-
mentaiions nsed in the 120 PDPA ) models. The work wazs carned oul to invesd.
ipate various design <iyles far 3 given problem. numels . the interpretation of the
PDP-1 Y instruction wt, The 1ables provide valuable insight mto procesor imple-
mentations, and the dats © particubarly uselul beeause it comes Inm Saow and
Siewiprek, non-NEC observers examining the PDP-§T machines,

The tables intlude:

b, Aset ol instruction frequendies, by Sirecker. for a set of ten different appli-
cations. (The frequencies do not reflect all uses. ez, there are no Roating-
point instructions, nor huas operahinge systerm code been anabs red,)

2. Tmplementation zost (modules, integrated circuits. corirol store widtha)
and performange (micrg- and macroinstruction times) for each model,

3. A canonical data path for all PDP-1] implementatians zpainst which each
processor is compared.

Wiih this background data, a top-down madel is built which explaing Lhe per-
formance (mactoinstruetion time) of the « ufious implementations in terms ol the
microinstruction execulion and primary remory cicle Lime. Because these fuo
parameters do not1 fulh explain (modch performance. a battom-up approach is
also wsed, including various design techaigues and the degree of processer aver-
Lip. This anzhs's of o comtrained problem shouid provide usefu! insight 1o both
compuoter and generat digital sysiems designers.
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ncmphi‘cd by the bounded system shawn in Flgur: 2. This iniegrated system
contains an LSI-11 chip ser, 32 Kwords of memory, conneciors for sIn COmmu-
nication line interfaces, and a contzalier for. w0 oppy disk drives. S uses 175
circuils (to implement the same funciionality Wsing standard LS!-11 modules
would require 375 integrated circuits). The modularity direclion is exemphified by
the L8I-1172, Tor which (ypical option modules yre shown in Figure 3.

L'nlike the reporis from an architest’s or reportier’s viewpainy, Chapter 13 s 4
direet accounl of the design process from the project viewpoinl, A mid-runge
maching is an inherently difficull design becuuse 1t is neither the low et Cost nar

Wb Emmd YR DL

et aam R L
LR NI P Lg=1-4511 3

1K * 1k ADM 13 kA d Th

LIk SowwnLCTOA MG OWwLE

pRACR N3 ATHEHING
Ll [4-LLJ
e — e

[T AT PN "R ST T 1= LTS Y00 )

LT TR
CHIF T
bl
e LT
witaf FROC FaWIA
- Y L Py -1 -BW TR
winky -
[
N
pim
[=-LL]
| ke &
dparrr lalrwling -
CipmTaOLLIN

[l T

whay ChsTaOnul -
(LT CamLt
. I Lot 19

Figure 2. A bounded LS1-11 based syslam
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EVALUATION OF THE POF-11

Chapler |5 evafuates the PDDP-11 us o machine (ar exzcuting FORTRAN, Be-
cuuse FORTRAN iy Lhe most ufien executed language fur the PDP-EL iLis im-
poTlant to vbserve the PDP-1) architecture us seen by the fahguape processor - s
wser. The first FORTRAN vompiler and ohjecs (run) time system are described.
1ogether with the evelutionary extersions 10 improve performance. The FOR-
TRAN IV-PLUS (optimizing) compiler is only briefly discussed hecause it m-
provemenls. largely due 10 compaler optimizatian technology, are less relevant to
the PDP-11 archuecture.

The chapter title, “Turaing Cousins inte Sislers.” avemtaies the compatibility
ptoblem since the five variaiens of the PDP-1} instruction sct for floating-pornt
arithmelic ure Made compatible by essentially providing five separate object (run
lime systemns and a single compiler. This transparency is provided quite easily by
“threaded code.” a concept discussed in the chapter.

The First version of the FORTRAN muchine was a simple stuch muchine, As
such. Lhe excoution Times lurned ow Lo be quite tong. In the second version. the
recognition of the speciu? mgh-frequency of-uie cases (22, A - B A~ A+ )and
the improved conventions for three-address operatians {1¢ and from 1he stich)
allowed speedup factors of 1.3 and 2.0 for Noating-point and integers.

Tt is interesting 1o compare Brender's idealized FORTRAN 1V-PLLUS machine
with the Floating. Point Processars on the PDP-11734 1135, 117235 11/60, and
11770}, 1f the FORTRAN machine devcribed in Lhe paper s implemented in mi-
crocode and made to aperale at Floaling-Point Processor specds. the resulting
machines aperale al roughly the same specd und programs accup} roughly the
L1me PrOgram space.

The basis for Chapter 16. “What Have We Learncd From the PDP-1177 |Bell
and Strecker. 1976] was writlen to ¢ritique the original exposilory paper on the
PDP-11 (Chapler 9) and 10 compare the actual with the predicied evolution, Four
critical Lechnological evelutions - bus bandwidth, PMS structure, address space.
and data-1ype - are exammined, along with vanaus human organtzationat aspesis
al the design.

The first section of Chapier 16 campares the origina! goals of the PDP-11
(Chapler 9) with the poals of possible future models from ke original design
documents, Mext, Lhe [5P and FAS solutions, including the ¥ AX cxtensian, are
described. The Unibus characteristics are especiadly imeresting 35 1he bus turns
ot Lo be mare cosi-cfiective over a widkr range than would be expected,

The section of the chapter which deals with multiprocessors and mal-
compulers gives the ralionale behind the slow cvolution of 1hese siruciures. Be-
cause 4 number of Lhes¢ computer structures have been buill (especially at
Carnegie-Meilon Unisersity), they are described in detail.

Yhe final section of the chapier interrelutes technology with the various imple-
mentatiors {including VAX:11/750) that have oceurred. Tuble 6 pives the per-
formance characleristics Tor the sariuus models with the relevant Lechaology.
contributions, and impiementation wechnigues required te span the range.
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VIATUAL ADDRESS EXTENSION OF THE PDP-11

The latest member of the P11 family, the Virtual Address Extensian bioor
VAX-1LL is deseribed in Chaper 17, This puper. by the architeet of VAN
discusses the new architecture und s first implemencation, the VAX-1T1/T80,

VAN entends the PRI to provide o large, 32-hil virtual address (or eadh
user provess, The architeclure includes a compatibiiny maode that allaws PDP-L
programs written for the KSX-11M program envirosmen? o run unchanped. In
this way. PIXP-11 programs cun he moved among VA X und PLP-11 computers,
depending on the user's address size and computational and peneralny needs,

Chaprer {7 provides # clean, somewhat Lerse. vet comprehensive description ot
the VAN-1 1 urchitecture. Becuuse the VA X pant of ths archileciure iy so complete
tn 1erms of dali-lypes. operalors. addressing wnd memory management, it van
also serve as a tevibeot model and case study for arzRmeciune in general, Goeals,
canstraints, and various desipa chaices are given. 2lizough explanations of what
wits traded away in the design choices are noi detail-d.
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A New Architecture
. for Minicomputers
—The DEC PDP-11

C.GORDOM BELL, ROGER CATY. HARQLD MeFARLAND.

INTRQDUCTION

The minicompuier™ has 3 wide varisty of
Uses: COMMURiCtions contradler. inslrument
conlraller. large-svslem preprocessor, real-time
data agguisition systems, - . . desh calculator,
His grically, Dipital Equipment €orporation’s
(DEC)Y POP-E fumily, with 60 installalions
haus been the archetype of these minicomputers.,

In same applicuiions current mimizomputers
have limitations. These limitations show up
when the <scope of their imitial 1ask 35 increased
f2p.. using 4 hirher level languare, ar process-
iag more variables). Increasing the scope of the

8RUCE &, DELAGL JAMES F. O LOUGHLIN,
ADNALD MO AN, and WILLIALD A WUJLF

tasn penvrally requires the use of more com-
prehensate execilaves and system captrol pro-
grams, heoce larger memories and maore
processing. This larger saslem tends ta be dt the
i of surcenl minzompater capapilily, 1hes
the vser receives diminishing retusns with e
spect ta memaory, speed efficiency. and program
development time. This limilation is not sur-
prising since the basc architectural concepts lar
current minicompuiers were formed in the carh
19605, First. 1he design wus constrained by casi.
resulting an rather simple processor logic and

" The PIDP-11 desipn i predicated on being o member of ane (or marer ol 1ke migro, mide, Mini. ... masi fSamaouser namred
muathers W w ikl define e names av belenping 10 computers of Lthe thicd peneration intezealed circst 10 medizmewale

Bl T led A e Lechmalog, hysang s gore memary with Suocle ime of M0~ 3 6, g fage rale ol 3~ 103 Hr

RERTFIN

prowyastr with imterrupiy ard svcally oppiied 1o doing 2 parcular tash (e g conrralkng o reemaory ar communcalions
finv~, preptocesang for o Yarger syerem. process contrall The specialired names are defined o« follows.

Sarimum
Lddrevanhle Processur and
I'rmury STemor Semiery ot
VW urd s 1970 b bededliers g
“Micra Kk ~%
sam Wk L=
Sads LR

LY S BL N S

Word Procewsar
Fonyth Stale
1 Hiln 1Wogrdwa [arasT spuy
h=1|1 : Intesers worda, Bawvkeon vectars
12|t 2 Yedtnbsdt ¢ oindewng)
Ih~2d a=lf [rouble lengsh Moating powst
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register canfligurations. Sccand, spplication ex-

perience was not available. For cwample, the

early constrainis often ercuted computing de-

signs with whal we now consider weaknesses:
I. Limitcd addressing capability. particu-

Larly af larper core sizes.

2 - Few registers. general registers. accu-

mulators. index registers. base registers,

MNa hardware stack facilities.

Limited prioniky interrept  struclures,

and thus skow context switching among

multiple programs (tasks).

Mo byile string handling.

Noread-aaly memory (ROM)Y faailities,

Very clementary 1/0 processing.

INo larger model computez, once & user

OUpTows a particular model,

9. Hirh progrumming costs because users
program in machine tunguage,

Ln ek

e B S

In developing a new computer. Lhe archi-
weciure should a1 least sohe the ahove prob-
lems. Fortunately, ia the fate 19605, regraicd
cireuit semiconductor techoalogy beame avail-
able 50 thul newer computers cocld oe designed
Lhat soive lhese problems at low cost. Also. by
1970, z2pplicaion experience was available 1o
influence the desien. The new  architecture
should thus lower programming cesl while
Mmaintaining 1the low hardwarc cost of mini-
COMPLICTS.

The DEC PDP-11 Modrl "'l'.'l 15 the first com-
puter af 2 compuler [amily desizned to span a
range of funciions and performance. The
Model 20 is specifically discussed, slthough de-
sign guidclines are presented for other members
of the family. The Model 20 would naminally
be classified a5 a third generation (inteprated
cireuits), 16-bit word., one central processor
with eight 16-bit general registers, using iwa's
cemplement arithmelic and addressing up 1o 2
B-bit brytes of primary memary (core}, Though
clasaified as a peneral repister processor, the op-

1

i )
L

crand iceessing mechanism allows it o perform
equilty well ay a & (stacky, 1- (geacral regisiers,
ang 2- {memury-La-memoryy addeess computer.
The computer’s componenis {Processor, mcMo-
rics, controls, erminalyy sre conpeeied sia g
single switch, called the Limibus,

The machine s deseriped using Lhe procossor-
memaory=-switch {FM3) polziion of Bell and
Sewell [19717 v different tevels. The following
teseriplive sections ¢currespand te the tevels: o-
erral design constraints devel: the PMS Ievel -
the way components are interconnesied and al-
low informalion o Row ! the program kevel - ihe
abatraet machine thal itlerprets programs: and
nally, the Togical desipn bevel. (We omit a ¢s-
cussion of the circuit level. the PDP-11 being
constructed lram TTL integrated circuin.)

DESIGN CONSTRAINTS

The principul desipn abjective s yet 1o oy
tested: namely, do users hike the maching? Thiv
will be tested hath in the marketplace and hy
the features thal are emulisted in pewer moa-
chines; it will be tested indireetly by the Life span
of the PDP-11 and any offspring.

Waord Length

The most eritical constraint, word length (de-
fined by [ BAM), was chosen Lo be a multinle of &
bits. The memory ward lengih for Lhe Model 20
is Io bits, although there are 12- and 48-bn in-
structions and B- and 16-biL data. Ouher merm-
bers of 1he Tamily might have op 10 30-bit
instructions with 8-, 18-, 32 and 38-bin daia.
The intgenil, and preferred external characier
seh. was chosen 1o be E-bit ASCIL

Hange and Parlormance

Performance and lunclion range (culen-
dubilinn) were the muin design consiraints. in
fuct, they were the main reasons 10 butld o new
computer. DEC alreudy has four computer
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families 1hut span 2 raace® bul are in-
compatible. In addition 10 the ranpe, the initial
machine wias constrained te {aft within the
small-computer produgt line. which means to
have ubuut the sume performance as ¢ PDP-§.
The initial muchine oulperfarms the PDP-5,
LINC. and P-4 based Tamities. Perfarmance,
-of course, is hoth a function of the instruction
s¢t and the technolegy, Here, we are lundamen-
Lty only concerned with the instruction set
performunce because faster hardware will ai-
ways increase performanee for any famity. Un-
like the earlier DEC families, the PDP-1] had
lo be designed so that new models with signif:-
cantly more perfoniance czn be addes ta the
familv,

A rather obvious paal is maximum perfor-
mance for a given model. Desipas were pro-
grammed using benshmarks, and the results
were compared with bath DEC snd potentially
competitive machines. Although the selling
price wus comstrained (o lie in the $5.000 to
$10,000 runge. it was realized that the decreas-
ing cost ol logic would allow 3 more complex
organtzation than that of earlier DEC com-
puters. A design that could tahe sdvanlage of
medium- and eventually large-scals inegration
was an important coasideration. First, it could
make the computer perform w2l second. it
would extend the computer fz2mihv's Life. For
these reasons, a peneral regisier orgarization
was chasen.

Interrupt Responsa. Since the PDP-11 will
be used for real-time conteo! applizations. il is
impartant that devices can cammunicate with
ane another quickly {i.e., the resporse lime of a
request shuuld be shon). A multiple priority
Jevel, nesied inlerrupt mechanism was selected:
additional priority levels are provided by the
physical position of a4 device on the Unibus.
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Softwire polling is unnecessary becuuse vuch
device interrupt vorresponds to o wnigue wd-
dross,

Scftware

The otal sysiem including software is, of
course, the main ohjective of the design. Two
technigues were used to uid progrummatility,
First. henchmarks pase o cantinueus indicativn
a5 10 how well the muchine interpreted pro-
Bramsl segond, svstems proETammers Contin-
uully evuluated the desizn. Their evaluaion
comidered: what code 1he zompiler would pro-
duce: how vould the fosder work: ease of pro-
gram relocaiabilits: the vse of a debugping
program: haw the compiler, assembler. and edi-
lor would be coded - in 2ifeqt, other bench-
marks: how real-lime monitars would he
written 1o use the various fazilities snd present a
clean interfuce to the wsers: finally, the case of
coding a program.

Moduiarity

Structural fexibiliny fwometimes called mad-
ularity ) for o particetar model was desired. A
fiexible and struightforwerd method for inter-
connecling componenis had 12 be used beeuuse
of varrving user needs fumong user classes and
over time). Users should have the ability 1o
cenlipure an optimem svai=m based on cosl.
perfarmance. and relabihiv. both by inter
connection und, when necossary, constructing
new  companerts, Since wsers build speciul
hardware, a camputer <hoeld be interfaced cos-
iy, As a by-product of modularity, compuier
wcompanents can be nroduced und steched.
rather Lhun tailor-mide on order. The phyvsical
structure is almost identical t¢ the PM$ strug.
lure discussed in the followiap section: thus.

PROP- 2 8 Tkl PDPS . 4S s L family: LINC, PP LING, BDR2 famiiy, and PIYP-h 0 famiy The

bl FUIP- 1 did nul achieve Gamaly st atos
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reasanahly Jurge building blocks are avajlabie
10 the user, L !

I
Microprogramming

A nale on Microprogramming is in order be-
cause of tureenl interest in Lhe “firmware” con-
cepl. We believe microprogramming. as we
understand it [Wilkes and Siringer, 1953} can
be a wortha hile technique as il apphies wo pro-
cessor design, For example, microprogramming
can prabably be used in larger computers when
Aoating-point data operators are needed. The
1BX Ssstem 360 has made use of the 1echnigque
far detining processors thal inlerpret both the
Swstem 260 instruction setand earlier family in-
struction sets (eg., 1400, 1&20, 0900 In 1he
PDP-1i. the basic insiruction sel is quile
straizhiforward and does not necessitale micro-
programmed  imerpretation. The processor-
memart connection is asvnchronous: Wherefore,
memary of any speed can he connected. The in-
struction set cncourages Lhe user Lo weile eep-
trant programs. Thus, read-orly memary can
he usad ds part of primary memor 1O o the
permanzndy and performance normally altrj-
huled te microprogramming, In facl. the Modet
10 compuler, which will not be further dis-
cussed. has a 1024-word read-only semory.
and o 35-word read-wrile memaory,

Understandability |
Uinderstandability was perhaps the mos; fun.
damenial constraint (or goal) although it is now
somewital less important 1o have a machine
that can be undersiood quickly by a novice
compuieT user than 1 was a few years ago,
DEC s zarly success has been predicuted on sell-
ing 1o a0 intelligent but inexperienced user. Un-
derstai.dubility, though hard to measure. is an

———— i —

14 ’ 3 r '.

mporidnt goul beeawse all *{patentiall users
must understund the computer. A straight-
forward design whould simplify the sssiems pro-
gramming task: in the ¢ase of a compiler, it
shuuld make anslation {particularly cjudc Ben-
eratlian} elsier.

PDP-11 STRUCTURE AT THE FMS
LEVEL" \

introduction

PDP-11 has the same orgunizational strug-
e as nearly all present-day computers (Figure
1. The primitive PMS components are: the
primary memars Mpowhich holds the programs
while the centrul progessoe P interpreis them:
1O contrals Kio which manuge date transfers
botween teemtinals T or secondary memaoriss Mg
o primary memary Mp: Lhe componenis dul-
side the computsr at periphery X cither humans
H or some eriernal prooess {e.0.. another com-
puterdy: the pracessor consale (T.consale} by
w hich humyns communicale with the camputer
and observe its behavier and affect changes in
iy state: and a swilch § with its comrol K which
allows all the other companents 1o commu-
nicule with one another. In the case of PDP.11,
the centrul logical switch structure is imple-
menfed using a bus or chained switch § cafled
the Unibus, as shown in Figure 2. Exch physiczl
component has o switch for plucing messapes
on the bus or taking messages afl the bus. The
central contral decides the next component to
use the bus far 4 message (call). The S {Linibus)
differs from mest swilches becavs<e any com-
porent can communicate with ans other cam-
ponent.

The 1vpes of messages in the PDP-11 are
along the lines afl the hizrarchica! structure
comman to presenl-day computers, The single

C deeanirtne thhws adiapsamt level [Rell and Sewell 1870} o desenibe e rebaiionshipe of the gomputer compenents
proctew s memas e, vnilches, vontnds, ks womingls, and data operiure P4 % wodewepibed o yppendin X
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bus makes conventional and other structures
possible. The message processes in the siructure
that utilize S {Unibus) are:

(&)

The central processor Poorequests thay
duls be read or wntten from o 1o
primary memory Mp o for insiructions
and duty. The processor calls a particu-
fur memory module by coencurrently
specilving the module’s gddress, and the
uddress within the modules. Depending
on whether the processar reguests regd-
ing of writing, da2ta 55 Lransmidied either
from the memory to the processar or
view versa,

The contral precessor Po contrels the in-
italization nf secondary memary My
and terminal T activitn, The processor
scts status ity in the control ussociated
with i particular Msar T, and the device
procecds with the spedfied action (eg..
reading g card or punching  charscler
im0 puper tape), Since some devices
transfer data vectors directh to poimary
memory, ithe veciur control infermarion
{1.c.. the memory location and lepgth) s
given Is innlwization information,
Cantrols request Vhe prozessor’s anuen-
tion in the form of inlersupts. An inler-
rumM reguest 1o the processor has the
offect of changing the siuie of the proces-
sor: thus, the progessor begins cyecuting
a program assogialed with the inter.
rupting process. Note thal the interrup
process is only 3 sipraling method. and
when the processor interrupt occurs. the
imerruprer specifies a unique address
value 10 the processar. The address s 2
starting address for a program,

The central progessar can control the

Aransrmssion of data boiwesn a conirol

(far T or M) und cither the processor or
4 primary memaory [or propram con-
trofled duta transiers. The device signals
lar atlention using Lhe inwerrupi dialogue
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and the cemtrai processor responds by
managing the duta iransmission in a
lashion similur 10 trinsmitting in-
itilirution information,

5, Same device controls (far T or Ms)
transfer duta directly 1o/from primary
memary without cenlral processor inler-
vention. In this mode the device hehaves
similarly 10 a processor. a memory ad-
dress is specified, and the daia is trans-
milled berween the device and primary
memary,

& The trunsfor of data belween iwo con-
trods, eg.. a secondury memary (disk)
and say a terminzl/T. display is not pre-
cluded. provided the 1wo use compalible
message Tormals,

As we show more deil in the structire there
are, of colrse, more messares (and more stmul-
laneouds aclivity), The abave daes ml describe
the shared control and its assooaed switching
which is wpical of o muenenic wpe and mag-
pelic disk secopdan momory svstems, A con-
7ot for a DECiape memaory {Figure 3) bas an 5
{DECLape bust for transmutting datz between a
single "wzpe unit and the DECwipe Lramspart.
The existence of this hind of structure 15 based
on ihe relutively high cost of the contral relative
ta the cost ol the tape @and the value of being
able to run convurcenily with other tapes, There
i also a dislogue al the periphery between X-T

4 DEC1ME et
FAnpan ey b

Kt O £1mpal
+

P

DECiape contred switching PMS diagram.

Figura 3
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und N-Ms that doey not use the Unibas. (For
caunmphe, the remuoval of o Mapnetic lune tov
lrom o lape unit or o human user H osioihing o
typewriler key ure tvpreal dialogues)

Al of these disforues lead 10 the hicrarchy of
present compuiers {Figure 40 In this hiereschy
we Can ¢ the poths b which the above mee-
silpes are passed: PoAp: Pe-K; K-Po Kia-T
and Kio-Ms: and Kio-Mp: und, at the per
inhery. T-X and T-As and T, console-H.

todel 20 Implamentation

Figure § shaws the detailed structure of o
uniprocessar Model 20 PDP-11 with its varioos
companents {options) In Figure 3, the Unibuos
churacleristics are suppressed. {The detailed
properties of the switck are described in the log-
icdl design section.)

Extensicons 1o Increase Performance

The reader should note (Figure 5) that the
impartant limitations of the bus are: a con-
curreney of one, namely. only ong dialogue can
ocour 31 3 gives dime, ond o maximum transier
ratz of one 1o-bit word per 0.7 microvcionc.
riving o tramsfer rate of 21.3 megabits faecond.
Whike the bus is mot o lirat Tor a uniprocessor
structure, it is a lmil for mulligrocessar sizus-
tures, The bus glso mmposes anartificial imi: an
the svslemt performance when high-speed do-
vices (g8, TV cameras, disks) are transferong

Coaven:gnal hierarchy COMpyier SIIUCTUrE

Figure 4



data 10 muliiple primary memories. On a larger
system with multiple independemi memories,
the supply of memary cycles is 17 mega-
hitsfsecond nimes the number of modules. Since
there 15 such o large supply of memory cyoles
rer second and since the ceplral processor can
absorb only approximately 16 mega-
- bits/second, the simple one-Unibus structure
must he modified to make the memory cycles
available, Two changes are necessary. Firsi.
each of the memory madules has 1o be changed
5o Lhat muluple unilts can access gach module
an an independent basis. Sceand, there must be
independent control aceessing  mechanisms.
Fipure & shows how a singls memory is modi-
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Figure 5  FOP-11 strufture and charactenstics
FMS diagram
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fied 1o have moere aoeess ports {i.e., connect L
four Unibuses).

Fipure 7 shows a <ystem with three independ-
enl memory modules that are acessed by 1eo
independent Unibuses, None that two of th
secondary memories and vne of the transducers
are connecied 10 hoth Unibuses. It should he
noted 1hat devices 1that can potentially interfere
with Pe-Mp aceesses are constructed with two
ports: for simple systems, borh ports are con-
nected to the same bus, but lor swvstems wih
more buoses, 1the second cannecuon is . a2 an inde-
pendent bus,

Figure § shows a multiprocessor system with
two centrz] poocessors and three Unipuses. Two
ol the Unibus controls ure incleded wathin the
two processars, and the third bus is controlled
by un independent canirel unit, The structure
also hus a second switch 1o allow cither of iwo
processors {Unibusesd o wedess common shured
devices, The interrupt mechanism aftows gither

=

a1}

{al 1-pat

G

Gl

L]

1

gy &.por -

Figurg B 1+ &md 4.porl meriady modules PMS

diagram
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processat 1o respond (e oan nkerrupt. and sim-
fadly cither processor may issae initialigation
information gn an anonmois hasis. A control
uRit i3 needed sa thal 1wo processars can com-
municate with anc another, shared primary
memnan 15 narmatly vsed 1o carry 1he body of
the message. A contral connecied 1o lwa Pe's
tFirure &) cun be used {or relindility: either pro-
cesanr or Unibus could Fail. and the shated Ms
would sl be accessible,

Higher Performance Processors

Ipcresing the bus widih has the greatest
elfect on performance. A single bus limis dars
rransmission 10 214 mepshits/second. and
though Moedel 20 memorics are 16 mega-
bit~fsccond, Taster {or wider) data path widih
rr-lules will be imited by the bos. The Mode]
2w not restricted, but for higher performanee
provissors aperating on Juuble-word (fixed-
point) o triple-word (fosliag-point) dala, %o
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of three accesses are reguired for a single dana-
type. The direcr method o improse the per-
formange i1s 1o double ar inple 1the primary
memory and central processar data path
widths, Thus, the bus dals rate Is aulomatically
doubled or nipled.

For 32- o 48-bit memories, a coupling con-
trol unit is needed so that devices of ether
width wppear isomorphic 1o one another. The
coupler mans 4 data request of a given widih
Nt 4 higher- or lower-width reguest for the bus
being coepled Lo, as shown in Figure 9. (The
bus is limited to a fised number of devices for

-

(] [

| A Hu-7l Bym ]
n Clwd 1

e 24 s

1w ol e

o)

]

TERETI MY TE Ty Bl
Figure 8 Computer w.th £8.0 Po Moo with T6-bit
M3 TPMS duagram

clectrical rexsons: thus, to sxtend 1he bus, a bus-
repedting urit is needed. The bus-repeating con-
teal uniy i almast adeatizal 16 the bus coupler.)
A compater with a 33-bi primary memory and
processar and 16-bil secondary memory and
terminals {iransducersy s shown in Fipae 9,
In summuary, 1he desizn poal was o have a
modutar structure providing the final vser with
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freedorn and Revbihinn o mateh his needs
secondary poal of the Unibos is oper-endednesa
hy priniding mulliple buses and definine: wader
path buses. Finally, and most importan. the
Unibus s wraightlforward.

THE INSTRUCTION SET PROCESS0A
ISP} LEVEL-ARCHITECTURE"

Introduction, Backarcund, and Design
Constraints

The Instruciron Set Processor {15P) iy the
machne defined by the hardware and/or salt-
ware thal inlerprets programs. As such, an ISP
tsindependent ol technology and specilic imple-
menlations.

The instruction set i gne of the least undec-
stood aspeets of computer design; curreatls, ot
i»am art. There B currentls no theors of insiruc-
1hon sebs, although there have been allempls (o
cansiruct them [ Muasrer, 1966], and there has
alwy heen un attempt o bave a compuaier pra-
veam design dn instruction sel [Haney_ 1%6al
We have used the cuns crtional apprawsch in this
design, First, @ basic 15F was adopied and then
inceemental design modilfications were mude
{based on the resulis of the benchmaris) ¥

Althgugh the approach o the desizn wus
conventional, the resiliing machioe is not. A
comman classiication of processors is as 0, 1-,
. 3. or 3plus-l-address machines. This
scheme has the form:

op fl, 2.1, H

FUhe word “archiecture™ Ras been opersnonad s defined [Amdahl o of L9 ] as “Lhe dr huies of o saalem s seph by

progeammel, e, U conceplugd viructure and Memernaeab bebaviat, as distmet [rom the eezangrgnom of the data Jos amd
cufilrab, the lowcal despn, and Lhe physigad implemendalion,”

A predecessor mullrezeler computer wos ped posed 1hal weed i osmilardesipn proces Herchmorh proprams were coaded oo
cach of ten Ceompeinioe” mischines, and tbe ohget ol the denien w1 Folu M i Thet gavg the besd sgvee o 1Ry
b hm. ks This appraach hog several Faltaons The machine bad e Bisie chatacler of s cans e macheme was G
Lia Prraizzzemosinee The mulaple regsiers wepe assigoed 00 speciflic Tunctisms argd had BhePem o norasies bo s weliog
Lhe mypa itk e Araching dod nos pezfarm el Dor pragrams srher than these wsgd 1m0 the henchmorh st aned Finabls,
vimmpulers thal Lok dwdvantare o the maghine apprared o e J=eul s e, Sisee al Coanpeniine miwhings'™ bad e
R -vesdes | rom a camrean e chart rghes thae wpazate Mnse s Gk cach Mg, the apparent hiph pesforesane
iy by Been ddoe T the o charg areanicaioon.
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where {1 specifics the location (address) in
which 10 store the result of the binary operation
{op) of the cantents of operand locations 12 and
{3, and !4 specifics the location of the pext in-
structiog,

The action of the instruction is of the form:

H 12 0p 13; poto 4

The other addressing schemes assume speailfic
values for one &f more of these lacations, Thus,
the one-address von Neumann [Burks &1 af.
1962] machines assume fl = 7 = Lhe accu-
mulater and # is 1he location following that of
the current instruction, The 1wo-2ddress ma-
chine assames /1 = {3, /3 is the neat address.

Histarically. the trend inimachine design has
been 10 move from a 1~ or 2Z-word sccumulator
structure as in the von MNewmann machine ig-
ward a4 machinge with accemulator and indea
register(s).* As Lthe number of registers is in-
creased. the assignment of the regisiers to spe-
cific funclions becomes more uadesiryhie znd
inflexible: thus. the gencral register conceni has
developed. The use of an array of general rezts-
1075 1n the processor was apparentdy fird uwed in
the first generation, vacuum-tube machine.
PEGASUS [Elliott er af., 1956]) and appears to
be un owtgrawth of both 1- and 2-address sipuc-
tures, { Two aliernative structures - the carly 2-
and J-address-per-insttuclion campuicrs may
be disregarded, since they tend 10 always access
primary memory for reselts as well as jempo-
rary storage and (hus are wasteful of 1ime and
memory ¢ycles and require a long instrucnon.)
The stack coneept (O-address) provides the most
elMicient access methed for specifying al-
gorithms, sinee very litlle space, only the access
addreises and the operalors, needs Lo be piven.
In Lhis scheme the gperands of an operalor are
alwavs assumed 10 be on the "lop of the stack.”

» The stack has the additional advantage that

20)

arithmetic cxpression evaluation and compiler
statement parsing have been devefoped to use a
stack elfectively. The disadvantage of the stack
it due, in part, Lo Lhe nature of current memory
1echnology, That is, slack memaories have 1o he
siulaled with randoam-access memuories: mul-
tiple stachs arg wsually required: and even
thauph small stack memaries cxist, as the stach
cverflows, the primary memory (core) has o be
Used. ]

Esen though the trend has been 1oward the
eencral regisier ¢concepl (which. of cour.c. 18
similar Lo 4 2-address scheme in which ane of
the addresses i< limicd 10 small values). it isim-
portant te recognice that any design 15 4 com-
promise. There ure situativas for which uny of
these schemes can be shown (o be "best™ The
PBMW Svaem 300 series uses a general register
struclure, and their designets [Amdahl er al.,
1964] claim the following advantapes for the

sscheme.

I. Regitlers can be assigned 1o various
Functions: base add:essing. addre-s cal-
tulation, lived-point arithmetic, and in-
dexing.

Availubilny of wchnology mitkes 1the
generul regisicr structure atiractive,

L

The System 360 designers also claim thar a
stach orgynized machine such as the Enplish
Electric KDF % |Allmark and Luckinge, (962 ar
the Burrpughs B5000 [Lonerpan and King,
19617 has the following disadvantages.

1. Performance is derived {rom {as1 regis-
lers, nol the way they are used.

3. Siack organization is too imiting and re-
Guires many copy and swap operations,

3. The overall storzge of zeneral regisicrs
ang stack machines are the same, consid-
ering point 2,

“Due, in gart, to noeds, bt mainly o leehoology that dictates haw large the sipactuee o p be,



4. The stach has a bottom. and when

placed in slower memory, there is a per-

formunce loss.

3, Subroulipe rransparency is not casily re-
alized with one stack.

6. Yariable lepgih dita 15 awkward »ith 4
SLACK. .

We venerally concur with points 1. 2, and 4.
Paint # is an erfoneous conclusion. and point &
is irrelevant {that is, general register machines
have the same problem}). The general repisier
scheme also allows procesior implementations
with a high degree of parallelism since all in-
structions of 2 locul block can operate on Sev-
eral registers concurrently. A seu of troly
gcncral purpose registers should alse have addi-
tionat uses. Far example, in the DEC POP-I0
peneral registers are vsed for address inlegers.
indeving. floating point, Boolean vectors (bits).
ar program Napgs and stack poimers. The gen-
cral tegislers are also uddressable as primary
memary, and 1hug, sharl pragram loaps tdn re-
side within them and be imerprered fasier, It
wis observed in operation that PDP-10 stack
uperations were very powerful and often used
{accounting for as many as 20 pereent of the
caccuted MSLTUCHIONS In SOMe programs. Eg..
the compilers).

The basic design decision that sets the PDP-
11 zpart was based on the observation thai by
using frufy peneral registers gnd by suitable ad-
dressing mechanisms, it was possible to Coan-
vider the maching as a C-address (stach), 1-
address (peneral register), o Z-address (Mmem-
arv-1o-memary) computer. Thus, it is possible
10 u~e whichever addressing scheme, or misture
of schemes. 35 Mpst approprate.

A aother imporiam design decision for the in.
struction set was 10 have only a few dala-i¥pes
in the basic machine, and 10 have a rather com-
plete set of operations for each data-type. (Al-
lepnative designs might have more data-types
with few operalions, or few data-1s pes with few
operations.} In part, this was dictated by 1he

i
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machine size. The conversion bepween dala-
1 pes must be accomplished casly either aute-
matically or with one or (wo insituctions. The
data-types should alse be sulficiently primitive
to dllow other duta-iypes to be defined by sofl
ware (und by hardware in more powerful ver-
sions of the maching), The basic duw-type of
the machine = the 16-bit inteper which uses the
mo0's complement convention for sign. This
data-lype 15 alsc identical 16 an address.

PDP-11 Modael 20 |nstruction Set {Basic
Instruction Set}

A furma) description of the basic instruction
set 18 given in the oripmal puper (Bell o atf,
1970] using the 15PL notation [Bell ang Newell.
1870} The remainder of this secuion will discuss
the machine in 4 conventiona! manner.

Primary Mamaory, The primary memor
icore is addrovsed as cither X* baies or 29
wards using a 16-bif number. The fincar address
space is also used 1o access the inpulfuuiput de-
viges. The device state, data and control regis-
ters are read ar written like nocmal memory
locations. :

Genetal Register, The general registers are
named: R[(:7]<35:0>; that is. there are cight
cegisters each with le bits. The naming is done
starting at the left with bit 13 {the sign bit) 10
the Teast significant bit 0. There are synonyms
for RI&) and R[7]

I, Stack Painler\SP<15:0>

1= R[6}<@ 150>

Used to access a special stach that is
uscd to stare the stric of inlerrupls,
traps. and subrouting calls.

Pragram Coumer\PC<15:0>

:= R{7]< & 150>

Points 1o the currentl instruction being
interpreted. Tt wibl be seen that the fact
thut PC is une of the zeneral regisiets is
crucial 10 the desipn.

T
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Any genenal register, RIOGTL cun be wsed us
stack poimter. The special Stach Pomnter 8P has
additiona! properties that foree it 1o he used lor
chuaging processor slaly interrupts, traps, and
subroutine calls_ {14 alsv can be used 10 control
dvnamic 1empor iy storage subroulines.

In addition tw the above registers there are ¥
bits wsed {from o possibic 16) for processar sta-
tus, called PS<15:02 repister. Four hits are the
Condition CodeshTC  associated with arith-
metic resulis: the T-bit controls tracing; and 3
bits controt the priority of running pregrams
Prionity <202, Individual bus zre mapped in
P4 as shown 0 the appendix.

Data-Types and Primitive Qperations,
There wre two dita lengths 1o the hasic maching:
byvies and words, which are & and |6 s, re-
spectiviely, The nomeivial data-lepes are word-
leagth integers (w L) byvte-lepgth integers (hyli)
word-length Baotean vectors (» b ie. 16 1n-
dependent hits (Boolcins) in a2 I-dimensional
array; and byiedength Boolean veciors (by.bv).
The operations on yte and word Boolean vec-
1075 are identical. Since a common use of a byie
is to hold severa) Nag bis {Boaleuns), the aper-
atipns ¢an be combined to form the complete
s2t ol Té operatiops. The logical operaions are;
“glear,” “complement.” Tinclisive or” and
“implicaion™ [x 2y ar T Vo),

There is a complets set of arithmene oper-
ations Tar the word integers in the basic instruc-
viop sel, The arithmetic operations are: “add.™
“subtract.”  “multiph™ {opuonull. “divide”
{optionaly, “eompare” “add one,” “subtract
one,” clear,” “negate.” and “mulliply und di-
vide” by posers of two (shift). Since the address
inleper size it 16 hits, these data-1vpes are most
important. Byte-length integers are operaied on
ds words by moving them to the peneral regis-
wers where they take an the value of word in-
tepers.  Word-length-ineger  operations are

2%

carned out and the results are returmed te mem-
ary (truncawd)

The Ruating-paing instructions delined by
software [not part ol the busic instruction se6)
require the definition of two addijonal dala-
tpes (of length 1wo and three) ie.. double -
words {d.ow b and tripie wards {1 e}, Two addi-
tiona! dat-ypes. double integer id.3y and wriple
Moating-paint (1L or T ure provided for arich-
metic. These data-tvpes imply certain addi-
tional operations and the conversion 1o the
more primyive dala-1ypes.

Address {Qperand] Calculation. The gen-
eral methuds provided for accessing operand-
arg the monl interesting {perhups unigue) pas
of the machine's steecture. By acfining several
aegess methods 1o o set of poneeal registers to
memury. o Woa stack {contralled by i peneral
register, the computer is able 1o pe u 0-, 1-, and
2-wddress machine, The encoding of the instruc-
tion source (5 hields and dewtination {O) fejds
are piven in Figure 10 topether with a list of Like
various aceess modes Lhat are passible, (The ap-
pendis gives a formul descnipiion of the efec-
ve uddress calculation process.y

1 should e poted from Figure 10 thae all the
commuyn access modes are included {direct.
indirecy, immediate, relative, indexed, and in-
deaed indirect) plus seversd relatively uncom-
man Jones, Relative {to PO aceess s used 1o
amplify program loading, while immedizie
mode speweds tp cacctlion. The relatively un-
comman access modes, apto-increment 2nd
wto-deerement, are used for two purposes: se-
cose 10 o Sack under canteal of the regisiers®
and access 1o bylgs or words orgamized as
siripgs or vectors. The indirect access mode al-
lows a stack 10 hold addresses of data (instead
of dawy. This mode is desirable when manipu-
Tating longer and variabk-lengih data-ivpes
{e.c.. sirings. double iixed, nd wriple floaling

e —
* Moty that, By cofveniron, 3 sldve budde wward regiaee B and when ihe siagh croman W0 a0 a0k weetflow socuts
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Frgure 10 Addrass caloulsnan formats

coinl). The regisler aulo-increment mode may
be used 1o access u hyle strinp: thus, for ex-
ampie, afler each access, the regisler can be
mude to paintto the neat data item, This 15 used
for mon ing daty blocks, searching for particular
elemeots of a veclor, and vie-string operalions
{e.p.. morcment, comparisons, editng).

This addressing structure provides ftexibiliey
while retaining the same. or beuer, coeding effi-
cigncy than classical machiaes, As an example
of the fievibility posihle. consider the vana-
tions passible with the most rivial word in-
siruction MOVE 1Table 1), The AMOYE mstrue-
tion 1% coded ip corvealional 2-zddress, 1-ad-
dresy (general regisier) and OQ-address {stack)
compaiers, The 2-address formart is particubarly
nice for MOQVE, besause it provides an elficient

24
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encoding for Lthe common operation: A - B
{note that (he stack and general regisiers are fat
involved). The vector moves Al — Hilhis also
efficiemly encoded. For the pencral register
{and |-address lormat), there are aboul 13
MOVE operutions that are commonly used. Six
moves ¢an be encoded lar the stuck (aboul Lhe
same number found in stack machines).

Instruction Formats. There are several in-
structton  decoding formals depending an
whether sero, one, or two operands hase Lo be
explicithy refcrenced. When 1wo operands are
required. they are idenlificd 2% sousee 5 and
destination D and the resuli is plsced L destina-
tion D. Far single operand instruciions {unary
operdaiass), Lthe instruclion action is D — u Dy
and for two operand instructions (binary oper-
alorst, theactin s D =D b S {where v and b
are unasy and hinan operators, cp.. —. - and
+, -, X, F, respectivels. Tastructions gre spedi-
ficd by a 16-hit word. The mest comman binary
aperator forma (thal for operatinns requinng
twG iddressest uses bits 1502 1o speaily the op-
crativn code, bits 11:6 10 specifly the destination
0. and bits 50 to specify the source S The
other instructicn farmats are givenin Figure 11,

Instruction interpratation Process. The
instructiion inlerpretdlicn process is @iven in
Fiaure |2, and foilows the common fetch-
execuic vvebe, Thero are three majnr stales: (1)
interrupting — the PC and PS5 are placed on the
stack accessed by the S1ack Painter/SP. and the
new Slale 15 aken from an address specified by
the spurce reguesting the trap or interrupt: (2)
trace (controlied by T-bit) - essentialls ong in-
struction of o Lime t§ esneciled an i ITace trap
vceirs alier euch instruction. and (3 normalin-
struction interpretation. The live {lower) stales
in the diagram are coacerned wiih instruction
lciching. operand (eiching. ¢veculing the oper-
ation specifizd by (ke insirucioa and soring
the resull. The nantrivial detals Tor {ewching
apd stoting the operands are not ~hown in the
dizgram but can be constructed from the offee-
tive address caleuiation pracess fappendin). The
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Figure 11.  FOPF. 11 imstachon formats {zurnphifed).

state dizgram. though simphicd. s similar in 2-
and doaddress compulers. but > distinctly dil-
ferent than a t-address {l-ascumulater) com-
putet,

The ISP description (appendit) gives the op-

- eration of each of the instructions, and the more

conventional diggram {Figure 11) shows the de-
coding of insiruction casses. The [SP deserip-
tion is somewhat incamplete: for example. the
add ipstruction is defined as:

ADRD (:= bop = 0010 = (CC.D--D + 5y

Additinn does nal exacth descrbe the changes
to the Condition Codes CC (which means
whenes r a binary opeode [bap] of 0B1C; occurs
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*ate giagriim

the ADD ipstruction 15 executed with the above
vifectt In zenerat, the CC ure hased on the re-
sult, thub is. 2 is sel if the result is sera, Nif
nepative. € i7 a carry oceurs, and ¥ il un over-
Mow wos detected 35 0 result of the operation.
Cundrignal hranch imstruclivns may thas fol-
I thi arichrietic instraction 1o test 1the resuits
af the CC hits,

Examples st Addressing 5¢chemes

Use a5 a Stack (Zern- Address) Machine.
Tabte 2 hsis 13 pica! O-address machine insiroc-
tigns together with the POP-1) instructions thal
perform the same function. W should be nuled
that trunslatjon (compikition) from Rormal 1n-
fin cpressions o reverse Polish s a com-
puraiivels trivial task. Thus, one of the primurn
feawans For using stucks is for the evatuation of
eypressinns in FEveTse Polish larm.

Consider an assignment stavement of the
larm:

D~ 3~ B{C
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Table 3. Coding for the MOVE Instruction To Compsre with Canventional Machiney

Astmmbier Format EHect Dascriptian

2. Address Machine i

Formal

MOVE B A® A0 Replace A wath conrgnts o B

MOVE aN, A A M Repiack & with pumber B

MOwvz geRZ), A{RZ} Aflj — BN Repdace siement of 8 CORMSLI

MOVE (AZ}+_ {R4}+ ALl ~ BI: Repipce element Gf & vaflod, MOvE 1D nest alament
=171

Genarcal-Rogister

TMachine Farmat

MOVeE A, R Al =A Load ragrites

MOVE R, A A = R Silve AEQUITES

MDVE @A R 1 — M[A] Load or siode indirec® vid slamant A

MOVE R1. R3 Rl —R3. Regisler to-regritar Enyie

MOVE RT, AlRT) All] - R Swong inclenes! (load wddaed) lor siooel

MOVE & ALRDL A1 Rl - SMAL Load [or store} widuced incirect

MOVE (RT). R3 Pl — WMIRZ| Load wmchredt via rgiEiar

MOVE {R1)¥, A3 A M0 Lopad lor atoval slement wchirsdt vid regulér Tove 10 necl pHmen:

Sisck Machina Format

FLOWVE oM, -LRD} G- Load stack woh laeval

RLOVE A —1AM £+ A Load stack wilh contarls of A

RACGYE i iROI¥, 1RO} g — M5 Load slach wilhh memory speecihed by 1op ol 3430 «

MOVE 1RO+, A A5 Storg ATACh 10 A

AAOVE (RO . e (RDI- W5~ 5 Sioee LTACK (O 0 meamory Midreasd by Ltate (05 «1

RACVE (RO ={AQY =5 Oupheace 10p ol slaca

Fhguemider Formal
1+ Drenotes comieets al memod, addresod by

- Dperement regisTer st
~  Inc/emant regisier Bl

w Ineliredt
3 Lueral

which has the reverse Palish Torm:

DABC/ + -

and would normally be encoded on o stack ma-
ciine as lodlows:

Load stack address of D

Loud stack A
Load swack B
Load stack ©

/

-

Jare.

Huwever, with the PRP-IY shere s an ad-
dress method for tmproving the program en-

coding und run Lime, while not losing the stack
concept. An encoding improvement s made by
doing an operation 1o the tap of Lhe stach Trom
4 direct-memory localion iwhile loading). Thas,
the previvus esample could be coded as

Loud stack B
Divide stuck by C
Agd A o stack
Store ack 1O

Use as 2 1-Address (Genaral Ragister)
Machine. The PDP-11 iv o peneral regiver
camputer and should be judped on thut basis,
Benchmerhs hase been coded 1o compars the
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transactions operate independently of the bus
length and response lime of the master and
slave. Since the bus is hidireconal and is used
by all devices, any device cun commuaicate with
any other devigs. The controdling device is the
master. oad Lhe device to which the master it
communicating is the slave. For cxample, a
data transfer {tom processor {masiecr] 1o mem-
ary (ulways a slave) uses the Data Qut dialogue
faciiity for wTiting and a transler {rom memory
lo prosessor uses the Data In dialogue facdity
for reading.

Bus Controt. Most of the 1ime the processor
is bus master ferching instructions and oper-
wads from memory and storing results in mem-
arv. Bus masiership s deterimingd by the
curfent processor priority and the prioTily line
upon which 2 bus reguasst s mace dnd the phys-
icul placement of 1 [equesling devige on the
linhed bus. The assignment of bus masiership I
dune concurrent with narmal cammunicaian
idiulogues).

Unibus Dialogues

Three 1y pes of diztogues use the Lnibus. All
the didlogues huve 4 common protocol that first
consists af obtaining the bus mastership {which
i+ done concurrent with 2 Previous rransaction)
foilowed by a duta exchangs with the reguesied
Jevice, The dialogues are: Interrupt; Data In
wnd Drata In Pause: and Data Out and Data Out
Bvie.

interrupt. Toterrupl can be ipitioked by 2
master smmedistely afier receiviag bus master
ship. An address is trapsmiteed from the master
1o the slave on Interrupt. Nermaily. subord:-
nute control devices use this method te transmit
an interrupt signal 1o the processar.

Data In and Daia In Pause. These 1Wo bus
opeTakins transms slave’s data (whose adideess
is sneeified by the master) Lo the master. For the
Daty 1o Patse operation, dila is read ino the
master and the muster responds with data
which is 10 be rewsinen 1n {he sluve.

Data Out and Data Out Byte. These 1o
operations transfer duta fromn vhe master 10 10¢
Jave at the address specified by the mast=r. Fur
Drata Out, 2 word ol the address spect fivd hy the
address lines is transferrud lrom masier 1o sfuve.
Duta Out Byte wilows a single duta byle 1o be
rransmitied.

Processor Logical Design

The P is designed using TTL logical design
components and oooupies aparowimaleiy eght
% inch % 12 inch printed ciredit boards. The Fe
is physically connected 1a e other com-
punents, the console ana the Lmbus The won-
trol for the Unibus is housed in the Pc and
accupies ong of the printed circuil paards. The
most regular putt of the Peis ihe arithmetic and
state section. The 16-word scralchpad memaory
and cambinational logic dalz operitors. D
{shifi) and D (addzr, logical ops}. form the mast
repular part of the processor’s strucllre. The
16-word memory hokds most of the 8w ord pro-
cessor state found in the ISP, and the 3 bits that
form the Status word are stored in an A-bit reg-
ister. The input Lo the adder-shift network has
rwo latches which are either mermoTias of pates,
The output of the adder-shift netwark can be
cead to cither the data ar addrfess pafls of the
Unibus, or back to the scratefpad array.

The instruction decoding and arphmetic con-
tral ure less reputar than the sbose dota ard
state and these are shown in the lower part of
the figure, There dre o major seclions: the in-
drucion ieiehing and decoding canirol wnd the
nstruction set interpreter {which. in etlect, de-
fines the 15P), The later control secuon operdles
on, hence conirols, the arithmelic and stale
parts of the Pc. A [mal cortrgl i< concerned
with the interface 1o the Unibus (Ji-tlinet fram
the Unibus contrel that is hedssd.in the Pl

CONCLUSIONS

In this puper we have endeavuored o give a
complete description of the PDP-11 Model 20
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sre=s e oz four deseriprive levels, These pre-
s277 12 s asabipuous specification at two levels
Sima TARE sructure and the 1SPY. and. in addi-

- o7 the canstrainis for the design at the

1nd give the reader some idea of the
== T 2=120300 1 Lhe bovom devel logical de-
o W omave abwo presented guidehnes for
fare= rpoazdnionat models thal woould belong 16
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= oam .
i

AF=ENDIX,
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DEC PDP-11 INSTRUCTION SET PROCESSOR DESCRIPTION (IN ISFLY

Byl memory
Ward memlary Mapmng

Ward peneral regisicr
Stach painler
Program counter

Processor sate register

Under program zonirol. prariy Yevel of
the process currenily boing interpreted; o
higher feved process may niermupl or trap
this pracess.

A resul condivon code indicuung znumb-
metic carry from bit 15 of the last oper-
auton.

A resuli copdition vode indicating fast re-
sull was nepalive.

A result condition code indicaing last re-
skl was fero,
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Cherow Y 1= CC< 1>

Tragen T = ST <4

Undefined<7.0> = PS<158>

Hin

Wil

Instruction Set

A restll comdition codde Indicaling un arh-
metic anerTow of the Lt operation,

Denores whether inst rugtiom trsce trap is
oecur alter vach arstrucinn i esecuwed,

LUpused

Denotes nermal esecutian,
DIenoles willling [of i errunL,

The followinkg instruction set will be defline L brielly und is incomplete, B iy intended o give Lhe
reader a simple understanding of the machine operation,

MOV (= hop = 0y ~ (CC.D ~ 5)
MOVE (= bap = 1001y — (CC Db - $by:

LBinury Arthmeric: D D b 5
ADD (= bop = 0110y ~ (ST — 12 + 8
SUB = bop = t110) = {(CC.D .~ D -5y
CMP (= bop = N0y - {CC ~ D - 5);
CMPB{:= bop = 10i0} - (CC — Db - Sb);
MUL(:= bop = 0111 - {CC. D D X S}

DIV {:= bop = 1111} = {(CC. D — 1345

Lnury Arithmetic: D — u5;

CLR (= vop = 030,) - (CC.D - O

CLRS (:= ugp = 10530, — (CC Db -~ 0%
COM {i= zop = 031 - (CC.D — DY:
COMB := uop = 1051.) — {CC.Db +- TIDb):
INC(:= wop = 032 = (CC.D - D + 1):
INCEB (= uop = 1032,) -~ {CC Db~ Db + I}
DEC(=uvop = 0330~ (CC.D -D - I}
DECB{:= vap = 1053~ (CC. Db~ Db ~ I%
NEG (= uvop = (3 - (CC.D - - Dy
NEGB {:= uap = 1084,) — (CC.Bb — - Db)
ADC (:= uop = 033 = (CC.D— D + C;
ADCB = uop = 10533 = 1CC. Db - Db + C
SBC (:= uop = 0%6,) = (CC.D D -C)

Move ward
Muove he

Add

Subiract

Ward compare

Byle compare

Multiply, if D is a regisier then
a double knalh operater
Drivide. if O is 3 register, then a
remainder is saved

Clear word

Clear hyte
Complement word
Compiement byie
Inérement word
Insrement byie
Decrement word
Decrement byte
Negale

Negate hyie

Add 1he carry
Add to bule the carny
Subiract the carry
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SBCH (:= uop = 105%.) = {CC.Dbh - Db - O} Subtract from hyte the carry
TST {:= uop = 0570 ~ (CC — Dy Test

TST {:= vop = 1057,) - (CC « Dhy; Test byte

Shilt Operations: D « D x 2™

ROR {:= sop = 060, = ¢C O D+ C 2 D/ Mrotute)k Rotate right
HORB {:= sop = 1060,) = {C D Db - C O Db/ 2rotate]k Byle rotate right
ROL = sop = 0010« (COD - COD X 2 jrotate)]: Ruotute left
ROLB (= sop = 1060~ (CO Db« C O Db X 2 iratate]):  Byte rotate leh
ASR (1= sop = 062y) ~ (CC. D~ 0 X 2 Arithmene shift rapht
ASKEE (:= sop = 1062,) — (CC,Db — Dbj2) Bitle arithmetic «hifl right
ASL{:= sop = 063.) - (CC.ID - D X 21, A Arithmelic shift tefl
ASLB (= sop = W06} - (CC,Db — Db = 2} Bite arithmetic shift lefl
ROT = sop = (d )~ (C O D — D X 2%, Roiate
ROTB(:= sop = W} - (L D0~ D X 2% Buyte rotale
LSH (:= sop = 085 — (CC.D o= D = XMlogicaly Logicul shift )
LSHE (:= sop = [085,) = (CC.I0b — Db X ilogical:): _ Buie logical shifi
ASH (= saop = 060 = (CC.D — D % 2% Arithimetic shift
ASHB (= sop = 6. = (CC Do Db x 25y By te arithinetic shift
MNOR (= sop = 087, (U C. 3 — narmalize {D)}; Normalize
(R[] - normalive_expaaent (Dyk:
NORD (= sop = 1067, = (Db —normalize (DAY wormalize double
(RIr'] — nermalize, exponent (E): '
SWAB(=s0p = 1) (CC.D ~ D<70, 15:8>) - Swap bytes
Logical Operations
BIC ;= bop = 0100} « (CCD - D 0O A 51 B clear
BICB(:= bop = MY — (CC.Ob - b v 5by; Gyvie bt clear
BIS(:= bop = MON - (CC.D~D v 5; Bit se1
BISB(:= bop = 1101 - (CC.Db ~ Db v 5b} Buvic hit set
BIT (= bop = 0011) - {CC «~ I A 5 B Lest under musk
BITB{:= bop = 1011} — ({ZC ~ Db A §b), Buie bit 1esa under mask
Branches and Subroutines Calling: PC = T;
JMP (1= sop = 0000l = (PC .- D Jump unconditional
BR {:= brop = 0iy) - [PC — PC + offset); Hranch unconditional
BEQ (= brop = 03, = [Z — (PC « PC + aoffset)): Equal 1o se1o
BME (= brop = 00,,) = {—=Z = (PC ~ PC + offscr; ol equat 1o Zero
BLT {:= brop = 05,.) = (% & V = {PC «~ 'C + offuet): [Lews than {2ero)
BGE (= brop = M) =[x =V « (PL — PC + oflser) . Crzeater than or equal (rero)

BLE (1= brop = 07}~ {Z V(NS V ) ={PC « PC + affsziip Lews than ur equal {sero)
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AGT {:= brop = 06} = (O{Z V IN @ V) = (PC - PC +
offsel));
BCS/BHIS (= brap = 87).) — (T — {PC ~ PC + offss));

BCC/BLO (:= brop = 86,4] = (7€ — {PC - PC + offsct)):
BLOS {:= brop = 834} = {C A Z — (PC ~ PC + offsa1));
BHI ;= brap = 82,4) = ((mC Vv Z) = {PC ~ PC + offse))
BVS (= brop = 85} - (¥ — (PC — PC + aliset)),
BVYC (= brop = 84,,) = (—¥ - (PC — PC + offset));
BMT (= brop = 8l = (N = (PC ~PC + afiscl)),
BPL {:= brop = 8014} = (N — (PC — PC + offset)k.
ISR {i= sop = 0040} ~

{GP ~ 5P — 7. next

MISP] — B [sth

R{st] ~ PC; PC — DX
RTS{: = i = 000200 — (PC - R[dr};

Ride] — M|SFL. 5P~ 5F + 11

Misccilancous Procossor State Modification;

RTif e i= 1) - (PC ~ MISFES
SP - SP 4+ 2 nent
PS - MISP);
SP - 5P+ 2k
0} - {Run « 0y,
1 (Wait — 11,
=15 - 5P + 2 nent
M[SP] - PS;
SP — 5P + 2:next
MISP] - PC:
PC — M{34];
PS -~ M2
EMT{: = brop - 325} = (S ~ 5P + 2 nexy
M{SP] - PS;
5P ~ 5P ~ X next
MIiSPl - PC
FC - M[MLI:
PS - M[321X
10T =i = 4) ~ {see TRAF
RESET({: =i = 3 — (not described)
OPERATEL: = i<3:15> = 3}
(i<d» — (CC ~ CC Vi<30>)
—i€a> = (CC ~ CC A —1i<h0))
end 1nsiruction. . txeculion

HALT
WAIT(:
TRAP(:

mu u
LI ||

Lcws preater Lhan (£ero)

Curry set; fugher or same (un-
signed)

Carey cear; lower funsigned
Lower o same (unspned)
Higher than {unsigned)
Overflow

Na overflow

Minus

Plus

Jump 1o subroutine by puiting
Risr). PC on stuek and loading
R[sr] with PC, and going 1o
suhroutine 1l 1)

Return from subrouting

Keturn [rom interrup

Trap o M[34,] store stuius
and PC

" Enier new process

Emulator trap

1/0 trap o M[20.]
Rewel 1o external devices
Condition code operute
5S¢l codes

Clear codes
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The Evolution of the PDP-11

A compurter is not solely determined by its

archiecture; i1 reflects the technolopical, eco-
-nemic, and argaaizational aspects of the envi-
ronment in which it was designed and built, In
the introductasy chapicrs the nonarghueciural
design factors were discussed: the availabibity
and price of the basic elecironic lechnology, the
vartous government apd iadusiry reles and
standards. the currenl and future mark et condi-
tiaps. and the manufictaring process.

In this chapter ane can sece the result of the
inleraction of these various forces in the évolu.
tion of the PDP-1i. Twelve distinet models
(LS1-11. PDF-11;04, 11/05 11720, 11/34,
1130C 11430, LHAA5 1 /55, 1 f60. 1170, and
VAX-11/780) exist in 1978,

The PDP-il has been successfit in the mar.
ketplace: over 30.000 were sold in the Hirst eight
vears that it sas on the market (F970-19%7) 0y
i3 ot clear how rigorous a west {aside from the
markeiplace) the design has been piven, sinde a
luroc and aggressive marketing organidation,
2rmed with safv are 1o correct architsctural in-
consistencies and omissions, can save almost
any design.

C.GORDON BELL and J. CRAIG MUDGE

Many ideas ftom the PDP-I1 have migrated
1o other compuaters with newer desipns. Al
though some of (he feutures of the PDP-11 are
patented, machines have becn made with sim-
itar bus and iRslroclion sl Drocessaor sLrucLures.
Mauny compuier designers have adopted 4 um-
fied data and address bus <imilat to the Unibus
as their fundamentyl srchnectural component.
sany microprocessar designs incaorperate the
PDP-1} Unibus netion of mapping 170 and
cantrol registers into the memary address
space, climinating the need {or [jO instructions
wilhoul complicaung the [/ O control logic,

It is the nawyrs of computer engineering ta be
goal-oriented, wilh pressure 10 produce deliv-
crable products. I is therefore difficul 1o plan
far an exlensive lifetime. Nevertheless, the
PDP-11 evolved rapidls over a much wider
range Lhan eypected. An ouling of a family
plan was s¢i forth in a memo on Aprit 3, 1969
by Roger Cady, head of the PDP-11 engineer-
ing group at the time { Table 1). The actual evo-
lution is shown in trec form in Figure | and is
mapped onte a cost/performance representa-
tioa in Figure 2,

e



Table 1. PDOP-11 Family Projection w1 of Apnl 3, 1963
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EVALUATION AGAINST THE ORIGINAL
GOALS

In the gnginal 1979 P11 paper (Chapter
9Y, u set of design poals and constraints were
given, beginning with a discussion of the weak-
nesses frequentty found in minicomputers, The
designers of the PDP-11 Faced each of these
known minicomputer weaknesses, and their
goals incleded 2 setution o cach one. This sec-
tion reviews the original poals, commenting an
the suceess or failure of the PDP-11 jn meeting
cach of them.

The weaknesses of prior designs that were
noted were lirmited addressability, 2 small num- -
ber of registers. absence of hardware stack (acil-
ities, limited Interrupt siroctures, absence of
byvie string handling and read-only memory fa-
cilities, efementary 10 processing, absence of
growth-putk family members. and high pro-
Eramming costs,

The first weakness of minicomputers was
their limited sddressing cepability. The higgest
(and most cammon) mistakes that can be made
in # computer design is that of not providing
enough address bits for memory addressing and
maragement, The POP-11 followed this hai-
lowed tradition of skimping on address bits, but
1t was saved by the principle that a good desien
can evelve throueh at least one majar change.

For the POP-11, the limited address problem
was solved. for the shorl run. but not with
enough fingsse to support & farge family of
minicomputzrs. That wus indeed a costly over-
sight. resulting in bath redundant develapmem
and lost sales. It is extremely embarassing that .
the PDP-11 had to be redesigned with memory
management* only two years afier writing the
paper that sutlined the zoal of providing in-
creused address space, All earlicr DEC designs
suffered from the same prablem. and only the-

" The memory management serted tao olker funsiions besides expanding the i6-bh processor-peneraied sddresses into 1k

hip U'ribus addresses: propram relocalion and aratection

L
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PDP-10 evolied over & kanp period (15 years)
before a chanpe occurred Lo incresse its address
space. In retrospeet. it is ¢lear thal another pd-
dress bit s required every twor or three vears,
since memory poces declme about 30 perecal
yearly. and usersiend to buy constant price suc-

CEsSS0T 5¥5CMmS.
A second weakness of minicompuoters was

their tendenay Lo skimp on registers, This wis
carrected for the PDP-11 by providing cight 16-
bit regisiers. Later, sin 63.Bil regisiers were
added us (he accumulators for Moaling-point
arithmetic, This number seems 1o be adequate:
there are enough tegisters to allocate two or
three registers theyond those already dedicaled
to program counter and stack pointerd for pro-
gram giobal purposes and still have registers for
lpeal siutement campaiation.® More registers
would ineresse the conteat switeh Ume und wor-
sen the repester allocation problem for the user.

A third weakness of minicomputers was their
lack of hardware stuck capahility. In the PDP.
11, this was solved with the suloingre-
mernt/aviodecrement addressing mechanism,
This saluiian is upigue to the PIXP-11, has pro-
ved 10 be exceptionally useful, and has been
copted by other designers. The siack limit
check, however, has not been widely used by
DEC sporaling sysienmns.

A fourth weahness, hmited interrupt c3apabil-
ity and slow conlext switching, was essentizlly
salved iy the Unibus interrept vector design.
The bzsic mechanism is very fast, requiring only
four meman oveles from the time an interrupl
reguest is fssced untit the firsl insiruction of the
etrupt rquting beging exezution. Implemen-
lations could go further and save the pencral
registers. for example, in memory of in special
registers, This was ol specified in the archi-
tecticre and has not been done in any of the im-
plementations to date. VAX-I! provides
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exphicit load and suve process contexl insiruc-
tions,

A Mih weakness af eariier minicomputers,
inagequatc characier handling capabibity, was
met in the PDP-11 by providing direct b ad-
dressing capability, Sting instructions were nol
provided in the hurdware, but the commoen
SLFEAE OPERILONS (Fuve, COMpare. concatcnale}
could be proprammed with wvery shorl loops.
Early benchmurks showed that this mechanism
wis adequate. Howeser,.as COBOL compilers
huve improved and as mere understanding of
uperaling systems string handling has been ob-
tuined, a need for o string instrection sci was
felt, and in 1977 sueh a sel was added,

A siath weaknuss, the inability to use read-
only memuaries as [ITimary memary, wis
avoided in the PDIP.11. Most code wegen for
the PIOP-1] tends 1o be reentrant without ape-
cial elMort by the pragrammer, allowing a read-
only memory (ROM} Lo be wsed diregtly, Road-
only memories dre uxzd extensively for boot-
strup leaders, program debuggers, and for
simple functions. Beoause large read-onh mem-
ories were not avezilable al the time of the arigi-
nal design. there are no architectural
companents designed specifically with lurge
ROMs in mind.

A soventh weodiness. one common 10 Trany
minicompulers. was primitive [JG capabilitiss.
The PDP-11 znswers thas w0 a certain evien!
with ity improsed imertupt struciuce, bBut the
complarcly general salution of 170 compuiers
has not st poen impleroeated. The [0 proces-
sor concepl is used exlensively in display pro-
CessOrs, in communicilion prooessors, sad in
signal processing, Having a single machine im
struction thae transmits a block of data W the
interrapt level would decrease the central oro-
censor sverhead per character by a lactor of 3 it

* Since dedicated regisiers are uved for each Commencia] Innrucon Set (OIS ) mutruction, tho was o longer (i whuen £ 15

wis added.



should have been added to the PDP-11 instruc-
tion s¢1 for implementation an all machines.
" Provision was made i the 1] /60 lor invecation
of a micro-level inlerrupt service routline in
writable conural srare {WCS), bui the Damily ar-
chitecture is ver 1o be exiended in this direction.

Another common minicompuicr weakness
was the luck of system rznge. If a user had 2
SYStem running on a mucomputer and wanied
1o expand il or produce a cheaper lurnkey ver-
sian. he frcquently had no recourse, since Lthere
were alten no larger and smaller models with
the same architecture. The PDP-11 has been
very successful in meeting this poal,

A ninth weakness of minicompuiers was the
high cos: of propramming caused by program-
ming in lower leve! languages. Many users pro-
grammed in assembly lingeage, withouy the
comfortable environment of high-level lan-
guages. cditors. file sysiems. and debugpers
available on hipper systems, The PDP-11 does
noe! seem Lo have overcomce lhis weakness, al-
thaugh it appears thal more complex systems
are heing suceessfutly buik with the POPF-11
than with its predgcessors, the PDP-R and the
IFDP-15. Some sysems programming is done
using higher level lanpuages: however. the opti-
mizing compiler for BLISS-11 at Mirst ran only
on the PDP-10. The use of BLISS has been
slowly gaining aceeptance. L was first used in
implementing the FORTRAN-IV PLUS (opii-
mizing) compiler. Its use in PDP-10and YAX-
11 s¥slems programming hzs been more wide-
spread,

Croe design canstraint that turned out to be
expensive, but worth it in the leng run, was the
necessity for the word length 1o be 2 meitiple of
cight kits. Provious DEC designs were oriented
wwird G-hil characters, and DEC had a larpe
investment in 12-, 1B-, and 36-hil systems, as de-
soribed in Paps 1] and ¥,

Microprogrammability was not an explicit
design goal, partially because Tast, large, and in-
gvpensive read-only memarics were not avail-
able at the time of the first implementanion. All
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subsequent machines have been micru-
pragrammed, bul with some difficuily because
some parts of the indruciion sel processer, sucn
as cordition cade selling and instrictom tesis.
Lef decoding, ure not ideatly malshed to micro-
programmed coeatrol.

The design goal of understandahility wwoms to
have received e sitention. The PEP-I] was
initially 2 hard muchine 1o understand and was
murketable only 10 thase with exlensive com-
puter evperience. The first programmers’ hand-
book was not very helpfal, Itois sl weeslear
whether a user without programming evpe-
ricnee <an learn the machine selelyv fram the
handbook. Farunstely, several compuier «oi-
ence Lenvthaoks [Gear, 1973: Eekhouss, 1973
Stone and Sicwiorek, 1993] and ather raming
booiks have been written based on the PDP-1 1.

Stwructural fleadhilisv {modualarity) for hacd-
witre conlipurations was an imporlani goal
Thiy succeeded hevond expectations and 1w dis.
cussed evtensively in the Unibus Cost and Per-
farmanee scction.

EVOLUTION OQF THE INSTRUCTION SET
PACCESSOR

Desipaing the instruction set processor level
of a machine - that collection of characteristres
such us the sel of data operators, addressing
modes, 1rdp and INErrUpl SEqUEAeDs, TTTICT
orpaniration, and ather features visible to a
programmer of the bare machine - is an ex-
tremely difficutt problem. One has to consider
the performance tund poice) ranges of the ma-
chine family as well a5 the inlended appli-
cations, snd difficull radeoffs mus e made,
For example. a wide performance range arru=
for different encodings over the range; for smal!
syslems a byic-oriented approach with smali
addresses 3= aptimal, whersas larger systemes re-
quire mare aperaiion codes, mare registers. and
larger addresses. Thus, Tar larger machines, in-
struction coding efficiency can be draded Tor.
perlarmance.
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Tre PDP-11 was originally conceived as a
smull machine, bul over lime iis range was
gradually extended so that (here is now a faclor
of 306 in price ($300 10 5250.000) and memory
size (8 Rhvies 1o 4 Mhbyies*) between the small-
cst and targest models, This range campares [a-
varubly with the range of the IBM System 1860
furdly (16 Kbyws Lo 4 Mbstes), Needless to
say. a number of probiems have arisen a8 the
basic design was extended.

Chronology of the Extpnsions

A chronology of the extensions is given in
Table 2. Two major exlensions. the memory
mana, ement and the floating poim, occurred
with the 11 /45, The most regent extension is the
Commercial Instruction Set, »hich was defined
Lo rchance perlormance for the characler siring
and decimal zrithmetic data-13pes af the com-
mer=ial Fanguapes (c.g.. COBOL). I introduced
the folfowing 10 the PDP-11 architecture;

t.  Data-types representing character sets.
character strings, pached decimal
sirings, and soned decimal sirings.
Sirings of variabie length up to 65 Keha-
racters.

3, Insiructions for processing character
strings tn each data-tvpe {move, add,
subtract, multiply, divide).

4. Imstructions for converiing ameng
hinary integers, pached decimal strings,
and roned decimal sirings.

5. [Instructions to move the descriptors lor
the variable lengih strings.

]

The initizl design did not have encugh aper-
ation code space 10 accommodate instructions
for new dziu-tvpes. ldeally, the compleie set of
operation codes should have been specified at
initial design lime 0 that extensions would [it.
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With this approach. the uninterpreted oper-
ation codes could have been used to 23l) the var-
ipus apcration funclions, such as a Naaling.
point addition. This would have avoided the
prolifecation afl run-time support svstems for

. the various hardware/fsafiwure Nloating poini

arithmetic metheds (Exiended aritemetic Ele-
munt, Extended Irpsiruction Set, Fleating In-
struction Ser. Floating-Point Processor). The
extracode technique was used in the Atlas and
Saientific Data Systerms (SDS) designs, bu
these techniques are overlooked by most ¢om-
puler designers. Beeause the complete insirue-
thon sel processer for @1 feast an exlensiun
framework) was unspecified in th= initial de-
sign. completeness and orthogonality have been
sacrificed. )

At the time the PDP-11/45 was designed, ses-
eral operation code exiension schemes were ex-
amined: an cscape mode 10 add the floatng-
poInl operations. bringing the PDP.| | hack 1o
beirg a more conventional general regisier ma-
chine by reducing the number of addiessing
raodes, and finally, 1vping the data by adding a
global mmode that could he swiched 1o select
fioating painy instead of byvte operations far the
same operation ¢odes. The Mozting-peint in-
struction set, introduced with the 11/45, v a
sersion of Lhe second zlicrnative,

It afso pecame necessary 10 do something
about the small 2ddress space of the processar,
The Tnibus limits the physical memory to the
262,144 bywes addressable by (8-bits. In the
PDP-11/70, the physical address was extended
o 4 Mbytes by providing a Unibus map so that
devices in a 256 Kbyie Linibus spase covld
transfer iato the 3-Mbyie space via mapping
registers. While the physical zddress limits are
accepiable for bath the Unibus and larger sys-
tems. the address for a single program is still
confined to an instantancous space of 16 bits,
the user virtual address, The main method of

*Ahhouzt 22 it are uwed, only 2 megabyies can be ctibited wn the 11770, .



Table 2.

Chronology of POP-11 inatruction

Se&1 Pracassar [1SPI Evolution

Modwsi{s|

Evgution

1: 20

1 X

13 45
(11 55 11.°10,
1 B0.11734)

11 45
{11 B 117700

1145
(11 55117700

11.40
111 032}

11,80
171-34.11/60}

1170

11473
11180

17:03
104 t1sad)

11:63
1180

VAX-11/7860

11433
11:70mP

Base ISP {16 bu virtusi addrass] and
FIAS (18-b1f processor shysical
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addrssking

Exirnded &nthmote Elgmant (hatd-
warg multply |

Floating-point mgiruchion et vath &
additanal registers 148 mjtrudt.one)
i Lha Floaung Poung Procesiar

Memory management (KT1IC) 3
modges of protecuon [Karnal Supar.
vieor, User; 1800t processar phys-
ical addrassing: T8.tar wirtual
addressing 10 § segmenis for both
mslrushipn aod Jly Spaces

Extanmons lor second sel of gareral
egISIRIE And  Drg@ramooaniercugpt
reguURT

Extersded Inptuciion Set L muaii-
plytdusge; flogt.ng-poent instiracion
sat {4 inkbrutanst

Memory Management {KTT100 2
moctes of promsucn {Kemal, Lieer],
18-bn procesacy physncsl addrazs-
img: 16-biv virlus! adoress pg wn B
segments

22 prgcessar physical address-
ing; Urnibuy map far penpreral con-
trnler 22 Bt MldrmESing

Error register sctessibiliy Lor on-lhing
Aiagrasis and telty |8 Q. Cache panty
Biror}

Pfﬂﬂram eCesE 10 pHOCEsOr Slatus
TOQUETAr vill Jephicit nMIMaclon {ver-
sus Umbut sddress)

Ona vl DOoQram NWITuET

Exlended Function Code For ine
woCation of usar-widlan mIcrocode

VAX archutectural extenssing for 32-
Bt wirtual addresung; VAX ISP

Commercial Insiruction Sen IC15)

Interprocessor Inlarrapt and Systam
Tirmare far multprocessor
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dealing with relutively wnall uddresses is via
process-oricnied operating systems that handle
many smull tasks. This is o trend in aperating
sysiems, especially for process conwrol and
tranauclion processing. It does, however. co-
force a siructuring discipline in {user} prozgram
orpamzation. The RSX-11 series ol operating
svsierns [or the PDP-11 are organized this way,
arnd the need for targe addresses is lessened.

The [nitial memary management proposal la
extend the vinual memory was predicated on
dynamic, ruther 1han siatic, assigament of
memary segmenl registers. In the current mem-
ory managemenl scheme, the address regisiers
are usually considered 1o be atatic for a task {al-
thaxgh some operaling systems provide func-
tions to get additional segments dynamicaily).

With dynamie assignment, a user can address
a number ol segment names, via a table, and
directiv toad the appropriate segment regisicrs.,
The serment registers ach 10 concaicnate addi-
tioaal address bits in a base address fashion.
There have been other schemes proposed that
extend the addresses by exignding the length of
the zeneral registers -~ of course, extended ad-
dresses propagate throughout the design and in-
clude double length address variables. In effect,
the extended part is loaded with a bass address,

Wik larger machines and process-oricnicd
operating systems, the context switching ume
becomes an important performange faclor. By
providing additional regisiers for more pro-
cesies, the time (pverhead) 1o switch conteat
frem one process (1ask) Lo another can be re-
duced. This option has not been used in the op-
erating system implementations of the PDP-11s
1o daiz, zlthough the 11745 extensions meluded
a second set of general regisiers. Yarious alier-
natives have been suggested, and to accomplish
this effectively requires additional operalors o
handle the many aspects of process scheduling.
This exteasian appears 1o be relatively unim-
portant since the range of computers coupled
wilh networks lends 1o alleviaie Lthe need by in-
creasing the real parallelism {us opposed 1o the
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upparent- patallelism) by having various inde-
pendent provessors work on the separate pro-
cesces in parallel. The exvtensions af the PDP-1]
lor betier contral of 10 devices is clearly mare
impartant in terms of improved performance,

Architecture Managemant

In retrospect, many of the problems associ-
ated with PDP-11 evelutivn were due 1o the
lack of an ongoing architéclure management
function. As can be seen from Tuble |, the no-
tion of planned evolution was very strong al the
beginning. However, o farmal architecture con-
trol function was not sct up until early in 1974,
[n some sense s was already oo jate = the
four PDP-11 modcls designed by thm date
(1120, 11405, 11740, 11 £35) had in-
compalibilities betwern them. The architecture
conire] funclion since then has ensered that no
Further diverpgence (extept 1n the LSI-11) o0k
place in subsequent modets. and in fact resolied
in some ronvergence. At the time the Com-
mercial Instruction Se1 was added, an archi-
teciure extension [framework was adopled.
InsufTicien! encodings existed 10 provide a large
number of additional instructions wsing the
same enceding sivle {in the same space) as the
hasic PFDP-11, 1.e,, the operation cods and opers
and speeifier addressing mode specifiers within
a single 16-hit word. An instruction extension
iramework was adopted which urilized a Full
word as the opcode, with aperand addrzssing
mode speeifiers in suceceding instruction
stream wards along the lines of YAX-11. This
architectural extension permits 313 additional
opcodes, and instructions may have an unlime
itcd pumber of operund addressing mode speci-
fiers. The architecture control function also had
Lo deal with the Unibus address space problem.

With VAX-[1. architecture management has
beer: in place since the bepinning. A definition
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of the architecture wav placed wnder formud
chunge conlend well hefore the VAXCL/THD
wus buyil, and bath hardware and saftware en-
pineering proups worked with the same docu-
menl. Another significunt difference is thut un
extension frameworh was defined in the original
archileclure.

An Evaluation

The criteria used o decide w hether or not 1o
include a particular capability in an inslructian
set arc highly varizble and border on the artis-
Lic.” Critics a5k 1hat the machine appear ele-
sant, where elegance is o combined qualuy of
instrection formats relaling 10 macmonic sig.
nificance, operator/dsia-1ype completeness and
orthogonality. and  2ddressing  consistenin
Having completely general fazilities {c.p.. refis-
ters) which are nol conicnt dependent dssisty In
mimmizing the numbet of insiruction types ung
in increasing undetstandabitisy (and  usefud-
ness). The uuthors feel that the PDP-11 has pro-
vided Lhis,

Al the time the Unibus was designed, it was
felt that allowing 4 Kbuies of the address space
for 1/Q control regisiers was more than enough.
However, 50 many dilferent devices have been
interfaced to the bus over the seirs thatl it is no
longer possible 1o assign unigue addresses 1o
every device. The architeciural group has thus
heen saddied with the chore of device address
bookkeeping. Many salutions have been pro-
posed, but none was soon enaugh; as a resulr.
they are all so costly that it is cheaper just ta lise
with 1he problem and the attendunl ingonver.-
ience.

Techniques lor generating code by the human
and compiler vary widels and thus affect in-
strection sel processor design. The PDP-1 1 pro-
vides more addressing modes than nearly any
ather compuler, The eight morles lor source

*Today one would use 1he 5. M, and £ measures and methodolopy defined i Appendin 3,



and desunaiion with dyvadic operators provide
whut amounts (o &4 possble ADD insiructions.
By sssociating the Program Coonler and Siack
Pointer regisiers with the modes, cven mare
duita accessing methods are provided. For ex-
ammple, 1B varictics of the MOVE instruction
can be distinguished as the machine is v-ed in
vag-address. gencral register. and stach ma-
chine pregram forms. {There is a price Jor this
cenerality — namely, fewer bils could hav: been
u~cd 1o cncode the address modes that are ac-
tually used most of the time.)

How the PDP-11 1s Usad

In general, the PDP-11 has bren used moaly
a5 a general register (i, memory to registers)
machine. This can be wen by observing the use
frequency from Srecher’s data {Chapier 1), In
one case, il was observed that a usar whe pre-
viously used a oac-sccumulater computer feg..
PGE-8). continucd 10 da s0. A general regisier
machine provides the greatest perlormance, and
the cost {in terms of bita) s the same as when
used as a stack machine. Some corapilers, par-
Licularly the carly enes, are stack oritnied sinee
the code production is easier. In poncipte, andg
with much care, a fast stuck machine cauid be
constructed. Hoawever, since mosi siack ma-
chines use primary memory for the stack. inere
is a ioss af performance even il the top of the
stack is cached. While a2 stack is the natural
{und neecssaryy structure 1o interpret the nested
Block struciure lanzuopes, il does not reces-
sartly follow that (the interpretation of all state-
ments should occur in the context of 1the stack,
In particular, the predominance of register
transfer stalements are of the simple 2- and 3-
address forms:

D~5
and

Diindex 13— N8 index 2), 830ndex 31,
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These do not reguire Lhe ~lach organtzation.
In ¢ffect. appropriale assigpment ullows a gen-
cril repister machine 1o be uved as a stack ma-
chine lor most cases of ovpresaion ovaluation,
This has 1he advantapge of providing wmporary.,
rundrm access lo comman subespressions, a
capahility that is usually hard te exploii in slach
architccturey.

THE EVDLUTION OF THE PMS
(MODULAR) STRUCTURE

The end praduct of the POP-11 design is the
camputer iae'T, and i the evalution of the ar-
chiteciure one can see images of Lthe evolution
of ideas, In this section, the architeciural evolu-
tign is outlined, with a special emphasis on the
Uinjbus,

The Unibus is the architectural component
that connecis topether all ai the otker major
componenis. 11 is the vehicle over which data
Mow between pairs of companents takes place,
Is structure is described in Chapler 1,

In general, the Unibus has mel afl expecla-
tions. Several hundred types of memaries and
peripherals have been interfaced to it it has be-
come a standard architectural component of
syslems in the S3K 10 S100K price range (1975),
The Unibus does lmit the performance of the
{astest machines and penalizes the lower per-
formance machines with a higher cost. Recently
it has become clear that the Uribus is adequaie
far large, high performance syslems when a
cache siructure 15 used bocause the cache re-
duces the trulfic between primary memors and
the central processor since about one-tenth of
the memory references are oulside the cache.
Far siilt larger sysiems, supplementury buses
were added for contral procossor Lo primaty
memaory and primary memory to secondary
nemory traffic. For very small systems like the
LSI-11, 4 nurrower bus was designed.

The Unibus, as 4 standard. has provided an
architectural component for casily configuring
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sastems. Any company, not jost DEC, can eus-
ily build companents that interfade 1o the bus.
Good buses make good enginetring neighbors,
since people cun ¢oncentrate on struciured de-
sign. Indeed, the Unibus has created a second-
ar¥ ingpstty providing ajternative sources of
supply for memories and peripherals, With the
exception of the 1BM 360 Multiplexer/Selector
Bus, the Unibus is the most widely wsed com-
puler inlerconnecijon standard.

The Unibus has also wurped oui to he in-
valualble as an “umbilical cord” for [aciony di-
agnostic and checkowt pracedures, Althocgh
such a capability was not parl of the ariginal
destgn, the Unibus is almost capable ol con-
trolling the svsiem componests (e.g., processar
and memory) duting lactory chechouwt. deally,
the scheme would let all repisiers be accessed
durng full eneration. This is possible lor all de-
vices except Whe processor. By having all central
processor regisicrs available for reading znd
WIting in the same way Lhat they are available
from 1the console switches, 2 second system can
fully monitor the compuier under test.

In most recent FDP-11 models, 2 serial com-
munications bine. called the ASCT Consale, is
connected 1o the console, so that a program
may remolely examine or change any informa-
tion thal 2 human operator could exuming ot
change from the front panel, even when the sys-
tem is not running. In this way compulers can
be diagnosed from a remole sile,

Didficuttigs with tha Design

The Unibus design is not withoul probiems.
Although 1wo of the bus bils were set aside in
the original design as pariy bits, they have aol
becn widely used as such, Memory parity was
implemented directly in the memoty; this phe-
nomenon 1s a geod ¢aample of Lhe sorts of
problems encountered In enginedring optimiza-
tion. The trading of bus pany for memory par-
ity e¢xchanged higher hardware cost and
decreased performance lor decreascd service

cosl and boner daty integrity, Bacauwe capineers
are uwsually fuidped on how well they avhiene
production cost poals, papity trapsmissioen is an
obvious cheice 16 pure ltom a design. winee
increases he cost and decreasss the perform-
ance, As logic costs decrease und pressure 1ain-
clude warranty costs as part of the product
design cost increascs, the degision to transmit
parity may he reconsidered.

Eurly attemnpts 1o build tightls coupled multi-
processor ar mullicomputer situsiures ihy map-
ping the address space of ane Unibus onto the
memoTy of anoiher), called Unibuy windows
were bestt with a logic deadlock prohlem. The
Unibus design does not allow more thun one
master al a time, Successlol multiprocesaors re-
guired much more saphisticaled sharing mecha-
misms such as shared pripary memon.

Unibus Cost and Performance

Ahbough performance is always o Jdesten
g02l. o is low cost; the two goals conflict
ditectiv, The Unibus has turned out 1o be peariy
aptimum over a wide range of producis. It
served as an gdeguals memory-pProcgssr IMmee-
canncet for ix of the wa models. However.in
the smallest svatem, DEC imroduced 1he LSI-
11 Bus, which wses sbout half the number of
conductors. For the largest systems. a separaie
32-bit data path 15 used between processor and
memory, although the Unibus s 811 wsed for
cammumeation with the majonty of the 1O
controllers (the slower ones). Figure 1 summa-
rizes the evolution af MEMAry-prodosses imer
connestions in the L5113 Famib. Lewy
{Chapier 11} discusses the evelution in more de-
tail.

The bandwidih af the Unibus is sppran-
imately 1.7 mepabytes per second or =500 K
transiersfsecond. Only for the lurgest con-
figurations. using many 1/0 devicey with ven
high data rates, s this capacily exceeded. For
mst configutalivns. the demand pul onan 1O
bus is limited by lhe rotationa) delay and head



positioning af disks and the rate at which pro-
grams (user and sysiem) issue 1/0 requests.

An experiment 1o further the understanding
of Unibus capacity and the demand placed
against it was carried oal, The experiment used
a synthetic workiosd: like all synthelic work-
Ipads, it can be chalienged as not being repre-
seniative, However. it was penerally agreed that
it was a heavy 1/03 load. The load simulated
transaclion processing. swapping, and back-
ground camputing in the configuration shawn
in Figurc 3. The load was run on five sysiems,
each placing a differest demand en the Umbus.

Each run produssd two numbers: (1) the Lime
o complete 2.000 rransactions, and (2} the
number of iteratons of 2 program called
HANDI thal wers completed.

Benchmark  Nwmber of
Time HANGL
System vmiattes!®  llerations
11 /60 cuche an i5 12
bl a0 cache off 15 2
11/40 i5 3
1H/70 MBCBUS 15 23
1170 Unibus 28 i3

+2 00 wransaclians pius swappmg phus HANOI,

The results were interpreced 25 Fallows:

1. I/ throughput. For shis workload the
Unibus bandwidth was adegquate. For
sysiems | through 4 the [fO acuvily
taok the szme amount of time.

2. 11;70 Unibus. The run ¢n this svsiem
{no use was made of the 3-hirwide pro-
cessor/memory  bus) took locger be-
cause of the retries caused by data lates
{approximatcly 19,000} an the mosing
head disk (R PGH). The extra time taken
for the benchmark allowed more era-
viens of HANOI 10 occur. The PDP-
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Lirnbus capacity

1170 Lnibus hod a bandwidih of about
1 megabyle, It was less than the usual
Unibus (about 1.7 megubyie) becuuse of
the man dekay (100 nunosecunds), the
cuche cycle (¢ nunuseconds), and the
main memory bus redrving and syn-
chronization.

3. 11760 Cache. Svstems | and 2 clearly
show the effectiveness af a cuche, Most
memuory references for HANOD were to
the cache and did not involve the
Unibus, which was the PDP-11/60s 10
Bus. Systems 2 and 3 were essentially
equivalent, as expecied. There are two
reasons for the 11740 having slighthy
mare compuie bandwidih than an 11 /60
with its cache off. First. the 11 /40 mem-
ory is faster than the 1160 backing
siore, and second, the 11/30 processor
relinguishes the Unibus for a direct
memary access oy¢le; the 11760 proces-
sor must tequest the Unibus for a pro-
cestor ¢ycle,
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There are severad attribures of a bas thal af-
fect its vost and performance, One lactor allect-
ing performance is simply the dals rate of a
single conducior. There is a direcl tradeolT in-
volving cost, performance, and reliability.
Shunnon j1944] gives o relationship between the
fundimental signal bandwidth of a link and the
error rate {Mgnul-o-noise tutiod and duata rale.
The performance and cost of o bus are also af-
fected by its kenpth. Longer cables cost propor-
fianately more. since ihey require muare
comples circuitry o drive the bus,

Since a singie-conductor link has a fixed data
rate, the number of conduriors affecty the net
speed of u bus, However, the cost of a bus s
dircctly propaortional 1o the nember ol con-
duclors, For a given awmber of wires, time do-
main multiplezing and data encoding can be
used to trade performance aznd logic com-
plexity, Sinee logic tzchnology is advaneing fas-
ter than wiring techroiogy, 1 seems likely that
fewer conducters will be used in abl future sys
lems, cacept where the performance penalty of
time domain mullipksing & utageeplably
grcat,

IT, during the paginal design of the Unibus,
DEC designers could have forescen the wide
range of upplications 1o which i1 wauld beap-
plicd. its desipn would have been dilferent. tndi-
vidual controflers mirht have been reduced in
complenily by more central control, For the
targest and smallest systems, it would have been
useiul 1o have # bus that could be contracled or
espanded by muliiplesing or expanding the
number of conducters,

The cast-eflectiveness of the Unibus is due in
large partt 1o the hizh correlation belwegn mem-
ory size. number of address bis, 140 traffic,
and processor specd. Gene Amdahl's rule of
thumb lor IBM computers is that t byte of
memory and 1 byte/sec of 170 are required for
each instructionfsce. For wradittonal DEC ap-
plications, with empkasis in the sciemilic und
canltrol applications, there is more computation
required per memorty word, Further, the PDP-
1! instruction sais do nol cantain the extensive

commercial instrsstions {charavier sirings) wp-
wcal of 1BM computers. e a larger number of
instruclions must be eveculed Lo iwcomplish the
same Lash. Henwe, for DEC computers, it s bt
ter 10 assume | bvie of memars Tor cuch 2 in-
strustionsfaee, znd thot 1 batefser of 1
uceuts far ach insiruction face, :
In the FDI-11, an aserage ansiruction ue-
cussey 35 byles of memaTy, wo aaslining | bsig
al 1/0 for each instruction fsec, there urg -6
bvles of memery accessed on the avcrape for
each Instruction fsec, Therefore. u bus that can
support 2 megapyiesfser of traffic permis in-
struction cxccution rates of 0.33-0% mega-in-
<iruclionsfsce This implies memon sizes of
0.16-0.25 megabyies, which matches well with
the mavimum ailgwable memors of 0060 156
megabyies. By using a cache memory on the
processaz, the eficzlive MEmMory prodessor rate
can be incressed 1a pzlanse the sawem further.
Bl fasi fioating-point instrugtions werg gdded 1o
the instruction set. the balinze might uppreach
that used oy 1BM and thereby require mors
memory {an elfect seen in the POP-11/70)
The task af 1O iy w provide for the transfer
of data from peripheru! to priniary memory
where it cun be operated on by o program ina
procossnr. The peripherals are peneruly slow,
inherently asynchronous. and Mone Crrof-prong
than the processors to which they ure altached.
Hisiorically. 1/O transfer mechanisms have
cvalved throueh the following four siages:

l. Direct sequential 1/0 wnder central pro-
cessor conprol. An insiruction in the pro-
cessdf Causes a dala trunsfer (o iake
phace with a device. The procescor does
nol resamie aperatian until the cransfer s
compiete. Typically, the device goamrol
may share the logic of the processor. The
first input foutput transfer (1T instrue-
tion in the PDP-1 is an enample: the 10T
effects transfer between the Avoumuly-
tor and @ selected device, Direct O
simplifics proframming because cvery
operution is sequential,



2. Fised buffer, 1-instruciion controllers, An
instruction Iin the ceniral  processor
cauvses a Jata wransfer {of a word or vee-
tor), but in 1his case, i i to a bulfer of
the simple controller and thus at a specd
matching that of Lthke proccssor. Alier Lthe
high speed translfer bhus occurred, ibe
processor conlinucs while an asynchro-
nous, stower transfer occury belween the
bulfer and the device. Communicalian
hzck to the processor is vis the program
interrupt mechanism. A single instrue.
tion to a simple contradler can alve cause
4 compleie block (vector) of data 1o be

strunsmitied between memary and the pe-

ripheral. Ia this vasc. the transfer takes
plage via the direct memory aucess
(DM A) link,

3. Separate 1/0 processors = the channel.
An independent ;0 processor with &
unigque |SF controls the flow of data be.
tween primary memary and the periph-
eral. The structure is that of the
multiprocessor. and the 10 control pro-
gram far the devige is held in primary
memory. The centrel progessor informs
the [/0 processor about the 1/O pro-
gram location.

1. [0 computer. This mechanism is alse
asynchranous with the sentral processor,
but the 10O compuicr has a privale
memory which holds the 1/G propram.
Revently, DEC communications options
have -oeen built with embedded control
programs. The first example of an [/O
computer was ia the CDOC 6600 [1964),

The authors believe that the single-instrucs
tion controller is superior to the 1;0 processor
as crmbaodied in the IBM Channel mainly be-
cause the latter concept has nol gong far
enough. Channcls are costly to implement, suf-
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ficiently complex Lo reguire their own program-
ming environment, and yet ot yuite poweriul
enough to assume the processing, such as file
managemeni, thal one wauld like to offfoud
from the processor. Although the 14O raffic
does require central processor resauroes. 1he od-
dition ol a second, general purposc central pro-
cossar is more cost-elfective than using a cenisal
processor-] /O processor or central processoer-
muluple 1/ processor structure. Fulure 170
systems will be messzpe-oriented, and the vari-
ous 1/ contral Tunctions (including disgnos-
tics and Nle manapernent) will migrate 1o 1the
subsysiemn. When the I/O computer is an esuct
duplicule a7 1he tentral processor. nol only s
there an econamy rom the reduced aumber ol
raTL types but also the same programming cnvi-
runrent can be used for 170 software desel-
apment und main program development,
Nowtice thut the /0 computer must implement
precisely the same sel of functions as the proces.
sor doing direct 170.*

MULTIPAGCESSORS

It i not surprsing that muliiprocessors arc
used only in highly specialized applications
such as those requiring kizh reliability o high
availability . One way 1o eviend the range of a
family and also provids mare perfarmanse ai-
lernatives with fewer basic compancnts is 1o
butld mullprocessors. {n this section some fag-
Lors affecting the desizn and implementatios of
multiprocessors. and incir ¢ffect on the PDP-
1, are examined.

I1 is the nature of enginesring Lo be conserva-
live, Given that there are alresdy a number of
rishs involved in bringing a product (o the mar-
ket it is mot clear why one shoutd build a higher
risk structure thal may reguire a new way of
programmeng. What hus resulled Is a sore o
deadlock siwtation: people cannot learn how 10
program multiprocessors and employ them in o

*The 1/ compuler is vet anaiber evample of the wheel of rencamanion of daplay processors (s Chapter 7).
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single Lask until such machines exist, bul many-
facturers will not build the machine until they
are sure that there will be 2 demard for it ie..
that the programs will be ready. *

There i little or ne market for mulii-
processors even though there is a need for in-
creased reliability and availabiiny of machines.,
1BM has not promoted multiprocessors in the
markeiplace, and hence the market has lapped.

One reason thal there is so litile demand for
multiprocessors is the widespread acceptance of
the philosaphy thiat a betier single-processor
s¥stem can always bhe buill. This approach
achieves performance al the considerable ex-
pense of spare parts, training, reliability, ond
Mexibility. Although a multiprocessor archi-
teclure provides a measure of rehabilicy,
backup. and system 1unability unrcachable oz a
convenlional system, the biggest and lastest ma-
chines are uniirecessars — excent in the case of
the Bell Laboratories Safeguard Compater [Rell
Laboraiorics, 1975].

Mulliprocessor sysiems have been buik out
of PDP-11s. Figure 4 summarizes the desizn
and performance of some of these machines,
The topmost structure was built using 11705
processors, but becausc of inadequate arbi-
tratien technigues in the processor, the ea-
pected performance did not materialize, Table 3
snows the expected results for muluple 1108
processors sharing a single Unibus and cam-
parcs them with the PDP-11 #40.

From the resuits of Table 3 one would expect
lo use as many as three i1/03 processoars 1o
achieve the performance of 2 model 11740,
More than three proccssors will increase the
performance at the expense of the cast-effec.
tiveness. This basic structure has been applied
on a production huss in the GT40 sertes of
graphics processors for the PDP-11. In this
scheme, & sceond display processor is added to
the Unibus for display piciure maintenance, A
simijar struciure js used for connecting snecial
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signal-processing computers 1o the Unibus al-
though these structures are techpicaliy coupled
computers rather than multiprecessors,

As an independent check on the validny of.
this approach. a multiprocessor shstem has
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Tabls 3. Muhlipla PDP-11705 Processors Sharing & Single Unibusx

Mumbar and Procesacr

Procassor Perlormance Frocaswor Systam

Model [Awlatival Frice Arice” /Performance Price PrcatfParlormance
1=-41/05 t DO 100 100 300 100

2-11/05" 185 122 1) b R 5B

A=11/05% 24 147 0BT aa7 o 48

1=11540 215 1.3%5 060 335 0as

b Prprastie coa oy

HTo1al sysiem gosl Mkurmng one Ihed o 4 T o5 (NDCetale it

been buill, based on the Lockheed SUE [Orns-
tein ef af., 1'972). This machine. used as a high
speed communications proscssar, is 4 hybrid
design: i1 has seven dual-provessor compuiers
with cuch pair sharing 4 common bus 45 out-
lined above. The seven pairs share two mulg-
parl Memorics,

The second 1y pe of siructure given in Fizure 4
is a canventional, uzhkily coupled muly-
processor using multiple-pont memaries. A
number of these systems have been insizlled,
and they operate guite cffectively. However,
they have only been used lar specialiced appli-
calions because there has been no opcraving sys-
tem support for the sTtructurs,

POP-11 Bas#td Multiprocessor: Carnegie-
Mallon University Resaarch Computers

The PDP-11 archilecture has been employed
10 pioneer new ideas in the area of muhi-
processors. The three multiprogessars built at
Carnegie-Mcllon University (CMLU} are dis-
sussed: Commp [Wulf and Bel), 1972], 2 16-pro- "
cessof multiprocessor: Cvmp [Siewioreh of al,
1976]. a wriplicated. voting multiprotessor cam-
puter for high reliabiliy: and Cm* {Chapler
20, a set of compuler modules hased on LSI.
1. .

The three CMU multiprocessorn are pood ex-
amples of multiprocesiar development direc-

lions because it is guite likely that techaolopy
will farce the evalution of computing structuns
o converge into Lhree sivles of multprocessor
computers: {31 Commp staie. for high perform-
ance, incrementdl performance, and aviilabilit
fmuintsinabilityd; (23 Covmp style for very high
dvailability melivuted by ingreasing mainte-
nance costs. snd (1) foosely coupled computers
like Crm * 1o handle specizlized processing. e.p..
front cnd, file. and signal processing. This arpu-
ment is based on history, present technotops.
und resulting price estrapolations:

L MOS echnology appears 1o be incroas-
ing in hoth speed and densily fasier than
the technolopgy (sech as ECLY from
which high perfocmante mackines are
wsually built,
Standurds in the semiconductor induslry
tend 1o form mote quitkly far high vol-
ume producis. For examuple, in the 5-hi
microcompuier market. ané ype sup-
plics uboun 30 percent of the market and
three types supply ovir 90 percent,

3 The price per chip of the singhe MO%
chip processors decreases al a sub-
sizntially preater rate than for the low
volume, high periormance special de-
signs. Chips in both designs have high
design ¢asts, but the sinple-MOS-chip
processors have a much higher volume

L)
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1. Severd) 16-hil pricessor-en-a-chip pro-
cossors, with an address spave matching
and appraneiute dati-lypes matching the
perfarmance, exist in 1978, Such a com-
maodity can form the basis {ae nzarly all
fulure computer designs.

5. The perfarmance (instructions per sec-
ond) per chip, which is alreudy Breaisr
for MOS processop chips than for any
other hind. is improsving more rapidly
than for lurge scale computers. This will
pull usage more rapidly ino large arrays
af processors becuuse of the essenlially
“Iree cost” of processors (espectally rela-
tive 1o latge. low svolume custom-built
machines).

Therelfore, most ~ubsequent computers wilt
be hused on standard, high valume pars. For
high petformance machines, since progessing
power 15 available a1 essaatialy zero cost rom
processor-on-a-chip-pused  processors.  large
scabe computing will come from acras of pro-
Cessars, Jusl s memars subsysiens sre bult
from arrays of 64 Kbit imegrated circuit,

The mubiproceswor rfescarch  projecis ol
CMU have emphasized sunthesis and measure-
ment. Operating wystems have been built for
themt, and the exceutiony of user programs have
been curefully analvred. Al the muluprocessor
interferences, overnezds. and synchropization
problems have been laced for several applh-
catjans: the resulient performance helps wa put
1heic actual custs in perspegtive. Figure 3 shows
the HARPY speech recognilion program and
compares the performance of Commp and Tm*
with three DEC umprocessars {PDP-10 with
KAl processor, PDP-10 with KLU processar,
and PDP.11 fa0).

C.mmp .

C.mmp (Figure 6} a 16 processor (01405 and
11/20s) system has 2.5 million words of shared
primary memory. 10 was built W investigate the
programming {and resulting performunce)
questions assbeiated with huving o large dum-

e i am —- .

1]
2
FE -
LI
FX
i .
a1 2
, L. maraaae .=
S LI TR LY
—
—— mpa, 1AL
A e
i
1Y
v --‘-\-"_ !
P = - — e e — Nl
LA R IR .
B . J
1 Il ] - [ 11 2 L] L] b3 "

womsld GF FEAdifones

fgure & A perfurmange CoTpanson 20 Tad Mol
proceagars O ommo pnd Grtvr, wa R hrEg wh oros Bosors BT
Corrrge Motun Uawersdy  The agphtdinn used s
HARFY, » wpeeih (ELOQMIGN DTOQIAM Tris Grash &
Based an wons neow by Peier Dlgimek “'EITE-, arnc Perer
Fodpr g1 £WU

ber of processors. Singe the 1ime thia ihe fiea
paper 1Wulf und  Buell 1972] wus wnitten
C.mmp has been the abject of some interesting
siudies. 1he resulls of which are summuenscd be.
low, ]

C.mmp wix motivatzd by the need Yor more
camputing pawer Lo sohve speeeh recognition
and siznal processing problems and 1o under-
stand the mulliprocessor software problem.
Until C.mmp, only one farge, lghb coupled
multiprocessor hud been built - the Bell Lubo-
ratories Safcpuard Computer [Bell Laboru-
wories, 1975],

The orizinal paper (Wulf and Bell, 1972] de-
«ribes Lhe economic and lechnical taztars in-
Muencing multipracessar foasibiiity and arpues
fur the timeliness of the research, Variows prab-
lems to be tewearched ang a discusston of pap-
ticutar deaign aspedts are given, For evimple.
since Commp i predicit=d on u common oper-
2iing sy ieifls, there are 1w d sourues nt dedrada-
tion, memory contention and lwk comtention.
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The machine’s theoreticad performance us &
function of memory-procesor interference is
bused on Strecher’s [1970] work. In practice,
becuuse the memory »was not butlt with low-or-
der address inlerlcaving. memory interference
wis greater than espected. This problem was
solved by having »cveral copies of the program
-LEZIMEN1S,

As the number of memory modules und pro-
cessors becomes very larpe, the theareuizal per-
f[ormance (as measured by the number of
accesses to Lhe memary by the processors) ap-
proaches hall the memory bandwidih (ie., the
number of memory modules momory cyvele
time} |Bo . ketr and Smiuth. 1976), Thus. wilh in-
finite processors. there 3 po masimum limit on
performance, peovided all proevstors are nol
contending lar the same memary,

Although there is a discussion in Lthe aripinal
paper outlining the desten direction of the oper-
ating svstem, HY DR A, later descriptions
should be read [Whlf of af. 1975]. Since the
smali 2ddress of the PDP-11 necesiiaied fre-
quent map chanpes, PIOP-11 /408 with writable
control stores were nsed 1o implement the aper-
aling svstems calls which change the segment
base regisicrs,

There are threc basic approaches 1o the ¢ffee
tive application of multiprocessors:

. System lovel workload decomposition. [f
a workload contains a ler of inherently
independent activicies, e g., comptlation,
editing, lile procsssing, and aumerical
computation, it wiil naturally decom-
posc,

Program decomposition ™ a program-

mer. Intimate hnowledge of the appli-

calion is reguired flar this time-
cansuming approach.

3. Program decomposition by the com-
ptler, This is the ideal approach. How-
ever, resdlts (o date have net been
especially noleworihy.

&)

C.mmp was predicated on the first two ap-
proaches, ALGOL &%, a languape with facilitics

48

for expressing paruliclism in programs. o
sncg been implemented. 11 has assisted geeatls
with propram decompositien snd looks ke a
promising genetal approach, It is impeeative,
heorwewver, to exiend the stundard fanguages 1o
handle vectors and arravs,

The contention lor shured resaurces in a mz!-
npragessor system oucurs ab several levels, At
the lowest level. processors conlend al the
cross-point switch level {or memory, On a
higher level there is contention for shared daia
in the operating systern hernel; processes con-
tend for 1/0 devices and for sofiware processes,
c.g.. [or memory management, At the wuer tevel
shared data implies further contention, Tabte 4
poinw 1o models on cxperimental duty al these
dufferent levels.

Marathe's data show thai the shared datu of
HYDRA is organised into enouzh separate ga-
jests so that 8 vers small degradation {less than
I percemt) results [rom conteation far these ob-
Jects, He alse buill o gueucing model whick
projecied that the contention ieve] would be
about 5 pereent in g 35 processar system.

CHeinick [[97%] hus vied Commp o copduct
an experimental, as opposed 1o theorctical,
sudy of the implemsniation of parallel al-
gorithms on a multiprocesser. He studied the
operation of Rootlinder, a program that is an

Tabled, Feferences for Eapermantal Data on
Contention at Each of Three Levels in the
C.mmp Systam

Contention
Lavel Ratsance
Lrger- program CHeines {197 8)

Fuller ang Ohewnwch [19716]
HYDRA A karned Maratne ard Fuller | 1977
abnects
Crass-pount Bas.em and Smuth |1976]
swaich Fubiar |19 76}

Stecner 1970
W'l and Ball 1972 ]




exlension of the bisection method for finding’

the rools of an equation,

A naweral decomposition of the hinan search
for # rool inta n puaralle] processes is toovaluale
the functien simullaneously a1 n paints, Under
ideal conditions. sll processes would finish the
function evaluation (reguired a1 euch step) al
the same time, und then same briel book-
keeping would take place 1o determine the neal
subinterval for Lhe A processes 1o work on,
Hawever, because the time o evalupie the funce
1ion is dala dependent, some processes are com-
pleted belore others. Moreover, il the
bookkeoping tas's is time consuming relaive to
the time 10 evaluate the function. the speedup
ratio will suffer. Qleinick systematically sindied
cach source of Muctuation in performance and
found the dominant one to be the mechanism
used for process svpchronization.

Four different locks for prozess sinchro-
nication, called: (1) spin loch. (2t hernel sema-
phore, {30 PMO, und (3] PMI. are availeble 1o
the C.mmp user. The <pin Ik, the most rudi-
menlary, deds [l cause an cntfy o Lhe
HYDRA opcrating system, L in o short se-
quence of instructions which cortinzail 1eu a
semaphore untl it can be sel successfully, The
process ol testing for the svailubility of o re-
spurce, and seizing the resoures jf available,
could be called TEST-AND-LOCK, When the
resourec s ne longer needed, it s released by un
UNLOCK process. Thess 1mo progesscs are
zalled the # epcration und the I* operalion re-
spectively. as originally aumed By Edgar [3)-
xstra. The P and ¥ operations in t(he C.mp
spin lock are in fact (he following PDP-11 code
Weduences:

. CMPF SEMAPHORE.
rl SSEMAPHORE=I?

BWE P Jdeop wanl g |
[*EC SEMAPHORE Devrement SEM S PHORI
ANE P J1 oL eduat i goto P

Vi MOV ¢l SEMAFHOHRE :Rowet SEA A PHORE 10 |

Although this repeating polling s exiremely
fast. 1 has two major drawbacks; first. the pro-
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cessor is nal free 10 do useful work; second. the
polling process eomstmes memary oyvgcles of ine
memaory hank that contains the semaphaore.

The kernel semuaphore, implemented in
HYDRA. is the low level syachronicaiiun
ricchanism intended to he used by system pro-
cessen. When a process blocks ar wahes up. o
state change [ar that process (s made inside 1he
kernct alfl HY DRA I a process blocks {fails 1o
oblain a4 needed resource) while irving 1o P {test
and lock) a semuphore, the kernel swaps the
process from ke processor, and the pages b2-
ionging 1o thal process arc kepl in primany
memory. The other semaphore meghuntsms
(BMO and PMI} take proportionatcly more
time (>} millisecond).

C.vmp

Coamp. s a Iripliceted, voting multiprocessor
designed 10 understand the difficulty {ar easz)
of using standard, off-the-shell LEI-11s 100 pro-
vide grealy increased religbifity, There is von-
cern for jpereased relichility because systems
are besoming mere complex, are used far more
critical applicutions, and because maintenance
costs Jor all systems are increasing, Because the
destgaers themselves carry ol and analyze the
work, this seclion provides first-hand insight
into high reliability designs arnd the design pro-
cess - especially its evaluation,

Several design foals were set and the work
hits heen carpicd owl. The Covmp svstem has op-
erated singce lsie 1977, when the Mrsy phase of
work was completed.

The poal of software yund hardware (rans-
parency turaed out 10 be casier 1o attain than
expected, because af an idiosyncrasy of the
floppy disk convoller. Because the controdier
effects a ward-at-z-time buos trunsfer from o
atte-sector bulfer, voiing can be carried cul ata
very low level. Iuis unclear how the system
would have been designed withoul Lhis 1ype of
controller: at a minimum, some part of the sofl-
ware transparency goal would nol hive been
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mel. and a sigpificant cantroller modification
would have been necessary,

A number of models are given by which the
design 15 eviluated. From the discussion of
component relishilities the reader should pet
some insight inla the factors contributing 1o re-
liability, It should be nowed that a custom-de-
signed LSI vouer (s needed 10 get a sufficiently
low cost for a marketable C.vmp. While the in-
tent of C.vmp develupment » a5 not 2 product,
it dpes provide much of Lthe insight lar such a
product,

cm*

Cm?* is described in Chapter [0; however, be-
cuuse it is ane ol the three CMU muchines
pointing 10 future technology-driven trends in
muhiprocessor use of LSI-11 archiecture, it is
given some mention hete, The Cm* wors,
spansared by the Nattonal feience Foundution
(NSFY and the Advapced Rewearch Projeens
Agency (ARPAYL is un eviemion of carlivr
NSF.sponsared research 1Belt er o 1973 on
register iransfer level modules. As large-scale
inicgration and very large-scale intepration ¢n.
able construction of the progessel-on-a-chinp, it
is apparent that low level register transfee mod-
ules are absolete Tor the construction af 71 buy
law volume computers. Although the reseatch
is predicated on siructures cmp:0ving & hun-
dred or so processors. Chaper 20 deseribes the
culmination of the frst (1-processor) phese.

In Chaplee 20 the authors base their work on
diseconomy-of-seale arpuments. To provide ad-
ditional content for their research, computer
modules (Cm*). multiprocessors (O mmpl, und
compuler Netwoatks arg descriged in terms of
petfocmanee and problem suitability, Thoy give
a description of the modules siructure, togerher
with it~ aysociated limilations 2nd potcndial re-
search problems.

The grouping of progessor and memaory into
madules and the hierarchy of bus siruciure, -
1,51-11 Bus, Map Bus, apd Intercluster bus,

radical departures itom canvenuonal compuer
sustems - is piven. The finul mest imporant
pirt of the chapter evaluates the performance of
Cm* far hse differcnt problems,

Since the time that Chapler X0 was written,
copstruction of a 50 computer modules Cm*
has begun and wall be operational by the end of
1978 Tor evalualion in 1979, The extension of
Cm* is known as Cm*/300nd 5 shown in Fig-
ure 7, It will bg wsed w2 1ol purallel processing
methids, favl tolerance, modularity, and tie
extcnsibibity of the Cm®* sirugture,

Tha PCP-A1/T0mP Expsiimantal
Multiprocesser Computer

The PGP 1270mP aimis ta eatend the relia-
hility, svailability, montainebility and pes
formance runge of the PTIP-11 Fumily. 11 wes
11770 processor hardwars and the RSX-11M
softw e as hasic buildine tlocks.

The svsems can huve 2p e faur processars
which have afcess [o comman contral memanes
aaxhownin Figere &, Rach MOS primary mem-
ory contains 256 Kbyte o | Mbyiz and a pun
{switch) by which up 1o four processors may ac-
ceys it A fuiled memory muy be isolated {or ze-
patir, Usually pwo processors share {have access
1oy each of the L/O desvices through a Unibus
switch or dual parted dish memores,

Failure of & igh speed maoss storage bus con-
ttolier, a processor, or ane porl of a device will
nat preclude wse of thor device through the
ather port, These devices cun also be isolated
frem (heir respective hueses so that failuee of o
device will not preclude access 10 other devices,

Lach of the processor units has 3 wrige-
throush cache memory. Throogh nomal se-
tem operation, data within these local coches
miay became incopsistent with data elsewherein
the system, Te eliminaze this probiem, the oper-
aling system and ths hardware componeals
have heen modified, The RSX-11M svsiem wi-
ther Clears the cache of inconsistent data or
avoids using the cachke for specilie situaiions.
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The saftware 10 manipulate the cache s con-
tasined in the crwecutive and is (ransparent 1o
user programs.

An Imerprecessor  Interrupt and  Sanin
Timer {115TY provides 1he exccutive sofllware
with 3 mechanism 10 imerrupt processors far
rescheduling, The T)5T inciudes a simer for each
processor which is periodicaily refreshed b
software afler execulion of diagnostic chech
routines. 1§ the refresh commands de not ogeur
within a prescribed-inerval, the HST will issue
an igterpracessor interrupt 1o inform Lhe other
processors of fauhy operation. The HST alo
contains 3 mechanism for imtially loading the
T L Processor SysTem,

The system design results in an evension 1o
the PLYP-11 that is tran<parent 10 user programs
and siglds ncreases in perlormance over a
single processor 11770 system. This performe
ance increase is due 10 the symmetry, such that
ncarly any rescurce Cin be accessed by any pro-

oss waln munimu overhead, Also, waliks mwl-
tiple compuler svsiems thal communtcale via
high speed hnke the lazze primary memar can
be combimed and wsed by a single process.
Mareover dynamic-assipnment of processes o
specific computer systems (Figure 9) can be
made,

The svstem has been desipned to incTease the
availability by reducing the mpoct of failures
on syvstem periormange through the wse alfmul-
uple redundant components, Inhis wuy . failed
elements can be isolated [or repair. The Juesign
is such that the system mas be casily reconi-
gUret 50 thal sysiem eperation vun be revumed
and 1he Mailed component repaired wlf-tine.

Exiznsions to the diagnosiic sofiware and
hardware crrar detection mechanivm- fucilitale
quick location of Taults, User-mode dinrnostics
are cun concurreatly with the applicadion sofi-
ware: this permits mainienange of 1he disy and
wpre units 10 he done an-line,
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~ow that the 11/70mP has implemented its
ST and defipned an architecturad catension for
multiprocessing. another roadblock 1o the use
of multiprocessors has been passed: namely. un
extension for interprocessor signuling has been
deftned. This might have been delined much
earlier in the life of the PDP-11. In the 1BM
compuiers Lthe SIGP instrieciion was nat avail-
able on 3605 unttl the 370 extensions.

PULSAR: A Performance Range mP
Systam

PUESAR is a 16 LSI-1] multiprocessor com-
puter fof insestigating the cost-eflectivencss of
multiple microprocessors. It covers a petlorm-
ance rynge of approximailely a single L5I1-11 1o
better than a PDP-11 /70 for ample instruc-
tions. .

The brexdhoard svstem (Figurs 10 iy based
on the PDP-I1/70 processor-memaory-swilch

i HIGY LPgIg
ST L
PEY]

Fous-proCessor mulheDMoLier Lehiem based on POP: 1 112 WEiessors

strugture. ingluding multiple interrupt leveds
and 22-bit physicul addressing. However, it
deres nat implement instruction (1) and data (D)
space ur Supervisor mode. and jt lucks the
Floaling-Poim Processors.

The processars (P-Bpards) communizate with
cach other. the Uaibus Interfazce (LIBIY, and =
Common Cache and Conurel via a high-band.
widih, ssnchroaous Sus. )

The Common Cache and Contrel contains 2
lurpe (8 Wword)h dirzct-mapping, shared cache
wilh  2ewnrd block size, interfucing 10 the 2- or
d-way inmerleaved 11 /70 Memary Bus. This pre-
vents the memary subsystem from becoming u
bottlenceh, in spie of the laspe reduclion in
bandwidih demand provided by the cache. The
control provides all the mapping Tunctions for
bath Unibus and processor accesses 10 memary,
The {Jnibus map repisters and 1the process map
regiciers for each processor are held in a single
hipolar memory.
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contrael lunctions of 4 conventional PDP.1Y. In-
terrupts are Nelded by the firs enabled proves-
sor wilh preferential treatment for am
processor in WAIT staic.

Each procesior boacd contains lwo inde-
nendent racraprocessor chip sets with madified
microcode. Fnternal contention for the adapter
is climinated by running the 1w processors oul
af phose with each otbwr, Such contention as
does exist 15 resolved by the mechanism for at-
Bitrution of the processor bus itself. The PUL-
5AR has a serial line (ASCID conscle
inlerfucing via a microcode driven commeu-
nications contraller, equipped with medified
microcode. In addition. 2 debupging pancl has
displays for every stage of the processor buy and
conirpller pipeline.

Console operations are cifecled hy the Un.
ibus Interfuce interrogating or changing 4 suse
arca for each processor, physically held in the
Mappng Array, o respome 1o ASCH consoie

places all appropridie slatus in the save area on
every HALT, and tesiores [rom the <ave areq
pror (o acling upoa every CONTINUE aor
START.

The PULSAR sistem is pipeline oriented
with specific time slois [or each processor. This
permits @ single simpie srhitration mechanism.,
rather than separate vomplex ones for wach re-
30U TCe,

Onece the pipeline is assigned to & ramsactian,
the successive intervils of time are assiooed to
the fallowing resuuries in arder:

The mapping array.

The address translation logic.
The cache.

The address validation lagic.
The data lines of 1the P.Bus.

e e e Ty e

Tone memory subsystem, which i3 Aot a putt of
nis resource pipedine, has an jndependens arhie



traion mechanism, Interfocing between these
indepe ndent mechunisms iy by meins ol queues,

There e some aperalions that regquite more
than one uccess 10 the wame resource im the
ripcline, These vpetsbivns are cffectively hus-
dled as twa lransactions. Evamples of seeh op-
CRiLias aTe memory writey and indernal 170
PHPe (MEMOTy-MENagement register) doossses,
A memory wite mad need a second Jaifess o
the cuche for updatc. while the Internal [0
Paze may need another yoeess Lo the map acray

There are ovher opefations in which the iim-
ing docs not permil the uwe of a particular re-
couree in the specific imerval that is sllocaied (o
thay wransaction. This kappens. lor insiance.
when a read operation results in a cache mi-s.
The data s not available in tme. in this casc a
second Lrumsaction Likes place, initiuted »ien
buching store duty becomes available,

Cost projections indicate that a multi-
arocessar will Buse anoncrsase in parls count
over each possible cguivaient performance
onipravesser 0 the runpe, This will range rom
A 20 percent increase (07 4 e o-procesor, muli-
pragessar system 10 0 pereent sl e topr of g
ranpe, The 20 percent premivm can he reduced
e provision Is made for expansibality over
the enlire range, Clearle, o separile single pro--
cessar structore gun be cosf-gMeclive (since thas
15 the LSI-11}). The premium ts bised oR parns
count only and eaeludes eonsiderations of cos
benefits due 10 production learning, comnen
spares and manuals, lower engineeninp costs,
Clio, ,

A number of computer saslems have deen
buitt based on multiple nrocessors in sisiems
runging from independeni compeiers {wili ao
triersonnection) through ughtls coupled com-
fuler potworks which communicate by pawsing
mosages, Lo muluiprocessar computers sith
shared memory, Table £ gives u comparison of
the Larious computers. Afthough nindependent
compuers is o highby reliable structure it 3s
hard to give an esample where theee is nointer-
connection amuny Lhe computees. The standard

&t
o
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computer network inwerdtnnevted vig standard
oMU nicatiogis finks s 148 piven,

s bnlesesting Yo compare vhe muli-
processar and the tiphtls coupled muln-
camnputer conligurations (lgure S and Y where
the vonlipurations are deaswn n el ke
wamme wat and with the some PEFIFhEFJ'\. In ks
way, calumie 2 apd 6 of Table * ¢an be mure
eitvily compared. The tradsobl between the two
sirzctures is belween lower cost and polentiallx
hizher performance far the muoltiprocesor {un-
lews Lasis Caf be statically sssigned 1o the vans
QUs COMDUICTS in fhe neiw OFh ) versUs yomew hal
mizher rellabilitng, svanlabalinn. ane mainiaine-
bility' for 1he networs campoter (becuune Lheio
i more independence among software and
hardware) YVirsing the degres of coupline in
the ' procesor- throuch the amoeunt of sharee
memart determines which structure will resy,
The cost und the resultant reliapilisy differen-
tials Far the twa ststems are determined by the
steeitnd the reliabiliny of Lhe suhisare,

TECHNOLOGY: COMPONENTS OF THE
CESIGHN

In Chapter 2,k was noted tha compuiers ure
stranglv inftuenced by the basic deelronic wech-
naluey of 1thelr components, The PORT Fume
il provides an estensive caample ul designing
with improved technologies, Besause design re-
sources have been availible 10 do concurrerl
implemenialions spAnnIGE 3 gos1 Performandd
range, POP-11c aifer o rich saurce of evamples
of the three diffsrent design sby lew Consiant cost
with tnereasine funclionulity. constany une-
tonulits wath decreasing cost. and Erowih patk.

Semory technology has had o much greater
impact on PP evolution than logic teckh-
nology., Exvcepr for the L81-11. the ane logic
fumiby (7400 series TTL0 bos deminzied FDP-
11 imalementaians since 1ne bezinning, Evcepn
for a ~mal tnerease after the POP11 720, gate
denaily hos not improsed marked]y, Specd 1m-
provement has taken place n the Schotths
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TTL., s g specd / pover improvement has oc-

curred n the how power Schattks (LS serigs,

Drepirtures from mediumesale inteperated wran-

5[ﬁmr*1runsismr,lugic. in tenns of pate deosiy, -

nuve been few, but eflfective. Examples are the
bn-shee in the PDI*11/34 Flozting-Point Pro-
cessor. the use of programmabie logic arravs in
the PDPEJ1/04 apd PDP-21 {3 control weits.
ard the vse of emiticr-coupled lopic in some
clock circuitry,

Memory demsities and ¢osts huve improved
rapidly since 1969 and have thus had the most
impact. Reud-write memory chips have pone
froem 6 bus 1o .09 bits in demaly and read-
only memarics from 6 bigs 1o the b or 16 Kbls
widely awailable in [974 Yarious semu-
canductor memears size aviilabilites ar; givesn
in Chapter 2 using the made! of semiconducior
gensity doubling each vear since 1962,

The memary Icchnology of 194% imposed
several comstraints, Fresl, core memon wds
cost-cflective Mor the peimary (progrism) mem-
orv. bat u clesy trznd toward semuTorndunion
STimAry memory wdy vedkic. Second, ~inee the
Farrest hiph speed redd-wrile memoriss avail-
able were just 16 words, the number af proces-
+or registers had to be bepd smyll, Third, there
were no large high speed read-onfy memories
that would huve permitted 4 microprogrammed
approach 1o the processer design,

These gonstrainty established four desizn asti-
1ucdes towurd the PP sarchnectzre. First, 1t
should be asvnzhroncus, and thereby capzble
ofaccepting different configurations of memory
thzi operate al different speeds. Sctond, i
-nould be expandabic 1o take evemua) advan-
tage of a larger number of registers. Bolh ueer
recitters for new data-1vpes and injernzl reges-
i=rs for improsed comen: switchipg, memor
mapping, and protedled muliprogramming.
Taird. it could be relatively compies, so that o
ruicracede approach could evenually be used
to advantgge: new data-1ypes could oe gdded 10
the instruetion set o inereuse perfarmines,
even theough they might add compleviiy.

? THE evOLUTHON OF THE POF 11 A01%

Fourth, the Dnihus widih <haoubd ke redanivels
large. Lo el as mnech perlofmane iy possibic,
sty Lhe simount of compiiation pissible per
naeiory caele was relativels small,

Ar semiconductor memony af varving peiy
and performance became avzilable, 10 was used
1o trade enst for porformunce aoross & regson:
ably wide rarpe of PDPIL models. Differem
technigues wers wsed on dillzrent modeis 10
provide the ranpr, Thewe technigues include:
microprogramming Tor all models eveept Lhe
1120 1o lower cost and enhance performance
with more dats1y pes {for cvampie, Taster foa-
BIE peainl), Use ol faster program memuories [or
Brute-foree spead improsemesss feag. 11745
wilh MO primary memors, FH 53 with Bipalar
primary memars, and the 1§60 with a larpy
wrilable control sinrer: use of caches (11770
TEAOD, and 1173301 and evpanded use of fas
regisiers imide the processor the 11735 and
above ) The use of SCmMICORGLEITArs v Ersus Tl
for primary memors boa poreh eoonomic can-
sideration, as diesoed in Chapter I,

Tablc & shows charscterisiizs of cach of the
PIP-11 mndels clang with ine techmgues used
1o Sjran o cosl und performunce sange. Snow
and Sjewioreh {Chaper 13 ovve a detailed com-
purison of the processors,

"

VAX-11

Enlarging the virtzal addre<s apace of an ar-
chitecture has far more implicabiass than en-
larging the phvsical addeess ~pace, The simple
device afl relocating progrem-coocrated ad-
dresses gan soise the lalter probles. The phie-
ical address spaze. the zmouat of physical
memory that ¢an be addressed, has been ine
creased in 1wo steps in ke PDP-IT Family
i Table 23,

The virual uddress space. or nume space, s &
much more fundamental pari of an archi-
lecture, Suelt addresses are programimer gens-
aedy 1o name data objecih. thelr ageregates
{whether they be weclars, mattices, lists, or
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shared daty segmentsd and instroctioas (suhe
Jrounine addresses, Tur example). Names seen by
an inddistdual program ane pact of o larger pame
“face = thal mamaged by an gperating system
and its assoviated lanpoaps translulors and ob-
JEel-time sy <lems, AR operating sysiem provides
program sharing and prolection among pro-
Erams using the name space of the architcoture,

As the PIXP-11A70 desion progressed, it was
realized that for same large applications there
wauid 00 be o bud pasmalek betw cen Lhe 64-
Kbsie name space and $-Mby e memory spuce,
Twa trends ¢ould be clearly seen: (§) mini-
computer psers would be processane lgrpe ar-
rans of duta, parneularly in FORTRAN
rrograms (only .09 double precision Moating-
point numbers are needed Lo Gil o 16-hil name
spacet. und () appliesions programs were
crowing rapidly in size, particularly large CO-
BOL programs. Morgover, snticipated memon
price declines made the problem wore, The
necd for o 312-bit inteper dota-i e v Tell bul
this was (ar lews importani thin tne need Jor 32-
bi addressing of o nume spale.

Thus, in 1974, architecizra) wors becan on
cxtending the vintual address space of the PDP-
V1. Several proposals were mage, The principal
poul was compatibility wilh the PDP-11, In the
finel proposed architectare cach of e cight
general registers wus extendszd 1o 12 hys. The
addressing modes Chence, address arithmetic)
inberent im the PIPP-11 allowed this 10 be a nut-
uryl, eusy ¢atension.

The design of the structure to be pluced on a

2-bit virtual address presented the most diffi-
cultv. The mast PDP-1t compatible strecture
would view a 32-bil address as 2 16-bi) PDP-
Il segmenis, cach having the substruziure of
the memory management arshieciure presently
being wued, This seemented uddress space, al-
though PP compatitde, was iil-suited 1o
FORTRA NS and most wther lanpuages, which
wapegt o hnear address space.

A sovere design constrainl was that exising
PP subrowtines muost be callable from pro-

(
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prams which ran o the haended Address
muade. The main probles arcas were in estahe
lishing u prorocal [ar communicating afdeesaes
fhebwuen programs belween the operaling sys
wms and programs an the segurrepee of inter-
rupds) Saving ~iate he progoam saunier $nd
ils galension} un the siach was straighiforward,
However, the dccessine of linhare addresses on
the sbeeh after = ssbrogtine call instruction or
imerrupl event wus a0l strasghtforward, Com.
plivated seguences wWere Doces~ary o ensure thal
the correct number of bites frepresenting o 32-
il or &bl address) were popped from the
slack,

The selotion was hamnered by the fact that
DEC custemers programemed the POP-1alall
lewels = adwre was no clear user fevel. below
which DEC had compiete control, uy is the Cuse
with the [BAM Suaem 380 or the FDP-10 using
the TOPS 10 w2 TOPS.20 manars,

The proposed aschiteciure was the resull af
wark by enginecss, architeoi, aperating syslem
desipners and compiler devapness. Morgover, @
wis siibjected toclowe scrutimy by oowider groun
of enpineers and procrammers. Moch was
learned ghast the consequences of singt PDRE
i) compatibihiy, the notions al degree of com-
pasibilivy, and the software costs which would
bee imcurred by oinoestended PDP-1T archi-
foeture,

Fartusately, the projest was discontinued.
There were many rowecvations dhaul S via-
hility, 14 was felt thzt the PDP-11 compatibilits
cunstraint caused o0 much compromise. Am
new afchitecture world tequire o lirge sofliware
imesiment: 1 guantum jamp over the PDP.t
wus nevded 10 1040 the eifort.

In April 1973 wory on 2 32-hif architecture
wak skarled an VAN-TT with the goal of bujld
ing a muchene which was culiurally compatible
with PDP-11. The aidial group. called VAXA,
consisted of Giardon Bell, Peter Conklin, Duve
Cuder, Bl Dmmer. Tam Huwings, Riechy
Lary, [xoe Rodgers, Stese Rothman, and Rl
Strecker as the principal architect. As 2 resubpof
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the experignee with the eviended POP-T de-
agns, 1owas decided 1o drop the constrnnt of
the PDP-11instroction frmat in designing the
catended virtual address space. or Nabive mode,
of the YAX-IT architecture, However, in order
o run cxisting POP-11 programs, YAX-1] in-
cludes PDP-11 Compotibilny made. This mode
pravides 1the basic PI2P-11 inviruction set with-
ouil privileged instruetions (as deflined by the
RSX-11M operating <3 stem;) and Noeatling-point
instrections. MNor is Lhe Tormer memory man-
wrerment architecture (RT-11) preserved o this
mode.

Preserving the evisting PP instruction
formats with VAXN-11 would have reguired 1oa
hish a price in dynamic bit elficicncy, Whereas
the PDP-11 has a high level of eificicnc: in Lhis
area. adding the new operation codes for the
anticipated data-lypes, access modes, and dif-
ferent leagih sddresses would have lowered the
instruction steeam bit efficieney, An operiation
code extension ficld would huve been required,
It was also felt that date stream bt efliciency
could be improved. For ewvample. measure-
ments showed that 95 pereent of all literals were
& bits or less in lenpth,

Besides the desire to add 1he data-types fur
string. 22- and &4-bit inwegers, and degimal
snthmetic, there were many aiher eulensions
aroposed. These included 4 commeor procedurs
CALL imstruction, demand puging. Wue in-
desing. conlext-senntive indexing, wnd maore
1/0 addressing,

Alorg the way, some major perturbutions o
tie PDP-11 sivle were constdered and refected,
ofien berause they viglated the notion of com-
patibiliiy with PDP-] 1. Tyned datz and descrip-

60

tor sddressing woere rejected on the proumds of
dymamic bt efficency, Althouph syatem sohi-
wure cosls may be lower wilth sock archi-
(ectures, iowts nob pessibie to guastily the vain
coovinaingly, Abka, such an architeciure de.
stroved any compatibility, culturzl o orher-
wise, with PDP-1L,

The expericnee with PIYP-1 L (floatizp point,
in pariiculary led the VAN desdgners in reeel o
soft-muchine drchiteciure, ie, pog with ¥i in-
struction set {fund highly miceoprogrammed im-
plementations) fur peneral puspose emplation.
Their PT2P-11 evperience showed that embedd-
inp g daruaype fonce i s understaod) in ke
architecture 2ives a bigher performaence exin
than embedding the higher Tevel language con-
trol constructs. There wis Liso a general objec-
tion ta soft machines: Lthe problem ol
contrulling a proliferation af insiruction sels in-
vented by many smull software proups was el
tir be unmanageahle, Mareover, higher levet in-
slruclion sgis jeapirdise the ability to commu-
micale hetween progeams thil are writlen in
diffecent lanzuages, This compatibility is a mu-
jor goal of VAN

A cupibilities-based architeclure wzs rejectled
because it was nol fully understlood and because
there was no perfermanse or reliabilin daia
avaifable from the few evperimena) machines
which had been bailt,
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SYSTEMS PROGRAMMING
JOHN J. DONOVAN

—

background :

This book as iwe major objeetives: to teach procedures [oo the desipn of soflt-

ware svstems and 1o provide 2 basis Tur judgement in the desipn of sollware. Ta |

facilitzle our task, we have whken apecilic examples from systems programes. We
discuss the design and implementation of the major system companents.

What is systems prograsaming” You may viwalize 3 compiuler as some sort of
beast that obeys all commands, Tu has been wid that compurers are basically
people made oul of melal o1, conversely, people arz compuiers made Gul of
flash and biood, However, once we gel close 1o compulers, we se@ thal ihey are
basically machines that Tollow very tpecific amd prymateee instroctiors.

In the early days of computers, people communicsied with them by on and
off switches denoling primutive insiniclions. Soon people wanted Lo give more
commples instruclions, For example, they wanted 1o be abit tosay X =30 ¥,
given that ¥ = 10, what s X7 Fresenl day compuiers cannot understand such
language without Lhe aid ol syslemid programs. Systems programs {@ g, come
pilers, loaders, macry puecessors, operating syslems) were developed to make
connputers better adaped 1o the needs ol their wsers, Fuarther, people wanted
maore Jssistance in Uie meghanies of preparing their programs.

Compilers are systoms programs that accepd people-bike languages and tanshie
leent o aghine Tanguage, Leaders ane systems programs thal prepare maclone

< languege pragrams for exccution. Macro processars ailow programmers 1o ust

_ abbreviations. Operaung systems and Nle systems allow fexble storing and

retrieva) of information (g §.1).,

Theee e over V00000 compalens in use now in sirtually every application.
The productivity of cach compualet s heavily dependent unron the cffectivens s,
elficicney, and sophistication of (he systems proctams.

In this chapter we inlioduce some terminolepy and outline machine stoucivre
and (ke basic 12525 of an epaaaling: sy siem.
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, Arolication programming [
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Loadgrs Text editpre [Dahwg'.nu pidy ,xa;:;gu
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FiGung 4 Toundstlons of ritemy Pregrmming

1Y MACHINE STRUCTURE

We begin by dketching the Eereeral hardwage erganization of 3 COTIpuLer system
(Fig. 1.3,

Diish
ar drum

FIGURE 132 General har duag e orEanliitlen ol COMPUIer Sy5lem

Memory is the ge

vice wliere information js Hored. Processors e the deviges
el eperate an this

information, Qe may view information as being slored 1y
d 2¢10s. Each one g EEI0 i% @ wparate binary digit cajled 3

called warls, charactere, or byicy,

are pecified by adlresses, where eacl address identifies o
tpecific byte, word, o character,

L]
BAGKGROUND

The :émem: ol & word may be interpreted a1 dosas {nlm.: to 'z: ?p:r;:;d :el':}
of inpmuetions {opeations o be pcrformtd?. A processoc :¢ :m,} v_::chpmgmm
forms 2 yequence of Dpeutj.nn.*: SPEET:,. by insizuctions in
lﬂ;‘zlﬂ:'di?y“b: :;qufg t:-:: ;:?nI:i:h::-:; containing gproups of ones liui ;: ;;-
Btlu: ':-: depict n series of memory iocationy whose addresses ar

‘
D02, . '
through 10 1
Address Lontent
10,000 | 0000 0005 quo0, _Sedl ﬂmfﬁ; . ro
10,001 Gt o000 Dng ; ~
16,007 [ 6060000 06606100

; ' \d inter-
1BM 1130 processor treating location 10,001 1 o e e
htn'l conLents as & “hall™ instimction, Trealing the 1;,.;:110;“ 0011 OO0
] .
gilu Iuu: processor would intérprel its contents a4 tl:dbm: T':'::“ sarae stoeage
" . ata shar
] 2,288). They instrustions an
DOOO 0000 (decimal 1
) _ ) "
medium, ) . 8 of bils thal may he interpre!
in memory i roded inlo group interpreting
l“;:::'::li:“ l:utmcliﬂn!. or nurnbers. A code i u set 'Drll'l-.““(;?;[;: :[nr: char-
0. f bi.ln, e.g.. codes Cor representation of dlclml‘_‘ digits r .op::al'lun
ters Tancmc "o ASCITY, or lor instructions (specific P‘“‘i?*g eSOl
l:-ldc::} {We have IIdl:pi‘:ta»dl twi Lypes of processory: Snpur/ OHEF: ’ch :rn}e: with the
ind E‘l:mmf Frocessing Unirs (CPUs). The 110 pmcﬂ-iﬂfl'l "s:xE as disks, drums,
transfer of data between memory and periphera) dﬂfcﬂ o utations of daia
I:Tin'ttl'l wnd {ypewriters. The CPLls are canceined Wﬂull:?aiu i:hzt are gtored in
) ecule 10 instrucl h
d in memory. The 1fO processors ex “PU. Typically,
:;:1“;” they are geperally sctivaled by a command frm:‘::l:i:.. e addons of
this :un;:‘sls of ap "execuie O inslruction "m“. '{Euuucliﬂn and passes the
he starl of the 1O program. The CPU interprets this ins o
1 nnels).
atgument 10 the /O processot (commandy u!‘lud Ho ':‘f'-l thax of the CPU asd
The 1O instouction 56t may he *““'"'I:"_ diffecent -mmcr-u operation. Asyn
may be exccuted asyrchronousy (simultinecusy) with [oD opersion. Aern
h:tlmuut operation of 1fQ channely ind CFPUs was Dnthb onie PTOCEsSTT DpeL-
cmul'n'pmccss:‘ng Mulliprocessing meant having more than
allng on the same memary :l‘.'rriu'l.unl:uu!’?. < be treated as dala,
Since inslrisctions, like data, sre stored in memory ::;Tn‘:: n:mhtr (0 1l = we
N n : instruglion — 1
ing the bit conliguration of an insir . hermselves are
o ;h::f:; it 10 & different instruction. Proceduies that modily
ma
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called dopurs procedures. Wrili
5. Wriling such . ,
Ol prokedures is poar pragai .
sl!mrc:] i"l;':lgr.‘m;mcrs Mid thern dalficale g road, amd mn?mfrr :;:::1:5 prachice.
neultq - ' an
de:ﬁuriu :::I:i::l 1;::;::::550]:5. Each processor exccutng an impure p::J:Euh,:
. Angther processor atlempti
coedurs : mpting to execule tl
are nat :::!:1: neountee diffecent insiructions or data. Thes I.mr'un:t :3;: Edl-"!ﬂ'-
iy reusable. A pure procedure does nol med [y i;stlf Teo :nsu:e ::tls
. a

ihe mtlrwetion
v are the same each L
ime a i
[re-ovirani code] are employed. propiam I vk, pute procedures

1.2 iV
CLUTION GF THE COMPONENTS OF A PROGHAMMING SYSTEM

1.2.1 Aviembilers

Led v roview
a0 agpregts of the devel
i sysicin, clopmenl of the componeus of 3 program
Al une nme, the ¢
. ompaiter progeamimer h v

thal nlespicie rammer had at his disposal a basic machi
B tiis c:I throwgh Bardware, certain fundamental instruetions., e chu,l:
; m s . . Ne wouls
e ater i “pulcr by wriling a series of onrs and zeros {machne langoape)
crmuter woukd e memory of the machine, 2nd press a bution -.tlmrus EI I
P ¥ star toanterpred them as instouclions ' pon the

wgraanmers fo it dilfi ;
In then "-Iuﬂ: fnrumj it difficull to write or read progracts in machine language
{symbol) for each :um;“ convenient language they began 1o use » ﬂ!ﬂr:;mﬁi -
16 machine Tiaeus 3 l;e insiruction, which Ihey would subsequently h‘:l.ns!at:
quscei i -'aﬂ.l.‘fmi.‘;"g 1'?:;§raUChLa InEORE machine larguage is now calied an
' at- s hNDWIL 35 Giseartid i i
tanslation of 2 crs were wrilten 1o put

u . amate Lh
ermbly language into machune language, The input a::l E
' 35'

'SE!HHH F rugl M I5sga ('IJ. e sousrce EFOERIN 1 g ]Ii'l Ll 1% (] :
ol L1

1 g 1

) ! J 1% 1 18 C|IIHE |1|-1'|E.'-:| s

1.2.2 Loaders '

G”-L-(' EL |'“!.'|I P
2 | £ an h ECl P
H r L Al UJUL'- L] rUglﬂ.l]r, I.I 2l rﬁﬂ:ﬂ:“ Hluit h: I Jcc\l
miy e Ulj’ a ".' I’ifﬂu[ﬂ! It 1% l.h¢ F“TFG“ Df llle lﬂﬂdfl I assne tllﬂ.[ I.:Ibll::t
I “F—ri T arg p‘IJ-Lf- li il n“‘“'ln} i arcl tﬁn.l.'l.lllbll‘.‘ fD] m.
4 “nll If Eﬂuld I-IJ‘ ¥
I II:' % L L ”lf Dbj_(.‘t[ EJ

1 ¢ [Usl'm llll‘l:l:ll n IJI.NIIIJI} ;“d ll.']l“[:I

(U““I]I te ||..| ﬂ“l:b} calin E I-h: Itlﬂn-llllflt h“su;i:‘n [l:b.ll-“l o hc '“’-'Hlﬂ-l:d-

HACKRGRQUND :

However, this wouhl waste core! by leaving the assemnblel i MEMOTY wlile 1l
user's program was being extcuted, Also Whe programmet wouhl Lave Lo relians:
ate his program with each exscution, thus wasting translation Lime, To QweTcome
the problems of wasted Lransiation Lime and wasted memory, ¥ysiems program-
mers developed another componenl, cafled the loadet.

A loader is 2 progiam that places programs into memary and prepees them for
execution. Ln a simple loadirg scheme, Lhe assemblet outputs the machine
language llamslation of a program on 3 secandaty storape device and a loader is
placed in cole. The joader placts inle MGy the maching language veisicn ol
{he usei's program and trapsfers conirnl 1o it Smee the loader program is much
smialler than ile aséernbier, this makes mare coTe arailable (o the pser's program.

The cealizatinn hat many Wsers were writing virfually ihe same progratms led
1o the devefopment of wready-made” pmgrnms[pnrkngcs].Thnc packages WEIE
writich by the computer rmanufactisers of the users. As the programmet hecamt
more sophisticated, he wanted Lo mix and cambing Teady-made propranis wills
his own. bn Tesponse 10 {his demnand, a facliy wis provided wherely e Lser
could write a main program that used several other pragrams of subroutines. &
arbroutine is a body of compulsr msiructions deslgned to' be used by ptier
ronllings o accamplish a tagk. There are Lwo LYpes af subroutines: closed and

open subrontings. An opert subrputing of pgero definfrion v one whaose code is
sserted inta the main progeam (Tow continues). Thus il the ame open ek,
routine were called four Limes, it would appeat in fout d,[ferent places in the
cxiling program. A closed subroutine can be stored outside 1he main routing,

. and conlrol vransfers ta the subrouling. Avsociated with 1he clowed sublouline

gie two 1asks Lhe main progiam must poifoom: vansfer of control and transfer
of data. :

1nitially, closed subroutings had 19 be loaded Inta memary a2 specific ad-
Jress, Lor example, (f 2 uset wished to cmpley 3 square rout subtauting, he
wonld bave 18 write his main program 59 that 11 would transler 1o the koraln
pssigned o the square sont rouline {SORT). flis progam aned [he subrouling
wold be assenibled tugether, 1§ 1 scennd uset wished 1o use 1lve rame subrouling,
Iie alsu wunld assemble it alomp witly ls15 owin progeaat. and thit comple le maching
fanguage transation wou'd be Inaded into momiory. An exampie af core alluss
it under this inflexible loading scheme is Jepicted in Figure 1.3, where careis
Jipicted as a hinear anay of fucations with Lhe program areas shaded,

L

- S s l

Ikfain memory ity pically implemenied as magneti corcr: henee mermory and cor 218 wed
" “gnymuﬂ.)‘. -
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FIG ;
URE 1.3 Enample cone allocation for ahastude kading

Mote thay pro
gram | has “holes™ in
| core. Program 3
dr;lmu parl of the SORT sabroutine varam 2 overlys and therchy
IDEFAMIMETS wi in .
A n‘: :'I.Sl'lld 1o use subroutines that teferred to each oliver sy mbolical
They exnccied I!.'nru to be concernzd with the addvess of parts of thoir programs
e computer system (o assigh locats h s and
| o¢atians 1a the uti
I:)SsuL:shIm: addressas foc their symbaolic rtl’hﬂcncﬂ 1 suproutiass wnd
Fstems i :
o e "2;:13:;11:1'!&-:':; n-;}ter? that it would be maore elficient if subroutings
i e edd ing an object Torm char the luader could “relocate™ di.tl'.‘{'tl
s programt. The task of adjusling progtams so Lhey may be rvhv:t'yl
0

in abilrmy core locati e F i
aalions ?!Hﬂj ] e |
ons- cfocatian, Relocaring loaders perleoem four

l. i
N ?{!{I:ﬂl: 3pace in memory for the programs (alfocaiion)
sy mbolic relerences between object decks {fafing)

I Adust all addiessd
ependen) localions, su
respond 10 the atlocored space ("m{:”;n}ch as address consiands, 1Y S

a |- I i! i
l} s-l-hﬂ-"}' |th thf m.:ldlml!‘ i .SIIUtI- I i :F-{ }
4 I [+ on :“d d] 1 D mema I\Jud“‘{g

The vari ‘
muc““ns.t:h;i:i”t:l;.l:;s:m;;d::rs “.“H wa .w':ll discuss (“compile and-po,” absolute,
pelocating, Suee wl",:ih?].w}n{nmm-]m-dm& arzi.l dynamic-lnking) diller primarnily
The perod of execuli N ?u! bw? funetions ai¢ acconplishee.
petigdd ol translaling a u:::’:;:p: w8 PIORT s eatled excaution e, The
bee progrant it Called asveraldy or compnle e,

Foad ninie refers 1o i
e per i '
Lond tine pericd of [.;.;Idmg and preparing an okject proprae far

1.2 Magros
To relieve 1 '
programmers of the pesd to repeat Wentical panis of their program

BACHGAQUND !

operanng sy slemE provide a macro processing facitity, which pennits e pros
crammer 14 define an abbreviation for a pact of his program and to use 1he 2b-
breviation in his program, The macro pracessof treats the identica! parls of 1he
pmya;n defined by Lhe ghbreviation a5 3 maero definilion and saves ihe definu-
Lion. The macrg processol cubstitates the definition for all oceurrences of the
sbbreviation {macro call} in the program.

1n addation to helping PrOgTAMMErS ahbreviate their preprams, macro Facilities
have been used as general text handlers and lor specializing operating fys1Ems Lo
individua! computer instaligtions. In specializing gperaling systéms { gy starmd
generatlion), the eplite pperlting system is writhco 243 serics of masre defini-
tions. 1o specialits Ulve operaling systeni. a'series of macrd calls are writlem.
These ate processed by the matfe processor by substiluting the Anprapridte
definiions, theseby producing alk the proprams for ah operating system.

1.2.4 Compilers

As the uset's problems became more calegarized inlo atcds qich 2 scientific,
husiness, and statistical problems, speciatized languages {ngh fevel LanguzgeD)
were develnped that glicwed the user 10 cxpreds cerlain problems concisely and
castly, These high lovel lanpuages = gxamples are FORTRAN, COBOL, ALGOL,
and ML - e processed by cosmpilers and interpreiers. A cpenpilior 15 a program
thal Awcepls @ PrOETam written in @ high level lanpuape amd produscs an object
program. An fnterpretor 15 8 program hal appeats to checule @ sOUMCE progfam
ay if it were miaching language. The same mame (FORTRAN, COROL, oie) i
often used 10 desipnate bolh 3 compiler amd its praeciated language.

nModen compders MR be able o pravide the complex [aelites that pro-
pammeIs ac T demanding. The compilee must furmeh complex accessing
mechods fo1 pointer vasiables snd data stucimes used in lanpuages 1e PLIL
CONGL., and ALGOL &5, Modetn compilers mast interact closely with the opti-
ating tystem Lo handle 51a:erneﬁls concerning the hardware utersupts of 2 com-

puter {¢ g conditienal qaterments in LA

126 Formal Syslems

A [erand sys1gem is an grinterpreted caleulus, b consists of an alphabel, 3 3¢ ul
wids calied axioms, gnd a [mue s¢l of relations ealied rules of infeTenee. [ix-
amiples of {ormal sysiems 3E get theary, boolean atgebra, P'osl © yienns, and
Bachus MNormal Foim. Formal tysiems are becoming mpattan: inhe gerig.
wplemciation, and stwdy of programming languapes. specifically 1hey can ke

e



8

EYOLUTION OF WPERRTING By STEMS

usedl ke specify the Livttax (Tonn) and | he $ENVINbics {meaning)
Linguages. They hove been used in syrlax-directed compilidion, ¢
tion, zngd compleaily studjes of languages.

of Pregrammig
ompiler verifca.

13 EVOLUTION OF OPERATI|NG SYSTEMS

Tt

Tust a few yogyy 2o a FORTRAN Programmser would #Pproach the compurer

wilh his source deck his left hand and  preen deck of cards thyy wouyld bea
FMORTRAN SOmpiler in biis Hght hand . Fie would:

). Place the FORTRAN compiler {green deck) in the zarg hepper and pregs

te lozd buign, The compuier would load (he FORTRAN campiler.

2. Flace his source lanpuage deck ipto the card hopper, The FORTRAN com.

Piler would proceed 0 Lamslyte il inio 3 machipe larguage deck | whicl,
*5 puached onta red car gy

3 Reach g (he card Lbrary
Place then in 1he tard hor
ks ey fy.

4. Place hys newlye transtyed alyjer)
would loag if ingg the machine,

% Place in the carg bepper the decks of any subrout
called. The jnarte wor|J load rhegs subrautings.

6. Finally, Lhe Foader WOuld transler execution o (he USCr's profiam, which
AEIL tequpe the reading o o cands.

for a pink deck of tards matkegd

loader,™ ang
per. The computer would losd th

2 loaderinig

deck in the card hopper. The loader

ines whicl his Prozram

e L0 g more fexble Iystem. e (¢
being wasied a1 (he maching stogd jdle during caey-
and betwegn Jabe. (A jap s 3 uniy of speiified WOR, €€, an
assemibly of 3 PIOgtam ) l'o liminate 1hig waste, the facility 1o barch joby was
provided, Permitling 2 nymber of JObs 10 be placeg tegerlier into the cary hopper
o be texd. & bargh aPergting sysiem performed the (ask of batching jobs For
txaniple 1the haigh vem would perform $eps ¥ through 6 above IELTiEving the
FORTRAN compiler 2ad leader fram secondary 310rage.

As 1he demandy [or compuler time, memary, devices, and Mes infreased, 1he
ellicicn) manapemeqs of

these resaurces brcame more ceitical, In
discuss varjous methods

of manzging them. These TESOULCEs are vy
elficient manzgemen; of them can be costly. The managemenl of
hay evolved as the o5l and soplisiicatipn of jig e increased .

. I sinasle batchey SMems, e memory jesource was allocated 1oy

each resouiree

by {u g

————— e =
e s g

e
BACKG ROUND

. ; tion of
. ; d the enlire memory, a par
- - Thus, if 2 program did not nee : i Iitigned
s;ngl‘_hcpziaemwai wasted, Mulliprogramming operating l)'it':m’ with P"’”;i:g il
1hat res ! . . A u,‘;,:‘urggr.:m "
vent this problem. |
1Ty were develop ed wo Circuim ime, Pro-
?w: r;{:{“p.; pmyar'n; Lo reside in teparate aceas of cole ;.1 the ?ahm;_ ':cd Fasks
Drﬁs weit given a lixed portion of core {.'-fufnprmfum:ruﬂili‘::fﬁ n; b1e Tasks
E(;'-FT}] of a varying-size partion of core (Mulliprogrameming
. : nai be used
(h:;i}i in such partitioned memory fystems some polhnnr f:.fi; "um e sed
ince il was 100 small to contain @ program. The pl'{'ilbi“: ubtmtm'mum:' ired by
m:l.iuns of core s calied fragmen arion. Fragmentatian " by paging (XDS
P:t technique of reiocauable partitions {Burroughs 5500) wd DOMIoRS 1o be
30, HIS 645). Relocatabie partitioned core allows the unused po
y e : [ core.
d ipte one conlinuous pari o . . wided
mndf““. i ethod of memory dlocation by which the prnl'.r;r!:t it su':n;!::“
Fagmi;lsp::inns ot pages, and core is whdivided into equal pottions o
into £g *
es are Joaded into blocks. : ing all the
ﬁthrff are two paping techaiques: simple and demacd. in ﬂ:P“;:f :n:mﬁrm ’
. es of 2 program must be in core foi n:culiurlu. In derar .-,?:ﬁ:h:d into core
::E be executed without all pages being in cote, i.t., pages ar .
nanded). .
hey arc needed {demande : . $5ars i3
“th ye der will recall fTom seclion 1.) that a yslem with s:‘rcrﬂ;?i:ifpsx“.
T EJ :mumpmtmi‘“?- systerm, The fraffic murrl'nﬂ'ef cmrdm:; -;}. s g
mrma d the processes. The resource of processor tm'!.c s alln:::lt erred o s the
- the schediekir, The processor conceined with (/D is refe ”
known #% . _ . is called 170 programeting,
this processar js ca
POCESIOr, and proframiing ) . . A Iegtent
H?hﬁl resource of Tiles of information it sllocated by the fike I;].:;rﬂ;-”: :x;tms .
) o to ireal as an entity.
- . information 1kt o user wishes , ..
. Em'Jrl;:ri L:n: twa lypes of files: (1) duectories mdl (2) d:llaio;u;;!ﬁ::"m
E”::;;dﬁ conlain the Jocations of other I'llu., ln a hmlut::nc:m PR
d y torics may point Lo other directoties, which in tutn may poin
ireciori h
i ically char-
DITT::Lﬁarjng is one method of allocaling F"‘:“I"“"""T "mblgut?:l::::l: allow
acieiized by interaclive processing and time-sheing of the
itk response LD each usty. . tex that
quict e P;Jmemar:lr‘ (rame space, address space} consists of tiose -:ddl;;e :r'c:-.r:-
A mmi necated by 4 processor duiing execution of a cumpu.ufn: 1 mn;ﬂw
nuli b;cﬁr vonssis of the s21 of addiesses thay cortespand mtphi?; :nd ‘ 500;.1
:za::m The technique ol segrtentation provides alarge name spac

(o
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p:m[ectk!n mezhaniun, Fretection and sharing aie methods of allowing controfied
aroess 10 wEMANLS.

1.4 OPERATING SYSTEM USEA VIEWPOINT: FUNCTIONS

Frem the user's poiet of view, Ihe perpose of an epadling sysiom (muolkitor) is

lo assist fiim in the mechguies of solving problems. Speadically, the Tollowing
funglions pre performed by the syytem:

1. Job sequercing, echeduting, and traffic controller operatiun
2. Irputfoutplet programming

1. Protecling jtsell from the user, protecting the vser from other vsery
4, Secondary stofage management
5. Error handling

Consitder the sinwation in which one user has a job thel $akos Tour Jeatirs, and
anotlzer wser has a job thar takes four seconds. IF betl jobs were suboitled
simultanegusly, it would seem 1o be moce appropriate far the foursecond uger
to have g run go Nrst. Based on considerations sach as this, job scheduling is
sutomatically pecformed by the operating systems. 10t s possible tu do ot
and gutput while simullanconsly cxeculing & pIDgl.lrrl.. as 15 the case with nuany
compuler systems, all these functjons are schedded by the halfic controller

As we have said, the YO channel may be thought of 4z a separaie comnpuicr
with its own spreialized sl of insuctions. M ost wsers do ot wanl ta fedr how
Lo propram ib (i many cases quile 3 complicated task). Tlee user would like 1o
sirnply 1y in his program, “Read * causing the monitor system 10 supply 2 peo-
gram 1o the 1f0 channel e execuion. Such a faciluy is provided by ¢ptraling
systeris. [n many caswes the r*'mg::m supplicd 1o the 1/D channel conusls of 3
sequence of closely inteswewen interrupt routines that handie ihe siluation in
this way: “Hey, M. 1j0 Chaone!, dd you receive thae eliaracier? "Yes, | e
ceived LY “Are you sure you received WM Yes, U'mosure” “Ohay, P send

analler one” ' Fine, send 1," “Vou're

U7 8 Yol wanl me o send angther one?”
" AT L
AYJIFETE

An extrernely taportand fungiion of an operaling sysiem is to pooteg) the wyer
from being here, either malicionsly or pecidentally, by wiher wserss thal i, peoe
tect bim when other ugers are executing of clianping their programs, files, or dala
bases. The operiting sysier mius! insue pnviolabduy. As well as prolectimng
users [rom each ather, the operaling system musl also protect wsell [rom users
who, whather maliciousdly or accidentally, might “ciash” the syyem_ -

Students are prear challengers of proteciion mechanisms. When the sysiems

- r— e wr——t T e
. .

e——_ ke

R
e s i ’

-+ e iy —

programming coutse i3 given al MLT. we fi

ents parlicipaling o — cerlainky
::l:L:hc mgchme problems, So for the very simple probiems — €

EALKOROUNG

nd that due to Lhe targe numbet of
i Iv prade every program mn
it 15 very diffiealt to personally £ e
1] jater and jeave
i t the number of A's 0 a regl e
which miay be to coun . . o
priblem ct}"::l anoti:cl register — we have written a grading pn:lglra:[te e
answ . ! o
l::zdcd as pait of Lhe operating system. Thf: grading ;Tng:l::z :mdem's o
sropiam and traasfers contrek o it 10 Lhis mmplh‘ pre r:r:.x s et aed
o Emcs the contenls of the repister, 1vaves liig hrswet I.El"l O e ontct
e o the prading program- Tie fatier checks to bind @ el [_-.,}_,g;am
1 i i adl
m:‘:::: lIm peen lelt in the answer register. Al ::m:rd;. th:di e
nuints ot a listing of &ll the students in Lhe class and their grades. xam
M

. ARECT
VITA KQHNK AU _ ?SHHECT
HﬁCHELI?‘U B B _ INWRRECT
JOE LEV - __ coAAECT

LOF T| ZADEH

- -
O lzst year's fun, the computer Listing began a3 foliew

' eT
JAMES ARCHER - Egzzsm
i MCCAHTHY - \NCORAEST
ELLESN MAaG1LE —_— e VEE
JOMN SCHWARTZ —

chwariz did this, we gve him a6 A i e COurse.)

{We are nol suce how John 5 ting sy stem in

.S I} L4 3 i t”lt"l 15 2 ta'#. PE”'BI““'d b} an UF‘EF.'].
] had |.||. tht use D[ dl.‘ik‘ Iap!‘s I“d 0"!!: ﬂculld]lb E.tﬂ‘agt Iﬂl ausei
CI)IIJ-I.I clion ] N .

- 2- Ale i ammerf
P e ar?n?l stem rast respond to ereors. For exaTs le. if the prog!
An operallng &3

ﬂintﬂ\l lel“uw 1 I‘.‘gﬂlﬂ 150 naiT Ici E Ier to Sll‘n[ii}’ % C'P
I a d wﬂl r [ nwcfﬂiﬂ‘r I.U"i_n e ..‘!"Ih fnancg or ot 1n ] lhE i g j!i
n [E [ ferve C tha 1 (o 4] [ Efgtin .4 1&m

must Lake approprisle achan.*

15 OPERATING SYSTEM UsER vlnzewmm-r-.
' BATCH CONTROL LAN_GUAG

m conirol
5 view A pperating system only through lh.: hal:-znsi:l L discoss
MT buuwlaich they tust preface theis programs. 10 ﬂ.m sdruith it_ (JLther more
cards I:s-‘ itar system and the contrgl cards ass0eiate .
g sunple mont

LY

complex MRILL0TS 2r¢ digcussed in Chapier 2. .

1
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Monkior is a 1exm that refers w ke control programs of an operaling system,
Typically, tn 0 balelr system 1he jobs are stached in 2 card jcader, and the
monitor system sequentially processes cach job. A job may consist of severa
scparats piogtamns o be execuled sequentially, each individual program being
called a job step. In a baich monitor pestert the user communicales with the
system by way of & control language. In s simple batch monitor sysiem we have

lwo classes of control cards: execulion cards and definition cards. For example,
an execulion card may be in the following formar:

ff rep ngme EXEC mema of program 1o be kaicuied, Argument §, Srgqument 2
The job contrel card, a definition eard, nay take on the following format:

Nlot rame JOR {ser nome, bdemiiticanion, sepected tie use, lings to

b printad out, axpacted nember of cards k3 bie printed
oLl

Usually there s an end-of-Tile ¢zal, whose furdiat might consist of {*, signifying

the termination of & colleclion of datz. Let us lake the foilowiing example of
FORTRAN job.

HEXAYWPLE KB

DONOWAN, T168,1,100,0 ,
#3TER EXEC  FDATRAN, NOPUNCH
READ DDIN
g~ 1N
12 = (%
13=171%

100 PAWT 2100, 1,12, 13 -
2100 FORMAT X101

END
Iz i
HS1EP2 EXEC LOAD
ph
{STEP) EX[C DBJECT
10
!.

The fusl eontrol card i an example of & delinition card, We have defined the
_bser I be Donovan, The system sl sel up an acpeunting file for the user,

roting that he capecls Lo use ene mmute of time, to oufpul a hurdred lines of
cuipul, and 1o punch ne cards. The next control card, EXEC FORTRAN,
NOPUNCH , is an examiple of an eaccution card: thad is, (he system 15 to execute
the program FOQRTRAM, given one arpument — ROPUNCIL This argumoent ab-
bows the mumatur gystens o perfarnn mare efficiently; sloce oo cards are 1o e
penchiod, it need gt wiilice the poneh reulines, The data 1o the comqilen is e
FORTEAMN progeam shown termmanakesd by an end-ol-lile card /7.

The next contro] card is annther example of an exccution card and p this

PACKSROUMD

case causcs the sxecution of Lthe joade
will bt losded, together with all the

ppan the loader will "bind™ ihe subroulines

is terminated by an end-of file card, The

tion cacd, causing (he monitar system 1o exedl e o
piled. The dai2 card, 10, is input (@ the progedm St

fie card.
The simple loop shown

gl ez
lign of & balch monitor systeat. The raonitol &)

j pesing a job G327 s the u
D e 1::1;[:23 timeg card punch iimit, and Tine primt dimat. 1

soution card, lien Lhe menilo! will
from secondary sierage and pf.ncrss thie b s'iitr“p
he exccutahle prosidm. 17 thete is an ecor tl-: 'uﬁ
he error and g% back }:: mocess the next)

namg, peonant il miber,

[
e nest control card hanppens W be an

joad the gotresponding program
ty traneferting comtrel Lo
procesing, the sysicm neles 1

13

1. The progtam that hasjust bﬂ.-n cumpn’l:’:
rontines necessary o its uc:ulm..n.l wht

1o the main program. This job sep
EXEC OBIFCT cad s anoiher cueey
ie the object program just com

Mawed by the end-of

| i 4 1 i! T nla-
0o LELLTE 1 PfEStﬂ-is ah avery C W :lr an Hm "t )L

sroee st ead in the Tiish gard,
i ¢ uber's
3 1he mooilor Saves Ih

wep.
‘ Read t.rst job gard
' |
'\-J -
‘ Process b card _\
b
I———) Process controb r;ards“
‘1
] - TlErer.] Proced
Process job sep I Erroe
. - WD e17Qr i
\h
—T—“—] End of job? _]
i Yoy .

i |
FIGURE 1.4, Mabn'loop of a simple aich manitat wur
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1.& OPERATING SYSTEM USER VIEWPCINT: FACILITICS

Fot the appllc:lionwrjenlcd user, the function ef tle operaling systew it to
provide {acilities 1o help solve problems. The questions of scheduling or protec-
tion are of ng Intesest 10 him;, whathe i concerned with iy the gvaidable sofiware,
The following faciities are typically provided by modem operating myarems:

1. Awsemblens .

2. Compilers, such a3 FORTEAN, COBOL, and PLA

3. Subroutine libraries, sich w1 SINE, COSINE, SQUARE RDOT

4, Llnkage edilors and program logdess that bind suboutines 1ogether and

prepare piopramy for execution

5, Whility eoutines, such a3 SORT/MERGE and TAPE COPY

6. Application pachages, such as circuit analysis or simulation

T Debupping facilities; such as propram yacing and Heore dumps’

B. Data management and file processing

9. Manigemeni of sysiem hardware

Although this “facilities™ aspect of an operaling system may be of great
interest do the user, we fecl that the answer 10 the questlon, “How many cam-
pilers doey that operating system have?” may tell more sbout the odentation of

the mawlaciurer's markeling force than it does about the structure and =[-
fectivencss of the operating system,

1.7 SUMMARY

The major components of & Programonity system are:

1. Assemnbler
[npul 10 an wssembles by anassembly onguage progrom. Quipul is an object pro-

grarn pluy informadion that enables the loader to prepare the object program for
executlon,

2, Macre Procesior

A maero call is an gbbreviation {or name) for some eode, A maero oy finttion g
sequence of code thal has a name {macro call). A macro processor is & progiam
that substilules and specializes macro definitions for macro calls.

3. Losder

A loader is 3 routing that losdy an object program and prepazes it for execution,

15

EACKGROUND 1
i [ inka n

yclhemes: absolute, relocating. and Jwecl finking

T H d . .
Theie e vanous aacing | relocale, ang fink the ohjeil prog mm,

general, the luadet st o
[ ]

4, Compilen

A compider i & program (ligt accepts a source Qrog

and produces a correyponding object program.

tam in a high-level lanpudpe”

. Operating Systems L
o [ Lem iv concerned with the a1'toc.=.:iur_1 of resources :rfd sm;:::::
An operating 5ys rocessors, gevices, and infomg ation. The operating s:fr ol
such as mcn‘T'y,'n:;udes pm‘grams (o manage these 1EsOURCES, suzh as ad e
C“”: j;;:dl:ﬂsih:'dufrr mtemary mandgement modufe, 1,0 peograms, a0
eI . .

yslem,

(S
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- MALVIC/LEACH

In any digilal System it i nacessary to have A Lok ol Ccommumtalnn beta een nan
and machine, This commuamgation [in% is ofen fallig] 1he “mpn-malhoe et
face” and it pepwents A nomibes of probiens, Depdal systoe are capabie ol
aperating A andormat-an 31 specds maeh greater i ma’s, ang! s v cave ad Teer
ol imparant auriboles, For csampie, a large.ocale digital commuler 6 gl of
prifurmtg more than 500000 addtians por seconil.

Tiw? el bre is 10 provide dala ieput o e sysdems @t e [Lpheal pessibne
pale, AL e same time, there 15 the prob'om of avemming thads oul fom e
system 3¢ ahe highest possibie rale, The prodyem b furthee magnifee ] sisge msl
il sysiems do notl sprak Englich, or any othee Laaguage o ba! novier, ol
some Spstem of symibwls msl therelfoee e used Tr Conmnmunicatemn e i5 al
present o comsiderable amouat of research in Ly arca, and wime systng Bave
Do theveloped which will accept spohen Commands and give st reoponses on g
hint1ed brasist,

St ol Wy siemis ODerate in a binary mode, 3 numlr of code sy sem which
pee ity represeatalions have boen deaelopual and are beng gacth ay the Sangu e
of communcation hetween man and maching fn s chape! we gncuss 3 numler
of these cudley and, at the same Ume, comidler the peCestaty inpul-Gulpul equipn-
mi,

The peimary ohjective of this chagier 14 10 acquire the alulily 1o

1. [eplain how Hollerith code and ASCH code are yuxl in irputfoutpol audteo,

2. [Diguss weelynigues lor magnelc record:ng of dipng! infarmation, ingluding Ry,
WA, amd MR ’

N, Dwocndse the Limitatigns of 2 number of diferent dipitab inpulfourpus unes,

Dirave the lopic digprams [or a simp'e tioe degcoder and 2 alanced onutiplica.

v gdytotler,

W Ty
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10-1 PUNCHED CARDS .

(J!m.j of 1he most n'l_dt-ly wised media for eatering data indo & machine, or lor ob
Linine pulpet data o a maghine, o the punc bt casd, Some cmnn-..u'n m.,.c:r-uc;
of these cards are collepe regisration cards, goverament checks, monthly ni; :p o
pany :.I:JIT:;'rm-nts. and bank sLdements, I1Ts Quite simple o ose Uns rm-dr':;m tr o
."Iw”t binary indormation, since aily Dwo conditions are rigained, Teaicall r:"l'r‘
in the card represents o B oand the alence of 3 hole represents al U?!‘ljlc an"'. DEI
proveedes the means of presenring infarmation in binary form, and o Hr?
o ovalom e st ¥ anc b is ondy neces-
The typical puncheed coard wsd in Tapeaseate Jaa-processing syuvms s 7% §
a3V in witle, and O0F in thick Each card faas 80 verlica! colu n wi
.Iht"lt" are 12 barezanial rowws, as shown in Fig, 10-1, The eolumins .I:r|_-| "‘l”“: alm
thrgagl B along b Daramy sthfteagf the Cand. Beginnang at 1% top of "T'-:T:T :;[:“lhll
Hows are degnatd 12, 11,0, 1, 2, A, 4.5 6, 7. 8, and 3. The Ixatram -~- ¢ Il11 E*
carcd i the 9 edlor and the wp edge is he 12 cdge Holes inthe 12 -! ! '-“:;-u“ .
are called zone poaches, andd holes in e O throogh 9 ows '.u(-'(‘.ﬂ! wd :}"’f"’f*
pungbei, Notiee thal now G is buth a zore-dnd a d1gi:-p1:mch raw. An nurn: , o
Tetter in the 2'phabet or any of several speecial characters con e ;cpr:wnl :U. "'"'f
card by puncheng Ome o more holes in any ore column, 1has, the l"!"‘ll'::'”.I llh"‘t
cepacily of 80 numbsers, letiers, or combingions. ‘ e :“ e
f"l’[fh,ﬂ]!f the mosl wicdlely el systeny [0 recording infomution g a hoed
C'dr.{i is the Hul'.h.:-nt.'} corte, Inn this Cocle the Aumbiers 3 throuzh 8 e u-|:-n».1u:'ln-(l l|-‘.|
a singhe punch oo vereo ) colume, Tor evanmple, a bobe pundbed jn the f|[uILL ?
of cotomn 12 wepresents o 5 in tha! (olumn, The leters of 1o 1i Tyal ~I o
represuented By Twtr ponchaes o any one eotemn, The Bethers A 11'u:’uhfiﬂ: dw-
repreerted by a some pongch inorow 12 and o puach in rewes 1 thr nj ]r: i‘] "I:alli
Warers Vitrpudh B ade cepresented by aocomge punch e row 17 anmd g :-‘HIHl " .
H |hmu;;'!'ll 9. The letbers § throweh & are represented By a 2o0e pumlF 'i-||1 o '“u’m'“'5
& prunch in fows & thraugh 9, Thus, any of the 1} drcimal digas ;|r'u|;!II &1 mT | o
leers of 1he a'phabtet can be roprewnted @noa hinary shon by ;‘;‘_“E fh
proper bles in the card, In achlibon, o number ol speciil fT!.xr.;r;lll-ri b !i.:-
repn- ented By punching comibinativns of hols ina columrn which are :ml. “:c: I
the numbers of beters of the alphalwl These characters are shmwn waith Hl-“"- o
e tia. 101 with the proper
.ﬁ:n easy device far remembrering e alphabsetic chatagiens s the plase R i
PL Balice that the leters | through B ave an 11 puneh, Bese before | e A .1.;
punch, aad Guese oo ave a0 punehy, 18 s abs necossary 1o be T
o 2l men Ary o besteanbaer ot &

Example 10-1 .
Do the indarmation punclaed in the card in Fig. 10-2
So'ution

{.-H!L.IITII'I ! has a zone punch in rew 0 and 3 purch in row 3.8 o thercfure L denter
I Column 2 has ~ rone punch inomaw 12 and ancther punch inoow & 11 i
- ]

LA
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lg. W1, Slandard punchod card using Flollernh cedde.

terefizre e letter H, Conlinaing, in this lashion, you should see that the ©conplele
mostagis rogggds, “THE e EROVWR FON IWSAPLD OVER THE LaZy DOCS BaCK,"

wath this card code, 20y aipharumesic talphabu-tic amd numenic) information Can
be wwtl a3 input 10 a digital system. On the other hand, the sysbem i capralte o
delivering alphanumeriC cutpuk infurmation 10 the user, In scienlific disciptins, the
information night be missile ffight number, lacation, or guidance information such
as pitch rate, mll rate, and yaw rate_In busingss disciplines, the information uy hl
I WL DAL rai e s, names, aduresses, manthly statenients, eig, bn any Casc, the
imforinatitn is punched on the caed with one ¢hatacles per golorren, and 1 cand iy
tlien capatile ol contairing 2 omasimam of B0 e hatacters,

Tach ord is crnsidered as vie Aock af unis of nlormation, Since the machine
areralion om N Carl at a me, the punched tard 1y 0ffea caforrorl Ler a5 A Menit
pecnntl " mpregver, the digital cguipmen used Wy puach cands, pead cards i
system, surf cands, €1C, by reterfed 1o s “unitrecard equipment,”

¢ccasionally, e jformation cusd wih 2 diyital system is enticely nwmenic; thal
i, no a'phabwetic or special charactes are requanedl. In thiy case, WUk passibly 1o
inpel - information o the system by pund hing The cards i a straighe Dnary
pashion. In this systern, the absence of 3 punch is o binary 0, and a punchy is 2

fip. 10-2, Eaample 10-1.
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binary 1. I s then
. ' possble o p i i
o ot puncly 80 x T2 = 960 bit uf Linary infoemation on
Flaswy bargescat o :
o E;I:'h Ifm:-; 1;_ gtt::-;:m:cum;r% systems pse inary infosmation in Blacks of 16
. nts is Called & ward ¥ i :
e . CYou will recat] e fienrs
The;u:ils th;:hi:l regisler Capable wl slaring 3 Ya-bin ward must r:unrrf:i: :liltjefrl?rc\'-'lmh
nothing magical about the 36-b o
; i . bt waord, and thewe are |
whiclt upfﬂmle with uther word lengths. Even so, let's ser 'h’l_ mt:lnc.t utjr-er EWP.'M
ar';:ged in words of 16 bits might be punched ;;n ard ow binary informatien
pre are bwo methods, The first )
hori Frocls. o method stores the infirmation on
pu";ht.d i: m:,.p;?:,hmf across the card irpm 1efL o right, The first 3-".11-'t:nnilﬂ:-'.;l;:n‘:ujlr:d
volumns 37 Lthigugh ?t; ';:.::h.r I;hm'-'rf’h T e e 3 ‘; ;:
. ird word is in row 8, col i
e o] o e _ w B, columng 1 (hrough
binary !nm: I:‘lsﬂthlemnlv-flour Ji-bit words can be punched in the c.Er;!:‘ii';:“q Tr
The secu.nd nu-1hn !Dtllmhle I.D store 863 brs of information on the card Ry
rather than rows Hv:’}u-.nli:;uilll:'::nﬂu1n"chifng 1thE poformafion voticaly o0 11'01umr15
! « Helg 2of column 1, the i X
unched i rows 12 o W diest 12 Iits of the word are
B 1.? 16, .. 9 The aext 12 bits aee punched in col o
punched i g 12 bty are punched in colemree 3. Thos, 3 36-bil A
pune ed in every thrve culuans, The card is thea capable .[ - i 'I '“Urd can be
it secsrels. pabe of conlaining hwenty-sis
The sl COm ing i
b ot e e g i T Mot opaaris vy moch (0 orme 2
. 3 . This machine opurates wi
a hpowriter, a » very much the
opvr:m. The 4:?ulr:?;."“'d -’"ﬁ accuracy of the operation depend vmim!yguz‘i: .
i e mam bf ton au the punched cards can then be read into the digi ?
Bl a] E:;i reader, The infarmatiun can be vatered inb the 5 e
b w 1,08 cards i sndi e
e tds per manute, depending on the (ype of Cand reader
The basic methy i
v sign;h if1:::::| furlch.i.ny,lng the punched information into the necessary dter
e cleawer from it IJ':N’II1 in Flj:{. E-3, The cards are slacked in the peaed hup;::'r -1'-“;
i Crauon rom hr-. al @ ke, F'"{.h cared passes undor the jowd heads wh'-c.F S
ardl when g hal phatocolls, There s oo pead head for sagh golunn :;n thl o
a hale appears under the read head an elecirical Isign-ﬂ s EE:l‘:‘rif{gl
L,

Sbac ket rﬁw
v "‘j,-,-'. Ly

Fig. 133, Card-reading oprislion,

A ——— A r——
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Thus, gacl signal rom ihe read heads represents 4 binary 1, and this information
can b used to set flipflops which formy the input SIGrage register, The (ards then
(3455 DVET oliver rollers and e placed in the yracker. There is quite alien 2 e ool
read bead which reads the data g second Time 1o provide validhty ¢l k on 1T

reatling Prodess.

£xample 10-2

Suppase a deck of cards hay binary cata punch
four 16-9it words. M The candy are read al a rate of 600 cards per minute,

atr a1 which data are pnterlog the systiemi

ed in them, Each card has bawen'y-
what is e

Salulion
G each card contains 24 words, the data rate 6 74 % GO0 = 14,400 worlls et
mrinate. This s pgyuivalent 10 36 % 14400 = 51p,400 bas per e, O

5140060 = 8,040 bils pret st o,

punciud cands can alse Lo wsed ax a mediumn for acLepting clata vuipud from a
digital sy-ten. In this case, a stuck of Ltank cards thaving N heyees gl in
yherm are held in a hupper in & Card punch which euntroliod by 1he digital
syseem, The I'ank cards are grawn hipm the hopper one 3t 4 fime and punched
wyith the propes ntcemation , They are then passed under read heads, which chect,
the alidity of the punching operalon. and siacked in an auipul hoppet. Cand
punches are capable of operating at 100 ta 250 rards prr M, depend-rg on Un
sy lim it .

bunched cards present a number of imporiant ad
the tact What the cards represent migans of stofing infprmation permanently.
the infurmiation is in marhine code, and since this informatian Can I printod o0
e tap e of card, this s a wery cOnvVanient Mcdns of ot Al

betaeen muan and machine, antl Febween machine angl mac hime, There s At 2
wide varety of peripheral vguiiment which can be usid 10 racess informalicn
gared on cards, The mas Cummon arg sorers, collators, caltu'ating punches,
repreducing papihes, and accounting rachines. Moreaver, i1 Uiy LIy 1o Car-
recl of change the informatan Jtored, since it is only necessaty 't remave e
desirm! cadixt and replace il ithim) with the comected oretsl, Finally, these cards

are quile INER PENsive.

vantages, he first of which is
SincL

: -
10-2 PAPER TAPE -

-pulpul medium is punched paper lape. n oy wsed in
chot cants, Paper lape was dove'opod inihiatly (e b
L by nw teed] praltisively

Angtlier widely usetl input
gt I the same way J% [
[ILIF PP al transmitling telegraph messages Crwr Wi,
fur storing information antl fear transmitling imburgtion Hom ntat T maching.
Paper tape thifirs feeams cardts in thiat it iv & continugur 'l ol paper; thus, 2oy
armpunt of iformation Can Y punched ntc 2 roll. It Ty plssibry 10 pog e any
a'phabetc or punietie Characier, as will 25 2 numbes of wopcial characless, o0

papet 1ane iy punt hing holes in the 1PN lie propet RS
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Fig. 10-4.  Punched paper tipe, {a} tight-hole code, {8 Leaniale 10-1,

There are a numiwer of codes for punching data In paper tape, bot one of e
rost widely used iy the vight-hole code in Fig 10-9a. Hules, representing dav, e
punthedd i eight para’lel channels which cun the length of the lape. (The Lhannel,
are labe'sd 1, 2, 4, 8, paedy, 0, K and ond of lined Each chasacter, — numeric,
alphabetic, ar special, — ot cupivs one column ol vight positions zcross the width o!
the tape.

MNumbers are sepresentsd 1y punches in one of more chanaels fabelid 0, 1,
24 ard Bownd eadhotgemlaer s the sum of the punch positions, For exampe, s
reprresentod by a sengle ponch i the O chaonnel; 1 represented by a single punch
incthe 1 ghannel; 2 is o senpde punch in chaepel 20 318 2 punchin chasne! 1 and a
(wnch fn channel 4, elc. A'phatietic characiens are regresecset by @ condsinatenn of

punches in channely &, 0, 1, 2 4, and 8. Channels X and © are used much s e
sone punches in puncled cards, For example, the fetler A is designated by punches
in channels ¥ 0, dad 1, The spetial characiens are represented by comtrnations ol
punches in 41l channely which are not used 1o designate either numboers or letters,
A punch in the end-oflne channel signifies the end of & Llack of mlormatian, o
the end of record. Thiy is the unly Wme a punch appears in this chanpel,

A a ey ol choeckiig the valirlsly of he information punched on the lape, the 2

panly channe! iy usiil oensure that sach characies is eprcsontiod by an o
numbaer of lwles, For examphe, the fetter © is represented Iy presches in ehannels §,
0. 7, and 2 e anoodd number of holes is requined Toe cach characion, the (ol

ior the letter C alo bas 2 punch in the parity <Daarc], amd us 3 wia) @ foe
punc hes 15 eesed Tor this lefte,

Example 10-3

wWhat inforne i Pl in ke perforated wape in Lig 10-aht
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Solulion ) N .

: thes femler T, Tha

Tha (irst charagrer has punches in channels 0, 1, and 2, imd l:_];:,‘:m,h e
\H.‘m& EEJHHH is the ferter H, since there ar.t' pl-.uncm‘(*”:slﬂ‘:al nunch'm:l on e
ontinui td cew Thal the message is e aame

Continwing. you shaoul

card in Erample 10-1.

i ley, used to

The row af wmaller holes between channf,_-lfs 4 and 8 i;r:j:;;ieol:lt ::ww o

idde and drive the 1ape undet the read p-::sm?nsi_‘lhe infoe o o

guide an b brushes ar photocells as shown in Fig. Iﬂ-S.I Tht: Lt for reading

fr i"-'f""‘“_{‘ o b paper tape and inpuiting @t ke the digita wm-rr; us‘vl ? i

Ilnrl.|'m'|l::I|L'|lr:ul.::!l]}ué reading punched cards. Depending on th fype o reach ,
ar lon 1k

e read intt the syshem 3t @ rafe of 150 W 5,000 charachors g
L~ = v

informatian can ading infuentation

secund, You will novice that this is onky slightly rasier than ro
from punched Hrg.; .usi?d at a means of accepting imfurmaiion purpul {nt:m 2 d1g::l
e up:-'m:a'e tha system drives a Wpe punch which enters :1';5 1;::. ::-.“i.n“
system, Ind 1.:- ‘thl.' propor hales. 1ypical tape punches are jc.mltu & E -hpu.;n.;r:.
hpe P;J";- Tg;mrturs per seeond, and the data are punchd m.!l ': ! Lﬂ‘m,;- s
AL e © : '|c rhnuml'ym al chacacters per inch is refered W as the e |'.a i; un.:.,m
Wt I-nf_h- 1 1‘. the density s 10 Lharacters per -|r1Lh..Rl'.ful.:i|ny, ri;.fm:.y b one o
41“'-1 I:ﬁ';;l:::: :nl: I‘;:ll.u.rt*i of magnelic-10pe recaiding whicl witl b cingUe
[ 1 i !

ALRE S inon,
Paper lape £4 | : apepune
i sef, and indeed in som | .
lar 1o an electic typewr & h:d 'ite used, The accuracy and spuet_! ol 1k 1t 1*-.0:1
hine operalot. One advantage of this method 14 2

; iE L ety sinie
| Lape punch. Thisunit 6% .
n alvo be priforated by a manual Lape Te LriC typrowditers willh

wpecial punching trnils Altac
ate again a funchion ot Ihe mac

fig. 10-5. Faper-tspe drive and reading mechanism.

Eight read brushes
o phio ceTh

wprug kel dnve wheel
i

-

r
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the typesvriler i
prowigles a wernfe
can T . nren Copy of what is purc i
be Lsed 1:.rf.||"|cat|un ai e punchid iumnsmri:::ml into the ape. This cony

10-3 MAGNETIC TAPE
Magnelie 13
pe has Pwcom - .
Auastiiles of infﬁrmaun;. £ Gne ui_ the most impuran melhod .
punched cards and punch‘edMagnﬂlc 1ape offeds a numba: Ii for sloring large
RLIEAEtE 1ape can be n:rranpdpﬂpw fape, One of e mey 'rr;1l|:h';'I ad?ﬂnr"'gﬂ et
murh Tagter (han wilh edbe and used over and aver. Readin r!aru is he facl thal
o tae-drve it wh.'.;hd her Cards or paper 1ape, However 'hH ard reconding anc
cards and paper lape 0: l:wh mere expensive ihen thr(-l ey requite the yse of
Chacactors on oni 2400t reel ther hand, 1t 1+ passible 6 siore up 0 used with
one ol 1he sysiem fé‘fluirz-mrn ol magnetic lape, and if & In hr.' L e 20 millon
vommonly. Magnetic lape nenls. the ute of magnenc lape f volume of data is
wide strip pf plastic with is wpplied on 2,400-1t reels Th(" “‘t‘f! justified, Mol
Data are revorded ,-;.I ra magnelic nxide coating on e Ilﬂﬂf‘ el it a Ya-in-
n he l2pe i sifle.
tape. The chanacls are labed pe in seven paratlel channels alung
the informarion rwmdt{;o ﬂ:‘ 1.2,4,8 A 8 and Cas m.;:.\""!‘ Ihe fength of the
n [ '
haes Sbates, B 05 oo 4 the: tape muyst be digital i fgem l"ham Fig. 10-5, Singe
A surpilidhied presenialf ¥ magnenzing spols on the Lape « « hat 15, theve must be
Tre magnelic spote a‘:‘ '?ef;nfdll:; wrile and read Dpf'itiu;.: !:in;‘:f Iwa dhireeLions.
shawn in Fi arded on the la wn in Fig. 10-7
g- 10-7a. W a : pe A% al PA Qwe . r
as shown in the frigure, a4 "r:u mw? pulse of current 1 applied 1o rhlhﬂ'“.'"“' head a5
wride head. As this B :l.itnﬁuc fiux is S861 up w3 cloCkwise ._-jl o -.-..fnlcuhmd coil,
thegezph the ovide -:1:r.:|'rf:1léI wes 1hrough the record gap. il spread u;{chun around the
ta;we to be magnetized w'::hl:: Ihe magnelic Lape. This causes b slghtly and passes
] 1
opnosite polarity is applicd .E,f’g'u”” sheawn in the bigure. Il aﬂc:!:::-:lamla an_the
magn:{:«;{.d in the ! : w5 selupin th i pulse of the
opy oo e Cppaiile direch
o e t:;}:l:;- dwection is recorded on Iheﬁ‘;p:: g r:mchlnlj. and a spot
preatiy exaqgerated in si n 2 digial fashion. The sty show us. il it possible 10
in the read operation rer lo show the ditectian of masn:;- u::-" in the figure are
a fluy in the readf head 5;[.:"1” in Fig. 10-74, a magnetired ;;u on clearly.
small valtage in the H‘M-rf tdr:' 130e pasws over e road oo !;hn he 12 sels up
2 fip-flop. Spots of t;D E,L_-! eoil which can s ﬂmr-F'li.L-z?tuF:H ¢ flux induces a
posile polarlies an the Lipw I”“'-lt'l 1 |rrl5r'~d b sed ue reset
LY 4] JEE" Df DrJ -
prrsHE

Fig. 1-6. Magnelic-1ape tode,
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»g" spot "y apal
r
‘—-4'&- e JL
Tape malion Tape 1ape motan
i
‘1
Recard .
g Wrie bead
¢ el ‘

.,—!-n-'- g aa pdn ﬁ i--lu "fd"'n"
4 1 ang O - ~ *

T Curicnt putees ! vl tage puhses

fa} fai

Tig- 107 - Mapreuc-tape recording and reading, W Wnit Cprraken. () Kead Dpeid

L.

wih 1% angd Os can be cenued, Ther? % one

ior each of the woven channcis on Lhe wpe. Typicaltr. peadfwrile

rradwrile fwead
ucted 1n pairs a& shywwn in Fig. 10-8. Thuys. Lhe write operalion €an
a recorded o Lapse are umes

peads e cansie
1[-¢heching operalioh, That 1. dat
and can be cheche] far waluduy.

e sel Lp 3% 4 5
diately read 2% they pass OVET the read gart i
A Cogmg SYSem il ar 1o that w10 punch data & cards 15 usel 0 FRCOE
niphanurneric information an jape. Each chatagr o Cupics oo potumn of beven
bats across the width of e tpe. Thi codr is showh i Fig. 10-6, Thete are bwo in-
dependent sysiems for chogking the val ey of the informatian slored on e Lape.
Tho fiest system ig a vertical panty bt which ¥ writlen in channel C of the 1205
This is calwed 2 Peharactor-t hpck bit” ane it wrdien in chaneel £ 1o EnsuUTe that all
characiess ar rt‘prr-u:'nted by an even T LS For oxampie the Intter A ¥%

potanilies in the read coil. and thus |

Wt gef Tapt a0 oA

R

Rrad 40
f

pag. 10-0. Magpoelic-tane
peadfwniie haatls,
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Fig. 1H12,  NRZ recording and reacling.

ws if the A owiput of e (ip-lop s
MU gaie, while the mther input is a

any tme when e dad being read is 5 0. Th
usd as b conlal sipnal at one inpul of an a
rlln-c.:c, the gutpd? of the 4mD gale is an exact replica of the tigptal daig oeing read
solice thal e clock ol be tarelHly synchianized wilh Ihr'* dalz 1rain [r?m-lhﬂl
reatt-heard wirding. Noticr also that the maximum rate of flux ch ‘ j
when recoiding ior readagy alwmate 15 antl Ox.

I compasing the with the R7 reconding mothods, y
rmethnd offers 1ne distino atlvanlage that the r
ane-half thal for RZ secorthing. Thys the readfrerite heads and associated eleciranics
cAn have reduced requiremeats for opetation at the w a1 e, af thiy are .ca. >ablt£‘
ol operating al twice the rale for the same pecifications. I

A w.fari:ltiun v this basic farm of MRS reconding is shown in Fig. 10-13. This
technigue is quite alten called “nan-return-o- zero-invered,” MWEZ ;in(r t;cz;tlt s
:m.rl Qs are recoreded at both the hagh and Jow saturation-current Ie-v:el.s The key to
tivis melhod of recarchng s that a 1 i sonsed whinover There is a [|-'|_::¢ cha: e
whether it e positive or nvﬂativg. H the reartwinding outpul v ke it m.1 1Iifﬁ*& .
e |~.|n.‘%r~r.lr-cl Wi the GR fate as shawn in the figure, the oulput of t|'w; g.alti: vtil!l b
Hm_u‘uumi tata trasm, Thoe ypper Schmitt rigger is sensilive anly 1o positove pulses
“-'Ihlllf‘ the loweer ane is senggive only 10 negative pulses. Both oulinuls of lhl;'.SF:_‘hl.ll.it;.
Ugers arc fw untiba palae artives, At his tine the AR B s 1asitive for a foaed
duration and goacraies the desired outpul pulse.

ANPES Qoours

U Can s that the NRZ
maximum rate of flux changes iy anly

Tig- 10-13. NRZ| re¢ordmg and reading.
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10-5 OTHER PERIPHERAL EQUIPMENT

A wide variety of pesipheral equipment has been develaped lor use wilh digiad
sysiems. Onldy a cursory description of sorme of the various equipment will be given
here, apd 1he reader is encouraged o study equipment of particular interest by con-
sulting the data manuals of the varsous manofaciurers. .

One of e simplest means of inpuiting informatian into a digital system is Ty the
use of switches, These swilches could be push-bution, loggle, ew., but the impar.
1ant thing 15 the fact that they are capabse of representing binary information. A row
of 10 switches could, for example, be switched 1o repeesent the 13 binary bits in a
10-k word,

senilarly, one of the simplest means of reading data out of a digital system is 1o
pul lights on the oulputs of the flipdlops in a storage register. Admitiedly, this is a
rather show means of communication, since the operator must convent the dis-
plaved binary data into somelhing more meaningful, Movertheless, this reprecenls
an inexpensive and practical means of communication between man and machine,

A mych moee sophistieated method for reading data oot of a digial syster is by
means of a Cathode-ray tabe. One 1ype of cathodr-ray fube used i5 very similar 1o
the Wwbe wied jn ascilloscopes, and the operation of the ke 13 nearly the sames,
The ueit is peceratly used to display curves representing infarmation which has

" been processed hy the syslem, and 3 camera can be atlached] 10 sume urits b pha-

togeaph the display for a permanent recoed, The information displayed might be 1he
transient response of an elecrical network or a guided-missile trajrclory,

A socond ype of cathode-ray tebw for display is eailed 2 “'charactron’” i has
the ability to display alphanumeric chataclers an the lace of the screen. This ube

_operiles by shooting an electron beam through 3 matrix fmaskl which has each of

the characlers cut in il As the beam passes irough the matds it is shaped inthe
fuem of tho characher through which it passes, and this shaped beam is then
kacused an the face of the «Croen, Since the aperation of M clectron beam is very
fas1, il is poesible 1o wrile infarmation on the face of the whe, and the uperator can
then rad the display,

Some telws of this 1ype which are weed in lage radar systerns have malsices with
the proper characters to disphay map Coordinates, Triendly aircralt, untriendly
arcralt, o, The operale thus =ees 4 display of the surrmynding ares compicte with
all airceaft, properly designated, in the vicinily, These systerns usually have an addi-
tiwnal arcossory called a “lhighs pen'™ which eralrtes the apetator W0 input informa-
Lo imlo the digilal sysles by placing the light pen oo the surfaoe of e tule and
activaling il. The operator ¢an do such things a5 Cxpand ai ares of inferest, request
information on an uwnidenfied flying object. and designate cerain aircrafl as
tnipcts. .

A sumewhal mars comman piece ol cquipment, bub fevertheless wselul when
largr: quastities of data are beng Fandled, v the prisder. Frinlers ane availlalle
which will print the apor date in ara'ghl hicary Torm, oclai form, or aif Lhe
alpivaumenc chatagiee, The Lyt al gnster has the abifiy to pont inlonsalion on
a 120 space dioe ab pales oot a fese Rosdied Lo wp 3 over 1200 loms, pev
muinbile. 3 he somples] peinkers are Comerted, oF Saecnnly macts eiecing iy pegiens
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The rasimum number of ¢haraclers that can be stared on Lhe tape is 2,400 = 17 %
550 = 100128 = 107, Whltiplying this by the utifization facior gives ’

CHAR = 160128 » 10* xE%= 3.0 =

10-4 DIGITAL RECORDING METHODS .

There are a number of methodls for recording data on 2 magnelic surface The
metharly lall into two general catrranes, called “relurn-1o-zerg™ and "nnﬁ-rl_:lurn-
tu-g:.-r:;_," ant they apva o magnelic-lape fecording a< well as recording on mag-
::LLT,;-:“:: ;:nlgl{:mt?:?l::!]rm tmagneticadisk and magreticbum siorage will be .

Ir revious seelion, il way stats thal digal mfermation could Tue recanded
i magnetic tape by magretizing spols on the luge wilh opposite nolaf'-'lf-ﬂ Thi
lype of recording s known 3t relutn-lo- 2vt0, or RZ for shart, recoreling Thrlh-t I:s
Ague o recording data an tape wsing Uiy mcthad s 10 apply a senics ul curreag
nuhu? o ln wirte-head winding as shown in Fig, 10-10. The current pulbses srr
coetespanding fluses in the write bead, as shawn in the Lgure. The SpOls M ﬂ{f
heotl on tlfr Lape hawe polanbes covespanding 16 the ::Iin:clicu;i of the Mux !:»gvt—
lurm, and it " nnly necpasary 1o change the direclion of the inpul Currend b wiile
Is o (%, Iolice that the inpul Curreat and the flux wavelo:m reium 10 a Fovo ref.
UL |?1'1w-:'('n individual s, Thys the term “relum, 10 zorp, "

Whenat is desioed 10 read the reconird infarmaton fram the1lape the ape iy
pa.swd. aver the rrarf heads anul the magaetized spots sedyce vn.'!.qj'c';'in lI'-c. ru.ldl-
vaik w-.nzlunp. as sl o the Tigoie, Notice 1hat thers i« somF‘wh.‘;l ol 3 prolilen
her, Since all the pulses have begth positive and negalne portions. Oae ‘rm-u-..[;.;j uf
tlelecting these levels peoperky 1« (o strphere 1he oulpul wavelorm, Thal is, .I [ uuu:ul-l

i 0 i LI+ I 1 1]
Revew ) .
Curfend pulyey "‘i—-]'_‘um‘_’—l_lﬂ—u—
Reeowd Hyw JH/——[\JHNJLV_ )
Head
hmdll'l,ﬂ ouLpul _[\h%%

Sirghe puises -J]_.:l_ﬂ_ﬂ_ﬂﬂ_ﬂ_lL_ﬂ_
1 4] ! I o] ] 1 4]
Readgate ) ] .

Frg. 0. . .
M g. 010 Reluemadu pero

recording and reachng.
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1 0 0 b 1 0 [ VR 1

‘| Read
winding oulput

*Jlﬁ‘—'\rr\f_‘l\f_’ﬂ/_

Fig. 10-11.  Giaved retum-lo-zero recording and reading.

vollage wavelorm is applied 10 one inpul of an a~D pale (alier being arnplified], and
a cigck or sirabe pulse & applied 10 The atber 30pul 1o the gate, The strabe pulte
must be very carehilly limed o ensure that it samples the oulpul wavelorm al the
proper Lime. This is one of the majot difficultics of this rppe of recording, and & s
theredte seldom used except on magnelc droms. On 2 magnenc diam, the sirobe
wavelorm can be recorded on ane track of the dewm, and thus the proper timng s
achieved,

A second hificulty with this type of recarding is the fact that bebwepn bits thers s
no record curtent, and us between the spols on the tape the magnetic sutlace is
randomly origated. This means 1hatl if a new recording, i e be macle gver ald data,
the new dats have 1o be recorded precisely on 1op of the old data, If they are not,
the old data will no1 be erased, and the tape will contain a conglomeration of infor-
mation, The tape could be erated by installing annthee set of arase heads, but this is

wosily and unnecesary.

A method for cuning Lhese probiems is 1o bias the record head with a gurment
whith will sajutate the Lape in cither one direclion of the other, In this syslem, a
current pulse of postive potatity is applied anly when 0 is desired Lo wrte a 1 on
the tape as shawn in Fig. 10-11, A1 all pihet times the ilus in the wiite heads is -
ficiert Lo magnelize (the pptire track in the O flirecwnn, Now, recarding dala over
olil dhata is net a prgblem since the Lape 15 effeclively eawed as i passes aver the
recrin] hirls, Borconer, the Liming is 0ot se cnleal sing e fis noE pernssany 1o recard
exaclly over the previnus data, When date aee recoreded in this fashion and then
plaved back, a puke appears at the ouiput of e read winding anly when a 1 has
eer recordec on the 1ape. This makes reading the infarmation irem the tape much
siopler,

Tre npa-telusmlo-rero, af WNRZ, recording Icchugue i a yvariatipn of the RZ
technigue where Uhe wilte currest pulses do gl relurn 1o some reference eve)
betwern bils. The MRZ recording Wechnique can be best explained by examining
the it ard-ryrrenl waveform shown in Fig. 10-12, hoiice Lhal the current is al +
while recrmrding 15 and at —) while seconding 0s. Since the cunent levels are always
at either 41 of =4 the recarding prolleme of the fiest RZ gysiem do oot 2xisl here,

Mohoe Lhat the volldye a1 the reachwinding output has & pulse oaly when the

ecorded dala change flom 2 1t a 0 of vier versd, Therelore, some means of
sesimy it regerded data is necessary [3e wher peaed operation, |1 the readswsondng
woltage is amphfict and wsed to sel o et s Nuyy-fiap s shiran in Lhe B, the A
side of the Flip T is Tugh during cach tme that o 1w Teing wead. i is Yow during

CT
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reprevinted by spolin channels 1, A, and 8. Sice this s onby three ols, an sdidi.
tignal spot s rcorded in chanael C to mainlein rven panily for thes charagier,

The worond sy4tem is the horizontal parily-checs et This iy sometimes referred
o as e loagiiehinal parly bir, ang of is written, when necda), ad the end of a
blow bk of infurmatinn ne record, The total numlse of e tecorded in each ¢hanne
is mrnitored, and ar the end of 3 record, a parity bit is wribien if necessary o koip
the total numbee of hits an evea oumber, These twe systems farm an evep parity
system, They could, of cowrsn, just as easily b implememed 1o farm an odd-prarily
sysiertn Information can also be iecorded on the tape in straight binary forpn. 16 1has
case, 3 3&-hit word 1 wridten agross the width of 1he tape in groups of six big, Ths
it roquires sin columns 10 recond one 16-by word,

The vertical spacing between the recarded spals on the lape is fxed by the posi.
tions of the readfwrite heads. Ehe horizontal spacing is a function of the tape speed
and the recording speed, Tope speods vary fvom 50 to 200 infs, byt 75 and 112.5
infs At guate common, . . T

The mammum rumber of chacaciers recorded dn 1 i of wape is calied the
Urecortiog densiy,” and iy a function of the Lipe speed and the Tate at whith
data anc supplicd bt winde head, Typical recarding droslios are 200, 555, snd
804 bits per indhe Thus i can be seen kol a2 lotal of 300 < 2400 % 12 =
2302 = 10* characters can by stared 0a one 2400001 reol of ape. Thes would
rrean that the data weuld have 1o be slored with no gaj's betweyn chasaciers or
groups aof characies -

For putposes of locanng infarrmalion oa tage, 1t % mas! common 1o recard indor.
malian i grouvps o tdecks called “roecords ™ In bebwecn reconds there i3 a blank,
space of tape calivd the “interrecond gap.”” This gap is 1ypic ally 3 0.7 5-in gpace of
bians tape, and s posiioned over the readfwrite hoads when the tape stops. The
inlerrecord gap pravides the shace necessary for the tape 1o Lome op to the propes
sprocd befare eegurling o reading of infrmation can take place. The talal aomber
of rharaciers recordind o alape is then also a fuaction of e rogared loogaib tar the
1ot number of infore ol gaps, since thew represent Llank space on the lepe,

The dala ay recomded an the Lape, including records tacloal datep and integrecouy
paps, can be represented as shown i Fig. 1009, 1 {here were no clerredongd gaps,
Ul total number of characters recorded could be found by mudiiphying the length of
the ape in inches by the recording densuty in characiers per inch. i§ the recned
wrere exacliy 1he same length as the intericcond gap, the Iﬂlﬂrisl,uragl" would e cul
it hall, Thus, it is desiralde o kecp the records as long as passible in onder W uswe
the tape most ellicienily, .

Fig. 10-9,

fecording data gn magnelc 1ape,
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i length of lape T0TH
termine the aclual siorage capacily of il I.]:e‘, (:oi:s.::: 113.‘!9 e::“ e
d one record gap 2% shown . .
posed of ond iwcord an

The lotal puml=s af

the lenpih of the fape. :
! ared over 3 O g i i he ¢haraclere 0
:csh:f:'::-:s that coulil be stored in this length of tape 15:25 s_uﬂ:hc:’ :‘ f:md e

. wln could be S0 in .

the reeord ¢ and the Ehﬁr::ﬂtﬂﬁl T{E:_dﬁmrrd in the gap i5 equal o 1 recanding
Tr ; ors which coulidl D N e

N zumllhr ;;T :i:l:l:li];:ltird by the Rap leppth G Thus the ttal numlxe af charact

*densily

1A 1} H wET) I Y R 1 (JD 1‘ B al.n I:IF ‘l L
gl [T IJ h(.' 5lﬂ1f_‘d i 1hih EE“ i ﬂ'l t”}t' b HI bl

. ) 54l -1”-,' FiN d 1 e [ E -u zaly
charad i Clu i Couid tPE' a :Ed tape Lily LEt]

od Riothe tenal ponsity
facior F and 1 given by

+

R

(10-1)
F=23CD

hrt wf
pe-ulilization factor shows that If lh!: tolal 1;!.:“1 o
i équ A to the numlier of tharaciers Whl;:h Coikh T,,._. o
: ' This wlilizalion (agtar CAR ue
124 yor rochaces b 0.5 _ o
) g, il lieation fac i . recarchng density
e l‘:'rllfr-m;r I Tolal storage Capaliy of 4 mapnebc e [ni t:c o om 3
. {er: ' \w: l !nﬁglh are knosen. Thus (he 1atal number ol £haraci
aru] thi Lo L

tape CHAR is given by

Eaamindton of L 1
characitrs in the prcord i%

WL T
CHAR = [DF ‘

here L length of ape, in . .
" 7 = recording density, characiee oo inch. .

i i feremmiuta 10 Ed
Far a stanilasd 2,400t ool of Tape having J D.?E-mvm::md gap, ihe [0

(10-3p retbe s L0

E +0.750

CHAR = (10-3)

Example 10-4 il datla are
What is the ol storage rapacity of a 2,400- reel of magnelic 1D 1

i d fength is 100
rocardest at a density of 556 charatters pre wch and the recor M

characiers!

Solutiomn

. JRELOLI
The el numlwer of chataclirs can b fnund wsing £q

2,400 % 12 X 556 % 300 _ 4 45 . 308 -
TTioD ¢ (0.5 ® 4551 >

LIHAR =

HFELE e, -
e checked by calonlating Ine Lapr-Ll 7 Asn fac

Fhus il ran
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kacwn ot Tcharacierala-taee printens” They ae iebatively slowe and operate al
spreede of 10 10 30 chatactors per sevond.

Amore sgpinislicared prisder is kingwn as the "line- 21 a-time prigdes™ singe an on-
tire Fime & 213 clhirac lers is grindd inoone operatgn, Thes fype ol prnter is capalie
of operation o rates of around 250 laes per minute.

Sornewhal Taster operation s possalile with machines which use o pring wherl,
The print-whee] prinler is composed of 1200 wheels, e e @ach pesition on 1he
line (@ be prinied, These wheels ralate comtinuowsly, antl when the proper chatacter
it undur the print positign a hamrmer siikes an inked ribbon against the paper,
which conlacls the raised character on the arist wheel, Wheel printors are capalste
of aperation at the rate of 1,250 fines per munate and have 4 M agacity nf
100 charar lors pey line,

Cne olher very imporlanl picee of peripherai eguipmaont is the eigtad pliodu,
These units are being vaed mure and maore in 4 widle varety of tasks, mcluding aus
lumatic. hratlig, rumerical contred, productinn abwark masters iwsed o masoface
ure wdcgealed wirculs), cliarls and graphs fof management imdormation, maps aned
contous, omedwcal dnfomaben, and fraflic apalysis, 15 well as 3 host of ofler
appinations. A somewdial livbrid forme of digital ploting is ot when the deggaal
oulput af a wysiran is converied 1o analog e wigilal-lg-asalog canyersiet s i
siljecd ol the nest chaptert to driver servomotors wohich position a cursor or poa, A
pece of graph paper is positioned on a flat ploting surface, and the pen s corsed
W rmove acrss the paper in eespanse o numbees received fram the digieal sysom,

Anetiver digilal picaling svsiom, which is inore tuly o digital plotios, makes vse of
ineliree lional stepping malnes o position 1he pon and thes plol e information on
praph papeer. I ahis system, which is known as 3 “digilal inerrmeatal plogter,’” the
mevesaty for digital lo-analog conversion b climingded. amd these sysiung are
wiatly less expersive and smaller in size, Digiral incremental ploltees g mp:ﬂﬂg-

of plotting incements a< wmall a4 GAN125 inand eder much greater acoetac o tha s
thee Dibarid macalel. Tunhermose, e (nalters e capable of ploding al the rate of
4'3 irds and presacing a complele systemn of annolation and labcling

16-6 TELETYPEWRITER. TERMINALS

il weletypwriter (TTY) i presentiy one of thwe most popular fepuliooiaet unts, A
Ti¥ s an mpordanl and veesable link between man and camputer, whether the
comprer is of the smallsscale genoral-pusgose tvpe, of 3 Lirge-scale rmodel used on
A tinwsshange fases, Qv common pracuee to wse a TIY ay a remmale lenminal con.
reclhe] o Laegeescale generalopurpose compyler vie tolephone Lnes, The wy
lunaee logie foveis 11 and O] used in the TTY and dhe computer can e pepresonied
@t vt distinel audio freguendics which aee then transtied aver wllone lines,
An g oustin donr coaier o used i conuncon with e [TY 1o transdade data frem
audr eeguencrs e g devely, and vice versa, The vential Conyuled can be
placecl 1n 4 comvenient site, A acCess ta the compoted via o TIY oelinal
bdeed ealy Dy e rsniremrent ar a telephone fine,

A TEY romsole vensisds ol b Basie keyboard for wping in wdoemedmn, and a4 pont-
NG ML RANIST R POnting aioenaiain oalpol oan the compler, Sany TTYs arg
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alse rqmun:ﬁ with a papor-lape punch, ane s wither inpa ti&:i ar oulpul data

rin pring e paper Lpe. »
”:.-':::l f::f;{::: TT"r'-.:-:'I usr an pighthole r.}unr'hn{] Papset lapH, ‘lqe;cr-‘r:i I:;; ,:g :-gn.;:
empl 1 shandardize on an al|1I\.1numor|c corle, and m.e:rfw;::‘;mjp..hu 4 Coae
far Informatinn Inlerehange (ASCHE is widely used, An g t~:|:; coe b ‘;||;hﬁj)..,-|.,‘
enmbinations, sulficiont 1o provide fcr bﬂ_1h UppeICase a-.‘und o .r ..Sigm“ -Eh,_'.
the 10 pamerals, and 2 number ol special characlers and contr .

ASCI g okt is hown in Table 10-1,

10-7 ENCODING AND DECODING MATRICES

[ L]
Encuding ond e ocing malnces are aften ysed fo alier the *n .n ;Zetﬂu?;di:mﬁ
petercrh intn or taken out of a sysem. A dﬂ:mlm_p. mate i :;:! o decode the
hinary infrermation in @ dligital system Ty f.hﬂngltr'!g il |:::; SOV
system. Fur cxmiple, 02 presvious chapter tha 'unn:L }Pp:k{*pd T
clocond] nt degimal form by means of AND };a'lﬂf" A 1h r'E'":"‘I“(' Aot ecs and
wsedl 1 dnye e bes, Encoding lnfthma.'Iu:m i5 just tne res ;-“ l,‘i,;ar.’- o
ctlil, for ewample, imalve ehanging decimal signals oo enuivae
g i a thigiral syslem, -

mrltf:-tr:ﬁr_lt::{.:.lf.ﬁgtl.{urw\r.lud way of :Jrcru:l:npt |51Eurm.1t|un i m@:ly_:n‘;ﬂn;[:?;lhﬁ
ned ssary AND gates, 3y was tlane lor ll_mr- ninie luk?(-n. th:: ;1 E,—,k;(. m.,,.,.l,;..:.f.n,m‘
guite simppe and 1y minst casily ad :.nrfuph&hwl Iy using t1| e lrumumer- A
fur e signals invelved. The decoeking ul’la inur-[]nF-loplgu ;“;[-,;p qm;q n o
amyple, require 16 foond-inipul AN RALCS, SUCE Ihf:u_ -ILFI." puim ’ ,..; AN
mise | Yy the foot flip-fleps, This 1ype al demd.-ng lnmu;-qu o .
where 1 1% the aumber of ip-fHaps, foe the -:'ump-r-]e docoding network.

[xample 10-5

Dirgwe hie 10 gales nocessary 10 clec il a fouedlip-liop counter

Solution
The RECESSAryY RS Can best ke implemented Ty usinjg a lrulh I.J::JE 10 deteranne
Lk noeeskaty gale copnections. The gales e shoawn in Fig. sd-1 4.

There is a second method of decnding which can hE' t.:drﬂlm reil::i:,: sraﬁv{::;:“;:
dionles, This methoil is referred to as “lree ﬂncmhng. ar s Lb:ﬁ:‘mr*_ﬂ o
af tre number of reguired diodes by Rrowpag the stales o cq E c,m codig
of the faus-llipflop coumer rlwcum:.r.l in the Wﬁllﬂut eu‘:.p ¢ can n_{ o
compnisheth by aeparding the counts into faut Eroupns. Trfﬁf' hl'\.“-lp ;m |,..~r¢[,.,'_
A5 6.7 BA 01 aml L2, 1014,15, l\.il."."-:lz that the .!1-; L.l}:;l. ﬁ(— i
t.lnp,uist;:*t.l Iy an ang pate w hose outprat e [0, The wc.-mt;l ..raufh -,‘ “;1 .mm "
group Iy DT, and 1he last grouq by €. Each nl these .u-t.uwi T;Jr_wmﬁ hen e
drvichred in half by using B or B These cight sobpronps €an i-;'\\or;., e e
it the Th Lounts by wmi A amd AL The compepte GRCo0TE 0 :

Tog 1015,

1T
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(ig. 10014, Fourflip-flop countet decoding,

A saving al B chiotdey has been achjoved, siney the prwmllls' drroding tr:1:u-n~:t-w
rounted &4 hiodes and this melhoe] oy fequites E.ﬁ' 'Ihc'_ saving 11 chinles here i
nl vory speclatulaf, bal the Constiuclion of 2 maters in this manner 19 dog nde fnr
fhp-Nops would 1osull in a saving of 40 iliodes. As the n-.,.lrnllwr of {lip-lops 1o be
decoded increases, the waving in dicdes increases Very rapeiy.

This typr ol decoding matrix does have the dsadvantage |h1a| the decodrd
signals must pass through moie 1nan gne el of g.l_tnf. lin the previous mothod the
signal pasis thiough enly ooc gatrt. The cutput signal fevel may therefone EUI-TI."I'
consitlerable reducting in amplitude. Fustheemore, There may be 3 speed hmilaion
thae 16 ther numbet ol gates theugh whicn ihe decowded signals musl pass.

A thind e of decoding Aetemrk i« known as a “halanced mt_mlt:phc.ﬂn-ﬂ
drcother.” This always resulls in the misatum sumiber af :hnde? required inr The
theerlipg process, The ifkea s mpch the wme a5 a ree docoder, »mc? fhe Ccounls W
bwr tlogodet oo dividlen inle groups, owewer, in this syslerm the- Lh!;:-lﬂup'- LAY
heconted] ate divided into grovps of twa, and the results are Wen combnned W gve
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the dessred oculput signals, To decode the fows Hipeflops discutved proviously, four
groups are formed by combining hip-dlops € and D just as lwtare, 1o addition, ip-
flops & and A are combined in a similar arraagoment, The gutpuls of thew right
gales are thea combined in 16 s gates 1o lorm the 16 oulpul signals. The (enalls
are showa in Fig. 10-16. It can Le seen that a Ltal of 48 diedes are reguired; a
saving of 16 dindes is then realized over the firgt method, while a saving of 8
diwdes is realized over the treg method, This scheme again has U sami disadvan-
tages of signal-bevel degradation and spred Hmilation as the tree docoder,

Encading a number is just the reverse of decoding, One of the simplest examples
of entoding wauld be the use of 3 thumbwhes! swalch G W0position switch)
which is used 10 enler data into a digial system, Tha operalar Can sol the owitch o
any one of 10 positions which represent decima! numbers, The output of the switch
is then transformed by a propes encoding matns whith changres the (lecimal
number 1o an equivalent binary number,

A enceling matric which changes a decimal number 1o an equivalent binary
number and stores it in a register is shown in Fig. 10-17. Setting the vwiteh 1o 4

*

Dredimal 2 nooding matriz, . '

Fig. 107

__.E‘.I\S;-—-R o
| _{Efﬁm,_
s —t——is
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Fig- 10-18, Another dedimal entodimg malris,

4

Pesilion nlaces a pasiive voltage on the ling eanncgied to hal posidion. Nolce thal
the K and 5 anput 1o each flip-llop 1 cesentially the wutpun of an os pale,

For ewampie, «f the swilch is =4 10 posstion 1, The diodes conneciod 1o thal line
have a hostne vallage on their plates fthey are therofare fonward-bigsed). Thas the
sl input 10 Dipellog A poes high w bide he resor irpuils to dlip-fiops A, C, and D po
hagh. This scis the indry rumber 0001 11 the flip-iope, where A s the isast sigmifi.
€ant il otice thal this encoding mat o requires 20 dictis. fAs might ke enpected
1L is passible 1 rduee the number of ddes refuired by combining the input I'unc:
1ons as wat done wih decoding matng 5. One method of doing thes is shown in

Fig. 10-18; at reprosents a saving of 7 diodes, since This schemp fequires only 1)
dioies.

o ——— e £ W ——— a1y Ry —
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Any encadler of decoder can be coanstrucied from basic gales as sbhowen in Uhis
wrectan. antt when only one or lwo functions are needred This mav pravide 1he bey
Ir hnique, However, a5 shown in Chap. 3, many ot the mare < pmmon decoding
functions are avadable as 4% s Examples are the 7341 o 74147} BCD-to.
decimal decoder deiver, the 7443 excess-3aa-gecimal decwler, the 7444 BCDHo-
severesyrnent decodles driver, and the 74185 1-06 10 tlecokler driver, There aee
numerts glhoes, and you are urged to consull manufacigren® data sheets Tor spe-
cific infurmasion,

Thiwe e adso g bew encoders available as MSD s —{or ewample, e Fagchsld
T8 ephtanpul prionty encoder, This unit acorpts eghl inputs and produces a
binary weiphted code of the highest-order output. Again, you should cansull spe.
cific manulacturers’ daja shoels for detaifed indnrmatian on encoders,

STUDY AIDS

Mmmiary

Punchor cands pravide gne of the mosl uweful anpd widely used media Tor sloding
Innary infoination, Each card is considered at a hlock or unit gf infgprmaton ard =
therefizre refermed 10 as 4 “unit record.” Furhermore, pund hd-cand equipment
lpunches, soners, readers, ete) s commonbky called “unig-record eguipment,”™

Alphanumernic informabion, as well 3y special characiers, can be punched into
caechs by naeans ol a code, The most commnn cnde ia uvwe 14 the Hollerndh code,

Aosirilar medium Tor dormation starape is panched paper tape, Alphanymene
amel special characiors are wecorded by perfaraling the tape arcording 10 2 code.
There are a number of codes, but the ane mosl commanky used (3 1he gghi-lole
code, A perdoraled role of paper tape s a continuous record and i thus distingt
from the unil record punched card).

for handling large quantities of information, magnet 1aEe s A mosl convenient
e nrtding medism, Magnetic 1ape offers thee advanlages of much higher processing
rte ] sl greater recording Qonsines, AAorcoves, magnehd 13 can be orased
and stk over and over,

This three most common methads for recoeading un magnehe Tape are the gluem-
to-reeen RL), the ann-retuen-ho-zera (MRBAL amd the nan-relurisan- fere-inveried
tNEA, The NRE and NEZ methods cffeclively erase or chean the lape auloma-
tically tunng the record aperation and thuy Fliminate oee o0 1he problems ol RZ
ecording. These iwo melhods also lead (hemeelees 1o higher recarding rades.

Encoding and deceding matrices larm an imparant part of inpul-ouipul equip-
menl, These matrices are generally werd 10 change infnemation frem gne form 1o
anpiner, for cnample, binary W0 actal, or fiaary 16 docimal, or decimal to hinan,

There s a wide variety ol digitad penpheral enuipmenl ncluding unil-regurd
rcquinmesl, prindess, Cathode-ray-lube displays, and pletiers, The choice of periph-
cral pquipment 1o 1 used with any sy<lsm ik a mapr engineering decision The
decision involves suabishing the sysiny requirements, studying the avadalse

- eqquipment, mireling with the equipment mdnolaciurees, and then making The

devision baved an oporationy! characleringics, delivery me, and cond.
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Gigyea ry

alghanumeric'informagnn  Inf i

; Al ormatinn compiased of the Jen ;

o puinbers, and special eharacters, F ® feters of the alphabes,

. One bosary digi.

L'har.ll;::!‘! m.k I;I:.lmbﬂr, iett_er, or symba! represenied by a combination ol bils,

decoubng maf's A matix used to alter the farmat of information 1aken from th
oulpul of 3 system, . om e

encoding mattix A malrix used 1o al ;
2 3 ; .
N0 A syslem, Bher the formal of information being entered

Halleath code The s f i
! ¥YSEM for representing information by i i

. .pn‘!s.cr;lmr maner in a punched cang, § ¥ punching koles in »
errered fuifn A llank piece of fape belwe ! i i

: en recordod
NRE  Nondacturn-ta-zem rrmrfhng.} . o inforaton
UR._H NaA-relrn-10- zera inveried recordirg.
rarity  The method of usng an addbonal punched hale {or magnetic spat for

Magrvclg recordings 10 cnsure that the Wtat
Tkt recording 1o cr al number ol holes (or spots) for sach

:'mrc:fir;;; density  The number of characlers recordedt per inch of tape
[ Il;:t Lraton facior The raio of the rumber of characiers attually recorded ta
i ”;.—Dr:;m:lum number of characters, that coutd be reCOrded
i purthed card represcnty a umil reco i . ]
it Uincamched card e | rd since each card cortaing a

feview Guestigns

1. Describe same of the problems of the man-machine iaterlace,
2, DPeserile a tymical puncbed card (size, number of columns, numbser of raws),
Y. Which rows are the zone punches on a punched card? -
1. Which rews are the.digit punches on a punched cands
What is the Hallerits code? Whal dows VIR 51T sgnifyi

a. Ifnw is binary informanion represended ona card: e, whal does a hole rep
resenl, and what does the absence of a hole represent

7. What is the meaning of unil record?

B. Name lwee pieces of unitr i i
L : -recatrd pevipheral ive 14
description of how they are used, P castement, and Bive » b

4. Descube Ine ewht-hole code used 16 punch IniOEMALON Nl paper Lape.

. Doscnbe b 1s and Ov aie ¢ i
- ccorded on
netic record hiad, magnelk tape by means of 4 mag:

1. i—!nw is alphanumeric information rpe utded on magnelic apel
2. blew is banary indnrmation recorded on magnelic tape

3. Eeplain the dual-parity sysiem used in magnetic-tape recording
Nl

- A —— e ALt — A gy —
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14. What is the puspase of an intetrecord gap on magnetic laped

15.  How can the pe-utitizalion factar be used to determine the tatal aumber of
fharaeters stored on 3 magnatic pel?

16, Describwe the aperation of the RZ recording method, What ace some of the dif-
ficullios with this systemd

17. Describe the operation of the NRZ recording method. What advantages doe<
this method ofer over RE recordingl

18. Describe the NRZI recarding icchnique,

19 why is a digital incremuental pioiler a true digital plotting system?

0. whal is the difference bepween an encoding and a dec oding matrixd

Frublems

19-1.  Make a sketch of a punched card and code your name, address, and social
security number using the Hollenth code. Use a dark spol 1o represent a hole.

10-2. Charge your soCial seCurily number 1o the aguivalent binary number. Make
a sieleh ol a punched card, and record this number on the card in the harizontal
Linary fashion,

10-3. Repeat Prob. 10.2, but record the number on the card in the verlical
fashion,

10-4, Assume that alphanumeric infarmation i$ being punt hed intn cands at he

rate of 250 cards per minute. If the Cards have an average of 63 characters each, at
what rate in chasaclers per second is the infarmation being processad!

10-5. Blake a thelch af a length of paper tape. Using the eight-hole code, record
your name, address, and social security number on the Lape. Use a datk spot 1o rep-
rescnl 4 hole,

10-6.  What length of paper Lapre is required for the stozage of £0,000 characlers ol
alphanumeric information using the eighl-hole code? Assume no tecord gaps.

10-7. Wit lengih of magnetic lape woutd v tequiced 10 store the infgTmation in
Proh, 106 il the recording densily o 509 lts per inch? Assume no record gas.

10-0.  Asseme Uhat dat are recorilod on magnesic sape a2 density of 200 Bils per
inch. 1 the record bength is 200 chatacters, and The interrecared gap is 0.75 i, what
iv the 1ape.utilization factor? Usng this scheme, how mapy characters can be
uned in 1,000 fi of tape?

10.9. Verily the solution o Prob. 10-8 above by using Eq. (10-3). %otice Lhal 1he
2,400 in the aquation must be replaced by 1,000, since Lt 1t e tape length

VielO, Repral Probs, 108 and 10-9 for a dersily of B0Q his e gk,

1011, Whal length of magselc lape is riquired to store 10% chacacters recarded
at a tensity of 00 bite per inch wilh a record length of 500 chitactesst



»

326 Cigital Pringiphes anck Appiications

H
11-3.  Vondy the voltage-outpul levels for the relwaonh of Fig, 13-5 usiag Miliman's
thegwem, Draw the eouivalenl Sircwils,

11-4,  Aswgme the divaeder i Prod, 11-2 bas +10 3V [ull-scale outpul, and ind the
lollowing: .

tay The change in ou'put valtige due Lo a change in the L33,

iby The owiput veltage for an input of 11071140

11-5. A 10-Lit resistive divider s constructed such thay the current through Lhe
LSE rovisdor is 100 pA. Determing the masiunum current that will low thiough the
MG rewsir, .

11-6, Whal is the (ull-seate output voltege of 2 sin-bal binary ladder if G = ¢V and
1=+ 10 ¥ What is it for an erghi-bo ladder!

15-7.  Find the cutpet vollage of g six-bit binamy ladder with the foliowing inputs:
1 101001,
Mo 13 Lt
ich 100,

11-B. Check the resubls of Proly, 11-7 by adding 1he individual Bi contabunons,

1%, Whal is the esolohon of a 12-01 A convener which uses 2 bipary
laddeed 1f the full-scale putpul is + 10 W, whal is the resolubinn in voli<?

1110, Hw many bus are seguired anoa binary ladder 10 achieve a resolution ol
! mVof ul] scale is +5 W1

11-11.  Fhrw many comparators are renuired o build a Nive-bit simuttaneaus AFD
canverlerf

1112, Rodlosign the encoding matiin and read gates of Tig, 11-20 using wann
pabes. '

1113, Find ihe following for 2 12-ba counter-lype Af3 tonverter using a 1-M417
Chak;

L Mawimun Conwrsa fime,

1) Aseraee Conversinm hme,

el MALITLM COMYersicn rale,

11-14,  What clock frerquency musl [ie wsed with a 100l coanicre-type A0 Lon.
senter i il Awesl be capabic of making at least 7000 comensions per second]

$1-1%, What is the converstn bme of a 12-hb sucoessive-approximalion- lype
AJD canverter weing a -5 o a?

11-14.  Whal i the conversion e of a 12-bil section countes type AID con-
werler wung a 1-8H7 clockd The counter is dwided inta three equal sections.

1117, Whal overall accurgey gould you reasanabiy espect front o 12-bit A/D
veamearrherd

11-10. What negeoe of resolution ¢an be oblained using 3 12 3ncoplical encorlee?
11-1%. Redesign the Gray-bo- ligary encoder in Fig 1132 using, sasD gates,

11-10. Hedes.gn the Gray-lo-inary encoder ]n\ﬂg. 11-32 wsing eaclusive-un
FEIT %
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There ic a large class of devices and syslems which are uselul as digital eleaests
bwecause of their magnetic Lehavier, A ferromagnetiec matetial ean be magnetized in
a parhicular direction by the application of a suualle magnelizing lorce (a magnelic
fux resulting from a curreal fowl, The material remaine magnetized 1 tnat dared-
tion afte the removal of the excilation, Application of 4 magnetizing force of Ine
opposile polarity will switch the material, and il will remain magretized in the op-
pasite direction after remaoval of the excination. Thus the abilay 1o sigre information
in two different states is available, aml o large class of Rinary slemenis has betn
devised using these principles. Inlins chapter we investigale a numiber of thewe
deviors and sysiems that mahke wse of Lhem,
Afier studying this chapter you should be able te

1. Hlustrale how magnetic cores are weed 1o slore binay informalion,
[xplain the fundameniad principles of a coincident-currenl memory.
3. Describe the operation of a semiconductor memory wsing either bnpolar o
MOS devices,
o
121 MAGNETIC CORES 0o

Ore of ike most widely wsod mageolic cioments is the mapnelic core, The typigal
core is igroidal (doughnut-shaped, as shownin Fig. 1241, ard is uswally consirucid
in one of two ways. The metghribbon care is consimucied by winding a sveny thin
metalic nbhbon gn a ceramic-core farm, A popular nbbon s Ye-mil-thek 4-79
mulyldenum.permaloy fkoawn av ultrathin nbbon), and a typical core might con.
sisd of 20 1rns af 1his (ibon wound on a 0.2in-diameter ceramic loem,

Frarle eares are construcird fiome a Lnely powedered  mixture of mageet i
wvariigd hivalenl mctals such A% MaEnesium or mapaae, and a Binler maivnad,
T puoseiber s peeseed inler e desired shappe ard Dred, Duting Tiring, 1he posdor
fused into 2 solid, huanogeneous, plycrysalling form, Forite coree such as the ane
conumonly constructed with 580 mil oulsade diametees aml 30 mil inade damatiee,

iz
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fig, 12=1.  Magnetic ¢ ore,

Feraite cores ean ba: constructed in smatlor dimensaans than metal-rilibon cores
anch wswally bave betler unifornity i dower codll Funthedmone, fernle cores
by pically bhavo resslivities greater than 100 l-om, which means adify curroat fosses
are repgligilae amed s core heating s reduced, For these reauons, they are widely
wsedh a5 1he principal memory or slarage elemends in larpe-scale dhgiad computors,

Metal-ribbon cares. on the aiber hand, have very goodd magnolic haracterislics
and generaily roquae a smaller dnving cuerend for switching, They we somewhat
benler bar the construction of logic eacuds and shift regiders,

The binary characieristics nf 2 core can be must rasily scon by pxamining the
hysireesiy curve for a ypeeal eore Hysteresis comes fram thy Greek word hysterein,
which means 1o 1ag behind, A magaetic core exhibils a [ag-bchind characieristic in
the hysteresis curve showa in Fig, 12-2a. In this figure, the magactic fux density B
is plotted a5 a function of the magnetic force H. However, singe the i densay B
v direg Uy propoclicnal 10 the Nus & and since the magnelc field 11 s directly
propottional 1o the current | producing it a plol of ¢ varws | is 4 curer of 1he same

fig. 12:2 Femte-gord hyslefesis curves, 1) Magnelic Tus dengity B versos magnetic
Leld H, (B Magnetc flux & veruaps current 1

B
ilB
|1 .

{at )

P

i

T T
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general shape. A plot of fhx inhe core & versus driving current 1 is shown in g,
12-2b. We shall base our discussion on this Curve since it is geacrally casied 10 14k
in lerms of these guantitics.

MNow, suppoet hat a cureenl sogre e b5 ol hed Lo the windings on e oo
shown in Fig. 12-1, and a positive currenl is appligd tcurrent fows indo the upper
terminal of the winding). This creales a flux it the core in the clockwie dincnon
shown in the ligure {remember the right-hand rofop, IF the drve cuerent i juy
slightly greater than 1, shown in Fig. 122, the operating point ol the care iy e
where helween points b and © on the ¢f curve, The magnulude of the Hux Can (hee
be read from the d axis in this figure.

U the diive cument is now remowed], the opesating ol moses song e )
curve lhrough poing b to paint o, The core Is now storing cnergy wili no input
signal, since there s a remaining or remanesd flyx in the core ai this poesl, This
propoely 14 known as remanence, and s point is known as o reneanmad pennr,

The repeated application of positive corrent pulses simply causes the aperating
paind to move bebweea points o and © on the G curve, Natice Thal e apredating
paint always comes 1o rest al paint o when all dejve correm is removed,

Il a negative drive currenl somewhal prealar than -1y is nowe apphiced 100 fhe
wimding fin 4 direction oppasite 16 that shown in Fig. 12-1), the operating point
moves rom d down through e and slops at a poial sammvhere beiween fand g oon
the o curve. At this poinlthe Aux has swilched in the core aned is now directed inoa
counterclockwise ¢irection in Fig. 12-1. H the drive curfenl is pow femnased, il
oparating poant Comes to rest at poind b on the & curve of Fig. 12-2. Nolito tha) the
flux has approdimaiely the same magnitude bl is the megative of whal ab was
previously, This indicates that the core has been magnetized i Ihe wpposite direce
Hot,

Repeatel applicalion of negalive drive currents will simply cause the operating,
paint 1o move between points g and b on the 37 curve, but the Tinal resting plage
wilh na applied current will be point A, Point k 1hen represents a secord (omanem
poinlon the @i Curve,

By way of summary, a core has o eemanent siates: paint F a'ter the application
of one ar mare poywitive curreat polsed, point b after the application of one or Moe
negative cureent pulses. For the core m Tig. 12-1, poinl d cormsponds 1o the core
magnetized with flux in a clockwise direction, and poini b correaponds 10 magne
lization with Mlun in the countenciockwise dineClan,

Example 12-1

Cores can be magnetized by viilizing the magnenic Gicld surrounding a current.car-
rring wire by simply ireading e Cores on the wire. For the tao possible curent
directions n the wire shown in Fig. 1223, whal are the corresponding direchons of
magnelization for 1he coret

Solution

Acconding o the night-hand rule, a curren? of +J magnetizes the core with the fluy

in a Clockwiee dired Lon around the core. A currenl of =1 magnelizes the core with
ok in 3 counterciocowise dires hon aroumd the core,
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L Fig. 122,

. B i% now guite easy to See how a3 magnehe cong is vsed as a binary storage device
e a digital system, The core bas two states, aad we can simply define ane af the
::miuas. an g Tand the gtbor stale as a @1 is pedfenily arhitrary which is which, but
bor U SCussion parpaoses e us defing point of a5 a 1 and point b as a 0, This m’elns
tf:mt A pesdave cunent wall tecard a1 aned resuin in ciog kwicn fus i the core in ll-'ip[
3)-;. A megatie chenl will feeoed 2 0 and resull in a counterclagckwise T in Ihl:‘l
e, .
W e have e mirans for recanding o wrding a 1 ar a 00 the care but we dio
r\_nl. a5 wet have any means af deecling the infgtmalian stored in e core, A ver
simypie e hnicgoe Bar aceomplishiog Lhis is 1o apple o Cyeront o the cane xa-l'llic'h -..-.-i:rlr
switch it 1o a wnewn slale and detect witether or not a large Tiux change nocurs
Consuder 1he coie shown in Fig V2.4, Application of a4 drive cugrent of =] wi1[
s tch the core to the O stale I the cote has a O stored an 11, the operating poial will
woiT holween poinds @ and foon he & curve (i 12-2), and a very smaall flus
Lnange will otcur, This smail change in fiux will imduce o very small wiltage across
the -i-{'r!-w-u.-'mding terminals, On ke other hand, il 1he core Bas a 7 swored oo, the
oprrating point will move from pount d e point b on the @) cune msuhingjin a
much lager dux charge in the care. This change io v will wnduce a much larger
voulage in the sonse windimg. and s Can thus detech 1he presence of 6 1.
To summirize, we can detect i conlents of a core by appivine A read pulie
wakh resets the core g the B slale. The ovlpul voluage 2t 1he sense winding is

Frig. 124, Senung the contents of a core.
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characiensucs, Magett Tied Higeotede)

much grealer when the cofe <Ontains a i than when @ containg a 0. We can
therelore detect a + by distinguishing between the twa output-vallage «igaals. lo-
tice that we could st the core by applying a read currenl of + 1 and detect the
larger output vollage at the sense winding as a 0,

The output vollage appessing at the semse winding for a 1ypical cort i also
shovan in Fig. 12-4. Noucr thal theee is 0 difference of aboul ¥ 1o 1 in output-vol-
tape amplijude hetwesn a 1 and a O gutput, Thus 3 1 can be delecied by using
simphe amyliuche diserimination in an amplilier, 1n large sysirms where many tores
are userl pa enmmon windings [such as he [argn mcmiory sysiems in eligrtal vome-
ptens] Lhe & output vollage may become cansiderably larger becguse of adidaive
effoc 1. Lo (Tis case, ampliludhe discriminalion is quite oivn used in combinaton
with a strbing Wechaique, Tven (hough the amplitwie ofihe O eutpul vollage may
incloase hecause af additee efens, the width al Mg autiut will mot incisase
appreciahly. This means that the aulpul-voliage signal will have decayed and wiihl
Jaer wrry sl before the 1 oulpud valtage has devayed, Thus if we wipalwe e road
arphilfices sume tirme after the applicabon of Lw reard pulse o cwarmple, elween
0.5 and 1.0 gs in Tig. 124}, 1hix shoud improve our detiee om abilily,

Tir twilching rime of 1he Core i5 commoniy definet! as the hime required for the
awput voliage lo go from 10 peroen? up through ds maeimum valee and bock
down 1@ 10 percent again cee Fig. 1241 The switrling timw for apy one cord s 2
{uncinn of the dinive curment as shown i Tig, 12:5. s evideni from thes curve that
an incregver drive current resuits 3 decreased swilching time, 1o ponedal, the
swilhing time for a core depends on the physical size of the tore, the typeof cone,
and the materials used in its conatructon, a4 well as the mannes in which il is ueed.
It will e suflicient fgr our PURMESCS 10 ko Lhal €Qres ane availalse with swilching
times [rom argund 0.1 25 vp 1o mithsoconds, wih diive currents of 100 mA 0 1 A,

12-2 MAGNETIC-CQORE LOGIC

Siew 1+ a maprelic Core (s a basic binary element. il Can B wand fnoa pumber of
ways o mpiemend logical funciians, Tecause af 1% inherent fugiiness, e Lore s
a particulady uscful Togical element i apptications whers envirmnmental fairemes
A e enced, for cxample. the temprealure extremes and radialuem eypuasiin ex
periea ek Uy space webicles,

Giew gt thyr Coe 15 essenlially 4 stann livgicn amed 118 ot os dehee el 3y el -
Liewg Vi prone e Te B <tate, any logic spserT WSINE (O kg maanly I a

w2
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Fig, 126, Basic mapretic-core lngm ¢loment,

dyrnamic system. The basis for using the core as a logical element is shown in Fig,
12-6. At inpet W the Sore 35 repeesented By o current of 4 at the inpur winding;
this sets 3 1 in the core magnetizes #oin 2 clockwise dirsction), An advance pulse
occurs sametire afiet Lthe input pu'se has disappeared. Logical operations are
carried out dunng the time the advence pulsec sppears at the advdnoe (roseh)
winding. At this vime the Core 15 foroed into the Q slate and a pulve appears at the
output winding only if the core previously stored a 1. The curienl in the awlpat
winding can then be vsed as the input e other Cores or other logical clements,

There 15 some energy boss in the core during switching, For this regson, the
outpat winding normally has more lms than either Lhe input or advance windings,
o that the output will be capable of driving one of more cures,

Motice Ihat 3 @ can be sel in the core by application of a2 carrent ol =1 3l the input
winding. Alternalively, a @ could be stored by a current of +) inig 1he undottexd side
of the input winding. The importent thing 1o notice is that either a | or a @ can be
stored in Lhe core by applicalion of a curren? 1o the proper lerminal of the input
winding.

Ta simpltfy our discussion and the logic diagrams, we shafl adopt the symbots lor
the core and %5 windings shown in Fig, 12-7. A pulse 3l the 1 input scts a 1 a0 The
core; a pufee al the O input s0t5 2 0 in the core; during the advonge pulss, 2 pulse
appems A he culpul ealy if the cone previously held a 3. Let us now cunsides
some of the basic logic unclions using the symbol shown in Tig. 12.740.

A meihod lor implementing the ok funclion is shewn in Tig. 12-8a. A curren?
putee 3t edher the X or ¥ inpuls sois a 1 oin the core, Sametime atter e it
pulsedsd have leen orminated, an acdvanoe pulss otcurs, 1 the core By beon et 1o
thie ! osiane, a poive aprears af e oulpod svindmg, Notice that this is waly an o8
brn HOn sinCe @ pu'se a1 cither e X of ¥ input or ok el a1 in the el

The method shown in Fig, 12-80 provides Ihe means for nhitaining the conyle-
ment 0f a variab’e, The ser ingut winding to the core has a 1 ingut. This means 1ha
dusing the inpul pulse time this windwg always has 3 _sol ioput cutient, 1F there is
po curics! 2t the X inpul fyigrilying X =0, the core is s, Then, when the advand s
il ncurs, a bappeats at the guipat, signifying that X e 1, On the atler haad, of

. —
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« Fig. 12-7. Magnetic-core logic element. (@) Core windings. b Logic symbal.

X = 1, 2 cusrend appear: at the X inpul duning the set time, and the eflects of the X
input current and the 1 input current Cancel one another. The care them renuahs in
the roset stase (recall that the care is reset during the advance pubel. In this case no
puise appears ar the output during the advance pu'se sine Ihe core previgusiy con-
tained 4 B. Thus the cutput represcnts X = 0,

The anD function can be implemented tsing a core as shown in Fig. 12-8¢. The
two inputs to the core are X angl ¥, and there are four possible combinations af
these two irputs. Lel's examine these input combinations in detail,

Mig. 128,  Basic core logic unctions, (4 of. {5 Complement. (€} an. () ExClusive-ot,

e |
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1. ¥=0.¥ =0 Gince X =), the tare canaot be set. Since Y =0, ¥ = 1 antl the
core will thon be recer, Thus this input ool dnation resets the goee anet i stars
af.

2, %=1} Y1 Sinee XmQ), the vore slill canmal e sel, Y= 1 and therefon:
f?==[1. In this inpul combination, there i3 po japul current in earher winding
and the care Cannet change shale, This the cone remaing in the 0 slele beeawse
of the provitus arfvance pulse,

3. x=1 Y= The current inothe & winging witl atieripl 1o set a 1onthe corn,
Howewor, Ve | and iy cunent wall atlemynt o reset the cose, These ao cur-
renls oflse! one gl aacd The coro thes not Change 0965 B renaing in the
0 state Boecawse of the previnus advance putse,

4. X=1Y=1 The current in the & windmg will set a 1 inthe core singe ¥ =D
and there @4 ne cwnend e ¥ owidieg, Thes (9% combingtion stores a 1 in
the corr,

In summary, the input X aso ¥ is the only combinaton which reau'ts ina 1 heng
stored in the core, Thys this i teuly a0 anp funclion.

An exclusive-or funclian can by implemenicd as shown in Fig. 12-BJ by oring
the pulputs 6f twe asn-lunction cores,

Example 12-2
Make a truth tably for the eaclusive.OR funetion shawr in Fig, 1284,

Salution -
Xt oA l iyJ X+ xv
oWy N ] a | 0
! Py oe I l !
TR 0 1
Vo | ¢ | u ; n
1

One ol 1he majer probberns of cwe logie Braomes apparncent in the operalion ol
the exclusive-r shown in Fig. 1200 Thiy is the mobfermn of the time peguined for
(he trloemation o skl clesan thee ling flom one core W e mexk, bor 1he wsglus
slvesge, ther inPuls )l ¥ oappeear al me q, o e AsS cores ane sl or resel al
this time. Antime 1) an gefvance pulse is applicd 1o the asp cores and st oty
are used w st The pE core. Then ot fine | oan gedeance polse is appticd 1w 1he o
cote angd the final oupa appears 1 shogdd be obyvioos lrom this discugsion that
the: operation te for pure Complwated hogic fum tons oy Decome oscossnely
fonp

Acwecomb bty wrh e Tepe of Togic iy e facn that Vie mpud pulsies pogs Dy
ot ety The saeme wadihe Tha e particuladly drue far functions such as the
COPLLal ) and Hae as, srmoas (fee Py shenats are 31 berwes Fegqoired? 1 O angcol
ome anuther, 1t is apparent thet o one of thye gt sigoals s wider than the wther,
the core may r ‘i oecroneaws da aler the dapul polses have disapeaied,

i — —R—

——— = mam—

Py —t ——dmr =
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You will recall that in order 10 switch A Core frony one wtate ta another 3 certain
mintmum cusrent [o 13 required, This is sometimes ppferred to a8 e solect curront,
The care arsangement shawn in Fig. 12.00 can e used to imptement an Ao fuac-
tior if the X aad ¥irputs are each limited 1o orme-ha 'l the select current ot I this
weat, the only lime the eore can be sot is whon Lotk © amd ¥ arg prosent, since i
is the anty time the Lo receives a [ull selet currem [, Cone lopic functinns can
lw consirag ed wsing the hatlselect Cutrerd idfea, Thiv idea is quile imporant; i
forrmis il basis of ane 1ype of Farpe-scale menory syslem which we discuss Lirgr in
this chapter. .

12-3  MAGNETIC-CORE SHIFT REGISTER

A revview of the provious section will ravesl 1hat & magnelic core’ exhibits ar least
twi of the majur CharaQienistics of a fhpdlop: first, o is & binaty device capalde oi
sharing hinary information; scoond, il is capabhe of being st or reset. Thus o wou'd
sem regsonalle 10 eapect that the core could be used 10 construcl & 5168 reg-ster
or a ring counter, Cores are indeed freguently vsed for these purposes, and in this
seClign we consider some 0¢ the pecessary precautions and 1echniguis,

The main idea imo'ves connecting the outpul of sach core 1o the input af the
nesl core. When 4 core is resel {or sen, the signal appeading at U Gutpus of thye
Core iy wsed to set for resel) the newt core. Such o conncchion Setween g coses,
called a “single-diode transfer loop,™ is shawn in Fig 12.0,

Thore are three majar prob'ems W overcume when using the singfe-gligde
transfer loop, The first prablem s the gain through the cote, This is simile o the
prol'em discussed previously, and the solgtion 15 the same, That is, 1he Tosses in
signal thraugh the core Can he overcome by constrpcting the autput winding with
mare terns than the input windieg, This ensures 1 e output stonal will hove sef-
ficivat amplitode W switch The nex) core,

The second prablen conCerns the palarity of the ouiput sipna's A signal appears
ot s quipet when the care is set ar when L vare is reset, 1hise twa signaly have
onpasite polarities, and vither is capable of switc hing e nest Core, 1 general, il 4
desirabie that only one of the twa outpol signals Yo wllective, and this can e
achivvied Ly the use of the diode shown in Fig 12-9, I th's figuee, the currend
produced i the output winding will go through the digde in the forwand dizection
fand thys sot the nest Coted when (he eore is reset from the § state ot O state, On

Fig. 1.9 Single-cipde traniler loop. 1) Chreuil. (5] Symbolic repeesentation.
- Advance ar feset wind. ng Do
cn
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Fig. 12.10. Four-core shilt tegistes, fa) Symbalic ehrouit, 15 ¥Ywavelarms,

this ather hantl, when the core is being set 10 the ¥ stale, the :I'Iiuclu weill r{u-wnl Lur-
tent Hysy in the oulput and thus the next cofe cannot L 5wuclhud, Netig = it the
apposdr sitwelion tould bre reatized by simply EVErsing the ol |1:u!4.-. . o
The thard progrtern arises from the [act l_hal redgtting core 2 |r1{1uuv.'.-..1 t|_|rriE r'|tr in
winding My which will pass through the dioike in the Eo..*ward d.“m.lm” anr |,m~:
vend sl @ 10 care 1, This Constitutes the transker of anrrnallnn |r:_ e rvu.:r‘st
direcion and is highly wnelesitatle, Forunately, the solution o !Ilw .I.ls': ;:rnt:;m
ot al paim resalzy inoa solution for thee probilem as well, Thn? i, 5'“!.!:.'N:{ :;
e windings than N, this reverse signal will net h.‘n-'g suffcient amp.;.u!t
wwilch core . Wih this understanding, of 1hel m;ictsmgre-dmde transfcr foap, et us
imestigate the operaban of a simphe core shify r_r."gts'.er.. et
A bawie magnetic.core shilt egister i syrnbaotic lu_rm is shr.?.vn in Fig.- I-.ﬂ' 1\:{
sels of advance windings are necesiary for shilting miarm.l:_!::-n down the line. ‘ ll
advance pubes ot yr allernately s shown in the {rpure, A, 15 connegled o mu‘u
and 3 and would e connecied 1o all add-numbered cores far a Largut Iogister. Ay 'y
connocied e Leey 2 and 4 and would he conrccted 10 al ﬂen-n.m‘!\bt'md Curvs. !r.
we assume That all coles are resct with the exception of cone 1, it 13 i.1l'Jrl l11.:tl 1ht.l
advanee pulses will shilt this 1 down the register {rony cofe ba con unll_l (LT \.I:r:.-t
oul fhee el wheny gore 3 T fewel TRE LReralinn is 4y lollyws: ““‘. firg A, puiso
renely core 1 atsid s sets o 2, This b faltowed by an Appulse welite 1 rescts l.i:l'L:
2 and thus sofs Core 3, Tl nEat A, garlse resels core ¥ oand sets (urel-‘., and Ii“
Itluwing Ay pruatste shills the b oul the end”” by u:ﬂ.ﬁinﬁ cory 4. Muotice thal HL‘I
rwo phases of advanoe pulss aee requieed, since B is not postible 10 501 0 CoRe
whiby aer aglvanue (o rosety fulag is present, . o
Fhi ot 0f ach Lo windmg can b raet! a5 an anpul o0 o amplifier W
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produce the wavelorms shown in Tig, 12-10b. Notice that after four advante polses
the 1 has been shilted complately through the register, and the outpul lines Jll
remain luw alter this ime,

The need for a two-phase clock o advance pulse system Could be eliminated
sorne delzy were inlrocdveed beraeen the autpul af sach core and the input of the
nuxt Core, Sunpose that 4 delay greater than the width of the advance pulyes wern
intreduced betwevn cach par of cares, In this case, it would be possilile o dave
Coity COre with the same advance pulse since the oulpul of say core could not ar-
rve af the input tn Lhe newt core wntl amer the advance pulse had diseppeared,

One method for inrpducing a delay between cores 1s shown in Fig. 12-11. The
advance.pulse amplitude is several imes the minimum requited 1o switch the cores
and will reset all Cores to the O state. I 3 core proviously contained a 0, Mo
switthing ocours and thus no signal appears 2t the output winding. O lhe other
hand, if a core previously contained a 1, current fows in the outpul winding ard
charges the capaciar, Same currert flows though the set winding of the new core,
Lt o135 smiat! because of the presence of the resistor; furthermare, 0 iy oserride'en
by the magndede of The advanoe pule, Howeyss, al the cessation of the agvance
pulnt, U remaing charged. Thus © discharges Ywough the inpul winding and £,
and sets core 2 o the 1 state,

In this wystern, the gnplitude of 1he advance pulues is not oo erivical, Lyt the
wicth eiyst Le miatched o the RC time constant of the loop. H she advance puas
are oo long, or alierngtively iF e BE e constant is 10 shoe, My Camaciiur will
discharge too much durmy the advance pulse time and will be incapobie of seling
the care at the cesaation of e advance pulse, The R time constant may Linnd the
upper reguency of operation; it shoold be noled, however, that reseting a cons ins
duces & curreat inils input windng in 2 direction which tends Lo distharge the
Lapacitor,

The arrargements we have diacussed here are ca'led one-core-per-hit Fogisiurs,
Three are numerous cther nwtheds (oo many 10 discuss bere] for mplementing

Fig. 1211, Care shift register using a capacitor 1ar delay bebween Cores,
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regiters and counters, and the reacter is referrerd 1o the neferences for mpre ad.
vanied mechmiques. Some ol the olher methods inClude pvo-core-per-hut systeras,
modifipd-advan v-pubsie gystems, modified-winding-core systems,  split-winding-
core sysloms, and curren]-rouling-transfer syslems,:

Example 12-3

Uaing core symibals and the capacior-orlay tocbnigue, drow the diagran for a
fowt-slage fing cnunier. Show the espected wavelonns,

Solution . -

A ring counter can be formed zam a simple shilt register by using the ouipul of the
fast core as L ingul for the first core, Such a system, along with the expected
wavelormy, iy shown in Fig, 1212,

12-4  COINCIDENT-CURRENT MEMORY

The core shisl iegister diccussed in the previous seclon wpgests the possiibity of
wrig, 4N array of inapnetic caces Tor stoong words of Binary information. For ex-
ampie, o 10-m cure shifl pegister coubd be ysed to stewe 3 10-tnt word, The opera-
gl would Lo swerial inlgrm, much like the 10-biL flip-lop shift register discu wed
earlurr, W weald, lovweeses T subyedt o e same syl Bnlations shaerved in the
serial Mlipeflop renster, That s, since each bl must I dowe the regisier fram
ok W Coare, bl perunres noclock periods o skl an melnl wend imo urooul of the reg.
wIrt, This shull tnwe may became excessively long in wome cases, and & lasler
method mosd s o deveinped. Much Tasler operation gan be achieved il the in-
frernanon is willen atn and read ot of the cones i a parallel mannes, Since ail
the bls are prcd esing simultanecusly an ealee word Can be ranslerred inonly ane

M. 12-12,  Fouestage nng counter for Exanple 12-3,
Advangt - - *
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-Cerded in switching ane of the 16 cares by selecung lwo of the input lines toe of
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L

BEnsd ouipul wire

Flg. 12-13. Magnelic-core coingidenl-Current memory.

clock period. A straight parallel systen would, however, require ome input wirt: and

one oulput wire Jor each care. For a lamge number of gores M Wolal number of

wires makes this arrangement impractical, angd same olher farm of cora selection

must he developed. , =1 MR
The most popular method for storing nary information in parallel form using

magrelic cores is the coincident-cusrent drive sysiem. Such memory sysrms are

widely uved in all iypes of digital sysiems rom small-scale spegial-purpote ma- |

chines up o large-srale digital computers. The hasie kles itwolves JrARGing Cores

in 3 matrx and using two hali-sefrcl curments; the melhad is shown inFig, 1211
The matrix consists of lwo sets of drive wires: the X drive wires iverticall and the

¥ drwve wires tharizontal), Motice thal cach core in Lhe maldix it thresded by ane X

wire and one ¥ wirg, Supposwe one half-selecl Curent il i applied 1o line X, and |

gne hali-select Curront Yaly it applicd 1o Hne ¥,. Then the core which s theraded

by Loth fines X, and ¥, will have a total of el + Yal, = i, passing teosuph ot and

it will switch slates. The remaiming cores whieh are lireaded by X, or ¥, will each ¢

receive onky Y, and they will theiefore nog switeh stales. Thus we have sue-

v

the X hnes and one of the ¥ ines. We designate the core that swiiched in this cave

a% core XY, since o was swicheed $y solecting lines X and ¥, The dosnation I
XY, is called the address of the core since it sprcifies its Incation, W can then {3
switch any core X,¥, Iocated at ackdress XY by applyng Yl (0 lines by and ¥,

For example, The core tocated in 1he lower righi-kand comer of the matns s at The
address XY, and can be swatched by sppiying Yala 1o lines X, aml Y,

- - - I
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In wecher that 1w seleeted core wall switch, the dieeclions of e half-ssbeel cur-
rons khough the X T aned thae ¥ line mwest Be addibiae e Ehe e dn P 12-53,
thes X seleo ] cureents st Jloss taronngghy the X Tines from e qop (oward $he bottam,
while the ¥ sehiect cuzreats floss thrdugh the ¥ lines from left 1o right, Applicainn of
the right-hand rule will demonsirare that curtents in Lhis direction switch the care
swch 1hat the core flus is in a clackwise direclion [looking fram the top). We define
tims a% swiatching the coze Lo the 1 aate, It is obviows, then, that reversing ihe direc-
tians of both the X amd ¥ line currenis will switch the core 1o the O state, Nolice that
W the X and ¥ line currents are ina subtraciive direction the seleciod core receives
Yaly — Waly = 0 and e rare does not change staie,

with this syslem we pow have the ahilily to swiich any une af Th cores by
s g any Iwr ol eight wares. Thas 18 a saving of 50 porcent over 1 dirccl pacatled
selerlwan syslern, This saving in inpul wins becomes cven more imprssive if we
valirge the exisling malriy 10 100 cores (3 sqeare matix with B toafts o each
sicie]. Inthis case, we are abile Ju weitch any one of 100 cores by selec Unp any two
of Galy 20 wires. This sepresents o redduction of 5 1o 1 over a strasght pargliel selec-
ban 4ysiem,

Al Lhis poind we neod o dewriggr & method of sensing the canlenis of o Core. Thas
€an be vy easiiy acomogtished by thivading nne sense wire thraugh ey core in
e nvalis, Sinee nndy mne care is seected Bwatched) at a time, any oyt oa the
senec wane will b tfue to the Changing of sate of 1he soleciod core, and we wil|
wnewy wehich cure it i singe the care address is proregquisiio 1 seloglion, Nalee that
e sense e passes Lhrgugh balfl he cores inonedieecnon anel hrodgh the other
B in the pposiie direclion, Thus the output signal may be eithor a postive or a
redalive ulwe, For this reasan, the oulput freen the senve wire s wsuatly amphifieck
drwd reclifivd o roduce an oulput pulse which always appears with the same
sl aruly,

Example 12-4

Frem Ibe ctandiwent of construction, (he core matsis i Fig 12-14 1« more con-
sedaal, Fapsinin tle e essary directions of hall-seiecl currents in e % aod ¥ linec
e e gperalion af the maths.

Solution .

Craee X, w0 ety simibar o thes proviously discussed matisoin Fig 12413 Thue a
currenl pusseng dosen Inrowgh X, and o the aght theaugh 1, wall sefcore €Y, 1o the
ielate. Toowt core XY, o the 1 state. cuerent nusl pass down through Lne ¥, but
currenl iast pase o the right o the ledt through line ¥, icheck wath the aghe
Ranf rufe), Prodevtling i thes fashion, we wre that core X1, % sinn’a? 1o XY,
Towrelore, curient s past throegh Gine ¥, freen Left o oph Sioulaily, e XY, s
saftibat I core &Y, and rurrenl mus therefare pass through fioe ¥, frem dght o
Wl In pererai, cunen! mgst pass o el oo el iorough the oddoumbered ¥
bavesg el Teown eag it e e Lwnwph ceen-aumbered ¥ ey,

N, s e parend st pacs Bom el e ight through ne ¥, i s casly amen
Lhal current mwsl s wiwvand] tnouph bie Ay 0 oedes ool coee XY, By an
arpumenl sinnlar i thal geven for e ¥ Liaes, current must pass dovdisand Hhrousl
the pefcl-apmberesd & Lines ool gpnwgndd 1hrough the evor-aombaered 8§ iines

el E— S e e e R -
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fig. 1214, Conngident-¢urren! memary malrix tone plane,

The matrix shown in Py 12-14 has one extra windoy which we bave not yet
eliscussed. This i the inlibit wirg, In osder to understand its operalinn and fundtion,
let us caamine the methods B writing infarmation inlo the matrix and reading in-
formation from 1he malrix,

Toowrile 2 1 in any core {Lhat is, 1o sl the core Lo the 1 state), 1l is oaly necessary
1a apply Yal, to the X and ¥ lines celectiog thal core address. Il we desired 10 write
aflin any core (that is. ol the core 1o Lhe B siale], we could vamply appiy 4 Cutrent
of ="l 16 the ¥ and ¥ lines selecting 1hal core adihiess. We ran alo wriie & 0 in
any core by making use nf the inhibt wire chosen in Fig. 1014, \We assume that
Al coros are imtially in the 0 vated Netice that dhe applicanon of ¥aly to this wim
i tve direcrion shova g Bhe Tigore results ina complete cane eflagion of the ¥ Tine
sulect cucrend it alsa tends oo canced an X Lipe curreml), Thws o owrde a © inoany
cire, itis only necessary In select the core in the same manner as if wnbing a 1, aml
ab the same tirme apply an inhibit cureeat ta the ishilut wite, The major reasan or
writing a 0 in this fashion will become clear when we uve these matie planes ta
form & compiede memory,

Toy summarize, we wnld a 1 inany core X7, bv applying Y260 o the select hines
Ay and Yy, & O can be wrillen in e same fashion by simply applving el o the
erttutsit lire At the same tmae (1 ol cores are iilially rese),

Tor read the idaematiop starncd oo ony Coee, wo simply apply =Yl | o e prognes ¥
A ¥ lines and detes? the iatpd onothe sense ware, Thoe st currents i =Y,
reset The core, ane o T core provieosly Tweld a1 aa ot pulee occoes, L the
coane e sly Fedeh a O, o rleaes ol sawifo T wedl nnr cnst b pro s dgaaeags,

Thos, Liven, 55 P evnppiedi crom cicnl-c uerenl sebeg o sy st e one plare,
Pershic et that reading Ihes imhatmatoen oul od the meemony esgdly s vomypieie loss of

r
L
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Fig. 12415, Complele caindident-current memory sysfem,

idormation liom the memary, since alt cores are resct during the read operalon,
Taus o refedrel 1o as a destructive reddout o DRO system, This matelx plane is used
L store one bitin a word, and il s necessary W use a of Ihese planes ta slore an
f-Luk wrd,

Acvemplen paralel eocedenf e rent menory spsbom o be Cogrstrucied ey
stagaetg e boue memory planes i the manner shawn in Fig, 12-15, All the ¥
drave fnes are coamoecied in sefes from plane o pline ad are ali e ¥ drve lines.
T The applicanon of Yl ta lines 1, and ¥, resuits moa selechon of core X, ¥, in
Butty pnane. In i fashion we can amoltaneously swlch nocores, whene i The
number ul planes. These i cores rejwesenl one word of p bits, For raamrple, the op
st uphl b be LSE, the avag i jhe o plane weould then be the second LSH,
sl s en: he botiom plane would theo hold the M5

Tooovad informatian lrom tye meopoey, we simply aggHy = Waly 10 Ihe proper
acliress amed sense e cuiputy on the o sense hnes, Kemeniluer thas realoul eesulls
i rescliny Al cores Lo the O s1aie, aoed Thus that word posilion an 1he memory s
Coareed 1o ail s, ’

Towule mforaatnya inlo the muenaey, we srnply ayly Yalo ta the pooper X and
¥ suech hoes, Thae will, hosmever, winte a bin cvery oore. 30 foe the cores in whrich
wiolesie o 0, we simwllantousy apply Male 0 the inhidef line. For enample, by
wrbe BOOT n e wgsaer Toar plames an P, 12215, wee apply Yal, to the propesr &
arel ¥l g gl the same e apgiy Wal W the datubiit Lines of 1he second and
I REINAICH

Tens oethed of ol assamees sl a0 coies wene aresdoasly s the O siale, Tor
ey feason al o omaen e delue g mesnuey Cyelel D memnory Cecie i fefmed
a el et alion fodowes] by 4 sveite operation, This «0r s W sy Tusd o
orvodes Ul all de coves are i the (0 sale dunng the wande operaion; secoil, o
provades the basis e gesigming o popdesirociive reddood [SORCH syshiem,

e
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It is quile inconvenien! to lose the daia siowed in the memory every time they are?
toad nul, For this reason, the NORO bag been developed. Gne meli':od lor ac-
complishang, this function is 1 read the informatien oul of the memory inte & tem-
porary storage register (lip-flops perhapst. The outputs of ll_wc I‘up—ﬁupslare l_hl‘n
usen| 1o drive the inhibit liaes dunng the wrice oparation which foilows tiahibil b
wriie 4 0 and do nat inhilil 1o weite o 1. Thus the basic memory cycle allows ug Lo
form an NDRE memary from a DRO memory.

¢

Exampie 12-5

Descipe how 4 conCidenl-gurtenl MERGry might be fonstructed if it mud be
capable of staring 1,024 twenly-bil words.

Solution

Sanco there ase 20 bits o each word, there musd [z 243 planes in the memorny (therr
is one plane foe each bill, 1 oo e siore 1,024 wonls, we cuulr.l make the planes
syuare, In this case, tach plane would conldn 1,044 cooes; :_1 waulcd b con-
structed with 32 rows and 32 columns since (IQZ4)YT mm (27517 = E‘ﬂ. 32 Ti'n_s
memary is then capable of storing 1.024 % 20 = 20,4&(.:: bils of ;I“Ifﬂll'mallﬂﬁ. T!,.fpli-
cally, a memon of this site might be consirucied ina 3.im cube, Molice ih.-\.llm Lhis
memony W have Lhe abilily to switch any ore of 2480 cores by cn.n:mmng.th.e
current bevils on only B4 wires (32 ¥ lines, 32Y linms, and 20 inkibe linesy, This 15
indece & modesd number of control lines

Example 12-6

Oevise a teans fur making the momony syslem in he provious example a NRQ
syslem.

Solutian

One method lor accomplishing this is shown in Fig. 12-16. The basic core atray
cnnsists ol wwenty 32-Ly-32 core planes, For convemence, only the three L5B
planes and the MS$B core qilane are shawn in the diapram, The wiring andl ppera.
tiewny Tor the other planes e thee samie, For clanty, the A and ¥ select [ines have 4.11.*-(1
et pmilted, The autpn snse lne of rach plane is fid inla a bipofar dmphfuur
which reclifios and amplilios the guipul so1hat 4 fasdive puise Jppears any WMe 3
set cate |5 reset 1o the O slate, A complete memory cycie consists of a riear pulue
fo'lnwed by a read pulue followed by a wirie pulse. The proper f""wf"',"“ are
shown in [ig. 12-17, The ciear pulse fust sets all Gip-fiops to the D slale tthis clead
pilse can be generated from the trailing edge of 1he wale pu!s-_e}. when the read
fine goes high, 2l the asn gates dnven by the bupobar ampliliers are pn.-.blr:cl.
Shevily alter the rise of the road [rulse, — %yl i appled 1o the X and ¥ lines desiy-
mating e alilness of Lhe worr o be roarl gul. Thig resels all cores in the wlm'llvnl
wortl o Lhe 1 $tate, aml any core wihich contained a3 will switch. Any cane which
s lches praerates a pulse on the sense fing wha h 1 amplified and apprars as a
positive pukse al the outpul of ene of tbe hpalar ampl.d oFS, Singe the road M:I:r
fates are rmabict, a positive puise a1 the oulpul oF Any Ampider pasues thrpuxh the
an gate and sets e T Top. Shorliy thrreafter Ihe halfselect currenty disapprar,
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Mi 1216, NORO sysiem for Erample 12-6.

the reid hine poos low, amd the (ip-Rops now contain the data swhwch were
proviousdy in the seiected cores, Sheely after the read line goet lows, the write line
cors tgh, and Lhis enables the weite AnD Rales Ronnecled 16 1he fohibad line
deverst, The 0 «ide of any fliplop which has 3 O dored in o s high, and 1his
rnables the wate asD gale e which iU is comnected. o this manncs aninhbat Cur-
reni is apphed 1o any core which previously held a 0. Sharlly after the rise of 1he
E-'r.-'tr' pulue, positive half-select cosrents are appled 1o the same X and ¥ lines,
e soloci cusrents w0l a 1.0 any core which doe pot have an ichibul cutoenl,
inus the informatinn siared in the firp-lops is writlen direcily ok i the coies
frarn whach il came. Tive hall-welect currendt are then rexdluced 16 rora. and the wrile
Line goex low, The {3l of Uw wrde line is wned 19 reel the ThpeGogs, and the seslem
i now ready Tor another readfwrie cye i

The DR memory systern deacussmd in the preceading cvample provades the
merans Tor readiag information from the dyslem withioul Tosny the wdoodual bils
siorcd 0 the cores, T have a complele memary syslem, we Mo bave e

o —————— P e
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big. 12-17. NDRO wavelurms for Fig. 12-16 {read from memaory).

-:.u:.;bihw L wrile information into the cores from some: external source [eg., input
dutal. The write aperation can be realized by making use of the exact same NDRO
wavelorms shawn in Fig. 12-17, wie must, howeves, add some additional gaies 0
the systean such that during 1be regd pulse the data set into the {fip-flops will b the
puternal data wo wish storet i the cores, This cowld easily be accomplhshed by add-
ing a stond sel of AnD gales which can ke ueed 10 set the ilip-Aops. The logic
eliggrurn for the complete memory systent is shoswn o Fig 12-18, For simplicily,
only the LS is shown since the 108G far every bl s identical,

For the complete memary system We Fecagnise that there are two dislinct opera-
tions. They are write inlo memory (e, slorg external data in the cores) and read
jrory memoey (i e, extrac) data from the cores W e used cisewheorel. For lhese b
aperationt we: must necessarily geaerate b thistinet sets of control wavelprms. The
wayvfaems for read from memory e exaclly those shown in Fig. 12-17, anl the
owenls ait ssmmanizedd as follows;

1. The clear pulse tesets afl ihp-fops. -
Dunng the read pubse, ali cures 3l the sebec el addoess are resed o @, and 1he
dats sored In them are transierced o the Gip-flops by means of the read 450
Bl

1. Duenng the wriie pulse, the dala beld in the fip-tops are stored bach in he
cores by appslying positive hall-select cuments e inhibil cunenls are Con-
olled by the 0 sides of 1he fiip-fiops and pravide the means of storirng 0% in the
Lras],

The write inlo memary wavelorms are cxacily [t same as shown in Fig. 12-17
wilh one cxgephion: thal is, the read pulse i replaced with the enter data pulsc.
The evenis for wrile info ety A shonay in Mg, 12-19, and are suran red A%
foltows:

1. Thw o fear pubie reseis all dlip Rops.

17, Diuring the enter data pulse, e neprabive hall-select curenls rewd afl coees al
the solreisl afdrew, The conr ouljuls are ool used, hawreer, sinty the et
AT} s are el enaliiaal Instsael, esterpal ¢dita ane wl Wt the fi-Eorps

thiinagh Thee medes asdr gakes

o
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Fig. 12-18. Complete MDRO memory system (L350 plane only),

3. Durng the write pulse, data held in the lip-fiops are stoced in the cores exactly
as belore.

in conclusinn, we see that wrile infg anemtoey and read from memary are exactly
{hes wame gperations witly the exgeption of the date siored o the dlip-flops. The
wavielornms are eaactly the same when 1be read and emter data pulses are used
agproprealely, and the same Wilal eyele e i roquined for cither operalion.

i oshowld be ponied ool that o numiber of difficuftics an: encountercd with Lhis
trire aal syskem Tiestof all, sing v the sonse wae in cach plane threads every core in
thal plane, a numbes of wodesined signals will be on the serse wire, These un-
desied signals are aoresuit of the faet 1hat many of the cores in the plane receive a
hasl-<eden ECuerent and thas enhilul a slighl Mo change,

The grometncal pativin of core arcangement and winng shown in Fig. 1213 rep-
Fesends an atenyd 1o awnirize 1he sense-line nouse by cancellanon, Foe example,
the spnals induced in the sease hoe by e X and ¥ drive curents would hopefully

Fig- 12-19. ADRO wavelorms los Fig. 12-78 {wnle inla memoryl.
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e cancelee aul since the toae line crosses these lines in the apposite direclion jhe
same number of imes. Furthermore, the sense bne is always at a 457 angie ta the X
and ¥ seloct lines, Simitarly, the agis siganals ideced in the sense line by the par-
lial swiching of vores receiving hallseledl currents should cancel ome angther.
This, bevaiwer, assumes that all cores are ideatical, which s hardly over true:

Anitba method for eliminaling noise due 16 Cores receiving ball-seieg! currenls
would by 10 have a core which exhilnls an absgiviely rectangular BH cunee an
shinwen in Fig. 12-204. In this case, & hall-select current would mowe 1be operating
moennl af the core perhaps from poinl 4 10 point b on the curve. However, since 1he
wop of the curve is horizontal, no Mux change would occur, and thereloie no wn-
desieed signal could b induced in e sense wire, This is an ideai curve, however,
and cannct be realized in aclual practice. 4 measure of core qualily is given by the
squaneness wdiio, which s defined 2

. B,
Squarcaess ratio = 2

This is the ratig of the llue density at the remanent point B, (e the flum densily at the
switching point B, and is shown graphically in Fig. 12-20b. The ideal value is, of
vourse, 1.0, hut vatues briween 0.9 and 1.0 are the hest abtainable.

12-5 MEMORY ADDRESSING

In ks SOCTan wer iestigales the e oe activaling the X and ¥ seled ian [ines
which supply the balkselert carrents for switching the eness an the memaoey. First of
all, since i iypically regqeires 100 10 8HF mA in each seiect line ithat is, 1. s
lepically Delween 100 amed 500 Al cach seloch line murst be drven by a cuores
amplifice, A speecial class of ransisars has been developed ior his porpose; teey
ave roferreel 1o as core teivers i data shoots, What is ther reeded 48w imeans lor
activaling (he proapuer were-gdooer arnprlifued,

Up 1o thus (onnd, wo have dosignated she X Loes 25 XL %, Xy, - .. LK. and the L4

fig. 12-20. Hiysteresis curves, ) Ideal, (b Pracucal realizablel,

"
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\ ..
lines ax ¥, ¥y Yo - - . . Y. FoOr a square malris, @ is the number of cores in each
revwe of cnluma, and there ace Lhen m® comes inoa plane, When the plapes ae ar-
ranged i slack of M planes, where M i the nombser of bnls ina word, we have a
memeory capratabe o Mg 0 M-kl wonds, Ay two seect lings can 1hen e used
1o read or wrde o wond i memoey, and e adedess of 1hal ward §s XV, where a
avdl b can be any pamber fom 1 1g 0. For exampe, XY, represents the column ol
cures At he Barecsechon of the Xy and ¥y select lings, and we can then say thal the
acliiress of Whic woil is 23, Notice that the first digat in tho aderess is the X hne and
the second dogit 15 the ¥ line, This is aembraey arkh cou'td be peversed,

This methad af address designation entails bl one problem: in a digital system
wo cdn Use only the numbe:s 1 oand 0. The problem is easily resgived. however,
sine o the address 23, for evample, can be represenied by 050 011 in Binary lorm, 1f
we use three bils foe the X hine position and 1theee bais Tor the Y line position, we cdn
then devignale tive addross ol any word in 3 moemory having & capacity of &4 words
ut iete. This s rasy 10 one, <ince with three bits se can represent sigh decimal
auntnr, which meant we can deline an 8 = 8 = &4 word memory. W we chose an
vigrt-lut address, four fuis for the X line and Tour als don 1Be Yiing, we coulil deling
a memony having 29 % 24 = 16 » 16 = 256 wonds. In gepenal, an address ol B bils
wan e s 1oodeiae @ sguare memory of 2% words, where Lhere are 442 bt for
the ¥ lines and 5722 Tugs bor the F lines, From this docussion il is eaty 10 wee why
g -l Conne slenkcument memory syMoms usually have o copacity whichs an
ey et of

Txample 12-7

Wit waddl v the structure of 1he binary adidoess far a memory system having a
cupracily af 1.0024 wordsf :

Solution

SorLe 2 e | 174 fese wousd have to be 10 buts o the address word. The drst frve
to e bre pnert by Gesipeate oee al he regquiced 32 X lines, and Lhe second five
v poull e wnd o designate one of the 32 Y lines.

F».umple_ 12-H

tor e memon sedem descnhod in e previoos example, what s the decimal
addliess e fhe 1gi.mwing binary addrowsest
LRI PR R N kY O
WO il
b LEF D DD

LYowution
Lt The first e bits are the X L weed coregspaand (oo the doeeimal sumbser 22,
Tt i onck T Bl ropresent e ¥ liae and corespond to the decimal number 5.
Sas Her address o LY .

i 11007, = 25, ane 01010, = 13, Thesclore, the addrees is 3,0,
[e] The address s XY,

& B bus uf the agdress ina typical digial yyuem are slored i a senes of fip.

—— e — — -

+ —

———r
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From address 7egaler

— .l

¢
-— [ N-hingy =
1 |

Xadecoder malres

i
, 1+--— AX-lines —-—E

f i

__t Xubine dovery,
[ 1" S — :
j | b z 1
From ¥ = 3
address Vﬂn devidet Y.:rnﬂ. 5 AT words B
regnler ity maleis ¥ of memory ]
| | I
k=
to——_ '

(g, 12-2%.  Coincident-current memory sddressing.

Bops called the “address registre.” The address in banary form st ties he
dre oo inlo decimal form in order ta dove ane of 1he X Line drivers and ane ol 1he
¥ Sine dover ampliiers as shown in T 128220, The X amd ¥ edecodding tnatrices
shown in the figue can bre idenlicel, and are essentially bunary-m-tleginnl
docnders, Binarp-lo-decimul docading and appropiiale maledces were ehecussegd 0
Chap, 14

12-6  SEMICONDUCTOR MEMORIES — BIPOLAR

Rocuced cast and size, improved relialility aned speed of operation, and ing reaved
packing density are among the lechaological arhances which have made wemicon-
ductor rremorics a reality o moddeen diginal systems, A bipaly memory is (B
strueted using the Tamiliar hipolar bansisha, while the MOS memony maes uwe of
thes MOSFFT, In this weclion we consider the characenstics ol bepolar sermcon-
Bt 101 memories; MO5 memgries are consklees] in (he newt section.

A moemory el is 2 unil capable of stonrg binary information; 1he basic memory
umil A tipodar semiconducior memery s L thyvBop flaich) shownin Bz, 1222,
Tre ool o tedeg oo by saising the X sclecd hine amd the ¥ select line; i sease ines
are gl retned thrpueh fow-osistance sense angdifuers 1o ground. i kv cel] con-
Liins o L, cuerenl is prosent in e 1 osense be, On the ather hanel, o the cell con-
Lains a0, cutrend is uesenl in Uwe 8 soose line,

Ter werite anformation e the ¢, the ¥ and ¥ sefect lines are held high, hehdiTg
thoe €3 wirnee i hipgh 1RV wehile e 1 sevbse line 1% grounded wrilgs 2 1 into ther
vl Adteinatively, hollag the 1 sevse ling high (+ Ve and the O senwe hre 30
arined suring a sebect writes a £ inte the cell, The hasic hipolar memory cell 0
Fap 12-21 can e usedd L store one lunary chgir (hin, and 1hus many werh colis are
fenue gl e BT A MIeTEDe.,

Sontern of ihe RS firpelitg tolls 0 Fig. 12-22 have been Arcanged i a +-by-4 ma-

oAl
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Top 12220 Wipoakar memory ¢ell cirewuit,

e b bam g Toswnedd by one-lil nwimesy in Lig, 12227, W ds refered Wooat a
ranclam accie memaory IRARMI since each bil (5 indwichialle adolressalie by ses
Ay one K Lire and one ¥iine, 1L is also a pondestred bable reailout since the read
s Wi Ot Al aien the slaie ul the selecied flip-tlop, This memony (omeos on a
sl serrigrducior chip bn a single packaged 3= shown in Figo 72-24a To con-
st Veweard memoy walh moge than one B per wond requires stacsing these
vniC unitt. For exampie, sivoof ese chips can be used 10 consirucl 3 16-wiord by
sl My as shpwn i Fig 12-24b, The X and ¥ adddresy lines aie all con-
rwectigd i paraiccl. The unile shgwn m Figs. 12223 and §7-24 ace eswentially
sliivaliont B i Tesas instruments 203 and Fairchild 93407 5033 ar 90313,

Example 1229
Lisirgl e ™34, eoplain how 1o construct o Tooward by 12-bat enemory, Whal

Al et o] et e V2l waed {formeel by e bils o cofumn 1 oanct row 1 of
ead el et

) x
solution

Cornegt Ba e Sheantd ny ovnednd memory planes in paraliel, The address
G Y Y Y, = 10001000 sweivcie the Jul in the Dirst oolomn apd the Jusl row of
vach plane {3 12-0 word represented by the veduca! column af 12 sl

Fro larger memnres, the anaropoate addeess devgding, diper amiplifoers, and
recMoenite o are abi comtrucled inoaosingle package. Such a g, for example, s
et Favnchudd 13405 —this is a 1,024 -word hy onehit readfeerite RAM. The lugic
goakiam s shown in T Y2250 Aa adideese of T bty require
LAty Ay, Agie A Al I oitan 1,024 words, T|'|.1li B, % D priviae 27 word

. - - i St
e % —— e e M T £ e ® S — A8 S T i R R o g o S T — g T - S = ———t. 4= T
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5, o—<r _--—l:J1 - }
ALY — Address “:"." é
LW — Wiae wput i Each yguare repitents
v x  — Sensr ouiput W, L ont il af worage

Fig. 1223 16-word 1-bil memary,

bor s, I Hus case, e 10 bt acddress is cheaded into hea groups of (o hls
eachs The Disl Twoe (A, AL AL Ay Al selecl a unmque doomas of 17 liney Erorm the
F-le-20 arnas The secot] Tivo Ay Ag An A Agh seloe D emag thy ane af the 52
proselecied bises forrearling oownbing Thea basic ueits are then slacked i pparal
el as shmwrn prmeanualy,; fownds prewido a memaors havieg 1024 words by s Lok,

Anallzer intueresling and wwelol lype of semiconductor memory is showen in Fig.
1.2- 30 This is 3 lupola V1L jead-omly memgry IRGR). The infrematien aored inoa
B can e soarl oun, Tl oew aninaatem cannot be wedlin dnie L Thus, the -
formabivn stoced s perminent monalu-c. ROMs Can be used 0 dore mathematical
thlos. cocks transhations, antd other fved date, The tog required for 2 RONY <
reneraliy simpler than that reguiret] Tor 2 readfo eite memory, anl the wnil showen n
Fag. v 2- 26 fequowalent tnoa TEO0 40 o Fanrcheld 935 344 propvaedes an pigtd-ing outpu?
woarsl T each Dy i:_l'l;'lu‘l Al Thieae are, of o, 32 wawns, since an
acleleess af tive Tuls prrom]es 38 wenrcks (2% = 4700
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Exampie 12-10

Horw many address bite are requined lor 2 123-word by fowe-bil ROM comirucied
mmilarky to the ynit in Fig. 12-261 How many memory Cells are there in Such a
unilf

P ot ne W T e e - n

Solution

W requires seveny address buls, since 27w 118, There would be 128 % 4 w512
memory Celis,

12-7  SEMICONDUCTOR MEMORIES —MOS

The basit gdievice used in thae construclion of an 2405 semicondut ior memary is the
FMOSFET. Both p-channel and nchanngd devices are available, The n-channel
MEmarics have sinpeer power eouiremenls, usualiy anby +V., and and quie com-
patibae with TIL since they are usually redorenced 1o ground and have psilive
signal levels up o + V.. The pochannel devices generally require two power-tupply
vellages and may requare signal inversion in oider 1o be compatible wilk TTL 8405
devices are somewhat simplor than Bipolar devices; as a rew't, MOS memonies can
b construciet] wilh imgre Bis on a chip, and they are generally loss eapenyive than
bigolar mumories. The intinsic Capacilance dswociated with an MO5 dovigu pen-
erally means that ;MO memories are slowet than ipaiar uiils, bul this ©apaci-
tance can be used 1o good advanlage, as we shall see,

Fig, 12-26.  3%0 it (32-word = B-Lit) ROM.
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— Fig. 12-17.

A RS fiip-fing constrocted wsing MOSFETs is showan in Ty 1227, 1L is a stan-
da-d mdabde Gt with (3, and @y as e bwo attive devices, and Gy and O,
acting a5 active pullups fessentally pesistancest, Gy and £ coypic e Thp-top
outpuls o the b e bees. This coll s constructed weing mecianned devices, and
st Liom s accmyplshe by Balding st e weeedd Line aoel e el sasbecd e high
V). TRE posiive vitage on dhe word line terns on (3, and (o gnd 1he postive
wodage in the b seleed ine tems on O and . Under thas condinon, the R flop
autputs are caupled taecily wothe g gueput amplifuer lgee ingi e is high, and
e et minst beaovel Cin the atber andd, data ean be sored inthe coll wlonil s
sececkd 1y applyng 1o O H Vo W ded al the daby dnpaut terminal. 1w basic
swmory ceil i Fig 12237 i weed 10 construct a L,024-b RAM having a logic
ciapraeny sarmibar 10 Fip V2223, This padicular umid i a 2602 as manufactlured by Sig-
aigs Corp,

A ey el wsing ploonanne) SAOSFETy is sheweern i T, [ 3228, 0 amil L2y are
the twp active devices Snrmeng e flip-flop, while O and €, acl as active luad
tesiirs The cenl s wlpcied by o low logie beved al the b selec input, This
woignes e coenh of ine fup-Hop oul b apgwnpoale amgifiers fas in Dg- 122271
Goatgh Oy and 12,

A slabe meony s Conapasee ol pis caalie of stonsg lnnaey mtonsaton in-
dehinately, Tor e e, The Bipobar e MOSET Soap-2np remaing sel ar ieset as long
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Fig. 12-28,

4% UIVET i5 apphieg b the civcuil Aleg, 3 Magnehc COre remams o r_:-r roset, mr-e;}.l
puwer is remaved, These basic memory cells are used 1o lorm a slrat.-c premony, n
the aflee hand, a dynamic memney is romprssed of moemory cobis s l:ﬂr'llent.‘.
1end 10 decay over a period af me (perhaps milliseconds |1:.' s:PfGndl-]j.l..hu:-, thgir
countents must be rostored irefreshed) pencdically. The leaky Capacdante as

. sociated with a MOSFET can be used to store charge, and this 15 tren the basic und

wsrl 1 form A dypamic reemory, (There art R dynamic lnpelar r'.‘f:mnm;'!-fbefause
thete is o suilalle infrinsic capagitance lor Charge storapc.l The neced for oxira

Fig. 1-19.  Basic dynamic memory cell,
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Fro 1230 1103 Dynamic RAM logic diagram,

ML SENas dnd e o periodcally reirgesh the dyramic memary is 3 disadyan-
lage, it the hugher <pecds and lower power dissipation, and therefare the in
Ciased teil dersdy, outweighs the disadvaniages. Nute that a thynamic rr;-m -
HeAeS ety oney whien readsng, woriling, or refresling ¢eliv. A pypical d .na: e
ety Sl sown iy Fig 12249 - e
ihe dvnam memory cell in Fig 12229 o constructed from pchanngl NMOSFETs
Tha gale capatianee (hown 2% 4 dotled capaciten is wsed a5 e basie A 1Y wt;
elu_-mr'nlt. Toowdite el the cell reauires holding the wete st a o luszic I;_r‘-:’-
th‘n A iwsw evel al e weite duta Bnpul chaiges the B CA LI AN e (Wb 0% . .In.r
fau: ceal Whth U write by el s, and a ligh logic lovel o4 al rhe u"u':j-.:; I
inpul, tlwl petler capaetang o s disenangedd (a s stored in e n-‘lllr | o
Taread homs e celi noguires hwicding 1he readf Bus fispun g hlm' fegic Il
.I.m- stiv Capacdance s chaeged loed contains a 1), the read doa line RO0s 10 _,..l,,;: .
i l_rw ool containy 4 Q. the reael data Lo remains low . . "
Int'. emeny ¢oitin D 12-29 is wsed by & number of canufacturees 1© constiuct
Lhe .‘.\'-.(Ilh','-u‘lﬂ Fid i 024-bnt ilvndumic RAM, The foge duagram is shm!.-;'l in i .
12-30. Reder 10 maoulaggrens’ data sheels for mare deta e opraling i.niurm.:tm?

12-8 MACNETIC-DRUM STORAGE

-‘~‘.=I|,'.rwllt COICS wlitk s oRdector devices armasged o Hacosdarensional foem
T 20 arlvan by, ey g mwemeafy Secieems, By far e most impwartand arbvanlape i
Et s:m’.-flnwlth which daty can bt wrien inig o pearl fom the Mmooy Syslem
This c}n-r:.l thp LS e, aned for care memony syslenmol iy sirmprly [he Iir.nq: ui
nn:: el e cye ) Thys e access pme is iheecily related 1 the clock, and Ly ph-
Ll values gee Do less than 1t 4 few mucrone gnds  Thow types of A

ety
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systems are said o e randomeaccess since any word in the memory €an e
seleeted ot randam, The primary disadvantage of this type of memary system s the
wost ol construction Tor the amounl of stotage available, As an rxample, recall that
4 magnetic tape is capable of staring farge quantities of clata at a relatively Tow Cost
per bl of storage, & typical tape wught be capable of storing up 1 20 million
characters, which corresponds o 120 millian bits (Chap, 1. To construct such a
memary with magnetic cores reguires about 3 million cores per plane, assuming
we yse g stack of 36 planes correspanding 1o a 36-E1 word, W is Quate easy [0 un.
dersiznd Lhe impracticality of consitucting such a system, What is npeded, then, iy
a system capable of storing information with less cost per hil but hawing a greater
capacity.

Such a system is Lhe magaelic-drum storage syytom, Thr basis of 4 magnelic
drum is a Cylindrical-shaped drum, the sudace of which has heon coated wodh o
magnelic matesial, The drum s rotated on its axis as shown in Fig- 1217, ant re
teadfwrite heads are uscd bty record information on the druni of resd infermation
fearn the from. Since the surfacn of e droa is mognetic, b eshilals rectangular-
hysieiesis-loop propeily anc can (s bee mapnetized, The prooess af recohing oe
he dium ¥ much the same as fot recording on magnetic 13pe, s discussed in
Chap. 10, and the wame methatls for recarding are commeonty usnd [ie, RS, NEE,
and NRZD. The data are recorled in tracks argund the circemiberence of 1the drum,
and there is one readiwnte head for each track. There are three major methords for
sloring, niormation on the drum surface; they are bil-serial. hil-pacaitel, and bit-
serial-pacaiiel.

in hit-serial recording, alt 1he its in one word are stored wequennally, side by
side, in one rack of The drum. Biserial siorage is shown in Fig. 12-32a. Slorage
densties of 200 o 1,000 Ints por in are lypicad for magneic diums, A typical deum
might lre 8 in in diameler anel thus have the capacily o sleie = = B in % 200 luts
wor in = 5024 bas in each wrack, Drems have bren construcied with anywhe
from 15 1o 4000 tracks, anrl @ spacing of 20 macks to the inch 15 typical, If we as
sume this particolas deum by o witle and has a lalal of 100 wagks, we we im-
mediaely that it has a storage capacily of 5,024 bais per teack » 100 lracks =

,“'hliﬁ:”/"';\
by
" il"'-. -

8 ‘\:\
AN \,E
1)

e
Rolalion %
o)
-/
bragk 2

Traga |

Fig. 12-31.  Magnebc-trum tlurae.

LE
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1 wurd of 16 bin

D).

Trata | Track 2 Trath 3

fa)

B3 b i 2 841 31, Bu 3% Rir3s

r
Tearn 3 Tragn 2 wie, Trach 35 Togc 3%

fisy 1 B0 characinr
.-‘—.:_-_._.._._\ 1 BEO word oF
2t 37 3t a2 36 characren
fel |

L+ - H
My L Mugnetic-dram Crganizalion, (a) Bit.

wh Mlverial praralie ilprige. el verage. b Bpacale Hoae.

3074 i i

nu-muﬂr? t:\::;; -:I?r?:tnnn. Cumpan_e this CApacity with jhat af 4 concudonl Cure
iy ﬂ,i;, o .J-, Eores an a 5-..;:_15 [fude 5 large core SYHEM) el (4 [ iyge
ey Core: CIMIrY hat a CIJPRCEH' of 3% x 20w v 262,144 buts, The grygr
luscrs d t W aLuLly considered small, qpe ruch lareer o ik
tuasirucled and gre now a0 use, ET Srms Bave been
Example 12-17

A Cenan magnetic diem iy 12 inan dizmeter angd 12 in

Cipatiy of the drum i there are 200
_ lraghs 3
00 ours per ind "d data 2

iong. What is the Horage
re recorded at 1 dens.ty of

Solution

Each frack has a copacity of 7 2 12 in o 508 by e

: 0w 15 840 bits, Sne e e
are 200 tracks, e drym has & I0%al capacity of 14 B ML There

B40 % 200 = 3,768,005 Ly,

. Inthe precediey evample, each track has the
WE LM 2 35Dl word, we Can stare ahaut 523
#re slored sequentially around (he drym, a

abaluy 1o siore alwoul 15,640 futs, If
worde in cachlraca. Since the wityds
rd since there g cnly one reaglape

e p——— kB h

"
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head ko Lhe rack, i is easy ta e that we may have to widl tea read any one weel,
That is, the drum is ratating, and the werd we wanl I reack may nod be under the
reai] head at the time we chooas b read 1k 1 may in fack bavre just passid andee the
head, and we will have o wail unld the drom compietes neaddy & full revoiulion

. Iwfore it is undee tha head again. This points out one of the majer disadvaniages af

the drum compared with the core storage. That is the problem of access hme, On
the average, we can assumd that we will have 10 wail the Lrne required lor the
drumn o complete one-hall a revolution. A drum is Dhus said 16 have restricted
acess,

Example 12-12

1f the drum in Example 12-11 rotates at a speed of 3,000 pm, whap is the average
access Lime for the drum?

Solution

3,000 rpm = 50 s, Thus the time lor one revelution is 1550 rpsi = 20 ms. Thus,
the dvergge access ime is one-hall (he time of one revelution, which is 10 ms.
Contrast this with a coincident-curreny core memory which hat a direct access Lime
of a few microseconds.

MNolice in the previoos sxample that il regueires a short pesiod of lime 10 read the
36 s of the word, since they appoar wader the read head one bit at a time in a
ser i fusbnn. The aclual LWme reguired is small compared with the arcess lime and
it found o be (20 myfrfi521 wiords per rackd @ 40 ps, This read 1ime Can be
reduted by stoning the data on the drum in a paraliel manner, as shown in Fig.
12-32b. . .

The average access time for bil-parallel storage I5 the same as' fpr bil-seria)
slerage, but it s possible to read and record informalion al a much lasler rale with
the bdit-parallel sysiem. Lot us use the drum in Example 12-11 once mare. Since
thre are 523 words armuegd erach track, and since the drum rotates ab 50 rps, we
can el for writey 3270 wardy g pevolation X S0 rps = 20,150 words pes second,
If the ¢lata were slored w paradiod Lashion, we Ccould read (o wnitel at 36 times thig
rate, OF ata rale of 18,840 words pee revolution X 50 rps s 94 2,000 words per sec-
and. We would, of courw, arange to have the number of racks on the deum an
ewen multiphe of the number of bats in a word, For example, with a 36-bil word we
might use a drum having 36 or 72 or 108 racks.

A third metbod for recorchmg data on a drom is called “biserial-paratiel.”” The
methed iy shown in Fig. 12-32¢ and is commenly used for storing 3CD informa-
o, The access angl reddl {or st bmes are a combination of 1he serial and paral-
lel Limes, O BCD characer vcoupies one bit in each of faur adjacent tracks,
Thus, pvery Toue fracks mught e called a "hand,” and cach BCO ¢haracter oc-
Cupies one space in the band, H there are 36 BCD chafacters in a word, we can
stores 521 words on the drym of Exarmple 12-11. ;

Quite ofien the access wne is speeded up by the addiion of eatra readfwrite

heads aound the drum. For examipie, we might use wo sets of heads placed on U

oposte sides of the drum This woold obviously cut the aceess bme in hall. Alzer-

C
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Aalively, woe might use three sely of beady arramged around the dium at 1207 angles.
This weru'd rethure the aco ess 1ine by ome-thind,

Sincu woing on and epacing from Lhe droe mugt be very carefully Wmed, one
trach 1 the druen s usually rescrved s o liming trach O this rack, a series of
tipning pulses & permapently recartdeg and is used 19 wnchronize the wre and
read cperations. For the deum discussed in Example 12-11, there are 523 words in
ezch btk around 1he circumference nf the drasm, We onght then mecand a series of
1523 cqually spaced timing marks around the circomierence ol the timing rack.
tach pulse would then desigriaie the readd o wrete posalion for 3 word on the diom,

5TUDY AIDS

Summary

A wide vatiety of magnenic divices can be used as binary devices in digind
systemd, Dy bar the maost widely uwed s the magnetic core, Cores can be used to
imph-menl vanous logic funciinns swch as asw, 08, and woT, amt more comp'i-
ated lungtions an be formed from combinanans of these basic Sircuils, Magnetc.
coee shult registers and ring Couners can be constrygted by uving the single-diode

Crgnsiet loop beween cores sagneticcone loge is panicutarly waeiud in applica-
tigns experivnd ing environmegdi] osirenies.

[nret i avcess memories with wery Tasl access Dimes Can be canveniently Con-
struched wying ethor mapgnetic cors or ansistars. The faosl popitar method for
comirucling these memones byt coanciclent-curpent 16 lindguie, Memoeies con-
structed using cores are inherently DRO-ype memories Lut can ke Wanstormed
intg NORO memories by the addaon of external logic.

semicondudlor memaories Consteat ed from Bipolar tranastars or MOSFETs are
availalfy Ripolar memodies ard staiic memories, el are availaile 3y -andom-
acorsy RN, ar as complete reathwrite ungls, MOS momories Can be either slanic
o dynand, amd are availalile as RAR

sagnelic drums and disksarovitde larger storape capacities a1 a lower Cost per il
than core g memorivs, They do, however, offer the disacdvantape of inereacnd
dro sy lime,

Clossary

acceys L For a coimCident-coment memory, 1t 5 the bme nsquire! for one
readiwiile cycle. tn general, it s the time requined 16 whie une word into
memary oF 1o read one word [Fom memaory,

adddfeeas  Aoseriog of binary digity vsed 12 specdy The lacaton of & word stored in a
TG .

corn wlenrcurent welpriiun The eohaigue of applying Y4, on each of ha o lipe,
Prasiongs Haraaet o pragnetic e i such 3wy that the net carrene of 1y, sl
wn iy boab e

DRO Lhestrin give reactout,

Cemats ey A meemdry whose contents must b restores] periodicaly,

hyateresis Boerned from the Creek weord hystorein, which means o lza behingd.

Pyvaterespy Canve Genpeally 3 plot ol magnetic fus densily B verus magnelic lorge

——

e e mmrwd e T R e ——
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H. Can also refer to he plot of magnetic flux & versus magnelizing cunent |

memary cptle 1R a coincident-Cyrreal memory system, a read opetatinn followed

by a verite opovation.

MR Muelesiiyelive readout,
RAM  Randomiaccess memory,

ROM  Read-anly mermary,

-

s.f-.'en currenl L, The minimum current required to switch magmelic device.
single-diode ranslor Joop A method of coupling the outoul pr one magactic core

w e inpt of the neat magnetic core,

WHIArevesy fali0 A measyre of core quality. From the hysteres's Curve, it is the

ratic B.fl,.

stalic memory A memory capable of storing binary informatign inetefinitely,

Heview {frestinn

fh.

10,

12.

13

14.

16,
17.

da B

Mamierone addvantage of 2 feriie Core over & metal-ribbon LY
Name one advantage of a metal-ribban core over a femle core,
Drescrilae the method for detecting a storee 1 in 4 COHe.

".*.'h-.-’ is 4 strobing lechnique aften used o detect The oulpul al 3 switsheed
COLY

How s goore swatching time 1, affecied by the switching currini?

[.::p".mn '.-.-hl'.-' more complicated logic funtlions using cores can lead 16 pxoes.
SIVE OMTUrating times.

Whal is the purpose of the diode in the singlt:-dl'ude transfer lount
Why it & detay in signal tansler berween cores desired!

Explain how the R and € in Fig. 12-11 introduce a dolay in sienal _
Fretvr0n Cores & uLe ay i signal transfer

[ wpliin [!H' eration of IRG sinse wire ind mMARNSEC-Cute matrin planc, Why
5L il do fhiread every core inghe plang with the LA werg?

Exlp1.1ir1 hqw it is possihle 10 store a O in 2 coinCident-€ preent MRy CGrp
Usiivg the inhilait line.

Why s 3 basic cotncident-curreny core memony inhberently & OR0-npe
sy s

in the lasic memory ytle lor a coincident-current core menvary WSl “'h"'C;,
muisl the reddd wperation come Befure the wrile operation? 4
Lo

What iy Ihuu'1 thiferent e raeen the wne inn Memery and thye read frang
IUEIEE p Tey Tor a8 Coinr i begog unienl e NGy Sy siemnd

Explaivi i meaning of the 'y “bd-wired by cight.hit stalic RAM"
Wy e thew g dynam’c bapular memariesq

What durs i mean ta “refreh” a dynamic memory ]
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18. Descrile e fhiference belweon random-acoess and reskricioghaccoss mens
orl e,

19, Dewoolae tbe advantages of wiing a magnetic-dronm storage sysiem,

Mrolien

12-1. Draw o Wyreal hysteresis Curer loe 3 core, and show the o remancnd
[ELEA LN

12.2, Shewe graptoe 3iy oo a §f Cune the path of 190 oporating point as the Cons
15 swatched from a1 lo a 0. Repea for switching frem a O toa 1.

372-3. Draw the swmbol for a magneuic-core logic element, and cydain the func-
tnn of cach windng,.

123, Mg o owid of wavelorms showing how the exclusiveeor circunl of Fag,

P 2 must aprerdle iolice it requares anly lwo clocks which aro spaced 180° oul
Ll e, -

Tda. Dy aorgioedinde tronsfier loop elweon v cores, amd esplain o8 2nra-
e U sl e,

1246, Moo oy bemang and the wavelorms for a core npg counler which pra-
vides sevon outpd jruferes,

12-7. Draw g skebch and explain how @ core can be switched by the congident.
currenl muthegl,

18, Make o sheich similar w0 D, E2-15 showing a lhregsdinmensional <o
Ty capalae of stanrg 100 ten-ba werds Show all inpol and cutpet e
Ciarhy,

1249, Dewie e geomeiry of a cpincdentcurrent core memon, capabie ol
wagiing 4096 1hiftp-tix-ml words e, how many planes, how many cores per
phary, e,

Vit Flow ety s Can b stared e 1he memasy i Proby, 12.59¢

12-11. How anany candrpd lines ane denquireed for e menaty an Propbs. 12297

Pt Shis peapisically the meaning of squareness ratw for o magrmic care, el
g il imparlanee for magnetic-cone memories,

i2-1Y. Dewrnldw o struciure lor Ine address which could be used for e memory
of Prab, 12-9,

1214, 3o cenin core mentoey is composed of square miateees, whag i tie weord
capacity W the adaress is 12 Bimary aigisd

1A e ey bele pre reguired 0 the adeeess of 2 20ownrd Ly ane-bu
reaudfeenite lipotar KAMS

12-16. Draw o powarily of the siored charge on the galp capacilange shown in
re basic dynamic memon, cell in Fig, 12-19, ’

——

——
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12-17. whal s liw_- bil-d orage capaciy of Imqgnolir, drum 10 i in diameien H
data are stored with a density of 200 trits per inin 20 tracks?

12.18, Whal would e the diameler of a magmelic drum Lapabie of f:-::--tin:f ﬂa h:t[:
lhirty-;i.;-bu wiords il there are 10 iracas and data are wored bil-senal o
per int | g
12-19. wWhal is the avErage aress b Toer the cllrum v Mruln, 12{15 ||r_|i ;3:-..1;[ ;{
16 DL'I'LI} rprnd W¥hat could be dang o seduce this aceess lune by & 14t

12-20. For the drum, in Proh. 12-18, at wha il rate musl data b mowed i,
read or wnlch if the drum rolates a1 36,000 rpmi *

0



Introduction to
Digital Computers

The digital principles discussed n the previous chaplers have been ukilized 1o
Govise a greal many different digital sysems, The applivatuns are many aod varied,
They inchude wample sydems weh as counters and diginal clocks, and mute tie-
phex applications such as digital voitnwiers, AfE) convernicr, frequency counlers,
and time-peniod measuning sysiems Among the mosd spphasticated digital syitems
devised are digilal compoters, incluchrg special-puspuse machines, small peneals
purpesn compuiers ek as the Mpital Equipment Car. POP-a/E, and L
general-purpose computers Buch as the (RS 360 and 3740 systamsk, in this gk
we cansider same of The basic principles comingn o diginal compuler sysivms,
Alter studying this chapier you should 1 able to

1. Siate the differeace between a spraal purree and a genecal purpose digaial
COmpruber, .

2. [hscuss Lhe & main Dlocks oo geeeral porpose £omputer,

1. Wrilea sinale Compiies progran using, meemenic fole,

4.1 BASIC CLOCKS

The aperatian ar coatrol ol a elipgial system can be lassified in twa poneral cat
v poeies — synchrones and asynchrpmous, Inoa synchronnus sysiem thee Fhpe Mg
are controtled by the system clock and can Lhorefare change siates onlky whu the
clock changes stabe, Thewelore, al! the fhp-dlops and logic gatns chanpe lewihs an
tirne jr in syachrpnsm) wuh the cloch, An esample of such a symchronmgs wHem
s the paralle! counter construcled wirsg the masiedslave clocked Tlip-flops ¥ thie
raunter, 1he fipsBujs can change she only whon e clock pocs fov and 2 e
et 1o [rmeale v Lhat a syskem coulel Tue conslrugtoc such Wt the fp-lives winiil
Chanpe stane whwn the clock goes Tught, Ca e cther hand, inoan awer e
sywhemt fhe flr-Elops are cantrelier] by ewvpts wbric b orour ar faneloen fimees TFys

Ty
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- _.I ;4— Clack eyele Limme

SRR

big- 141, Bas sysiem clock,

e 5 Moy gy change s1a%s 31 ran
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--[ |._.—Clu:h Ly gle Lhne
&)

tlisen arek wee no in S e with any

ming sienal such asa cloch, An exsample of such a sysjom Might e Lw opeeation

of & ush Bution by a human 0T aler,

Depression oi the push butlon would Canse

2 Hip-fiop 19 rhange sate. Saqce the BRSTAtOr Can dopress the butian a1 Ny Ure he
of ~hee dlyites, the ipflop woyld Change shates al wme random Lme, o ihis 4
meeeioe an aynchionous eperion. Mas large-scaie digital systeny ppezate in
L svnelyrengus mede; i you give 3 life thaugl to 1he checkm wid, mginte.
e of Wl syviem, it is casy 1y e why,

sire abl logie operanons in 3 synchronpus machine oe Cur e senelian e wath A

ciock, the wyalemy ook becomes the

DASC Liming uml The sysiem cloek s

provide o periodic wavelionm which can ber used as 4 syachronizing signal, The

MidIC wendt shovn i Frg 141 i 3

trpical clock waveborm uwdl in o digital

Bytem L shuuhd e noted gt e clork neestd pot By 4 perfectly syrrnctsical
it as sl 1 cogld wmaly be g serivs ol positive pulas jor IR e
RS 0% SHwen o i 14-1h. They wavriprm Codid, of veirss b consiederid gy
AN mEneal square wave, The main requu emend s simply {lia) 1he vlocl, ke
PerUCly perigl o solice that the cioc defines a hasic Lming intergl durning
winch logic operations st [ merigrmed, This Basic liming inlerual 15 dofimed 16 4
cliwk evcle e and (s equal 1o one period of the ¢lock wavelorm, Thas gli logie
CRCTW I, B s, CoOURere, gales, etc., must Camplele their tansitions in less

T one ¢ lud ks U LN,

Erample 145

Whal iy dbve Clog o cvcle 1ime Jar a Synieen w hich ures a 500 kH; iRl A 20

clocht

Solulion

Accionh cytbe nme s equal 1 one roreened of Elws ol b Therodure, e ¢ locs, Cycie

e dur o YILSHE Clock s TARDD = 7
YO e s D) = 10% =08 [

Example 14-2

P Ll gt detay throwph o m

D2 un For a 2oiHz click, the clock

astugftave o el (g Flag is gz ivens as 100

e What s e mastnum clork frequency thai can be wse wally this (lega-Hen?

Solutian

Anallernative way o Frpitesing the question n, hin (a4 can the thps-fiop apreran -
Ther fhip ey a1 OIMPIAC S Iransinn 0 kves g o clock Cyrle fime. Touy .

XY

. A0S
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i fe masimoem <k
fore, the minimum cleck cpcle time must be 100 ns. 500 Ihe My
fregpuenry sl e TR0 % 100 %) = 10 MH:, |
i N i Jart] for measuredaenl,
i celack b gsed as the Basic ffand ;
¥ tlipital systems U olog : . e
sy 'E.LI:.]..I."‘ acouary of he digital clock discussed in J;Imp. | Iu. e
Fr:,-.r E:ﬂmpt‘I ;.'[: wency of the chocl used I divr the Counteer, I pwe che s © re: l:‘“
b l.lht_' :?{ura(v i reduced. For this reason, il ot Mur}'{:.n.m;u; ? that
+
f:m::‘:t_c:'mﬁnmina a stalile and predctable frefuency, 1r|:I m;:-lnv“.t.: e
3 [ 5 5 \ 5 v o

‘ :1 s alwrle LT 5ta|:|i'|i'|-,,- i% rr*qq.nrc-cl of the clork, This Wuul.ﬂ. :'ll ; e n e
0 h"f p e clock conld b mandored and ad;usied 1-.E-r|uchn.1 y, For Impl.“ o
the basic i [rye ievge rmui s leator o s .
[ Lomi ofived f1om a regerunning . . .

the hasie '-;:“:u* :E}s::]t:‘ndinhl:g 14-7a andd . For the troe.rumning mullaibratoen I

W el 0T 51 . .
clock lreguency [ic given Ly
— L14.1)
T
L® SR O+ Vel va)

14- Rac o AFLAN LS 4 Inn '|'|U‘“. LE} L] 51 WIEH - eashgsee ¢
bralnr, L] ¥ b 5-.
oLl !'IFEI'.‘H1|R| L]
‘IIE. a. L

allalor,
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Tig. 183, Crystal oscilizigr,

L} E 1. l - ] 1l b |: ) & 151 Ll k [ L i L'y II:l 1 ]

F 1 EX i imn ey Rl lhr. b '
[ LU (I 1 "
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Lm ‘ 3k hl] [ I:ﬁ. ter i an

& M ki 100 per day. The § i
cillaior s given by ¢ Hequenty of owillaton f ior (he Vien-bedge o

e R(: - (14.2)

Aol e nied ety i

HEL Ty ;:u:Jr d:hl:ugf:-]: H-I I'w:l tI:ET usn"'“u.““'th stabilities hetier than 3 few

Eaies sl oy IJ'1.'L1--'£-"::}un o {:DC'( acturf](_}- s deured, a erﬂ'ﬂ'(““’f“l'r(‘li n

Quetle MUy Bies | " PR va-3 Mighl ke ustl, Tiis hyne of oeciltaer i
0 an end by Lunlaining a heatieg eleyiong wlieh i Liult

e crpslal 1 o o
H A1y Ciknelap) Iur‘npr'l 1L
M Such oscillatgim ; i ;
03 2 s s T e " Aters Can have deouration boeger
WY,

Sxample 14.3

1= mu| - -4 ] al LI} {I k [§l A
al 11| I 1 1 L] B
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lmqu A0 Rzl an gy ¥ Is beterih
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e masimum aml nunimum Nutuenoyes of

. aa
A X rarly in 160 5 ik, what arp
the miuliilratge

Solution

Orne pant 1o 100 -
N “r;u: Irui I!'n.:m};hl o a3 Cuche i 1RG0 ¢ v Fes, T te in 507 cap
T Rrrieaan T oy ey S \ ‘
\ et m by ’
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SLlumitit
hgRer

Usedlalar Clock

Fig. 1a-4. Oseillawor
and oupul amphfier.

»

Mone of e oscilfators shown o Figs. 14.2 and 14.3 has o square-w.ave oulpal
wavelorm, and it is therelore necessary to convert the basic lrequency imo 3 sOuarne
wave before yie in the system, The simpledt way of accomplishing this'is wr use a
Schmill ttigger on lhe oulpu! of the basic ostillalar as shown in Fig. 14-4. Thes

provides two advanlages:

1. I proviches & square wave al the lasic clock frequency as desired.
i ensures that the clock-oulpul ampllier (he Schmit tipper i s easeh has
eoough powee o ddeive all e noevssary Clicuins without idading the hase os-
cllatar and thus changing the oscillating Irequency,

14.2 CLOCK SYSTEMS

Quite oiten i 15 desirabte @ have chocks of more han one requency ind syshem,
Aliernatively, o migh! be desirable 1o have the alihly 10 opetale a syslem at dif-
ivrent clocs freguencies. YWe might then begin with 3 basic Clec: which i< the
highist Trequency desired and develogs other basie clotks by simple frequency
thivision using enuniers. As an esample of this, supposre we desire a system which
will provide bade ¢lock freguencees of 3, 1.5, and 1 mHz, This could 1w ac-
vomplishet by using the clock system shawn in Fiy, 14-5, We begio wil a b.pMHz
oscillator followes) by a Schmit wigger to provide the L.MHr clock. The 3-MHz
signal is then fed theouph ane flip-liop which divides 1he signal by 2 10 provide the
1.5-8H7Z clock, The 3 MHz signal 15 abso fed through a divide-bny-3 counter, whith
peenaaes the 1Az clock, Systeims baving mubiple clock frequenties can be
prowiced by using 1his basic iaelinsd,

3 M ‘%L+ Sehongl

gacillator

Mg, 145, Basic ¢lock syslem.
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Example 14-4

S A ok syudmm which wil provide clock riquences of 2 MH2, 1 &7, 500
Wbl and 100 abz.

Solution

The desieel Syshem s shown in Fig, 146, Ell'g::minﬂ‘with a 2-%trz ascHlalir and a
Sl rigger, e MMz clock appeears ob Bie oulpel of Hwe S hmitl tregre, Toe
Ll Dap-iop §ivides the 2 ME signal by 2 to pravide the 1 My clock. The s
ond fnp-fiog divides tre T-MIE chocic by 2 to provide the S00-LHr clock, Dhvidn,
e 500-arlE Cioc s v 3 provides the 100-%Hz clock,

Ie i sometinws desirabie o have 4 Cao-phave clock oo digital sysicm, A wo-
phase clock simply raeans we have pao ciock signd!s of the <ane frequoncy which
are: 180° qul of phace wah oan grother. Thie can be accomglishcd with the
outpyts of a flip-flop. The (F Sulpul it one phaw of the ciock angd the G outpul is
the other phare, Tarse o signals are cleariy 180" oui of phawe with gre anather,
since aoe 15 e comzement of 1he nicer. A system o des eloping a psn-phase
o 00 T 8L snsbieanan Fog 1427 For clisbneriom, the bag clocks dre somodoes
referred Inoas P A7and plese § Yoo swill recall thal one Jse lur b 1aso-ase
Cloch systeim s e Arive e magnenc-core sl repasler discussed in Chape 12 10E.
P2 100 Wi inderesun g 1o nole Bt tbae feo-phase clocs sysiem can e used (0 e
o the race prubiem cacountcred with the basic parallel counger discussed in
Chur, B {Fig. 850, The race prablem ke sulved by drving the pdd Tip-flops e
ihgefinps A, CF, ol wnth phase A of the clock, and the even T Hops doo, fhps
flecae A, F2, F, eich waliy ghase 1 od the clogh {sec Prob. 14-124

Ttas tace robiem as iniiaily discussed in Chep. 8 Can oo any Linse o Or
eprc wgnals b ke inonts of 5 gate are undergoing changes al the samne Sme, The

r

Fop 14-7, F-Mble bwn-phase cled b,

— e rwil
: ; LT 1M, Phase A
!, T8 ! B ‘ih__nmll Surg, o

eacillaled """ lgger " i
L]
'
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i 14-5 o MEE o 1] he pu|5 . { 1 1np w0 HRErraE ted h'" d
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pul so. th) Wavefarms feut the a=D gale.

herre i3 depital
probilem b therefore ARt unique 7 COURICTS and can orfuf antwird

e i basic
temn, For this reason, a sirobe pulie iy quie n-‘lcq _:h w-mmd. us:n‘uht::z oo
g hit etrobee pulse s wsed (o intesrogate the condition nf..: gaie al J hen
l'[“'c_k- ; II .-'~I$ luﬁhc patl arg N ChanRag U the gale ieveis rendef ther gale i ¢
o -”;H:nl:l:ign 3 pritar apHears al ther ot of Ih_-." gale whoa t{ne. w;::1:«:1:1::1“&d
li:u;pp}i;1fl. i I}'rlr_- gate is [alwe, nd pulse appears, In Fig. 14-?, A-I:trsl:a‘:? s;1.":'% I.h'“
LI he simple Lhree-input Asn gale. The waveforms CLeaT o
o Iy whon the three inpsdl iovels I 1he pale arg LFue. Wit alvn g :
Du=ml; o l:h_‘l‘-: can possihly oocus wnle the sirohw pulwes ane I'.Ilﬂl"l:‘ifl ma-:l_l:.
dt"jr ! '.'“I n::r:-;cr:::lb'ut .i:'-rlul.-ie-..'el rrafsilipns, The strobe ':ip;n.al can I :h-x“k*’l:-*[?d-?ﬁ
:-Lrlu::.]::vrﬂ;ﬂ ways, Ll way is 10 :I.ffert'nh.:;e Ihl;,;;n:f;,:ﬂug; ulfnii;l?r_{;lrr:;‘lr;amﬂlhé
. : Wiew palses. A $rcond mel )
2:&:)?”: ?L:-Jﬁf .ElL:: ln "EH“ yransistor as shown in FIR. 14-9.

14-3  MPG COMPUTER

ida variely nfl 1the topics poniray #n-

. . ) . " .
Up I Thin aing v hawe Covered guite 3 ¥ s i

. -
countered in fhe study of d e sy ens . Some of the 1opes have bue

Feg. 3T Develvpng 3 strrie pulse.
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i igital Princi
Digial Principles and Applications

- f:‘:;_n!;lﬂ;i}_ \:hjie z{l-mrs have been icated in a moare peneral way, Inany Case you
shnald now hawe the netesary background 1o xny digit . ath 1
carprehrnvion and a minimum of Eﬁuri. E\‘E‘.ns::fh';r'r:ﬁ;:rg;‘:!: z:::::#:llth oo
?lu;u'. the owerail crganization of a digild system, In an elford Ly m-ermr::: h:fl:;
c':; :-lz.;ni ;us:i*}rfr:r:l:p :uc mgo:hgt many of the ik disCcussxl in the provigus

e, . . -

et compurer is ime consider the implementasion of a smiafl special pur-

Ihe spocial-purpose computer we shall cansicher will be used 1o calculate o
miles per gallon of 3 motar vehicle, thus the name MPG computer, I ils a td ' 112
;;;r:m? compuler sirr;ce this is the anly wse Tor which it is in:.onded‘h g!'nt;:.::‘{;:::r‘
computer would be a mere compl i i i) fof 2
B O et st omphcated maching which migla be used for 2

.The. first alep n ke design of the MPG computer sl pecessarily Le the dete
mm.j:.mn of (he system performance reguirements, The s rr-quirvmpnt ::ni ;lIlI;-:
that tihe system .b-.'* capabee of operating rom a supply vul:ap.e. oi zhor xi lj‘{\' de

ML 1Ihe maching will be operaied in a mato: vehicle. The sr\c;‘nd re:ui: g
m-,:!":t_be ﬂm ne readoul of the carrpulee be i decimal form, Nim- 1I..IIT': rni‘L hltlr::t-
,::_1:1(: '.f_‘::r Lee readout, bl 1|-|.r_-~,- recarine on additional prower supply tl:u[ nro;..lnd.ﬁ+ 100
m_-:;o I:-,!.F'r.]h' :!wl tubses. Dhgital modules are commeecially avaitable which provide
iwai readout, ond they operale on +6 or +12 V de. These modules do net
r\t'\c11uze tha 4'|{m W, ancd mipht be a beller Choice in s case. The (inal soecision

I:;I,;:\l u..-ci ‘]].' FConoTuCs. The I:"-ir.d reguarerment s 1hal the comptur c;llru.‘.\t(_' the

[ I ﬂhpn:-. ,,fnmn usegl by Ihe vohitle o an accuracy of £1 mile per gaflon, The

Isd;; i ;:cu;u.;\ﬁmi we_:l'b..ﬂl i-:mmw i:!. !hal the compuler perform 3 talcu!a:;{)n al

loasi ancr v “.:: “.l:{r; the vebicic is raveling ab 3 speed greatee thae 10 mph.

2 e o m;r " ;qru I:Lf- 10 Tamplr the mileage petlormance of i vehicle 4l

oo v I.-.1}l.{r sarmpling ruts are accoplubled, The Gith egquiremond s

w voampuled be capable of aperaling in vehicles uimg lucl a1 rales belwoen

1{} 'I."l,"i 40 |'|"|'|IE'§ P i re £41 DWW SUimim 3 h l W I
u! Fﬂllﬂﬁ.“ an‘ [ ] ¥ i Fe |

[ I ¥ Eb.'l'- 1) el O
the % I-PG o :--ll-l‘.'!' Jd% h.ih]“-"'. < | 1

.I, Pt iy VLI 38 ether 26 ar 212 Vde,
j. e comuins st provide a decimal readout in miles per gallon
o T oot Eoasl peoneicle e e {ruat e H
" dout 10 an accwracy of = 1 mile per gailon,

:;:e l;ornpu.tl?l' must p:gw.-i-du a readoul of miles 2er gallaon a1 leas) ongie every
S wien dhie vohicle is rraveiing al a speed greatee Inan 10 mph
The cornputer musl b capatde ‘ulati i i

apabde of calculating miles per gatlon |
S i . f [T HALY & "
inis of 18 ano 49 miles per galion. e B con

::r:r:;.:.lt:' :.‘-nn::?::m:;;.ll 1h|'l w,!'sler:\\ r('ql.nlrt-n'u.-ms for the Computer undler sturdy fige
e e : A Immlw'l..ll tssl slrmﬁll*m than s L spsual coser, Thes rivquire-
' rman .ntz ri-grally made simple in oreder gk simphify e sbispussion, M
L-r.l'_.u*lg'ﬂ. the pancT s are e sarme repdrdless of 1he seventy of 1h b soecds
ca‘ﬂ:lh'r. acg 1M stucy 1 therolore apstructive. ¢ sytem specile

W assume il we Bave availabie 1wo ransducors which are to be uweed
wiggral part of the MPD eomputer, The Diesl transducer is used lo |m*.1‘-urf.'.1hk.fs'-':|r:

e

o =

——

Inuodoction 1o Digital Compulers
Pulses [rom
flow transducer _L_,_ 1..__

Fig. 1410 Tranaducer pulses lor the MPG compuler when phe rate is 10 mules pPEF
gallon. -

Pulses from
diglance tansduter

ume of fuel fowing inte the cagine, This Fiow leanducer provides an gectncal
puie cach Lime Vioes of a gallon of fuel patses through il. The second transducer 15
ysed fo moxsure (he dislance aveted and is driven by the sperdometer cahle,
This distance wansducer provides an alecirical polte cach time (e wehicle ha
traveled a destance al 1Y ppp 0f & mike. _
Now ih ordet Lo implement the necessaty logic for the ¢ ornputer, fo) us eramens
|he cutputs of the few and distance wanxlu,ers. Letud Legin by assuming that wo
have a flow iransducer which gives an output pulse cach ime 1 ga'lon (s used. and
we have a distance pansdurer which giers an gutpul pulse each time 10e wehicle
Vs Iraveled 1 omile, i our velicle 15 ol Hsining 3 mibeage slightly brtter 12an _lu
miles pes gallon, the pransdured weavelgrms appear as chewn in Fig 14-10. soticre
that the numbper of distand pulses appraring between two flow puised s eractly
egual 1 the miles per gallon we desre. Thut we can calfculsie the mules e gAflOn
by simply counling e numbes 6l disance puizes pCoulming it ren e Eh:_rw
pulses. We Can chieck this Ly noting, thal. il the wehicle wore aporaling ot ;'p miies
per gallon, there woltd be 20 distance pulses hetween two flaw puises, Rotice ut
il 1he Mow transducer supplied 10 pulses poe gallon, and al 1he same L the o5
(ance transguccr provided 10 pulses pef mile, the basic wavelorm n Fig 14430
would remain unchanget, That is, the number of distance puises appreanimg e
tween fwo fow pulses would sull be squal 1o the pumber of miles per "M".D”'
From this it shuuld be cliar that we can choase any pumber of puises ot l.:;rih:rn
[rom 1 fion Iransduces 0 long as we Lhoose thiz sarne number of rubses e mile
[riven The distance Leansducer. Tho Ir: pegueers we ane Roing 1o use i e MG com-
[rber pecvicke 1,000 pulses por gailon of o and 1,000 pulses per e of dis
pance. Thorefure, 1he e af naies pullan can b abtained by simply count:
ing the numlwr of distanee pulses broween cansecuine Lirw pulses. .
The reason for using fhee jransducers can be seen by examining the Lme
twtween flow pulses. Lt us kst consider the Now ransducer havity, one ?ulﬂ‘ per
ol o andl the deance transducer having one pulee pof mila, I the sehicle vlvt:rf-
oltaining a rale of 10 miles per gatlon. one floww pulse would poour every 10 miles,
i the vehicle were Iraveling at 4 spred of 10 epl, the flew pulses wienghd pocur 4
cates of o per hour. This is clearly not a fast enpugh samphing (. On the other
hand, with the speciled jransducers, the fiow pulses pcgur al arate of :_.'EI.)D pulaes
patr g.ﬂlur:’.u“| Juthe rate of 1,000 pulses puer hewr unor tlju.* LAEME (uml'_‘hliﬂlns. Th".ﬁ
tHye fgw pulies ootur every { Ly o0 = 3.h % This sampling time i ieafy '-I-wlhm
the specihed ratc. The worst Case oCCur® when the vehiche obtan the maximun
miles per gallon. Al 40 miles por gatlon and 10 maph the Now pulees ocCut Every
14w 4 = 14.4 5 We have therelome met e minimumesamphing-hme regiie

Iwens.

(1=
)
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The |ogic diagram ior the MPG compiuter Can noew e deasn: it ks shown in 1o
14-I_ | along with the complole waglorms, The flow pulses ar;: led into a cﬁnu-ljg"
vierung amplifier and then inth 3 ane.shot g develop the wavcform 5, and E"ﬂ'-
The distance pulyiy are also fod into 2 condiianing asmplitier, Siney. “I; desirg lll
r:gunl the nymber of distance pulses DCCURNE betwiisn Iwolpulie; WE Lige lhi::
-:Imzr-ce pukes as one input 1o the count ANp g2te, Il D3, is used as |hre cther |:n !
10 Fhli AND gate, it is enabled between flow pulses, and 1he distance pulses appg:r
at s ouipul. We use the pultes appearing ot the cutput of the count kD gate n
drive a counter, Since we desire to display the miles e gallon botwcen the ~“-m_1“

fig. 1411, Cumprule MEC compuier,

Conir
ont-shol
Ressl
¥ - Flow
oo
Tens counter A
3 thp-Nop 5 fhrp. Dva tary
ilt counter shifl?o".::':er Pi.l:'l-l'l )
R r_—i
_____ Amp
I 1 1 - “
Duplay I']ip-f]upi 10'“"'!" Flip.ﬁg:]:‘[ P
i Shily
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1 1 | T
Oedonte gaies I l Decode I"H—Il
. —_ I
DOPOO CRIPRTEHOOE
Flow pulies L—- b
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purﬂ-;_ .fn .U_IL_FL_‘ ﬁ i ‘ " [ ” H II i ’
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of 10 and A0, we use a five-fip-Map shift coumter for the wnits digis, andd @ Lhrees
flip-flop shift counter for the tens digite of miles per 2ation,

Cine conversion lime is the ume between rwo Aow potas, and we want W shil
the accumutated count into the display Mip-tlogrs at the end of each convenion
cycle, Natice first of a' that, when {5, is low, the count s gate is disabled and
Iherefore (NBunits and tens countors cannot change states. W iy duzing thiy Lo thal
we musl shifl the contenty of thew counters imto the Sisplay lip-Tiops, We use e
leading edpe of O3, (0 tigger the shift one-shot and dewelop the shifl wavelorm
O5%. The lnlling edge of O3, b5 applied o the shijt gates, and a1 this tme the cuunt
stored 1 the unids ang tens Couniers is shifted into e display Mip-tlops, The falling
edge of 0%, is then used 10 resct all tip-Tlops in the umts and rens cauners, Thye
conients of the display fip-Nops are then decoded and used 10 Muminage the in.
dicator lights, In this systemn, the distance pulses can be comvidered to by the basic
system clock, The fow pulses farm a varable Control gate by means of the cantra!
one-shod which detormines the peripd of time that the count axm gate is enabled
and therefore the pumber of distance pukes counted, The oyipul of the shift one-
shot 05, fan be comiderad as a strobe pulse which shilts data from the coumiers
inlo the display ffipdlops in such a way that racing is avoided, The system clearfy
has an att uraly of 2 one Count, which conesponds q 21 mile per gallon,

14-4 GENERAL-PURPOSE COMPUTER

Thi MPG computet discussed in the previous sectuan s considered o special-pur.
pose computer since 1t iy designed and construcied 1 pedforn a single function;
alter it so that it could perform another lunclion wiould require 2 major change in
design, On the other bapd, a geporal-ourpose compwler is designed o that it can
perform a number of fundaments! operations —addition, sultraction, multiptcs-
vion, disision, comparison, €€, The computer can then he used i any number of
chiierent applicationg by simply instrucung i to pertorm the approgriate aperations
in an achrly fashion The functions to e peformed, lisled in e onder in which
they are o e accamplished, is kvown as a program Ginstructon sel), This Listal in.
slruCLiuny, Dr program, is normatly swored in the computer memonys when thi Com-
pulet is stancd, v simply perorms these jnstruchons in 1the order stored. Hedein
ligs the dilfercnee between an olectionic calculator and a general.purpose digital
commuter = the Calculador performs a Funcline tadd, subtracy, et rach liner an
operator dopresses a buttan, bul the stored: program computes prerdms the com-
prete Ligt of stored instruchions without human intervention. Furthefmore, the Com-
puter is capab’e of completing the instruction set in a2 very shor perod of time
{addition in perhaps a fow micriseronds), and e operation s vingaly errar frems,

Thee simplified ook diagram in Fig. 14-12 shows tha hasic umily 10 I found in
any Generdl-purpose computer system. The inguyoutpot biock represents the inr
face bebwion man and nrachine, 1t could simply e 2 Eelelype unl, whete inpul in-
formation is et inon the kepboard and ouput information s printed on paper, it
could 4’5o repiesent any of e pther inputfeutput meddia previcusly distussad, wel
as punched paper wpe punched unitrecond cards, aod magaeic lape, In any case
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oo e S Memoey I:"-""l Arthmynig Tig, 14-12,  Hasic compuler | (1L s I ! i ',m”d .
untt black cisgram. : H 1R | : o '_ | i
input data are taken into the systern and stored o the memory atcording o the I ] F_1'| I — b | T'*M | rr""IT““'l
dPppropriale sigrats as penedated by Hwe comtro® bl b, Simlarly, e comrol unil gun- | [y 1 [ — : Ll | I |
erates t’l:‘ ﬂ:—‘ﬂfﬂpriaﬁ‘ signals to read data drom the memory and mave it o the | L l. ._._r‘_.._;__J TR ' i
caslpnst ke . : i 1
T;;"'.:‘-' ar i‘:'imf‘ﬂc unil Congists of the regislers, Counter i ; ! j Al l' 1 | i ! '
| _ ! onsists of 5 3, andd logic required fon the ; | FIY e 1 !
hasic QJJEI'N:UHS, mr_luu;llmg addition, sul:t:..':r_'ilun, coniplesnentatiean, shifting right or ! | | — !_[-! '.r-—! LPMA | i I;E'.'::frﬂ i
!Efl, comparnon, ele, Since the manipulalion of doa i< ac complished in this unin, it ' 1o | ! I U I
15 sametimus referred 10 as the centrad processing wnit (CPUL. The topics previgusly l i1 t | |E ; Py ' I
covered [nunber syslenrs, digiral arnhmetic, elc.) provide an insight into the togir I !:.,!.' 1e- " 1 I ! ' \
g yils al‘H'.fl cenligurations roquired in a CPO. Apain, the contra] unit pravides the | {E | ! ” i i:l:! { E I t 1
MUCessary Hf;n.i[s ) r'nuw.'l data feom the memnary unil 1o the arithmetic uanit, [ - ' | ! bl !_L L-_] I i Lo . i ¢
lonin the destred data manipulation, aml move the resutling data ack inta mermury. | :' Li gl |34 [ g aam ana o Land i) 'L ..1.. 1 ] [ : | (oo
The memary b'ock represents the area used o store the fwo ypes of nformatinn [ | i Cve R LG b G B B ST BT R 1--:."-""'
presenl in 1he cormputer; namely, the [t of instructions (programy and the data 1o I HH ! ' L, flo; 1t -
be opesaled on as well as the resubing oulput data, The memory itself could be i | A T | fl_ N _“?:'_ — T
constructed wsing any of the devices previvusly diseussed — magnetic cares, mag- : Tk --2 LS Tt
neic drurns or disks, semiconductr memory unily, mragnelic apes, and wo on. 1 : m...n.b..-.l'd a0
Reading data from or writing data into the memory i5 agiin under the guidance of TE Tf -3l j'-T— - ety
the centro! wnil . ' po— — P ] _t 1 == |
T contral unit generally containg the counlers, registers, and togic necessary to '.'.TL'.TT:TJ 5-:'“ i FJ"“_‘T‘ [ i ! |
rIrvN_up the controd sipnals renquired 1or movies data inbg aael oul of the Memwry, = wshey | | . i Wemury 1 | . ‘
and for performing the mecessary dala manipufations in the arithmetic unit, The ! i P 'F i o Bt |
wotem clock is 2 part of the control unil, and it is usally the sining point far !,_“J,L o ] I i !
Reneraling the proper conlro!) signals as discussed in the first pan of this chapter, s | I ! } - | ’
Itis interestng to consider an actual general-purpow drgital computer in light of S |I —— = Sy
M abwrep discussion. Tar this puspas, o Black diagrsm of the Digital Equipment [ | ——— i "y _!
Corp. PDP-B/E is shawn in Tig. 1413 Note how the system tlizgram can be | uYTT T
beoken intg the four basic Blocks previously discussed — inputfoutpul, arilhmetic, ey IR R W0
memary, and control. A table-model POP-B/E s shown in iy, 14-14, and the - -y e - T
lellowing escerpl gives 3 peneral descripfion al the ysten,? ' Thats |
s limpy —
The PDE-8(E is specially dusigned as 2 general parpose camputer, It is Tas, Cortre h:: __; -
compacl, incspemive, and easy 1o inteidface. The POF-BJE is dusigied 10 maegt !
. Tig. 1-13, FIE-BIE basie system Dtucw diagram, [T
| T
VSl Compulue Handbuook," chap. 1, Oigial Equipment Conporativh, Maynard, Masy., T v
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The 1.2/1.4 micrasecond eyche tioe of the machine grovmdes & compana-
tinn rate af 385,000 addions per secatd, BEach add o regquires 2.6 At rome-
conds fwilh one number in the accumualaton amd subtraclion reguices 5.0
mig rosecons bl h the suldrabend i the acCumud slon). Multipheapon is er
Iprmed in 2565 microsounnds o bess by g wlwouline that uperaies gatan
signigh 12-bi numbers w produee a 24:-bat posducs, leaving the 12 most sigod-
icanl bids i the accumsablor. Dhvision of tao signed 12-D00 ngmbiers i por
formed in 342, 4 microsecands or ess by 2 suldoulice that praducss a 1 2dnl
guulenl in The accwemulator and a 12-nt remainder in care memory. S mndal
sipned muliplivalion and dwision operations s perfoemed in approsimatedy
40 microseconds, uhihzing the oplinnal Esdentdoed Arphnetic et

The flesible, high-capacity inputfoutpul capahilvics of the camputer allus
il 1o opurate » large vanely of peripheral machines, Besgdrs the slandand
keybaard and paper-tane punch and reader equipment, these cumpuier. are
Capalle of aperatieg in conjunciion winh 2 sumber of aptanal devices Bfgch
as high-sperd pedoratodllape ponch and reader equanmany, card reacler
cquipment, Line printers, analog-to-digital Comveliers, calhode ray whe (CRTY
displays, magnetic Yape equipment, a 3 L7o4-word random-access disk Die, 4
762,11 2-word randam access disk Fileo, e1c.).

14-5 COMPUTER OROCANIZATION
AND CONTROL

in tois shoel chapter devpled o digial conmpuiers, we conninl possibly give an
echaustive reament of all machinis; bowever, we can disCuss in genetal 1erms
thine asprcts of compuler grganization and gperation which are common 1o many
different types ol digital computers,

The information slored o the campaiter numone i of two typos —oither fats
words Inumeric infarmalida) or fnslrgelion words, In 5ec, 131, we consitlvred in
same detyil the various furmats available for storing nuribers, including both fined-
point and Huatiog-point numberss, We must now consider a0 appropiiate inrmal lor
2 COMpUNT INSLHCLON sk

In general, 3 compuder inslegction wnst will Pave lwo distingLsethons, as shorwn
in Fig 14-15. Inthis case the word length is 12 bus; hawever, the rume by gf bids in
a wortl varies from machine to machine e g, 36 in loe 488 7007094, 12 in the
(B 400, 16 in the 6T 635, and 172 in the PRP-BEY. The first section ke three bils
on the leflin s caeey ate used for the operarion code op-coder of the instucinon
10 be performed. The op-coces are defined by the computer desipret when the
machire iv initially desipned. For cxample, the op-cotle for addition might be
definetl as 0015, b s case, theve are onky Lanee lite resersed for Op-codes. and 2
Computer gsing thiiy Topmat weeabd Uheerelere e lpvited b 2Y = B ope e,

The eemainang Lty in tha instuclion word shoswn in Fip, 14:15 arcused 1o ser-
iy the addrrss in momory 10 which (e instreeben apphies, {0 this Cate, the niee
bits can 1w used b spocify any tewe of 2% = 512 lrannond in memony. As an e
amiple, the inslmuction wonl BOT WG R means add w05 the conlents of (ke
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Figr 115, Inslruchiun word Turmal,

mnry locabed a address 12, 0000011000 10 1he coneats of the accumalstor
fopasier i the arihmeld unit.

Iregaently Ine mematy 15 hroken up into sechions Called “pages™ ia order 1o
provice dor morn efficoenl adaisswiy, For example, the PDECSA das o basic
oy nd 4060 pveive-lut words, The memony it ok opomte 12 pages of 128
wurly n edlh page. Thus any word on a page can be addressed by means of gnly
wCven bils 27 = 124), The insiuction word for the POP-8IE is then armanged ar
shrwen s Fig 14-Ti o the addiess maode bt e 3vic 0, the opcocle simply roies
Wiz wl The 328 page addresaos given by the fosl soven Gils in U woord, Howaever,
S gcdebeeas maeede ul s 1, inchireci wdh essing is indicated . Tiis mirgns the conal
whk il g e e pages for reanin on the corment page leprtnling on whether
wid s i oor Qy, taee the conients of the given adibress, and gl i as snothet
aftlzens The dipst dive bas of thie new address specify which of the 32 pages
(2% 32 and the remaining sovern bits give the address an thatl paae (27 = 128}
oo iping e data b which the op-code applies,

v IR way, Lhe ansbruclion word format need only Bave seven Dits dowoted w an
arilieens, andd only an occasigoal 12 Int adtlress word 15 peeded 10 roference data o
aiy ane of the gitee 35 availabie pages, Clearly this word format is moce eibgient
han sunply Carmving 17 1272 me G 0 bits Tor addness locations in nemory,

Avoan rwamippas gl et addresang, seppose the data being opeaaled an are
sty | e gt 15 48 L Pemary — i darler 1o pel T anidbiog peiis, e 1misl dy> e
crvet aeldressing. The amstroction swae! GO7 10 D006 1 mcoas acdd 890 the con-
wents of the daia locaiod in adelress 14, 001 1100 on page 0 1o the canienis of 1hye
SO g AR T ager i Hie ardhmetic uml MNote thal the 5 an e fouah bit posinen
siaceifies anmdireg ! aciniressipg, Al Uwe O i Do Léth B posibon oo i pagr 0,
Sevw, il Hhe Contents of memaey oeaton vd o page G e GO LRBTTT]L 1y
el Lo e ackdod o L accumulaioe witl be fowmd on page 5, G101 in loCalus
1o (DO011VE)

L]
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Tig. 1317, Nasic compuler vperalmg cycles. dal Feich, (b farcute,

The instruciions 1o be caecuied Ly the compuler ard nurr'!'l.lll'g' umnf c:n I;:::
memary in the otter inwhich thoy are wr bw perfnrmed. To 1:-{-&.71. an aprrats lm >
mnmany of the First inslmglinn fa b et ed 1% nj:vrrri into jhe
. L then feaches This instruchion {lam mem-
w Ihe Rest insiruglicn slerd i

arleleesy i the

machine by an operatar, The comteal um

ory, earcubts e proper operatien, and prncf-e_rir- e ¥ e

the memery. This basic P yCie proooss Canlnuss unl,tu.- ail .:.c- s : " e

pwen tonnpleled aned (he machine S10ps, Thl..lu tho gpetation of a an?:;tt~x1min;1

= btk i Tesins al petr fundamenta {.',,-'ul‘s—fvllh m-:u NN.“‘_F'. l.{ . nm:ﬂ e

those oo oyches and deteeamne the Tasks 10 L grcomipiished oy he oo
. -k ] cl . . . .

ﬂuj{::» E.;ZT:;E:HPU““-, wivnleed during -I.If{'l(h cyche are -_a.*:m-n in Fig. t4-372.

Ciuring a ferch Cypcle, the follow ng operalions art performed:

1. Tee aldeoss in memoey al L [irep irshruie Lion Ky b gt ‘,nnll.'l."'d l.“ ::-.1.;
instruc Liun Couatwr, This arddress s real iobo the memore adilness gl
YetAR) and a readiv rite Cyoie s saliieed Nty memary. . .

3. Tiw inste vion siored al the given address in memarny = read il Lhel MO

ifer wepislor IMBRIL o

A 1-|1-"|j,[r,[‘rn|:ltlt'm5:?rpl;:iI.nn ol e LSt T in li'_-v .'«:ﬂ[l-h‘. 1% lmrn s‘.p:ed |'r.| 1|1.t.- n::h::j:\
Frgeinger, atd e agldress postnn phared T 1o MAR i . a0e of the pieyva
arldoras) i poypatglien e the Bty eecule r.\Ifle.'. ot i e

4. Tpa iosbiud tion $ounler s e rragsed Ty One gmo R Lo L SCADY [14 n

B honye b

b

s
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The compuint units 0l i
. o dU-I'JHR an gxecyuts oy - .
e oilowing operabons are performed- cycle arc shown in Fig. 14-170, and

Tl address in i
o 8 r"nnf_'nﬂgﬂ?'r'f :l‘ll'ltﬂlnll'lg data 10 be eeadd out, ne where data s 1o be
o I.ho i |‘r|r._ int [‘I MAZ a5 a resull of the previows Teich eyl Sami
T 'y D 15 conlyined in the Dp-fﬂdl_‘ fﬂ'gi-“t_"[ I "

he Conlenls of the op-code re \

gister are decoded and th i

e : & conlrol unit prow
e -'m:;, 5:1‘:3-'. mnl{trl ,S'FM]". W petform the apeqation calied fur—EFH r:::;
l—:”;j;np‘ |ﬂll,1;nr.nl_‘|‘ T:ﬁ » il T MGBE aml slore 1 at e address mt'n}u.ry -
cornR o IH:‘.:;,:RI“‘ m‘l he M.-‘:.RJ- of, ieacl data from e addiess in rm'm:t::-,r
Bl i u--: m'w“ B ::L‘v: it to the arithmelic ik wia the MHBR; o1, read
. ; o C ViR MBS and print the s o
- ; vie e dala ona TIY: o, rea

. the anthimehc unil vig the MBR and store it in the mem } t_ldala
sppeibied Ly thee MARL Ory atthe address

3. et
AL '.I“."' ﬁ"'lpl'.hﬂ‘” L}[ Il“-" Ol e ‘,'CIE' relurn 4 lh‘." nesl .r‘l 'Cll i I-!‘_
[ c N u vy e,

Thae ferchfecrs wie methaodl of operation | i -
. . it quile common 1o masl grnenal-purmos
n-]FmL*Il..i"\-’h:::l‘:lr:.l.::::i:ﬁll-:uig:] 1I.hE W states mig™t he ”'I‘L""E'igm bn :Ill"r::‘(:‘:[
pames. whee. ,,-,,._] lh.ermﬂl. :lq.un, the contron unit first places the campuler n
L e e Aier betriales exegute and ferely modes wnlil s desired

avtal Y15 mpicte. A senes of Sods pusses (perhaps four o 1o o
u!r.ru:u, ::,'ach ff.'l't'.h Oy iy uENE b mie the vaous pperalion ﬁ ".T" or cven ton)
Gf oo puleey o wiiliesd dunng ihe cuecule cycie ons. A simiar sequence

b COMPUTER INSTRUCTIONS

Lvnry gencral-purose compuler nrest by e an i
fuw [0 ar w0t [or a sqaadl eampuier wh:r:r a lm‘““’”‘“"““ e o
v ! s uint, BB COMut e :
:;:::::T;::i:‘,'ir: tn;l_«‘q_-r r;r1. _‘?:_;mf'hﬂn? used wilh any iiarl:rul.nr c:::'ul’::l':i I::':;’:‘:{T::
Ivcumye }nliml:.llr-i.'g' .f:ln:Eli \rﬂ:ﬁ:: phepivs. :md. anyene who ases hat Comgaeles mirsl
LS LIS 1N ri‘:ncmnlll'r .1Irr.-|.|-..‘-.l " m~.t:uclulzm el Incidentiy, an intividudl who
i v i ; RIOE Computer insiruclions lor the purpas of salving
e 0AL A COMAIIET UL AT,
e g m 13 ‘T
i L\l..ul:u[;::'y#IE‘:.&:’:IEHI;”;?&I}ZIL: rtlﬁnn mu‘-ll h; rL:;‘H('b[—‘ﬁlL‘d a% 1 group el linaey
pur - : . cawe 1 burden of the prograimwer, e af-
I:'t::n.i::;If;:;;;:.l.:::jlmod :;1nf'n1::|nfc {des. For ceamplo, lEﬂ' ri:p-:;.-:l:-rll'tl:‘tu;:ﬁa
A in ar:nnr.ma.' s i lm:fl:'l-“'I d codr it as ADD. The programmer Could then use
petuiioiy an s .D |r1\|:.ruchnm, and when the afphantimenc anput AD-D
,:n i ;i,:.::.n ]L:EI:;: |:1;:iu[lr, iLwacld siepmly be encorded as e instrueting 061,
ubalinn, lra.mfur,. an:.‘.l inn:l..fr:l.:u;l.lrll ni.‘f-l:'liw-i of 'h!-1.ru.r1.un5runrulhmf_-[it‘, i manip-
e e ‘ : s Ll a ficticious set of welrutlions amd Lhen
A Fat HON S 13 Biehious et a.__«l_ frsgfam (0 solve a prubiem, Even thouign ihis
us, ol s aante wrlar 1 thote foww! 0 agiuae Lnnpwter

'\}'\L't "Mk [.'If'h i ',t:‘urtu; [ AL

n Kven i mnemnnic fi i n [
. . orm, walh s oy Coo g
thesis, and A slewengition ol thwe oot b reguires e

e wm aem W

- mr =
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HT L Halis compniier gyjaeralinn, CPeratne may posbarl [y chepressing the
it butien.
AQDX 10007 The contend of moemon location X & adiimd 1o the con
aecLET ] AT0r Topsker 10 e arulinaede ueid,

SR (ntm The conlent of oy hoation X s subrras leg fram the cuntent
ol o accumslater TR LT AR LT arithmelic winlk,

MPYX {0017y The content of memony logation X i masitiyl
{hes 2AG register in the arithmetic ynu, and the product 15 slored in ine MO tegis.
i r

[y ten The content G memory woCun X s Lk
Uhe SMD repestur, and e cpitigr is stovetl i the RACH remuislor,

poax yruty The conlont wof thoe arcurnulatne is e i ey mcalingr &,
and the accumulator i cicargyl 1o all Feros.

ooy 0710 The content ol the MO regler is wored v memory iecaton X
g thus MY reptister s clearech 1 all zoros.

IMPR AT Thie next sl Hon s taken (MM mcmry lsgation %

{Cy IO Al copteml of memony localnn % 15 cnlerved inlo the FALY P
lr,
HEDXY (1oth QOnc word of dala s read ab the inpul desace and stored in

miemoey ol ahdnms %
pRTx (01 G word of dtais read Bom memory a1 address % arel printed

wont ol Ll

gl by 'he Conlond 1

wled =i the canitni nf

an (he Guipul device.

iy l:"ﬁ)\-i-i:.h 13 Al Ty I.pnkhl.i_;l:t'_'

This Tind ol mettus ligns s al Qe oot Commph
I, Mo

operaton, bl i allows us 16 llustene hasd maehere-lanoage progn

oo Unal e are lout pits in each op-codo; 1his 08 AECESSANY ance s want b
e ludie mare Hhan vight bul finwer Than 10 ipstruclions, Tullher, sHpposy Ly e

wteuc tigns are used in 2 small general-purose errnpuler havisg oy 128 mnounory

Laddlo 14-1

My | irtsk T b a%

LIt by LA , [ atw slr =k 1y memary
— ——— ———— —am — o —— —— —_ —:- o ——

Reacl & aral SHire 2l TRETEAY aldresn 540, RE: 90 . g \ FLI L
Rarael A amih b af meEn ey e 3 REDY &I H ; M fy el
Weead! ¥ ol slore Al erahry Ao B2 KIEl 5 [ 1 ! CITR LY
("laar AACY relisler | Ity ne? ! L 11710
Ul o unakalr P P A ' rydy Ril11al
Paal A in S} 1 1KY 51 LY i TRL IR
ATy AT ¥ MPY 52 H h . inlp galana
Spae AV S I )53 1 (AN AL
't Fououst Ll ateer ALnERT H ' TLH A b
Al AY I Ran aenmmalador Pl nr 3l ] Takil 400l
e /o el [ N Hi TR GRL
Prol vl i el ti Toes 4 LilhiDY
[JRAL sl 1 FYTIRCLLLLEE
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Yoewcatueens se thal an instroction weond i composed of 11,5 Bits — fuur bl of oprcode
avel s Lots e memary b,

o, lel's uttize e instrge hions Bor o G ilious Cormputer Wsabvl e grotiem
2= R AV, The program will read e vcalves of /A and 7 porlormn Bw migas-
sary cateulations, and print oot e vo'ue of 2 The compleie progiram, as wotes in
inachine Langiuage apemonic coder aned as stareed o owimoty, would appeas a in
Table 14.1, ;

1o imliate ke program, the operator sels e nstoed lion condler @ O
dopprenaes thee starl padton, The compuier inatiaes o feredo oveieoon! olitaing e st
inaleue Lo SEEL 5 eran enemwry adfetress B0 Thiso Totheasd v an faecure opd'e.
The mest Wweich oy ie olataimes thee s oo i memsoey eliloess 1, amd o on The
piragran s artes e cgnnpated i o 2 printes | ol oG e LT ensterction
v ahalaeed b ey Ao 13

STUDY AIDS

Summars

Thene aier Dasically g Iypes ol dloutal conaputers =sppetiol porpose and peweral
pLrepose, Skl pripese Computers ane desipoed i a sing'e parpose on'y, white
eoneral purpose o lines can bee wsd ino g mumdaer of tferen? appcatons. A
general putouse aching o desipeaad wonloa laste sel al instruclions, and A pro-
B Car e surh g compator Wosobee spee e pealdems The coompaater sodves
praddtertis by eworuteng 3wl o instruc ons w b Bl e been ordeocd and plade! in
P CHTILNT A muIry Oy o gt Shond cotupulet s irerate in g baa e
vt e e oty made, g e agprnpeiate canbial sipna’s ate peneratogd s the
contal unel in syre hroesm with e systom clook,

Glowary

weeng Rrunous sysdea A spstent in which logic opeerations and fewel chamges gewr
Al randdony Limes,

clock oy Ole time Chne ook puerion ;e recipneal of clock egionem y

A phet v Qaroeednr A It ok sl insles Liges owhicke o Commpaior ase nbes e
wiivy J given prolrein,

fetchfivculie The bauo .
THalasr,

geoerab-pugrie crebiputec s A cennputer doesipeneed t aeeompdishe o nunleer ar Lisks
For caarmprey 21 ahe arhrocie ogrorations o5 wooll as den ion makieg oo,
vepuaat Lo, wreater than, bess thang o, ne v,

sl oo ward A computer weoted Dadingy o secbioms, e opnocke seclion el
tlar acfitresny i Liam,

maenreane  Indendled 1o assist The oy,

cepide ey veche, The confe s lch dvlmes o sprcihe comgaoter operatioe.

amodthatat stalalete The statilice wr e Srogquendy of os flakoer, ety e
n pht s b theosaned e et per udlion for o gaerine a0 B

nating mhis of operation inog geaeral perpese <o

. . . i o1
Introchuction 1o Digital Congpulers 1

. ) , \ )
secomchory dluch A clne b or treguendy Towed ram Thee Dagin spatemi £ 2oe bowtnch -y
it ] Fronm e baasic oy stem glock, - . o
H - 1 ] | l
spre 1] parepiose Cornpriter A LuTniIDer desigined 10 abetmptiy' oy g B, o
vrample, the MG corgeter in this chaper. .
) H T q . N
stroelyes pradsir A pralse b erdurmee] Wy interropate aares or 1o shi dala ata e sl
Lhrat s i aveidhed, N
spnchrgemoes sustear A gpsiemon which |opic operations and leviy CTr ™ ol er
iy g fureoniam with o sy fenn Ooce. _ .
e phase cfoch  The use of o Cock wavetorms ol Mg saems reepaind y o hech
* ) . ' H R
L UM el ol s the g Joather, e et P T ard oty of A

fip- M.

Regive [isthons

1. Caplain why 2 clock mst be perfect’y [rerioedic,
[lima et The ek epe'e Fmwe be found from the Llocs Fra tfaond 4

4

1. wWhy must hp-logs hove o delay time less than and £'atk (e L

A Attt s afteet e oscilfating regquency o Pl mm i e e Ly, 157

5. what s the purpose af the S¢miL trigaee in Frg t4-27

. [apfain one methedd for olruning a ta g phase Clock,

What is e suain parpnse (or develuping a strolw putse?

8. Avhy s it aduantagoous o devclop the amrghe pu'se in P R Iy futning S
rannsiston o rather e eéd

g, baptain e dhtferende between spe i te wnd geneet e comgten,

10, WWhat iy o computer pratiam? ,

: i : R T A RE AR L PR S AL L
11, Daptamin what im anesant by le Iy and e ube S ey OF o .

Meobiemes

141, Hupning with a wr‘rern_l.-tr:t';"._ S wave, ui_mn- :L 1 '.‘:ud rur.x!-.-w'cnn"'-}'.
a ot bongrsinding f & seres G i L st A wridy OF ot VB fi s

1028 W i e oo bow e e for @ ospslem using a Tty LA AR
chs i

14-1. Ahat s the masiioum Gelay hme foi & et e i b T L BT
IR IR P AN

I4-0. A bl leguedy wi'd fhe mu'riyibaratar in Lig F-Za ratit et = )
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14-0. Whal value ol C 5 reguuegd Doe thee swliecdwator in P 14-2a of
W Ve Kow 47 ail and the desired frequoncy is 108 RHL2Y

a7 W hak s the oscdlating feoguueney ol The "-*l"il."l‘l-hrif!{;ll' emeitltor im Fig, [0
xS LI ai = 100 pl !

et Hre crystad osziltaior in Fig, 1427 has astabiliy of 23 paas in 107 pev day,
wiidd afy o mwasenont aml manemom eenueadivs of the geecillator!

T,

Shoss he iogic noCewary 1o dovesi cingk reguencies of 5 3H:, 7.5 MH,
Vo prd MG AM,

pa-Td. Vime SRy pecillator s Prob, 149 hasoaostalnldy al @21 par in SG° roer
ot Whal wiil o ine mavimom andd mirimum freguency of v 1-MEHe flocks

P11, 3What wonan, e e masiannn and mimom frequency af e 20HkRE 2
Cari e oy it 140004

Fa-12, [leane ey wovemints for o paraliel binary counar being diven Iw 3 twn-
s ¢ Lo v, Sy st e wili reswol i 2 solution o the race problym, Boomgmber
Ui v Bl Tioss bas 3 Himte delay tines,

PA-10. Twiw cownl the WPG computer e modibed 1o give o sofuhon (o the
Fsa ey 0 mde e gailand )

14-3d, D o Biach diagiam shoswang ve our major blocks @va pencial- purpose
AT I T Sy ST,

Fa- 1% Pl many o-cole ks sl e omoguired o g maeslune havicge 15 in-
A P TN,

Limw mipay arddress inks wouid be required 1o handle LK weids of

-,
ey § -
117, tiow mamy pagde acdehiess Ly whald b owoguired W form a Wepape
LT DNy v oty por paged

eTde W aomachue banguage prog i loosgloe Lhe problem 7 s 3R0A -+ 1),

-tk
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PDP - 11

04/34/85/55 :
PROCESSOR o
HANDBROOX CHAFPTER 2

e SYSTEM ARCHITECTURE
2.1 UI";IEUS

Mpost camputer aystern companents and peripharals cﬂnnact to and com
muonicat® witlr each other o a single high-apesd byt known as Lhe
UNIHEUS— & hey to the PDP-11's many strengths. Addresses, data, and
controd information are sent slong the 56 linet of rhe bus, s
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»  Figure 2.1 PDOP-11 Systam Simplifed Block Dragram

The form of communication is the same for avery device on the UNIBUS.
The protriaor uses the sama get of signals 10 Ccommunicate with inem-
ory as with peripheral devices. Peripberal devices also use this set of
signals when communicating wilh the procassor, memory of other pe
ripheral devices. Each davice, including memery iocatwmns, progetsor
registery, NG peripheral device pegitters, v assigned an address on the
UNIBUS. Thus, peripheral davige registers may te manipuisted ay flox-
ibly x4 core mernosy by the ceniral procassor, Al the mstructions that
can ba appbad ta data in care memory €an ba xppbed squally well to
data |n pRilpharal gevice registers. This is an expediatly powerul faalure,
considering Lhe special capsbilily of PRP-11 instructons to procass data
in any memory IoCation as thaugh it were an agcumaiator.

211 Hidirectional Lines

With bidirechonal and asynchronous :ummumuhun: an the UNIHUS,
devices can send, receive, sho sachange data irdepandeptly withoul
processor inferyention, For sxample; 8 calhode ray fube (CRT} display
can refresl 11gall from a dish Lile whibe the cantral processor unit (CPU)
attends 1o oflier fasks, Becaura it Is asynchroaous, the LUNIBUS it com-
patible with devices operaling over & wide range of speeds.

2.1.2 7 Master-Slave Relstion” .
Communkiation between two devices l:m the byt 11 in the lorm of a
masior-3lave refationship. AL any point in time, there is one device that
has gcontrol of the bus. This controlling device |3 termmed the "hbug mas-
ter.'” The master device contrals the bus whan comcmunicating with
another duvica on the bus, termed the “siave.” & typical saample of
this relatlonship tx the processor, as masler, fetehing an enstruction from
memary {which is always » slave), Anolher szsmpis ix the dlsk, »s
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magter, translerring dala o memery, as stave, haster-slave relalion-
ships are gynamic, The processor, for exampls, méy pass bus conbepl
te o disk. The dish, &3 master, couid then communicale with 2 slays
mattary bank, N

Slnes the UNIBUS is vsed hy the processor and alt [0 devices, thorg |g
& priority structure fo determing v lich device gels control of the bus,
. Evary device on the UNIBUS which i capable of becaming bus master
I #asigned a priority. When two devizes, which are capable of becoming
# bus master, requast yye of the bo; simultansously, the device with
the higher priarity will receive control.

- -

C2.1.3  Interlocked Communication

Comrmunitation on the UNIBUS 15 interlocked 5n Lhal for each control
signal lssued by the mipsher device, there must be & résponse lrom the
slove in order to complale the transler. Therelore, communicabion
mgepandent of the pRysicat bus length {as far a3 Liming 15 conternad}
ard the timing of esch transiar is defendent only uvpan the fexponss
tima of the master angd glave devices. The asynchrongus operaltion pre-
cludes the nesd for synchranizing with, and waiting lor, clock (Mpulyes,
Thus, eath system is allowed to operate at its mavimum possible speed.

tnputfoulpul devices trapaferring directly to or from memary sre given
highest prigrity and may request bus mastership and steal bus and mem.
ory cycles during inslruction operations. Tho processor resumes opesa.

. tlon immediately aftar the memory transfer, Mulliple devices can operate
simultansously al meximum direct memory accass [(DMA} rates by
“steallng’ bus cycles. )

Full 16-bit words or B-tit bytes of information can be transtérred on the

bys between & master angd a slavr. The informalion can be inslructions,

addresses, or data. This type ol operation occurs when the processor, as

mastar, is fetching instructions, operands, and dela from miemary, angd

stofing the results intp memory after ewecution of nstructions. Dairect

data transfers cccur belwesn a peripheral device control ang meniary,
I

I
,

2.2 CENTRAL PRDCESSOR . )

The central processos, connected to the UNIBUS a3 a subsystem, can-
iraly the time allocation of the UNIBEUS [or peripherals and parforms
writhmetie and logic oparations and instruclion decoding, 1L contans
muttipla high-speed goneral purnose registers which can be used as scey-
mulators, address pointers, indes registers, and other specishired fune-
ligns, The processor can perform data transfers direclly betwesn (10
devices and memory wilhout disturbing the pracessor registers; dors
both single- mnd doubie pperand addressing and handles both 16 bt
ward and 8-bit byte data,

2,21 Genersl Reglstery
Tha tenirai processar pontaine B general regislers which can be used
for 8 warety of purposes (The PDP.11]55, 11745 contains 16 genaral

2-2
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segistars} The reglsters con ba used 25 accumulators, index registers,
sulgincrement registérs, svipdecrement registers, oroas stacy pOinters
for temporary storage of data, Chapter 3 on Addressing describes thess
usas of the general registers in more detadd. Arithmebic operations can
be from one genaral regisler to another, from one memory or device
register lo another, of bplween memory o b device register and a gen-
arnl register. Refer to Figure 2.2,
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FEurs 2-2 The General Registars

R7 is used as tha machine's program counter [PC) and containa tha
address of the next instruction to be executed, It |13 & general register
normally used only for addraasing purposes and not as an accutiplator
1gr arithmetlc operations.

rThe RG register 15 normally used as the Stack Ponter indicating the last

entry in the appropriate stach (& common temporery storega erea with

222 imatroction Set

The instruction complerment uses tha fiexibikty of 1he general-purposo
ragistars Lo provide over 400 powerlul hard-wired instructions—the maos!
comprehensive and powerful instruclion reparioire of any computer in
the l&-bit class. Unlike conventional 16-bit computers, which usuathy
have three classes of msirucuons (memory relerence instructions, oper-
ate or AC control instruclions =rd 1JO instructions) all npe:ahuns_-'rn 1ha
PDF-tY are accomplished with ane web of instruthions. Sinte penphesal
device registers Can ba manipulated as fexibly 48 core memory by Lha
central processor, lostrucliony that are used to manipulate data in core
memory may be uied pqually well for data In periphéral device regicters,

. For axamgple, data ip an external devica ragister can be tested or mod fed

dirncily by the CPU, wilhawt bringing it inte mamery or disturbing the
general registers, One can add data directly to a penpherai device reg-
iler, ar compare logically ar anthmelcaily. Thus all PDP-11 instructions
can be used to create & new dimension in ithe treatment of contputer
O ang the need for a special class of O instrugtions is eliminated.

The basit arder code of the PDP-11 uses both single and doulde operand
address instructions for words or byles. Tha POP.11 therelore perlarms

L] " 2'3 [l



F efficiently in gne step, such operations as adgmrg or subtracting 1wa
cperands, or moving an oparand fram one locaben to aonelher,

POP-11 Approath

fl

"ADD ME . ;add contenls of lozition A to lota:
tion B, slore rosuliz At location BT
Comantional Approach

LDA A ilvad conlants of memory lpcation A
inta AC

ADC B .add contents of memory location B Lo
AC ,

STAH store resull 8t logstion A

Addresaing

hoochy of the power of the PDF-11 s darived Trom ite wide range of ad-
drassing capabibties. POP-11 addressing modes inglude sequential
addressing forwards or backwards, addressing indasing, ndwect address-
ing, 16-bit word addressing. &-bit byte addrassing. and stack addressing.
Variabie length lastruction formating mliows & minimuny number of bits
1o be used for each addressing mode. This resuils ln eficient use of
program storage space.

-
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Figure 2-3 Processor Status Yord

The Procassor Siatus word (P5), at locatlon 777776, conteins inlor-
mation on the current status of the POP-1), This information includes
the current processor pricrily: cucrent and pravious operation sl modas;
the conddipn codes describeng the results of the basl instruclion; and
an indicatar for detecting the execution of an kstructian to be trapped
during program dahugging.

Proceysor Priovily

The Central Procasaor operates at any one of &ight levels ol priority, O-7.
When the CPU 5 pperating at level 7 an extérnal device cannot interrupt
tt with & réguast for service. The Central Procassor must be operating
al & lower prionty than the external device's request in order [or 1he
atarrupton to take #fect. The current prionty {8 maintained m the

24
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processor stalug waord (bits 57). The 3 processor ey Tovide an

efective - Interrupt mask.

Condition Codes '
The condition codes contein Infarmation on the resylt of the last CPU
operation. .

The bits are set as Ioligws:

Z = L. if 1he resuit was zero

N =1, if the result was negative

C = 1, if the aparation resutted in & carry [rgm the M5B
W = 1, if the pperation resulted in an arthmetic overfiow

L]

[

Trap .

“The trap bit {T1 can be 5#t or cleared under program cantrel, When set,

a processor trap will oceur through location 14 on completion of instruc-
tion exscution ang a now Processar Status Word will be loaded. This bit
is sspecially vseful for debugging programs a3 b provides an efficient
method of installing hreskpoints.

2.24 Stacks o

In the PDP-11, & stach {3 » temporary datla storage ares which allows a
pragram fo make elficeant wse of frequently accessed data. A program .
can add or delete words of bytes within the stack, The stack uses the
“Ylast-in, first cut™ contepl; that is, varigus ilerms may be added to a
stack in sequential order sng retrieved ar deleted fram the stack in
reverse order. On the PDP-11, a stach starts at the highest location re-
served for it and expands linearly downward 1o the lowest sddress as
jtems are added, The stack 3 used sutomatically by program intarrupts,
subroutine callg, snd trap inatructiona. When the processor is inter-
supted, the centeal procesaor status word and the progeam counter are
saved [pushed) onto the Stack area, while ihe processor services the '
interrupting device. A new status word is thea aulomatically scquired
from 20 arca e cora memory which is reserved for interrupl Instroc
tiong {vecigr area), A return from the intermupt instruction restores ihe
original processor statie and returns to the interrupted program withaout
software intervantion.
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2.3 MEMGRY

Memory Organization

A memory can be viewsd as a seres of Iocations, with & number {ad.
dress) assigned to each location. Thus an 8,192-woed POP-11 msemory
could be shown as in Figure 2.4,
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Becavse PDP11 mamories are gesigned to accommodate both 16t
words and B-bit byles, the iotal number of addresses does not corre-
spond to the number of words. An Br-word memory Can contain J5H
bytes and consist of G37777 ocial locations. Words always stan at ewen-
numbered locatians, -

A POP-11 word is divided into a hgh byte mnd 2 low byte as shawn In
Figure 2.5, .
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Figurs 2.5 High & Low Byte

Lew bytes are stored st even-numbered memory locstions and high
bytes at odd oumbered memory locations. Thus £ i3 convenent 1o view
the POP-11 memory s shown in Figure 246,
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Figure 2-6 Word and Byte Addresses

Certain meamory |ocations have been reservad by the system for inter.
rupt and trap heandling, processor siacks, general registers, and periph-
eral davice registort. Addresses from O 1o 370, are always resarved and
those to 777, mre reserved on large syttem configurations for traps mad
interrupl handling.

A 16-bit word used for byte addressing can address 3 mazimum of 32X
words. However, the top 4,096 word locations are reserved Tor petipheral
and regisler addresses and the user tharefore has ZBK ol core Yo pro-
grarn. With the POP.L1fS5  ang 11/45, tha user can swpand  abhove
2EK with the Mesmaty Management, This device provides an 1H-bit
effectiva memory address which permits addressing vp lo 124K worde
of actual mamory, .

Il ihe Mamary Management option s not vsed, an octsl address be-

tween 150 000 and 177 777 is interpreted as 760 000 1o 777 777, That

is, i Bit 15, 14 and 13 are 1's. 1hen bits 17 and 16 (the ertended ad-

dress bifa) are considered ta be 1y, which reocates the last 4K words

(BK bytes} to brcome the highest locations accessed by the UNIBUS.
B ]

24 AUTOMATIC PRIORITY INTERRUPTS '

The multi-level automatic prigrity interrupt system permits the processor
to respond autamalically to conditions outside the system Any number
of ceparete davices can be attached 15 each leval, '

L
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Each peripheral device in the POP-J 1 system has a poiater (o its own
pair of memory words {one points to the devices's service rouline, and
the other contams lha new processor status information). Ties unigque
identificatron elirmnates the nesd for polbng of devices to idenlly an
intarcopt, since the Intarrupt servica hardware selects and beging ow
ecubing the appropriate service rogtine atter heving actomatically saved
the stalus of the interropted program segment.

The dewices’ interrupt pricrty and service routine prigrity are indepen-
denl. This allows adjustment of system behavigr it rezponse to redl ima
conditions, by dynamically charging the priority level of 1he service
routing,

The imierrupt system allows the procesSol fo fontinually compaie s
own programmable priarity with the prigrity af any nterrupting devices
and to ackaowledge the device with the lighast level above 1D proces-
sor's prornty jevel, The servicing of ananterrupl for a dewice can be -
terrupted in order to kervice an interrupt of a higher prierily, Service 1o
the lower priorily device is resumed autormaticalty wpon completion ol
the highar level servicing. Suth a process, called nesled interfupl ser-
wicing, can be carned oul to any level withoul requinng the saliware ta
save and restore procestor slatus at each tevel,

When a device {ather than the central procesaor) is capabie of hecom-
ing bus master and requests use al the bus, i is gensrally fof one of
two purposes:

1. To make & non processar transfer of data directly to r from
mHemary

28
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2, To tntercupt A program execotian and force the procsssor to
go 1o e specific address where an interrupt seryvice runiine
it hocated.

N

Direct Memory ACCess

Al POP11's provide far direct access 1o memoary. Any number of DMA
devices may be attached Lo Lthe DNIBUS, Mavimum priority o8 given to
DMA devicas, thys aliowing memery data storage or relrieval at mamaory
cycle speeds. Hesponse time s prninnzed by the arganizalion and laogiz
ol the UNIBUS, which samples (equasts and priorities In parallel with
data trznsfers. ’

Direct memary or direct data transfers can be accomplished hetween
any two pericherals withoul processor supérvision. These non-professor
request transiers, calied NPR level daly transfers, are usually made Tor
Direct Memary Access {memory 1o/irom mass storage) or duest device
transfers (dixh refreshing a CRT display).

Bus Requesis

Bus recuesls from rulernal devices can be made on one of Twe roguest
lines, Highest prignty is assigned tg non processor reguest (WPR). Thasa
pre direck memory Bccess type transfers, and are honored By the pro
cessor babween bus cycles of an instruction sxecution.

The processar's prianity can ke et undér program coateol Lo one of eight
levels using bils 7, 6. amd 5 in the pocesste stalus register. These bits
sut a prigrity level Lhat inhibits granting of bus requests on lower levels
or on the same ievel. When the procestor's priardy is sel to n level, for
axarmple P56, all bus requests on DRE and below are ignored.

When more than one device is connacted to the same bus request (BR)
fine, a davice nearer the central procassor has a higher priarity than a
device farther away, Any number of devices can be connected 1o a given
BR or NPR hne,

Thus the prionty system is two-Oimensional and provides each device
with a unique prignty. Each device may be dynamically, selectively
enabled or disabled undet program contral,

Once a device olher than the processor has cantrot of the bus, it may
da one of two lypes of cperations: data transfars or intarrupt Oparaticons,

NPR Dzta Transfers

MPR data translers can he made Delween any two peapheral devises
without the supervision of the prodeisor, Normailly, NPR Leansters are
between 8 rmass siorage device, such a3 a disk, and core mempry, The
structure of the bus &ls0 permits denice toedevics Lransfers, allowing
cuslomar-designesd perphecal conlrollers 16 access other devices, such
as disks, dirsctly, .

Ao WPER device has very fast sccoss 1o the bus and can transfer al tugh
datz rales ance it has control. The processar state s not alfected by
e transtar therefore the processor can relinguish contral white an in.
struclion 5 in prograss. This can octur at the end of any bas fycles
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except in belwemn o read modily write wequence, An NP devics in con.
trol of the bus may ransfer 18-hil words from mamaty al imemory Speed,

BR Transiers '

Usvices Lhat gain bus conlrgl with ane gl the Bus Request lines (BR 7.
CR4Y can take lull advantage of the Cealral Processor Ly requesting an

interrupl. In this way, INe ealire instruclhion sel i3 available fpr manipy-
lating date and Eiatus ragisters,

When o service routing is to he run, the cotrent task being performed
by the central processor is Intertupted, nnd the devles service routine

i initiated, Onca the reguest has bren sakisfied, the Processor returns
to 1ts former tash,

4

Interrupt Frocedure

Interrupt handling is sutoomatic in the PDP-11- Np device polling is re-
guired to detsrmine which service rootine 1o execute, The ﬂpera'tluns
required ta sar\r-ca an interrupht are &5 follows:

1. Pmcessur mlnnqulshes mnlml af 1he bus, priarities permitting.

2. When a mutur £8ing conlrol, rt sends the procassar an Interrupi
command and an uriqus mamory address which contains the ad.
dress of the device's sarvice rouline, called the inlerrupt vectar
“pddeass. Immedistely fallowing this polnter addreas 13 a word (o

cated al vector sddress o 2) which is b he used as’ a ndw Processor
Status Ward. .

1. The processor lt;‘.ll'ti the current Processor Status {F5} and the cur-” )

rent Program Counter {FC) into CPU temporery regivlare. v, T
4. The new PC wnd PS (interrupt vector} are taken from the specifigd
. pddress, The ofd P5S ang PC are then pushed onta the {_urmrrt stach
The serdice routine is than initiated,

5. Thae deviee service roytine can ceuse the pracessor to resume the

Imterrupted process by executlng Lhe  Return Prom [aberrupt instrug-
tien, descnbed |n Chapter 4, whith pops the two top words {rom
the current processor stack and wses them to lead the PC and PS5
Tegisier. . .

- o

A device routine can ke intarrupted by a higher pricrity bus request any
time zfer the new PC dnd PS havye been loaded. I such sm interrupt
pecurs, the PC and PS5 of the service routlhe aie auvtomaticelly storag
in the temporary registers and then pushed onto the new current STACH,
and the new device routine is Imiliated.

Interrupt Serviting

Every hardware devica capable of mum.uphng the processor has a unique
set of locations {2 wards) reserved for its Interrept vecior, The first worgd

contalns the location of the devige's sanvica routing, and the second, the .

Processor Slatus Word that is fo be used by the service rouline. Through

2-10

plﬂp!r use of tha S, the programmar can switch the operabional mode

of the proceskor, Iﬂd medify the Processor's Prionty level to nrask out
lower lavel [ntarrupts, \

Reentrant Code

Both the interrupt hendling hardware and the subrouting call hardware
facilitaie wriling reentrant code tor the PDP-11. This type of code allaws
» single copy of & Ziven subroutine of program Lo ba shared by more
than gre process or tash, This reducas the .amount of core needed for
multi-task applications such as the cﬂnr.urrent semcins of rnnn:r periph-

eral devices.
Power Fadl snd Restan

Whensuer AC powdr drops balow 95 vults for 110w pcnﬂ.'r {193 vaits tor -
220v]) or autside & limit of 47 to B3 Hz, as measured by DC power, 1he

.power {ail sequence j3 Initiated, Tha Ceriral Procesior aulamaticaily

iraps 1o locatlon 24 and the powsr gl program has 2 msec to sawe all-
valatite informaticn (data In remﬂnu} and to condition periphergls for
powar fall. ' . .

o . LY

JWhen powss IS 1estored the procestor traps to location 24 and execulas
lhc power up routine ta restore lhl machine to its state pricr 1o powar
fallure, » -
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e -  CHAPTER 8

PDP-11/34 MEMORY MANAGEMENT

B.1 GENERAL

a1.1 Hnmnqr Maragement

This chapler describes the Memory Managemant unit of the "11/34
Central Processor, The POP-11/34 pravides the hardware faciibies neces-
sary for complete memary management and protection. i s designed to
e a memory rmanagement facifity 1or systems where the memary sizs is
greater than 2K words and for muiti-use:, multi.programming systems
where proiection ang relocation facibliies are necessary.

d.1.2 Programming - .
The Memory Management hargware hes baen optqmued Inwards 3 mult-
Programning envirGament and the processor can aperate in two modes,
Kernel antt Wser. When in Kernel mode, the program bas compiete
contrgl and can egecute all instryctions, Monitors and sup-enllinry pra-
grams would be exetuted in this mode,

When in User Mode, the program iy prévenisd {rom exaCuling certmin
instructions 'II'IM could:

a) cause the modilication of the Kernel pmgram
h) haft the camputer.
€] use memory space assigned 4o Lthe Rernel or other users.

In a multeprogranuning envicgnaient several Uger progeams wauld be
residenl in memfey At any @oven time, The lask of {he supervisory pro
gram would be; control the swecution ef Lhe wvarious user programs,
manage ithe pliocation of memory and pernpheral gewice redources, and
saleguzrd lhe ntpgrity of the system a% & whole by carelul conlrel of
each usér program.
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In & muili-programming fystent, the Management Unt provides the
means Tar assigning pages (refocatab's memory Hpments) 1 8 pxer
program and preventing that user from mahkicg 80y unagthorized aceess
to these pages outside his asaigned area. Thus, A yser can eMect|yely
be preventsd fromn eccldenial or willlul destroction al any othar yser
program-ur the systam execulive programn.,

Hardware "implemented testures enabls the aparading system to oy-
namicklly allocate memary upan d=mand while a prugram is being run,
These features are particulariy uselul whea running higher-level langoage
programs, where, for sxample, arrays are constructed at execution Lime,
Mo fieed space is resarved for them by the compllar, Lacking dynamlg
memory sllocatian capability, 1he program would have to calculate and
alow sufliciant memary =pace to accommedate the worst case, Mamory
Mznagement ehrninatn-s thiz hime-consuming and wuteful procedure.

8.1.3 Bavc Addressing

The addresser panerated by a1l FDP-11 Farruly Central Processor Lnits
{CPUs) are 18-bit direct byts addresses. Although the PGP 11 Farmuly word
length 1b 16 Eits, the UNIBUS and CPU addressing logic aciunlly 15 18
- bits. Thus, whie the PDP-11 word ¢an oaly contain address relergncss
up 1o 32K words (64K bByter) the CPU and UHIBUS can reference ad-
dressen up ta 128K wordy (FS6K bytes). These exira two bits of addragy.
Ing Ipgic provide the basic framework for sxpandung memory referance.

"

In addition 19 the word length constraint an basic memory addresying
space, the uppermost 4K words of addrecs space it alaays reserved lor
UNIBUS IID gavice regisiers. In p basic FDP-11 memory Sonligyration
(without Manapemuent) all dddrrss references ta the vopermost 4K words
of 16&tnt addraxz space (150000-177777) are convered o full 18-bit
ruleranses with bits 17 4nd 16 always s#t to 1. Thus. a 16-bit relarence
to the IO device register a1 address 173224 15 automatizally internally
Convertad to a Tull 18-bil referenca ko the registor ot address 773224,
Accordingly, the basic FDP-11 conliguration can directly address up to
28K words ol true memory, snd 4K words of UNIEUS |70 device registears,

8.1.4 Active Page Registurs

The Memory Managemant Unit uses bwo sets of cight 32-bet Active Page
Registers. An APR is actually a pair of 16 bit registers; a Page Addiss
Registas (PAR) and & Page Descriptor Regisler [PDR). Thess reglslers
are always used as & palr and contain atl the infarmation nedded 1o
describe and refocate the currantly active memaory pages.

*

One set of APR's 15 used in Hernel mode, sng the other o User mode
The choiwe of whith get ta ba used ts determined by the cutrent CPY
mode contrned in the Processor Status word,

g2

13 W ow _d €
| " [ I WO FIOE L O l
aul . A . L
DRl 300 LISl d1Hn

— S — e
o [V )
T al
L] aH rJ‘ g ]
arl 3 abk ¥ . Moty

e,
ab g . anl 2
APE 3 Ay
Arn * 3 AFE
aFlr B AFRT

.l ] s N il a

[ )

Fall DEW aHTE AU

|;m rar

sl Wt e

Figure B-1 Active Paga R-egis't_trs

8.1.5 Capabilities Provided by Memory Managemant
Memary Suze (words); 124K, maa {plus 4K far JO & regisiers)

Virtual {16 bits)
Physicsl {18 bits)

Kernel & User

Address Space:

Modes of Operalion:

Stack Pointers: 2 fone lor each mopds)

kemory Relocation:
Mumber of Pages:
Page Length:

& [B lar #ach mpde)
32 to 4,096 words

N access
read only
read) whts

Mermary Proteclion

8.2 RELOCATION

8.2.1 virtuzl Addrassing

When the Memory Management Und s apérating. the normal 165t
direct byte 2ddrass is no longer interpreled as & direet PRysical Address
{PA) but as a Virtual Address (¥A) contaning inlormation to be used in
constructing & new 18-t physical address. The informatign conlainer
it the Yirtush Addiess (YA) 5 Combined wilh relpcallon sngd descriptavn
information conlaired o the Aclwa Page Register [APR) 1o y-h!d an
180t Physical Address (PA)

Becouse addresses are automalically relocated, the computer may Le
considered to be Speratirg i virtual address space, This means t7at ra
nuatiear where & progrant is 1eaced into physical meamory, it will Aot have
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to be “redinked”; 1t always aprears to be at the same vittual localion in
MEmory.

The virtual addiess space is divided inls eight 4K-word pages, Each page
15 relocated separately. This is g useful tealure o multi-programmed
tilrnesharmg aystems. It gerniits 2 néw (srge program to be losded intp
discant:inuous blacks of phys cal memery. :

A page may ba as 3mall 23 32 words, so0 that short procedures or data
Areas nE_Ed occupy only ac much memory g% required. This s 3 uaefyl
fexiure in resl-bime contral sysiems Lhal eonlain many separdte smatli
tasks. It 1% alto m useful feature for slack and Buffer control

A basic function (8 Yo perform memary relocalion and provides sstended
memary addressing capability for systams with mare than 28K of phys-
'ir_.'ai mamory, Two sets of page address repisters are Csed 1o relocate
virtuzl addresses to physical addresses in memeory: Thess sety Are used
as hardware relocation registers thal peemil several user's programs,

each starbng at wriual address 0, to reside simutlaneously in physical
memory.

B2.2 Program Relocation

The page address registers are used 10 determing the stating address
of exch relocated program in physical memory. Figure 8-2 shows a sim-
plified exazmpis of tha relocation concept.

B

P;'ngrarn A tiacing address O is relocated by a constant |
physical address 6400, ¥ 2 censtant to provide

RIS ATIO
COn 1AM

IR L
ADLHIES
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PG, ADGHGLE Y o L

Lo nbi )]

Figure 82 Simplited Mamory Ralacation Concapl

8.4

v

H the next proces<or virtual address is 2, the relocation constanl will then
cause ghysical sddress 6402, which 15 the second itern of Program A, to
be mcoessed, When Program B is running, the relocation constant in
changed ta 1000G4,. Thaa, Program B virtual addrasses starting al 0, arw
telocated to access physical addresses starting at 100000,. Using the ac-
tive page address registers 1o provide relocation eliminates the newd 13 "re-
link* & program e#ch Lime it is loaded into a different physical memary
lecation. The program atways appeary to start at the same addreas.

A program is reldcated in pages consisting of from 1 to 128 blacks.
Each block is 32 words In length. Thus, the maximum: length oF & page
it 4096 {128 » 32} words. Using all of the sight available active page
registers in & set, & Maximum program length of 32,768 words can be
sccommodated, fach of the sight pages can be relocated anywhera in
the physical mamory, as ong as each relocated page beginy an &
boundary that is a multipe of 32 words. However, for pages that are
sinaller then 4K wordy, only the memory sctually allocated Lo tha page
may be accessed.

The reiocation example shown.in Figure B-3 illustrates several palnis
about memory relocation. .

a) AHhough the program Lppears-to be (n Contiguous address space to
the processor, tha 32Kword physical address space is actually scat-
tered through sevaral separats arsas of physical memeory, As lond
w3y tha totzl availabla physicxl memory 4pace i3 adequate & program
can be loxded. The physical memory spate nesd not be contiguoys.

-

b} Pap#s may be ralocated to higher ar jower physical sddrasses, with
raspect to thelr virtual address ranges. In the example Figure B-3,
page. 1 is relocated 1o o higher range of physical addresses, page 4
is relocated to & lowsr range, and pag® 3 s not raloceted at all
feven though ity redocalion constant is non-2arg),

c} All of the pagts thown In the axample ginrt on 32-wort boundaries,

d) Each page is relocalad [nd«Ependehtly. Therd is no reasgn why two or
mars pages could nol be relocated to the same physical mamaory
space, Lising more than one page sddréss register in the et to
sccess the sama space would be ong way of providing different
memory access rights to the samw date, depanding upon which part.

ol m program was relerencing that dats, ’ ¢
- = . .

Mempry Units - .
Block: 32 words .
Magn: 1 1o 128 biocks (32 to 4,096 words)
Ho._ of pages: & per mod o w
Sz of ralocalable 27,768 words mae {8 x 4,095) - .
MBMLary: . .
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Figure 3-3 Relocation of & 22K Ward Program into
124K Ward Physical Memaory

83 PROTECTION

A timesharing systerm parforms mulbiprogramniing: it allows seversl

- pragrams to reside i meniofy simultaneously, and to operale segquen-
tially. Access lo these programs, and Lhe memory space they otcupy,
must be striclly defined and controlied. Sevaral types ol memory pro-
tecticn must be afiorded a tirnesharirg system. For eaample:

a) User pregrams must nol be allowed to ewpand bevond aligeated
space, unigas authorized by the system,

b} Users must be prevented from modifying commeon subroutines and
elgarithms that are resident for 20l users. .

-

£ -
= £} Users must be prevenled from gaining control ol or mothfying the
* operating walem software.

The Memory Management oplion provides the hardwate facilibres 1g (m-
plement all of the abeve types of memory proiection.

£3.1  Insccassible Memary '

Cach page has a 2-but access control key assotialed with it, The ey s
assigned under program control, When the key is sct to O, (e page is
defined a3 nonresident. Any allampt by a user program 10 sccess a
nonresident page is prevented hy an immediate abort. Using this fea.
ture (o provide memory pratechan, only those pages asociated with (he
current program are seb to legal access keys. The access contral heys

of all other program pages are set to G, whith preveats illegal memory
references,

§.3.2 Head-Qnly Memary

The agcess contrel key fur A.page can be seb o 2, which allows read
{ietch} memory refsrences |6 the page, bt immmealely aborls any al-
tempt 10 wrile into that page, Tius read only typs of memory protection
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can be aforded to papes Lhat conlasn eoinnion data, subreutines, or
shared algarithms. This type of memory proteglon allows the access
rights to a given information modole to be yser-dependent. That is. the
atcess right Lo a given inlgrmation module may be varied for giferent

© wsers by allenng the access control key,

A page address register wn #azh ol the scts (Kernel and User modes)
may & $et up Lo reflerence the Samé "ghysical page w1 meémory and
each may be keyed for different access rights, For ezampie, the User
access controt key might be 2 (read-only accass), and the Kernel access
contrp! key might be 6 [allowing complela readiwiile access},

B£.3.3 Multiple Address Space .
Thera ara {wo complele separate PAR/PDR sets provided: one sel lor
Kernel mode and one set lor User mode, Ths afiords the iimeshaning
system with another type of memory prolection Capabrity. The mpde of
opesration is specified by the Processor Status Word current moda tield,
or previaus mode field, as delermired by Ihe cenent instruction.

Assuming the currend mgde P5 bits are vahd, the active page register
sels are enabied as 1pliows:

PSimIs15, 14) PARIPDR Sef Enabled

[1.3] Kernel rgda
?é : } Hicgai fat relerences aborted an access)
11 User mode

Thus, & User mode progiam s relocated by its own PARIFPDR set, as are
Kernel programs. This inakes it impossible [or 2 program running n
one mode o accidentally reference Space aliocated to anolher moce
when the pclive pape regraters are set contactfy. For example, & yser cans
not iransler to Kernel apace. The Kernel mode address spaces may he re-
served lar resident syslem monitar funchons, such as ibe baswe Input!
Outpul Conticl routines, themony managemenl lrap handiers, and bime-
shaling scheduling modules By dividing Lhe types of imesharing system
pragrams lunctionaily betweon tive Kernel and User modes, & mirimum
amaynl of space control hpusekeeping o5 reguired as the timeshared
aperating system sequénces [rom oné wusér program ta the nest. For
example, only the User PAR/PDR set needs 1o be updated a3 each new
user Progream is senviced. The twe PARJPDR seis implemented in the
Memaory Manzzement Unit are shown in Figure B-1,

B4 AGTIVE PAGE REGISTERS i

The Memogry Managamant Umit provides iwa sets of pight Active Pape
Regilers [(APR). Each APR consisis of a Page Address Regsler {PAR)
and & Page Doscniplor Repisier (POR). Thess registess are always used
a5 a pair and contain all the inlgrmalion required 1o ocate and describe
Lhe cusrent active pages for each mode of operstion. One PARIPDR set
i5 ueed wr Kernel mode and the cther v used in Liser mode, The cur-
reqit mpele bits [or in soime cases, the previous mode Bits) of the Praces.
£0r Stalus Word deterimune whieh s#l will e referencad for wach
HRINErY @CLCass. A program operating wy one mode cannot use {he PARS,
PFOH sets of |he ather miggde {0 access meEmgey, Thus, e fwo sels are

a7
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8 hey fezturs i providing o futly protecied enwrnnmnnt ter a time-
shared muili-programming Systam,

A $pecilic processor 1O address is MSigned 1o sach PAR and POR of
wach set. Fable 7-1 is p complete list of yddress asslgnment.

NOTE
UNIBUS deuices tannot atcess PARS or PDRS

v

"
»

In & fully-protectad mutl prog Hrnn‘ung envirgnmaent, the implication is
that only & program operating in the Kerpel mode would be allpwed to
write into the PAR and POR Iocations for the purposa of mapping user's
programs. Howewer, ihers aré no restraints imposed by the [ogic that

will prevant User mode programs (rom wriling into lhes# registers. Tha *

oplion of implementing such a feature in the operaling system, and thus
waplicilly pratecting thess locations from gser's programs, is available
1o the sysiem foftwire designer.

Tuble 81 FAR/PCR Address Assignments
Kernel Activa Page Reglsters | Lisar Active Page Registars

MNe. . PAR FOR . No. FARA POR
a FF2340 . TF2300 1] . FFTeA0 771600
1 Fr2342 FF2I02 - 1 TTI642 FrIe0e
2 FFiia4 Fraa0a 2 FrFIGaA4 F7 7604
k| FrZia6 772306 k] 777646 777606
4 Fr2350 FF2M0 4 777650 Frrein
5 2352 . 7712312 5 FFF6S2 176l
G Fr2a4 772314 & Trrabd 777614
7 772356 FF2314 ¥ TFrEhE 771616

B.4.1 Page Address Registers [PAR) )
The Page Addrest Reglster (PAR), shown in Flgure 8-, contains the.
" 12t Page Addrens Field {PAF) that specifies the base address of the

page. . -

< M. .

Figura B-4 Page Address Reglstar

Bils 15-12 are unused and restrved for possibile lulurg use,

The 'Pags Address Registec may be alteérnatively lhought of as a ralo
eation constant, or as § bave register containing & base address, Either
intarpeelation ndicates the basic fonclion of the Page Address Regeter
(PAR] in 1he relocation scheme.

" BA.2 Page Descriptor Registers (PDR)
The Page Descriptor Register (POR), shown in figure 8.5, contains in-
formaticn ralative to page £apansion, page length, and Bccess Lontrol,

' 8.8

W7 i:.fj -

Figure 85 Pzge Descriptor Register

Accass Conirol Field (ACF)

This 2-hit field, bits 2 mad ), of tha POR gescribas the access rights to
ihis particular page. The access codes or “heys™ specily the manner
In which a page may be accessed an? whethar or not a given access
shaule result in wn BBOME of the current oparation, A& memory sefersnca
that causes an sbort 13 nol completed and is terminated immediately,

L
Aborts are caused by altempls 1o aCCEIS nOnresikient papes, page
length errors, of aCcess vinlstinna, such a3 stiempting Lo write wolo a
read-only page. Trapl sie ustd as an g in gathering memory manage.
mant informatign.

In tha context of RCCA4S tontrof, the term “'wite' & uskd to indiCate
the action of mny instruction which modifies the contents of any ad.
dressabie word, A “'wrlte'' in synonymous wilh what is osually ~allad a
“slore™ or "modity’' In Many computer systems. Tabis B2 istc {he ACF

hays and thair functions. Tha ACF is written int0 the POR under program

controd. . s

Tabla B-2Z Access Control Fladd Kiys

AFC Key Ceacription Function
00 0 Non resident Abort eny yltempt Lo accass thiy
) nor-resigent paga
ol 2 Residant read-only Abart any pttempl to write into
this page.
10 4 {urLzed) Abort All Accessay,
11 L Rasident read! write Read or Write allowad. Mo trap

o abort pcours,

Expansion Direction (ED)

T_I1= ED kit kecated tn PDR bit position 3 indicates the aothorized direc.
bien in which the page can expand. A lagre O 0 this bit {ED = 0} ind}-
cates the page can expand upward (rom relative pers, A logic 1 in Lhig
bit {EQ = 1} indicates the page can expand downward toward relalive
2erg. The ED bit s writlan into the POR undér program conbesl, When
the expapsion direction is upwerd (ED = Q) the page length-is incieaven
Oy adding blotky with bigher relative addresses. Upward axpansion is
uvsually specified for program or data pages to add mare program or
Lalde space. An example of page expansion upward is showm in Figure 8.6,

When the expaniion direthon o5 downward (ED = 1), the page length iy
increased by adding bBlocks with lower relative addresses. Downward
expansion is specifoed Tor slack pages 5o thal Mmpre stach space can be
added. An example of pege expansion downwand 15 ghown in Agure B-7,

a9
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Figure 86  Lzample of an Upward Expandable Page

Yritten Inta (W)

The W bt located in POR bt posilion 6 indicates whetlier the page has
been wrnttan into since it was loaded into memory. W= 1 |5 affirmga.
tive. The W bit is automatically cleared whan the PAR or PDR of that
Page i1 wiitten into. It can only be set by the contiol logic,

In disk swapping and mamaory overlay apolications, the W bit {tut &) can
be used to determine which pages in memory have besn modified by a
user. Thote that have bedn wrtten inte must be saved jn their current
form. Thosa that have not pesn written into (W == 0), need nol b2 saved
and can ba gverlayed with gy pages, i; necessary,

Page Langth Field (PLF}

The 7-bit PLF lucated in T'OR (ts 14.8) specities the aulborized lengtn
of the page, in 32-word blocks. The PLF holds block numbers Irom O 1o
177, thus allowing any page |eagth frem 1 1o 128, blochs. The PLF
is wrilten in the POR undes program contial.

FLF for an Upward Expandabla Page

When the page gxpands upward, the PLF must be aat to pre less than
the intendad number of blocks mythanzed for that page, Far examplp,
W52, (82,,} blocks ave autharized, the PLF is s Lo 51, (41, .} (Figure
8-0). The hardware compares the virtual address block numiber, YA {bits
12-6) with the PLF t¢ determine If the virtal address is willun the ay.
thorized pagae lergth,

When the virtual address block number is fess than or sgual to the PLF,
the virl-aal sgddress 1 within tha sulhorized pape lengih. 't 1he virtual ag-
gress is grealer than {he PLF, » page length fauit {address too high)
i5 delectsad by the hardware and an abort porurs. In 1R case, bhe wir.
tual. address space legal to the program is nea-conliguous because thg
three mast significant bits of the virtual acdiess are ueed to select the
PAR!FLIR sot. - -

FLF for & Downward Ezpandable Page

The capabibty of providing downward expansion for a page is intendeg
specilically lor those pages thal are to be used a3 stachs. In the PDPIT,
2 slack starts at the highest Incalion reserved for v and expands down.
ward {award the lowest address #s iterns are added to the stachk.

When the page is to be downward sxzpandable, the PLF niust be set [g
authoriye a page l2ngth, in blocks, that starls at the highest address gf
the page. That is always Block 177,. Refer to Frgurs 8.7, which shows
an eaample ol a downward expandalile page. A page leagth of 42
blocks it arbilratily chosen so that the sxample can be compared will,
the vpward expandable exampla shown in Figure 8.6,

: NOTE
The same PAF is used in both examples! This is et
done to emphasice that the PAF, av the base s
atdiess, always deternimines the lowes! addross
ol the page, whather it & upward of downward
fapandahle,
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To specily paga langth for & downward expanda'bll page, writa comple-
ment of blocks required into high byte of PDR,

In this =xample, & d2-block page is required,
PLF is derived as followy

42 .= 52, two's complement = 126,
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Figure 8.7 Example of a Downward Expandalle Page

The calculatinng for cormplamanting the nuember of blocks tequired to
oblain the FLF s a5 lollows:

MAXEMUM BLOCK NO.  MINUS REQUIRED LENGTH EQUALS  PLF
177, - 52, = 125,
127, - 52,0 = BS,,

8.5 VIRTUAL & PHYSICAL ADDRESSES

The Metnpry Maragsment flmb 1z tocaled between the Centrat Processar
it angd 1lhe UMNIBUS agddress hines. When Memory Mandgément is
enabled, the Processor ceases to supply address inforrmabon 1o the Uni
bus. Instead, addresses pre 2ent 1o the Memory Management Umit whene
they zre relocated hy vanges conelants cormputed within the kemory
Managemant Limit.

£5.! Construction of & Physical Address

The basic infarmatian needed for the construction of a Physical Address
(P&} comes [rom the Yirival Address {¥A), which as iflustroted in Figure
B #, and the appropriate APR gat,

N B——
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Figure 3.8 [aterpietation of & Virtual Address
L

The Virtual Afdress {WA) consists of:

1. The Aclive Page Fimld {APF), This 3-bit Eeld determines which of
eight Active Pape Hepislers (APRQAPR?) will be used o fgrm the
Prysical Addrass (PA),

2. The Displacement Freld {DF) Thes 13bit feld contains an address
relative to the beginning of 4 page. Ths permils page lenglhs up to
AK wards (27 — BR bytes}. The OF s further subdivided into two
fe1ds a5 shawn in Figure 8-9.

" L) ] a
F
| 1 ] Lk

P T ALttt . P
Fiprere B9 D-spfacement Field of Yirtual Address
4

The Displacement Fiekd (DF) consists of;

*
1. The Biock Nimber (BN} This 7-bat Bed is inlevpreted at the higch
NMumbar within the current pags,

2, The Displacerment i Block [D18). This &bt Leld conlaing Ihe dig.
placement wrihip the bfothk relérred (g by the Block Mumber,

a3
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The remainder of the informabion needed to consirec! the Physical Ad.
drass comes fram the 12-kit Page Address Feld (PAF) (parl of the Actjve
Page Registar] and spenlies the stasting addeess of Lhe mamory which
that APR describes. The PAF is actually a block number In the phys:cal
memgry, .8 PAF = J indicales a staring lddrcsi of 96, {3 x 3Z = 98)
wirds #n physical memary. .

The formation of tha Physical Address b5 illustraied (n Figure 8-10.

-
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Fi rgura 810 Cnnstruclrnn ni a Pn_'.rmai Address

B3 1

The logical sequence involved in constructing a Physical Address 15 a4
Todiorws: -

1. Selact & sei of Active Page Registers depending on current mode.,

2. The Achive Page Fisld of the Virtuval Address 15 used o select an
Activa Page Reghler (AFRD-APHT).

3. The Pape Address Field of the setecied Artiwe Pape Register con:
teins the starting addrass of the currenlly active page as a bipoh
number in physical memary.

&. The Biock Numbaer from the Vipual Agdress is added-to the bDlock
number from 1he Page Address Field to yieid the number of 1ng
blwch in phySical memory which will contain the Physical Address
being construtind,

& The Displagsment in Block from the Daplacermenl Feld of the Yiryal
Addresa is joinad 10 the Physicel Blogh Mumibier ta yiekd 2 true 18 Lot
Physical Addrasy,

8.5.2" Determining the Program Physical Addross

A 16.bit wirtual sddress can specify up Lo 32& woids, in the range hum
D to 177776, (word boundanies ar# even GCtal numbers). Tone fhree
most slEemibcaal virtual address bils desgnate lhe PARIPDRR sef [0 he
referenced dunng page address relocation. Table B3 Dhats the wirtosl
sddress ranges that specily sach ol the PAR/PUNR svis,
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Tabla BE-3  Relating Yirtual Address in PAR/PDR Sat
PARIPDR Sel

¥irtual Address Range

DRO00-17776

Q20000-377 76

CAQI00-577786

QEONON- 77776 .
100000117776
120000-137776
140000-157776
160000-177776

Y. LI N LYY

MNCTE

Any use of page lengths less than 4K words

cavies hoies ta be (2ff in lhe wirtual addresy

EpaCE,
8.6 3STATUS REGISTERS '
Aborts generdtad by the protection hardmlre are vectored thraugh Kernel
virtual location 250, Status Registers #0 snd 22 are uied [o determine
why the abayt gocurred. Maole that an aborl tag 3 location which 15 jroaly
an anvalid sddress will cause anglther gbarl, Thus the Kernel pragran
must insdrg that Kernel vwrtual Addeess 250 s mapped inlo & valid ad.
dress, otherwise a 100D, will ocour which will require eonsale Intervantion.

8.6.1 Stelus Register O (SRO}

. ¥
5RO contans abort error flags, memory management enable, plus other
essanfral informatign regquired by &0 opafating Syaten [0 recover froin
an abarl @r service @ meTmory management trap, The SR formal is

shawn in Figure B-11. 15 address is 777 572, .
"o d oy a P
R =
—— A e e
4
e | I i el
g i |
:A_..};"lmt e ) J
e g wrokiprteimr - ._J
Figure 8.11  Format of Stabys Register 20 (SR

Btz 15-13 are the abort flags, They may be considersd to be taoa
“prigrity quewn’ n Iat Mags @ the nght'™ are dess signhcanl oad
should be rgnored. FOr example, a “nonresideat’™ abarl serwice roanbae
would ignore BAge length and actess controt flags, A “page lenglle”
abort service foutine would ignore AR access control fault,
HOTE
Gt 15 14, or 13, when set {abort condilions)
cause the logac to [redre |hé contents of SRO
. bty | to & and status register SR2. Tis js done
to lagikctate recavery from the abort,

8-15
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Protection I enabled when an adidress is being retocated. This implies
that aither SR, bit ¢ is equal 10 1 (Memery Mansgement enabledy er
that SRO, bit 8, is equal to 1 and the memory reference is the fingl ons
of & destination calculatken {maints i ancefdestination mode).

Mote that SRC hits O and B can be st under program controd 10 pro-
vige meanlnglul mermnory mansgement control wnformation. Howeyver,
information written ioto 81 pther bits iS5 not meaningful. Only that e
fermation which 15 aulomatically wrtten jple thess remaiming bits as
result of hardware actions s usefdl ps a moenitor of 1ha status of the
memory mansgmmant und, Setting bits 1513 under. program control
will not cause traps to oocur, These hite howewar, myst be reset to O
eftar an abart or trap has octurmed in order O resume monitoring
Memory management.

Abort-Nonresident )

Bit 15 is the “Agort-Moncesidant'™ bit, 11 is set by attempling to Access
B page with an access control field {ACF) key =qual 1o O or 4 or by en-
abling relocation with an iliegal mode in the PS.

Abart—Page Leagth .

Bit 14 is Lha "“Abort-Page Langlh” bit. It is set by atlampling to access
a lpcation in o page with & block number [virtual address blts §26) that
i5 gutsige the area authorized by the Pape Length Field {FFL) of tha
FDR far that page.

Abgrl: Read Only - :
Bt 13 is the “Abort-Head Only™ bit, L 5 set by attempting to write in &
“Read Only"' pAge having AN access key 0f 2,

NOTE & -7
. There are no restrietions that any aliort bits -

coyld not be Sel simultanscusly by the same .
Mctwss attempk.

rl

Mairienance! Destination Mode

Bil B specilies maintenance yse o the Mamory Managemert Unit, It s
vsed for diagnostic purposes, For the ipstroctions used o the it
diagnostic program, bit B is set s0 thatl only the final deshination refeg-
ence is relocated. It 5 uselul Lo prove the capabulity of relocating
addresses. -

Muode of Operation . -
Bits 5 and & ndicate the CPU mode [User or Hecnel} associated with
lhe page caumiag tha abort, {Kernel = 00, User = 11},

Page Humber . .

Bity 3-1 cantain the page number of teference, Pages, e hlocks, ara
numbered from 0 uvpwards, The page number it is uysed by the erros
recovery rovtine to idenlily {l:e page beirg accossed if an abort otcurs.

Ensble Relocalion and Protection
Eit 0 is the “Enable’’ it. Whean d is 5o 1o 1, all xddreyaes are relpcajed

BIE

-

and prolocted by the memary managemenl unil, Wen L O (5 sel tp 5
the memory management unit 1+ disabled and zddressas 2re naitier ge. -
et

located nor protectad. -
B2 Status Register 2 {SR2) —

SRZ i oaded with the 16-0it Virtual Address (VA] at the begimning ol
#aCh Instruction fetch but is ot updated if the instractian T=tch [ailg

SHZ s rand only, a write sttemnpt witl not, mody s contents. SR2 is "

the Virtual Address Program Counter, Uptn an ahort, the result al SRQ
bits 15, 14, or 13 be:ng sel. will fresze SRZ until the SRO abart flags arg
-clefred. The address of SR2 15 777 976.

- i 1]
' R LR ik L i

Figure &-12 Format of Status Regicter 2 {SR2]))

B.7 . INSTRUCTIONS e

Memory Management pravides the abildy to communicate helween fwe
Spaces, m1 determined by the current and previous mogdes of the Pro-
cetsor Status word {PS). r

-+

Mnemonic Instruction Op Codn
MFP} mrgye Lo previous Instruction space 026555
MTRI mave ta previoes Instroction space - Ke60D
MFPD Mmicwe from pravious dats cpace 106555

- MTPD .move ta previous dala space v -

106600

-

These Instructiors are directly compatible with the larger 11 computers

The PL*11/45 Memory Management wnit, Lhe KT11-5, implemenls A
separate Igstruction and data address space, 1n the POP-11/34, thare
I fig dilimrentiation between ingtructian or data space. The 2 instructians
MFPD gnd MTPD (Move to and from pravious dats space) execute lden.
tically to MFPI and MTPIL

:_:1-



MFPD

MFP
move from preavious data space IU§5E;&
move from previgus mstruction apace LT
13 [ ) T
=
In‘u‘! e o 01!‘1}‘1‘[.‘;‘.'1. .._._I
l‘..]perlti.l:ln: (temp)+-{src)

L{SP) —{lemp}

Condition Codea: M seb il the source < 0; otherense cleared
Z: set il the source =0; otherwise cleared
W, cleared .
C; unafecied

Description: Thys instruction pushes a word onta Lhe cyrrent staci
from an address in previous space, Processor Status
{nts 13, 12). The wource address is compoted using
the current registers and memary map,

R2 — 1000

Ezample: MFFI & (R2) 1000 = 37526

The execution af this instruction causes the conlents of (rélati-.re}
37526 of the previous address space to be pushed ontp the current
stach as delernmuned by the FE (ity 15, 14). :

T 4

MTPD
MTAI
Frove ta previguy data space . 106600 )
move 1o arevious Lastruclion space QUGLDD
1 ]
|ﬂ: n‘&||._..n1. 1 ﬂl““l*‘ J‘I-I -
Cperalion: (lemp) {5}t -
{dst)+={temp) -
Corditlon Cades:  N: set f the sourse <0; ptherwise cleared
Z: setf he source = otherwise cleared
V. cleared
C: unalfected
Descriptian: This Inslruction pops & word off the current atack

delermined by PS5 (tuty 15, 143 and storas that word
itte an address in previous space P53 (hdn 13, 12)-

. Thn destinatien address a competed using 1he gur-
rent registers and merhory ap. AN eaarmiple i§ as
1ol ows: .

Ezample; . MTFI @ (R2} ?50; 1023526

The execulion af this mslruction cavses the top word of the current
stack to get stored into Lha (relative) 37526 of Lhe previous address
Space,

31



. r\,‘
MTP{ AND WFPI, MODE O, REGISTER 6 ARE UNIQUE IN THAT THESE
INSTRUCTIONS ENABLE COMMLINICATIONS TO AND FROM THE PRE.
YIDUS USER STACK.

: MFPI, MODE 0, NOT REGISTER &

MOY & KMPUM, PEW
MOV &1, —2(6)

; KMODE, PREY USER
s MOVE —1 on ket stack —2

CLR 40
ING @#SR‘D r EMABLE MEM MGY -
MFPl 950 : —(KSP)+RD CONTENTS

Tha =1 in the kermel $tack 5 now replaced by the canlents of IO which
i, -,

2 MFPL MODE g, REG15TER &

MOV ZUMLPUM, PSW -
CLR o4

MOY A HKMLPUM, PSW
MOV #_1 25

INC @ #5R0 i ENABLE MEM MGT .
WFPFl o5 ; = (K5P)+-R16 CONTENTS

The —1 in the kerpel slack % now replaced by the contenls of R16
{user sLACK painter which 2 0},

:SET Rlg=0D
P W MODE, PREV USFR

To ohtans inlg from tha user slack if the status is ul to herpel mode,
prev user, two sleps ara nadded, a

MFPI 246 i g8t contents of B1G=user pointer
MFPl @6+ ; gRt user painter fram kernel stach
; sk address obtarded to get data
. ; from wser Ingde wsing the prev
- . minge

The desired data from the pser gtack 15 now in the kernel stach and has
replaced [he goer stack addiess.

8-20

: MTPI, MODE 0 , NOT REGISTER 6

MOV  #KMiPUM, PSW  KERKIL MODE, PREY USES
MOY  #TAGX, (6) P PUT HEW PC ON STACK

ING @ §5RO D ENABLE KT
MTPL o.7 {8 T (B
HLY ; ERROR

TAEX:CLR (B #5R0 i DISABLE MEM MGT

The few PC it popned off 1he current stack and tinge this 1 mode O and
nol reglster & the destination is register 7.

; MTPI, MODE 0, REGISTER &

MOV UM{ PUM, PSW
CLR 96

MOV # KM4-PLUM, PSW
MOV #_1. —(6&)

NG @} SRO

MTPi  ag6

S user mode, Pray User

1t user SP=0 {RILE)

i Kernal rmode, prav user

i MOYE —1 into K stack {R6)
; Enable MEM MGT

D %16 +~(6)

The O in R16 is now replaced with —-1 [rom the contenty of the hernel
stack,

To ptace info on the usar stach | the status is S8t tg werne! mode, pray
user mopd#, 3 separate sleps are naeded,

MFPl %k ; Get contenl of R16=usar pointer

MOV g DATA —{B} i put data an currant stack

MTFl @6+ D @(6)+ [fina) sddress relocated] .-
’ iﬁﬁ}-i-

The dala desired is abtained from the kernel stack then Lhe destinaton
address is cbtained lrom the karng) siack and relocated through the pre-
vious mode.

ot

a



Maue Descriplivn

In Kernal"anoda the cperating program  has unresticted use ol the
maching, The Drogram can map users’ programs anywhere in core and
thus explicitly preiect hey oreas (includeng ihe device registers and the
Frocessor Status word) from the User pperating snvirgniment.

In Uter mode a pragram i$ inhibited from execubing a HALT instruchen
anel tha procwssor wili trap through location 10f an atternpt s made
. lo execute ihis instruction, A RESET instruction resubts wn execution ul
& NQP (no-operaticn) instruclion.

o

There are 1wo stacks called the Kernel Stack and the User Stack, used
_by the ceatral processor when operaling in sither the Kernel or User
mode, respactivety.

Stack Limit viotations are disabled in User mode, Slack protection is
prowided by memory protect features.

Interrupt Conditions

The Mamory Managesrenl Unit relocates 21 addresses. Thus, whion Man
agemant is cnabied, all trap, abort, and mterrupt vectors are conswtered
to e in Kernsi mode ¥irtual Address Space. When a vectored lransler
occurs, contrgl is transferred accoiding to a new Program Counter (PC)
and Processar Stalus Word (P5) contaned in a Lwo-word veclor relocated
through the Kernel Active Page Register 5&1. ° .

When a trap, sbort, or Interrupt otcurs the “push™ of the old PC. old Ps
i€ to the UserfKernel RE stack specitmd by CPU njods ity 15, 14 of He
new PS in the wector {00 = Karpel, 11 = User). The CPU mode hils
- alsp deteratine the new APR sal- ba this mannes 1L is possible for a
Kerne! mode program to have coniplete conbrol ower service assignmenls
tor ali intecrepl conditions, Snce ihe interrupt wector s located in Kernel
space, The Kernel program may assign the servce of some of these con-
ditions to & User mode pragram by simply selting the TPU niode ielx
of the new PS in the vector to return Contral 10 the approprigte mode,

| 1]
ser Processor Status (PS) operates as follows,

- . User Traps, Explicit
5 Bity Yser BT, RTT Interrupts PS5 ACcess
Cond, Codes [30)  loaded from - Igaded [rom .
- + slach < s wector
Trap (#) © ppded drom T loadad from cannot he
- stack " " vaclor changed
Prigrity (7-5] cannot be - ioaded from *
. .chanped wector
* Pravipyuy [13-12) cannctbe ' " copied fium .
changad P& (LA, 14)
Currenl £15-14} cannot be Inaded Ircim *
. changed weLlor

* Euphieil operatrans can be made if the Frocessor Status s mapped in
Uaer space. . L.
. v " ke
82z . o

o
N o L ia me



141 SIMPLE INTERRLTFTSYSETEM OPFERATIONS %9

INICOMPUTERS FOR IERGINERERS
AND SCIENTISNTS,

FERRLUIFI S¥YSTEMS

59, Simple Tnlerrupt-systemt Operations. [noan intecrupt systi:m, a
device-flag level [INTERRUPT REQUEST) interrupts the computer
progracy en camplelion ol the curtent instruction.  Processor hardwace thea
G.A. KORN, causes a subrontine jump [Sec. 4-12):

1. Coenlents of the ineremented program counter and of other selected
processor registers (if any) are automatically saved in specific memory
locations of 1h sparc regislers, .

2. The program counler is resct to slarl a pew inslruclion sequencs
{interrupt-sersice subreutine) from a speciic memory location {“rap
location™] associaled with Lhe interrupl.  The inlerrupt thus acted
upon is disebied 5o that i cannol interrupl is OwR SETvice routine.

[ R e A

Minicomputer intermipt-service routings must usuably st seee the con-
tenis of processor registers {such as accwmilators) which are needed by the
muain prograw, bt which are not saved automaiically by the hardware. Wt
mighl aiso hasv¢ to save (and later restore} seme peripheral-device controd
registers.  Only Lthen can the agtual intecrupl service proceed : the senvice
: routing can transfer data after an ADC-conversion-compieted interrupt,
implement enicrpgency-shuldown procedures alter 2 power-supply failure,
ct¢.  Either the service routine or the interrupt-system hardware must then
clear the interrupt-causing flag to prepare it for new interrepts.  The service
rouline ends by restoring registers and program counter (o retuen to the original
program, fike any subroutine (Sec. 4-12).  As the service routine completes
ils job, 1t musl also reenable the internzpt.

P e - mma e Relie Emem pu

EXAMPLE: Consider a simple minicomputer which stores only the
. program counter autgmatically alter an interrupl. The interrupt-service
rouling is to read an ADC after its conversion-complelc interrupt.

, Locafion  Labcl Insdruiclion or Word Duta y Comments
! {main program)
} . ' .
L - : 1743 current instruction f Inlerrupl occurs here
PR ' R
. 0000 "1744 ! Incremented program
g , i counter {1744} will be
. F-,, . !/ stored here by hard-
. § ware
. ;0001 JUMP TO SRVICE } Tram localion, ceniains
A e y i {  jumplo relocatable
o {1800 SRVICE STORE ACCUMULATOR IN SAVAC [/  service routing
ik?{‘:‘i Tyl - ' i - ! .
.. ..‘1 ) : L ""‘
P .. o«

5

L

2

]

1
*
]



1500
3601

3602
3603
1804
1605

1714

511 INTERFACING THE MINCOMPLUTFH @iIT1 11lF (A% WAL 141

SRVICE STORE ACCUMULATORIN  SAVAC

READ ADC

}oSave acocumudalor
§ Read ADC into

§ accumatutor and
} clear ADC flag

STORE ACCUMULATORIN X } Stare ADC readmg
LOAD ACCUMULATOR avAC ) Roestore accumulater
INTERAUPT ON { Turn interrupt ik on
JUMP INDIRECT Via G600 } Return jump
(main program) { Interrupicd program

. /' rvontinues

MOTE: Interrupts do not work when the compulcer is HALTed, 50 we
CAUROS P85 IRTEFrEpIs wien Yepping a proyram mam.--"h'{r_

5-10. Multiple Interrupts.  Interrupl-systemn operation would be simple if
there were only onc possible source of intecrumts, but this is practically
never true, Even a stand-alone digital compuler usuaily hus several
interrupts corresponding to peripheral mallunctions {tape unit out of wpe,
printer oul of paper), and Right simulatars, space-vehicle controllers, and
process-control sysiems may have Aundreds of dilferent interrupts,

A pructical multiple-interrupt system will have o

1, *“Frap” the program to different memory locations corresponding to
specific individual interrupls

2. Assign priorities 10 SiMuliancous Of SUCCEsSIVE inlerrupls

3. Stare tower-priority interrupt requests to be serviced after higher-
priorily routines are completed

4, Permit hiphcr-priority interrupls to interrept lower-priority service

" roubines as soon as the return address and any automatically saved
registers are salely stored

Mole that programs andfor hardware must Carefully save successive
levets of program-counter and register conmtents, which will have lo be
recovered as needed. lnterrupt-sysiem programming’ will be  further
discussed in Sec. 5-16, -

Mare sophisticatod systems will be able to reassign new priorities Hirough
programmyd instructions as the needs of i process ar program change (sec
alsts Seew, 5-12, 5« 1«1 und 516).

%11, Skip-chain Ideuhﬂc-ﬂun of !I!.h.‘rfnph The most prismitive multiple-
intereupt systemns simply OR all interrupt Bags onle o tingle interrupt fine,
The interr service routine then employs sensefskip Insiructions (Sec. 5-8)
M el e, be dar.‘grﬁﬂg.; in order of descending P iority.

T . -, —

141 FROGAAM-CONTROLLED INTY REL'TT AARKING w2

Suppose that the simple interrupt system discossed i Sec. 59 was
cunnziled nol enly to the AT requesting service bul aldso 10 emerpency”
interrtipts from a fire alurm and from the computer power supply [Sce, 2= 5),
A skip-chain service rouline with appropriate branches for fire ularm,
emergency shutdown, and ADC might look like this fonly the ADC serviee
routing is actually shawn):

SAVICE  SKIP IF FIRE-ALARM FLAG LOW { Fire alurm?
JUMP TO FIRE { Yex, g toservice
' J roatine
) SKiP \F POWER FLAG LOW / No: pawersupply
{0 rrouhke?
JUMP TO  LOWPWA R { Yus, oo service
I Fuigtiine
SKIP TF ADC DONE FLAG LDW § Mo ADC service
§ requea?
JUMP TG ARC J Yos, serviee i
Jumre To ERRCR § Mo spurious
o inberrupts -print
« 4 Crror messieyp
ADC STORE ACCUMULATDH IN SAVAL F ADC wervicr reuline,

READ ADC
STORE ACCUMULATOR IN X

LOAD ACCUMULATOR SAVAD { Ruestore ucoumulutor
INTERRUPT ON ¢ Turn interrupts el

/ on =
JUMP INDIRECT VA 0000 { Return jump

The skip-chain sysiem reguires only simple elecirorics amd disposes of
the priority problem, bot the fag-sensing program is tme-comstuming.
{n devices may require log; # successive decistans even i the flag seoasing
i5 done by suecessive binary decisions). A somewhat fastcr method iy o
employ u flag status word {Sec. 5-8), which can be tested bit by bit or usa!
for indirect addressing of different service routines (Sec, 4-tta),

ot also that our prinntive ORed-interrupt system must autamateatly
disable ol interrupls g% saon #nd as long as any mlLr!um is rocagnised,
We cannot interrupt even low-priorily interrup-service routings.

3-12.  Program-controlled Tatertupt Masking, It is often useful in cnahle
farm) or disuble (disarm) individoal interrupls under program contrat W
meet special vonditions,  Tmproved mulliple-interrupt systems gale ing-
vidual interrupt-reguest lines with masW Nip-flops which can b et and reast
by programmed instructions.  The ordered set of mask fip-Nops i5 wsughy
treated as a contrel register (interrupt mash regisicer) why loaded with
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appropriatle 0s 1y frem an accumblaior tirough o programmed 1O
instruction.  Groups of interrupts yuile ofien have a comnion mask Mip-
flop {scc alw See, 5-14) )

A very important application of programmed masking instructions is to

pive sclectod purtivio uf mam progisus {as well as Ltcrrupt-sereicc routines)

-

greater or desser protection from interrufds.

Nole thal we will have to restore the mask register on relurning from any
interrupi-scrvice routine which has chanped the mask, se program or
hardware must keep track of mask changes. Wz must also still provide
programmed insteuctions to eneble and disalre the entire inlerrupl system
without changing the mask. )

EXA MT—':LE: A skip-chain system with mask flip-flups, Addition of mask
NMip-Nops w our simple skip-chain interrunt system (Fig. 3-9) makes il

- practical 1o inlertupl lower-prioridy service taulings.  Each sich routine

st e Bat e s onn memary location te saee e program colaler, and the
mask must be cestored before (he interrupt is dismissed.  The A DL service
rouline of 5ec. 5-11 is modified as follows (all interrupls are initially disabled):

ADC STORE ACCUMULATOR IN  SAVAC

LtOAD ACCUMULATOR (e [ Save program

STORE ACCUMULATOA IN  SAYPC {f  counter

LCAD ACCUMULATOR MASK [ Save

STORE ACCUMULATOR IN  SVYMSK /  current mask

LOAD ACCUMULATOR MAaSK 1 / Arm higher-

LOAD MASK REGISTER {  priority interupts
INTERARUPT ON | Enabie interrupl system
READ ADC

STORE ACCUMULATOR IN X
INFERAUPT OFF

LOAD ACCUMULATOR SVMEK ! Restore

LoaD MASK REGISTER ! previous

STORE ACCUMULATOR  "MASK {  mask,and

LOAD ACCUMULATOR ~ SAVAC {  restore accumulator
INTERRUPT ON '

JURP INDIRECT Via SVPC } Relurn jump

4

Since mosl minicompuler mask registers cannol be read by U program,
lhe mask seiting is duplicaled in the memory location MASK.  Some
minicompulters (8.8, PDP-9, PDP-15, Raytheon T06) ultow only a restricted
set of mashs und provide special instructions which simplily mask ssving and

. restoring (sec aiso 5¢c. 5-15).  Machines having \wo or more accumulalars
can reserve one of them to store the mask and thus save memory references.

- .
- v -

*

- e .

sl Emas

A Rl B B ) Emr—eh e ke = AL p e
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Fig %9. Ynierrups masking.  The mask fip-flapi are treaied asa control register fmath registir ],
which vun be ¢leared and [oaded by {0 mstruciions.

5-13  Yriorily-iaterropt Systems: Request/Grant Logic,  We could replace
Ithc 5kip-c_hatin system of Sec. 53-!11 with fwrdware for polling successive
interrupt lines in arder of descending priority. but this is still relatively slow
il there are many interrupts.  We prefer Lhe priosity-request logie of Figs.
5-10 or 5-11, which can be located 110 the processor, on special inlerfice cands,
andfier on wndividual devicg-conlroller cards.

Rcler o Fig. 5-10q. I the interrupt is not disabled by the mask Jip-flop
or hy the PRICRITY IN line, a service request (device-fag level] will seq the
REQUEST Mip-flop, which is clocked by periodic processor pulses (10
SYNC) 10 fit the processar cycle and te lime the prionily degision. The
resulling timed PRIQRITY REQUEST step has three jobs:

[P pﬂ_:t:nables the HACTIVE" fiip-Hop belonging Lo the same inlersupl
circult, )

2, 1t biocks lower-priority interrupis,

3. Itinflorms the processor 1hal wnoanterrupl is wanted.

if the interrupi system is ot [and il there are no direcl-memery-iaccess
reguesls pending, Sec, 5-17). the processor answers wilh an INTERRUITY
ACKNOWLEDGE pulse just beforc the current instructian is completed
(Fig. 5-13). This sets the preennbled “ACTIVE™ flip-Rop, which naw gates
Lthe correct Irap address onte o sel of bus lines—the inlerrupt is actise.
INTERRUPT ACK WOWLEDGE also reseis gff REQUEST fip-Nops to
ready them for repeated or new priority requesis,

Fach interiupt has theee stales: inactive, waiting (device-fiag fiip-flop sc1h
and achive.  Waiting intecrupts will be serviced as soon as possible. Unless
reset by program or hardware, the device flag maintains the "waiting™ staie
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while higher-pronty service roulings run and even while its interrupl is
disarmed or while the entire inlereupl system is lurned off,

5-14. Priority Propagation and Prinrlty Changes. There are twa basic
muthads for suppressing lower-priority intcrrupts. The first is the wired-
princity-chain method ilustrated in 15g. S-14, Referring 10 Fig. 5-1 0, the
PRIORITY IM terminal of the lowest-prionly deviee 15 wired 1o lhe
PRICRITY OUT terminal of the device with the neat-higher priority, and
soon. Thus the timed requests from higher-priority devices block Tower-
preoeity rec s, The PRIORITY IN terminal of the highes-priorin

L)
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device {usually a power-failure, parity-error, of real-timeckack interrum
“in the processor ilsei) connects 1o a processor flip-fap {“master-mask™
fip-flop), which can thus arm ar disarm the entire chain (Fip, 5-100 and ).
The computer program cun load mask-register flip-flops {I71p. 5-1ih) 10
dirarm selected interrupts in such a wirgtl chain, but the relative prioritics

« of wll armed interrupts are determined by their positions in the Whain, Itk

possible, thaugh, 10 assign two or more dilferent nriorities o a given device
flag: we connect it 1o 1w Of more sepacate poiority cirewts in the chain and

. arm one of them under program or device cortrol.

Figare 5-11 illustrates the second lype of priority-propagation legic,
which permits every nrmed interrupt 1o sct its REQUEST fMlip-Nop.  The

4 timed PRICRITY REQUEST steps from different interrupts ure eombined

in & “priority-arbitration™ gate circoit, which lets only the highest-priority
REQUEST step pass 1o preenable its “ACTIVE" fip-fiop. Seme larger
digital compulers implement dynamic priority reallocation by modifying
theie priority-arbitration togic under progrum centrol, bul mosl mini-
compuiers are conten! with programmed masking.

The twe riorily-propagation schemes ¢an be combined.  Several mink-

compuler. systems (e.g., PIITP-9, PDP.15] employ four separute wired-
ptiority chains, cach’ armed ‘or’ disurmed by a common “master-mask”
Aip-Rop in the processor. - Interrupts from the [our chains are combined
through a priotity-arbitration network which, together with the program-
controlied “master-mask" Aip-flops, establishes the relalive priaritics of the

four chains. . . .

- R t . " A -
515 Complcte Priority-lnterrupt Sysicms,  (2) Pragram-contratied - Ad-

dress Teansfer,” The "ACTIVE™ flip-Nap in Fig. 5-10u or 3-11 places the
starting address of the correct interrupt-service routine on a set of address
Jines commen te all inlerrupts! ~Automalic or “hardware™ prionty-
interrupt systems will then immediately trap to the destred address {Sec.

-.5-156)._ But in many small computers (¢ g., PDP-B series, SUPERNOVA,

' the priority logic'is only an add-un card for a basic single-level (ORed)
interrupt syslem.. Such systems cannot access different trap addresses

- directly, T With the inlerfupt system on, ciwry PRIORITY REQUEST
disables further interrupts and cadses the propram to trap to the samc
memory loguinn,'say 0000, und to store the program counter, just as in 5cc.
5.9, The trap localien contains a jump to Lthe service routing

SAViCE STORE ACCUMULATOR IN savac ] Unless we have
§ o aspare
Soh "7 necumulitor
AEal INTERRUPT ADDHESS
STORE ACCUMULATOR IN PTR
JUMP INOIHECT VIA - PTA

. LT - 1

- n

I

-

e

- ke

——
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READ INTERRUPT ADDRESS is an ordinary 1O instruction, which emiploys
a device sclector to read the inerrupt-address lines into the accumulgtor
(Scc. 5.9, The 102 pebse from the deviee scleclor cun serve os, e
ACKNOWLEDRGH pulse in Fig, 5100 or 510 tin fact, the “ACTEVE"
flip-llop can be omitted in this simple system)™ The program then trormsfers
the address word 10 a pointer location eTR n meriory, and an fmdinst
Jump lands us where we want o be,

Unforwunately, the service routine for each individual Jdevice, say lor
an ADC, must sive and restore program counter, mask, o :!C-E‘I.Il'!'l.l:'...iuf
see also Sec. 5120

ADC  LOAD ACCUMULATOR 0000
STGRE ACCUMULATOR IN  SAWPC
LOAD ACCUMULATOR SAVAC
STORE ACCUMULATQR IN  SAVAC?
LOAD ACCUMULATOR MasK
STORE ACCUMULATOR IN  SVMSK
LoAD ACCUMULATOR MASK 1
STORE ACCUMULATOR MASK
LOAD MASK REGISTER ‘
INTERRUAT ON
READ AL ' J Uselu! work,
STQRE ACCUMULATOR IN x| J  doenrz only here!
INTERAUPT OFF )
LOAD ACCUMULATOR SYRMSK
STORE ACCUMULATOR MASK o -
' LOAD MASK REGISTER | : ; SRS
LOAD ACCUMULATOR SAVAC 2
INTEARUPT ON - -
JURIP INDIRECT VIA SAVPC

Nole thal most of the time and miemory used up by this rontine is overbead
devoted 10 storing and saving regisiers,

fby A Tulls Awrematic (“Hardware®™) Priority-interrupt Sastem. Inoan
autumatic or “hardware™ priority-interrupt system, the “ACTIVE™ Nip-flop
in Fip, 5-10a o 53-11 pates the trup address of the active interrupt inlo 1w
processor memory address register as 50on a5 the currgnt insiruciios i
completed (Fig. 5-12). This requires special adidress lines 0 the inputf
output bus and 2 little extra processor logic,  This hardware huys improved
response Lime and simplifies programming:

L. The propram traps immedisicly te g different lewp tocition for cach
ingerrapts there is no need Tor the program (o identify the intereupt.

2. There is e oeed (e save program coumter and repisters bwice as in
Secs, 5411, 512, and 5-15a,
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2. Woe can use only masks disarming m’f m[crrupls willl priorities b .

bevel 1,2,3,.... Such simple masks are eusier 1o store -
malically.

1o the more sophisticated interrupt systems, the interrupt relurn -jump
instruction is replaced by 5 speciul instruclion [RETURAN FROM 11 TEARUPRPT),
which avtomatically restores the program-counter reading ) all o
tatically saved registers.  He sure 1o consult the interfuce manual for your

own minicompiter to detecrmine which hardware leatures and software
techniques are available.

516, Discussion of Interrapt-system Features and Applications. Interenpss
are the basic mechanism for sharing a digital compuler betwesn differenn,

oflen time-critival, tasks. The practical effectiveness of 2 minicemnter
interrupt system will depend an:

. The time necded to serviee possibly critical sftuations
. The total Lime and progiam overlead imposed by saving, restoring, wnd
masking vperations assoctated with interfupls
). The number of priority levels necded versus the number which can be
readily implemented _ .
4. Programming flexibitity and convenience

H
3

The minimum lime needed to obtain service will inctude; E

1. The “raw" lnir:ncy lime, ic_, the time needed 10 complete 1he longest
possible processor instruction {including any indirect addressing):
most miniomputers are zlso designed so that the processor will
always execute the instroction following any /0 AEAD or SENSE/
SKIF_ instruction.  We are sure you w1|l be able to 1cll why!  Check
your interface manval. '

2 The time m:t.'dcd for any necessary savmg and,r‘or masking operalion,

A look at the | mt:rrupt-scmm: programs of Secs, 5-11, 512, 5-154, and
5-156 will illustrate how successively more sophisticated priority-interrup
systemis provide fster service with less overhead. . You should, howewer,
Like & hard-nosed atlitude to estabtish whether ynu really miecd the mare
adv.mced features in your specific application,

It is useful at this puint 10 list the principal applications of inlerrupts,
Many interrupts are atsociated with 170 routines for relatively slow devices
such as teletypewriters ang tape reader/punches, and thousands of mipi-
computers 'w"“ﬂ"lCl.". Ahese happily with simple skip-chain systems, Things
bevome more c::ltcitl b ms[rumfnmlmn and control systems, whicl must
nol miss real-time<lock interrupts intended to log time, 10 read instruients, -~
Gr Lo ptrfﬂm control eperations.  Time.gritical jabs requi— st responsen,
lfthcrt are many IlmE*CﬂlH.‘nT opemtmns or any time-shari mputations,

- [ . -
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ihe compniting Hme wosted in orerhead operstions becomes interesting.
Some real-lime systems may have periods of peak loads when it becomes
aclually impassible 1o service aff nlerrupt requests. AL this point, the
designer must decide whether to huy an improved system er whick interrupt
requests are At Jeast temperarily expendiatide,  Itis in the Lutier connection
that dvnamic privrity affocatfon becomes useful: it may, for instunce, be
expedient (o mask ceriain inferrupts during poak-food periods, In other
situalions we might, instead, fower the relative priority of the muin computer
program hr wnmasking additional intereupis during peak real-time loads.

If two or morte interrupt-servioc routines smploy the same library sub-
rouline, we are faced, as in Sec. 4-16, with the prohlem of recareant
programming.  Temporary-storage locations ussd by the cormmon sub-
routine may be wiped out unlgss we cither dupticate the sebroutine program
in memary for each interrupl ar unless we provide true reentrant subroutines,
This is not usually the case for FORTRAN-compiier-supphed library
roulines, Only o fow minicomplter manufacturees and software houses
provide recntranl FORTRAN (sumetimes called “real-time”™ FORTRAND,
The best way 10 stare saved eopisters and temporary inlermuediate results is
in & stick (Sec. 4-16); & stuck pointer is advaneed whenever 4 new interrupt is
recognized and retracted when ar interrept is dismissed.  The best eini-
campuier inferrups sysiems have harcheare for automatically advancing ond
retraciing suelt o stack poinier (See. 6-10),

If very (ast inlerrupt service is not a paramount consideration, we can gel
around revmtrant coding By pregramming intcrenpr masks which simply
prevent imterrtiption of critical service rantines.,

In conclusion, remember that the chicl purpose of intercupt systems is to
initiate computer operatiens more complicated than simple dala translers.
The best method far me-critical reading and wriling as such is not through
interrup!-service routines with their awkward pregramming overhead but
with a dircet-memerv-access tesiorr, which has no such problems j all,

DIRECT MEMORY ACCESS AND
AUTOMNATIC 'FII.'U'C!( TRAMNSFERS

517. Cycle Stealing, Step-by-step program-controlled data transfers
limit dats-transnyssion rates and wse valuzhle processor time for alternate
instruction fetches and execution: programming is also tedious, It is often
preferable (o use ndditional hardware for interfucing a parallel diata bus
directly with 1he digital-computer memory dato register and Lo reguest and
grant 1-cyele pauses in processof operation for direct transfor of date to
of from memary lintetlace or cycle-stealing operation).  In larger digital
machines, and optionally in a fow minicomputers (I"DT-15), a data bus can
eveh access one memory bink without stepping processor interaction with
other memaory banks at !,

-
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MNote that cvele stealing in no way disturbs the program sequence, Even
though smaller digital computers must stop compitation Juring menmary
triansfers, The program sinsply skips A eyete at the end of the current iemory
cycle fna noed o complele the current Msrrnctiont and Tater resumes fust
where it lelt off,. One does not hive 1o sive register contents of wther
inforntation, as with program interrupts.
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Fig. %13 A direct-memnry acocss (T A) inerlace,

518 DMA Interface Logie, To make direct memary access (DMAY
praclicil, the interface must be able to:

. Address desired locztions in memory

2, Synchronize cycle stealing with processor operation

3. Initiate transfers by device requests {this includes clock-timed transfers)
or by the computer program ) }

4, Deal with priorities and queuing of service requests if two of more
devices request data transfers

DMA prioriyfquening logic is essentially the same as the prioriy-interrupt
logic of Figs. 510 and $-11; indeed, identical logic cards ofien serve bath
purposes.  IPMA service requests are always given priorily over concuerent
FeerEaE PR CELS, -

Just as in Fip. 5-11, a DMA serviee request feaused by o device-Mlag level)
produces 7 cycle-steal request unless it is inhibited by a higher-prioriiy
requests the pracessor answers with an sekrowledge [priarits-grant) palse,
This sigral then seis a processor<clocked “ACTIVE™ flip-flop, which

strobes a suitable memory address into the processor memory diiess

repister andd then causes memory and device logic to transfer duta from or
o (he DINAA bt b (Plig. 5-13).
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Insome computer systems (e, Digita] Bquipment Corporation 17155
the PIMA data Tines are identical with the propeunmed-transfer duta hnes,”
Thes stmphiies interconnections aL the eapense of processer hardware,
other systems, the DMA duta lines are also vsed 1o transmit the 1IPMA
address o Lhe processor before dula are trnsfereeld. This further reduces
the nunvber of bus tings, but complicates kardware and timing.
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519, Autonsatic Black 'Iramfcn- A we described it the DDMA dita
transfer is decice-initiated, A e g drprndwu decision 1o transfer dalg,
even dircetly from or to memary, it requires a programmed insteuction to
cause @ DIMA servive request. This is burdly worth the hioable for i

sirghe=wore transler Most DMA transfers, whetlier device or PHUgRINL ¢

intiated, mval Ve nal single words but blocks of 1ens, hundreds, of even -
thowsands of daia, v.ord*i } i

Figure $-14 shows how the xlm;rlc DAA system of g, 5-13 m.ij be
cxpanled into an automatic data ‘-"l'l-illlli‘l for block transfers.  Thita for a
hlowk G aerive o deprt .ﬂ}mhrnnm.HJv, iand the DALA controller will
stet excles as needed and permit tthrubnun W go on belween cyvhes, A
block aof wards to be transferred will, in general, oeenpy v corresponding

Rock of ad 1L memoty réeien Y Successive memory adidiesses can be
- L -
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gated into the memary Address r:_j_L,htch:tl by a counter, the onrrenbadilress
caunter,  Bolore -m} data transfer takes place, a prograommed instroetion
sels the curremt-address counter 1o the desired inilial d.l.jl.!'rﬁs, the devired
number of words (Mock tength)is sel inlo a second counter, the word counter,
which will count Jown with each data transler unlil 0 s reached afier (v
desited number of trunsfers.  As service requests asrive from, Say.an
analog-fo-digital converter or data link, the DMA control loic .mplcnumm'
successive evele-steul regoests and EilEs SUCCESSive CUrfent ledrl.':-::: mlo
the memory address rogister as the current-achlress counter counts up (sec
atso Fig. 5-54).

The worsl counter s similarty decremented once per datit word. When o
block transfer is vompleted, the word coenter cun stup the L'L".fi._..: fromn
pegtiesting further data 1!'-|n~\|'¢rﬁ The word-counler curry pise van oalso
calise an inferrigpr su that o new bloek of data can be processed.  The word
counler may, if desired, also serve:for sequencing devier fanctions {ea
Tur selecting successive ALC multiplexer addresses),

Some computers replice the uurd Luunlcr with o progrom-loaded final-
m!:'lrw. register, whiss mntcr-t‘-‘. .m. mmpuru with the curfent-uddress
counter te detennine the crid of the block.

A DIMA system ofien involves several data channcls, each with 3 DAA

conliro!, ndd'rfn eales, o current-address counter, and a word counler, with
different priorities assigned to different channels.  For ellicient 'I.Illd]m!,__ of
ramdomdy timed requests from multiple devices (And to prevent loss of s
words), dita-channel systems may incarparate huler registers it the inter fgy
o i devives such as ATNCs or TPACS, .
S Adwantzpes of TPV Sywiems [;:c Rel. 6). Dircet-memory-aoce.s
systemns can transfer duls blocks at very high nines (10* words/sec is readily
pussifile) without eluborste 170 programming.  The provessor essentinlly
deals main'y with bufer areas in its own memory, and only o few 1702
instructions are needed 1o initialire or reinitialize transfers.

Aulomatic ¢ata channels are especially suitable for servician peripherals
with high Jdata rates, such as disks, droms, and Tust ADCs and DAC,
Ttut Fast chava transfer with minimal program overhead is extremely valuaise
i gy other applichtions, especially o there ure many devices to b
serviced,  To indicute the remarkable eflicicacy of cyvele-stealing direct
" miemoery access with muluple block-tramsfée data channels, consider he

aperation of a teaining-type digitat flight wnuT vtar, which solves qirerh

and engine cauations and seneey an elaborale cock pit mock-up with My
During cach 160-msec time incremen:,
?Ilh' imérface eol oniy petfanms 174 inalog-ta-digital conversions reyuinng
ate; Lli:urlwmﬂnHtm.nf?' T nviee butalso A M dipital-to-analor conversions,
Tt % aclit
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vme reguired 16 transfer all this information in and out of the duta clinnels

is 143 msee per time increment, butl because of the fast dircct memory

transfers, cycle-stealing subtracisonly 3.2 msee for each 160 mses of processor

time (Ref, 2},

521, Memory-increment Techrique fer Amplitude-distribution Measure-
ments.  Tn many minicomputers, a special pelse input will fierement the
coments of a memory location addressed by the DMA address Lnes: an
interrupt can be penerated when one of Uhie memory cellsisfull. When ADC
oUIpUts representing successive samples of a random voltage are applied
to the DMA address fines, the memaory-increment feature will effectively
gencrute a model of the input-voltage amplitnde disiribution in the computer

= wa .
a1

f

Prp. S 146 An ampliiede-dis rrmnion Gty sbsvained by the el of g 508 Pagital
Foreiporent Cuarporadin |
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memory ¢ Bach memory address corresponds 1o i voltage elass intervad,
and the contonts of the memory register represent the number of samples
falling inte that chass inferval.  Thata tuking i tormineted aflter o preset
number of surnples or when the first memory register pverloads (Fig, 51 5.
The empirical amplitude distribution thus erevicd in memory may be dis-
rlaved ot plotied by a display routine (Fig, 5-135, and statistics such as

! - .
T R o
s nF
are rewdily computed after the distribution s complete.  This technijue
hus been exiensively applied 1o the analysiz of polse-energy spectra from
nuclear-phy sics oyperiments,
Seinr diserthistiones wf fua ramdum vaciafles X, Yean be similarly commilal,
Tt s only necessary 1o appiy, siy, a 12-bit word X, Yeomposed of two 6.bis
bytes corresponding to o AT outpuats X and Yo the memory add ress
register,  Now each addressed memory location witl congspond 10 1he
region X, = V< X K 5 Y K, XY space,

522, Add-to-memary Technique of Sigral Averaging,  Another command-
rulse input to some DMA interfaces will oo o data ward on the 1000w
data lines to the memory location addressed by the DMA address lines
without ever bothering the digilal-computer arithmetic unit ar the program,
This “add-to-memuacy™ feature permits useful lineir operations on dats
obtaingd from viriouns inslruments; the only application well knul.'. at s
Litne is it dara merazing.

Figurs 5-10a and & illusicates an especially interesting apptication of duts
sverating, which has been very Treitlel in hiological-dita rodection (@ g,
clectroencephatogram analysis).  Periodically appifed stimnh praduce 1w
samc syslem response after sach stimuius <o that one ebtains an analog
witvefoom perundic with e period F of the applicd stimuli. To pull the
desired function X{r) out of additive zero-mean random neise, one it
Nk X+ TN + 20 during stecessive periods 1o cnbuinee the
sipnal, while the noise will wend e average out. Figure S-16¢ shows e
extraction of a signul from pdditive noise in successive doat-aneraging, rins.

2V Implementing Currenteaddress and Ward Counters in the Mrocessor
Memory, Some mincomputers (i partgofar, PIXPO0 PDPTS and e
PLP-E serics) have, in addition to thetr repnlar DVA faciities, o sevof fived
L‘Gri:-l'l.h'."ﬂ'lﬂl'}" Yocations 1o be dsed as dota-chunng! oddress ond wond
counters, Ordiory processar instructrons (oot O instraetions] Toagd
these locations, respectively, with the black starting addeess amd with
winus the biock count. The datichanmel interfice cord (Fie, 8100 upplics
the adidress of one af the fowr to eipht address-cownter Jocitions avirlable in
the processor; Lhe word counter is the location fodowing the sudifress conater,
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1L, - MODGS DE DIRECCIONAMIENTO

ESQUEMAS DE DIRECCIONAMIENTO.

[La unidad central de proceso (CPU} en las computaderas debe
realizar las siguientes funciones:

- Obtener y traer de memoria primaria al CPU la siguiente
instruccién a ejecutar.

- Entender los operandes, esto es, definir la localizacién de
los operandos necesarios para ejecutar la instruccidn y
traerlos al CPU,

- Ejecutar la instruccidn.

Para llevar a cabo las funciones antericres el CPU debe con-
tar con la sipguiente informacidn:

]
- El ct&digo de operacitn de la instruccidén a ejecutar.

- Las direcciones de los operandos vy la del resultado.

- La direccién de la sipuiente instruccidn a ejecutar,

Existen diferentes soluciones que satisfacen los requerimientos
anteriores, los cuales detérminan la arquitectura de los proce
sadores que las utilizan.
Se supondrin operaciones aritméticas en las que se tienen dos
operandos y un resdltado ya gue son las que proporcionan el
caso més general,
a) MAagquinas de "3+1" direcciones

El formato de instruccidn en este esquema de direcciona--

miento centiene todos los elementos necesitados por el CPU

b
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para realizar sus funciones,
Un posible formato de instruccidn se muestra en la figura

m.1

DE PRIMER SEGUNDO |RESULTADO{ LA SIGUIENT n de
PERAC.!| OPERANDD | QPERANDO INSTRUCCION | memoria
FIG, IIL.1 '

EDDIGO DIRECCION T DIRECCICN [DIRECCION [ DIRECCION D‘E‘ Palabra
E

En este caso s¢ tienen cincoe campos en el formato de instruccion: Uno
para el c&digo de operacién que sirve para indicar el tipo de opera---
cidn a realizar (suma, resta, multiplicacidn, etc.}, tres campos para
las direcciones de Jos operandos y resultado de las operaciones, un

campo para indicar la direccidon de la siguiente instrucciém a ejecutar,

Las instrucciones para £sta miguina podrian ser escritas en forma
simbdlica en la siguiente forma: ADD A, B, C, D donde ADD representa
el codige de operacidn suma y A,B,C y D son nombres simbdlicos

asignados a localidades de memoria.

Saponiendo que existen las instrucciones suma (ADD), substraccidn---
(SUB) y multiplicacion (MUL}, entonces una posible traduccidn de la
expresion A=(B*C)-(D*E} en FORTRAN a lenguaje simbdlico en la méa-
giina de 3+1 direcciones serfa:

8 MUL B, C,TL L3 "

[.3: W™MUL D,E, T2 L7 -

L7: SUB T2, Tl,A, L8

LB:  Siguiente instruccidn
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donde T1 v T2 representan localidades l:ei‘nporales usadas para guardar

resultados aritméticos intermedios.

Las conclusiones mis importantes en esté €squema son:
Los programas no necesitan estar almacenados ¢n memoria en forma
secuencial ya que ¢l campo de direccitén de la siguiente instruccion per

mite conocer donde fueron almacenados,

-

Debido a que cada instruccién contiene en forma explicita tres direc--
ciones, no es necesario teper en el CPU hardware para guardar los re

sultados de las operaciones,

by Miquinas de "3" direcciones '_
Consid:erando que.los programas se escCriben -secuepcialmente y que
por consiguiente es muy Jogico a]mac'e‘narlo‘s en este misma orden,
se llega a un nuevo esquema de direccionamiento en el cual se sus
lituyen todos los campos de direccidn de la siguiente instruceién

por un solo registro dentro del procesador que lleva en forma se-
cuencial vy automiricamente la direccidn de la siguiente instrucciém
a ejecutar. Un posible formato de instruccién se muestra en la

fig, 1L 2 .

Regstro Codigo  [Direccion Dircccibn |Direccién | Palabra

en el de primer segundo resultado n de
procesador joperac. |operando [operando memoria

FIG. M1I.2



-4 - ' 4

Utilizando este esquema de direccionamiento la expresion A=(B*C)-(D*E})
en FORTRAN, quedaria expresada como:

MUL B,C, Tl

MUL D,E, T2

SUB T2, TL A

Siguiente instruccion
Donde se ha suprimide 1a direccién :ile la siguiente instruccién ya que

&ésta es llevada en forma secuencial y automarica por un registro del

procesador - conocide como contador del programa (PC),

Con el esquema de 3 direcciones se legra aprnvecﬁar la memoria en
forma mé4s eficiente y reducir la longitud de palabra lo que redunda

directamente en los cosros de la misma. -

.
¢} Mdquinas de "2" direcciones,
En las operacijones aritméticais no siempre es ne;:esaric} guardar
el resultado en una localidad de memoria y preservar los operan-
dos, por lo que se puede pensar en utilizar unc de cllos para----
guardar e! resultado una vez qlie la operacidn se ha efectuado. Las

consideraciones antericres llevan a presentar un posible formaro de

instruccidn en esta mAquina, mostrado en la figura III.3

IR, DELA | REG. oD. DIR. DIR. SEG. Palabra
IG, INST. A| EN EL . P, OP, n de
JECUTAR PROC, op, | OP. . | memoria

FIG. II. 3



En este esguema se usard la direccidon del segundo operando como la
direccitn del resuliado una vez que la operacidn se haya efectuado,
por lo gue el segundo operando serd destruldo. Asi pues la expresidn

A=(B*C)-(D*E) en FORTRAN, quedaria:

MUL B, C
MUL D, E
SUB E,C

ADD A,C

La eliminacién del campo de direccion del resulrado permite reducir la
longitud de la palabra de memoria v los costos de la misma, lo que

permite usar este esquema en méquinas medianas y chicas.

d) MAquinas de "1" direccidn
Este esquéma de direccionalmienm permite eliminar de todas :las ing
tracciones el campo de direccibn de uno de los operando y sustitu--
irlo por un registro deniro del procesador, €l cual contendrd a uno |
de los operandos. A este registro se le conoce como acurnulador. -
El formato de imstruccidn para la méquing de 1 direccidn se r;mes-

tra en la figura 1il. 4

ir, de la Reg., en el COD. DIR.

ig. inst, a procesador P,

}a Qr. . OPERANDO
begundo Reg. en el *
Dperando procesador

-

*1G.  111.4

o
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Lo anterior implica la creacidbn de instrucciones gue permitan cargar
el acumulador con el segundc operando (LAC) y depositar el contenido

del acumulador en memoria {DAC),

Es importante hacer notar que todas las ‘operaciones se llevan a cabo
implfcitamente contra el acumulador v que é&ste contendrd el resultado

de la operacitn efectuada. La expresibn A=(B*C)-(D"E) en FORTRANJ

padria traducirse a:

LAC D
MUL E
DAC Tl
LAC B
MUL C
SUB Tl
DAC A

Este esquema de direccionamiento ha sido ampliamente implementade cn
una gran mavyoeria de las minicomputadoras, come por ejemplo: PDP-8, --

PDOP-15, IBM-1230, IBM-7090 vy CDC 3600. .

e} Maquinas de "0" direcciones
Este esque.ma de direccionamiento solo utiliza el campo de c&digo
de operacidn, por lo que €5 necesario contar con algin mecanismo
que implicitamente permita conocer los operandos.
El mecanismo anierior se implementa usando una pila & stack, el

cual se puede pensar como un conjunte de localidades.contiguas de
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* memoria accesadas usando una disciplina UEPS (ilrimas entradas, pri-
meras salidas). De lo anterior se concluye que-.en cada momento se

tendrd disponible el element¢ que se encuentre en el tope del stack,

El formato de instruccidn para este esquema de direccionamiento se

epcuentra en la figura L5

[Dir. de 1a Reg. en el

siff. inst, CPU
CODI Palabra de
DE OP memoria
Apuntador al | Reg. en el
tope del stacly . CPU
FIG. Iil.=

Ir )
Es necesario contar con instrucciones que permifan meter elementos

de memoria al stack (PUSH) ¥ sacar elementos del stack a memona-

(POP).

ILa expresion A={B*C)-(D'E) en FORTRAN,podria expresarse como:

FIG. UL.6
peT (Apuntador al tope
PUSH D DI . del stack).
PUSH E e T
: £ . faee o e —— T
D B* '
MUL i
PUSH B T
D#
PUSH C /T
MUL T |
k] B*C-D*E
SUB p*
T
FOFP A P | I 4 -




-

En la fig, 1lI.6 se ilustra el estado del stack después de cada una de

las inst. anteriores.

Se puede concluir que el copjunto de instrucciones de la mdquina no
estd formado solamente por instrucciones de cero direcciones ya que
también se requieren instrucciones de una direccidn para meter y sa-

car elementos al stack.

Se requiere un registro én el procesador que apunte al tope del stack
y se elimine el acumulador ya que el resultado de las operaciones --

también quedard en el stack,
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En las miquinas de una sola direccién el formato de las instruccio-
nes cue hace referencia a memoria consta de dos campoas: el campo
de cbddigo de operacidn y el campo de direccidn del operando. 5i su
ponemos que el campo de direccidn consta de n bits, entonces la
mé&xima capacidad de memoria direccionable seré 2" localidades. Lo
anterior puede resultar bastante dristico en el caso de las minicom-
putadoras ya que por lo general tienen palabras de 12 6 16 hits y si
se asignan cuatro de ellos al campo de cddigo de operacién solo se
pueden direccionar 28 = 256 localidades de memoria en el caso de pPa

12_ 4096 localidades de memoria en el caso de

labras de 12 bits & 2
palabras de 16 bits, lo cual resulta insuficiente para Ia gran mayo--

rfa de las aplicaciones,

Lo anterior ha ocasionade difi¢rentes modos de direccionamiento, en
los cuales el campo de direccidn sirve para calcular la direccién
efectiva del operando, logrando una mayor capacidad de mernoria di-

reccicnable,

-

a) Inmediato
En este caso el operando puede estar contenido d_irectamente en
el campo de direccién 6 en la localidad de memoria siguiente a
-la instruccifn,
‘Sera necesario dedicar un bit de la palabra para saber como se

debe interpretar la instruccidn,
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¢.1) Usando pigina cero
¥l campo de direccién de la instruccidn apunta a una loca-
lidad en la pigina cero. A su vez &sta localidad contiene

la direccitn del operando.

c.2) Usando paginag acrual
El campo de direccidn de la instruccién apunta a una loca--
lidad en la pagina actual. Esta localjdad conticne la direc--

cidn del operando.

c.3) Relarivo al PC
El contenido del campo de direccidn de la instruccidn, inter
pretade ¢omo un entero cop signo, se suma al PC para ob-

tener la direccidn del apuntador al cperando.

c.4)}  LEl contenido del campo de direccibn de la insfruccitn, inter-
pretado como un entero con signo, se suma a) contenide de
un registro indice para obtener la direccidn del apunrador al

operando.

La camhinaéiﬁn de todos los métodos de direccionamiento antériores

con registros de proposito general, permiten lograr modos de direccio-
namiento bastante*podercsos. Cuando se usan los registros de propdsito
general, ¢l campo de direccidn de la instruccidn especifica que registro

se usa y como se interpreta la informacidn que contiene.



b. 3}

b, 4)

- 11-
. il

pidgina actal, .
La direccitn del operando se determina sumando los bits
de orden superior del PC al campo de direccién de la ing

truccidn.
Relativo al PC

En este modo de direccionamiento el contenido del campo
de direccién de la instruccitn, interpretade como un ente-
T0 Con signo, se suma al PC para obtener la direccidn del

operando,

Relarivo a un registro {ndice

3

El contenido del campo de direccién de la instruccibn, in-
terpretado COmMO un enrerd con signo, se suma al conteni-
do de un registro indice para obteper Ja direccion del ope
rando. En caso de existir més de un registro Indice ¢s

preciso asignar los bits necesarios para su identificacion.

-

Indirecto

En el direccionamiento indirecto el campo de direccidn de la ins-

truccidn contiene un apuntador a la direccion del operando & este

campo combinado con algin registro & palabra de memoria genera

un apuntador a la direccién del operando.

Mediante un bit en la instruccién se puede saber si el direcciona-

miento usado es directo & indirecto.

L
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Directo

Existe direccionamiento direcro cuande el campo de direccidon de
la instruccidn contiene la direccitn del operando & cuando éste‘
campo combinado con alglin regisiro & palabra de memoria gene

ran la direccion del opearando.

b.l} Usando pigina cero
Uno de los esquemas més comunes de organizacién de me
moria, divide &sta en n paginas de longitud fija, donde n
dependeri del tamartio de la me moria y del rtamafio de las

paginas,

Las mécuinas que usan estos esquemas generalmente usan
la pAgina cero con propbsitos vspeciales, como son: mane-
jo de interrupciones, traps, localicades aurcincrementables,

ctc,

La forma de incicar si €l contenido del campo de direccidn
se refiere a 1a pdgina cero, es usando un bit para este pro
pOsito, P. ej. si este bit es cero el campo de direccidn

apunté a una localidad en la pdgina cero.

b2y Usando pélgina actual
Si el bit de p&gina estd en uno, se asume que el campo de
direccibn apunta a una localidad en la pdgina en la gue se

encuentra la instruccidn. A esta pdgina se le concce como
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a) Con dos operandos
La computadora PDP-11 es una méquina de dos direcciones por
lo que su formato de instruccidn tiene campos para codigo de

operacidn y operandos. Lo anterior se cbserva en la fig. IIL.77

13 1211 98 65 3 2 0

[ | Modo [Regisiro |[Modo [Registro |}

Codigo op. dir. fuente dir. destino
FIG, 1I.7

L.os hits 12-15 contiencn el c&digo de operacitn
Los bits 6-11 contienen la dir. fuente

Los bits  0- 5 contienen la dir. destino

Las direcciones fuente y destino serin utilizadas para el célcu-
lo de la direccidn efectiva de los operandos, interpretando el

modo y el registro usados,

T.a direccién fuente contiene dos subcampos de 3 bits cada ung,
de esta forma es posible indicar cual de los ocho registros de
propdsito general serd usado, asf como la Interpretacion gue se

le dard de acuerdo a los ocho modos de direccionamiento.

El modo v registro en la dir destino se entienden en la misma
forma que en la dir fuente. La dir destino también serd usada

para almacenar el resultado de la operacifn una vez que esta

se haya efectuado.
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b) En esta miquina existen insirucciones que solo regquieren un
operando en cuyo caso se utiliza un formato de instruccidn con
campos de cbddigo de operacifn y direccidn destino, segin se

muestra en la fig. III. 8

15 635 0

| [ MODO : REGISTRO

Codigo op. Dir. destino
FIG. I8

La interprelacién dada a la direccion fuente es la misma que en el

caso de dos operandos.

Para poder ejemplificar los modos de direccionamiento se usard el

sipuienie conjunte de instrucciones; asli mismo se asumird gue todos
_h

ins namercs estin en ocral:

Mnemonico Coédigo Octal ' Desgscripcidn

CLR Q05000 Limpia (pone a ceros el des
LO50DD tinoj.

INC S20D Incremento {suma uno al con
INCH 10520D tenido del destino)
COM 0051 DD Complementa lbgicamante el .
COMB 105100 desling
ADD 068SDD Suma

) Dhreccionamiento directo
Existen cuatro modos usados en direccionamiento directo, los cua

les se explican a continuacidn:
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Registro
Forma general: OPR Rn
Descripcidn: El registro especificado contiene el operando

requerido por la instruccion.

OPR representa un c6digo de operacién en forma general.

Modo: ¢

Ejemplos: 1

Autoincremento

Forma genersl: OPR (Rn)+

Descripcién: El contenido del repistro es incrementado des-
pués de ser usado como apun[ador. al operando, 5i la instruccién

es de palabra se autoincremente en dos y si es de byte eén uno,

Modo: 2

Ejemplos: 2

Autodecremento
Forma general: OPR-(Rn}
Descripcion: El contenido del registro es decrementado antes

de ser usado como apuntador al operando. 5i la instrucciin es

de palabra se autodecrementa en dos y si es de byte en uno,

Modo: 4

Ejemplos: 3
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d)

d, 2)
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Indice
Forma general: OPR X{Rn)
Descripcidn: La suma de X yv el contenido del registro se

utiliza como la direccitn del operando,

Modo: 6

Ejemplos: 4

Direccionamiento indirecto
Existen 4 modos de direccionar en forma indirecta, los cuales

utilizan los modeos bisicos {direccionamiento directo) en forma

dferida.

Registro diferido "
Forma general: OPR &€ Rn

Descripcidn: El repistro contiene la direccidon del operando.

Modo: 1

Ejemplos: 3

Autoincremento diferido
Forma general: OPR @(RnH"™
Descripeién: El contenido del registro es incrementade des-
pués de ser usado como apuntador a la direccién del operando. -
El autoincremento serd en dos, tanto para instrucciones de byte

como de palabra.
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Modo: 3

Eiemplos: &

Autodecremento diferidc

'Forma general: OPR &-(Rn)

Descripcidn: El contenido del registro es decrementado antes
de ser usado como apuntador a la direccidn del operande. El
autodecremento serd en dos, tanto para instrucciones de byte

como de palabra.

Modo: 5

Ejermplos: 7

Indice diferido

Forma general: OPR @X(Rn)

Descripcibn: La suma de X y el contenido del registro se uti
liza como apuntador a la direccidn del operando, la palabra de
indice X estd almmacenada en la localidad de memoria siguicnie a
la instruccién.

El valor de Rn y X no se modifica,

Modo: 7 *

Ejemplos: 8

Uso del PC en direccionamiente
El registro siete, tiene el propdsito especifico de servir como con

tador de programa (PC), por lo cual cadaz vez que el f.nrocesador
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usa el R7 para traer una palabra de memoriaz el R7 se incremen
ta automaticamente en dos de tal forma que siempre apunta a la
sipuiente instruccibn a gjecutar & a la siguiente palabra de la ins

truccidbn que actualmente se estd ejecutando,

Lo anterior permite usar el PC con propdsitos de direccionamien-
to, permitiendo lograr ventajas cuando sc utiliza con alguno de

los modes 2,3,6 6 7.

Inmediato
Forma general: OPR#n, DD
Descripeion: El operando estd en la localidad de memoria si

guiente a la instroccidn.
-

Moda: 2 usando R7

Ejemplos: ¢

Absoluto
Forma general: OPR &=A
Descripcidn: la localidad de memoria siguiente a la instruc

cidn contiene la direccidon absoluta del operando,

Modo: 3 usando B7

Eiemplos: 10

Relativo

Forma general: OPR A
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Descripcidn: La localidad de memoria siguiente a la ins--
truccidn, sumada al PC proporcionan la direccidn del operan--

do.

Modo: 6 usando R7

Ejemplos: 11

Relativo diferido

Forma general: OPR @A

Descripcitn: La localidad de memoria sigpiente a la ins--
truccitn sumada al PC proporciona €] apuntador 2 la direccién

del operando.

Modo: 7 usando R7 ' »

Ejemplos: 12

LUIS CORDERQO BORBOA



1.3

040103

EJEMPLOS

-

THC

RO

+SUMA UMD &L CONTENIDO DE RO.

L

Antes

0017302/005200
-$0/000000
JE7A0012002
_35/7000000

FO0OMRFLEMENTO LOGICO DEL BYTE BAJQLBRITS &=
PLAS INSTRUCCIOHNES DE BYTE USADAS EOERE 1L0S

COmE

R2

Degpues

CG1202/905200
3G/ /000601
~37/7001204
-35/170020

21

EN RZ.

tREGISTROS GENERALES SJILC OFERAN EN LOS RITS O-7.

Antes

QOLI0S/10L100
~$2/103253
“E2S001204
~E5/170020

FEUMA EL CONTEMIDO DE K1 Al CONTENILD LE RI.

Antes

0012047080103
~FLA000005

_+3/000007
~-$377001204
—$S/170020

ADD

R1ePR3

- Despucs

OD170L/105100
_$210310%

_$2/001210
~$5/5170021

CQi0A/0460103
~$1/000005

~-$3/700001 4
_$7/7001204
—t5/170020
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21
2.1
Q0o024 CLE (k44
3
ilsAa EL CORTEMIDD DE R4 COMO LA UIRECCICGN DEL
sOPERANDD, PONE A CEROS EL OFERANIDI(FALABRAY E
FTHCREHENTA EL CONTENIDO DE R4 EN DOS.
r
O01210/005024 ORI 210700502
~£4/000010 —_%4/000012
0000101742146 ~000010/000000
A7S0012140 _$FA001TD
_¥5/170021 _15/170004
22
103024 CLRE CRadi
i
iUSA FL CONTENIDO OFE R4 COMC LA DIRECCION DEL
SOFERGHNTIN. FUONE & CEROS EL OFERANDOCEYTEY E
i INCREMENTA EL COMTENIOD DE R4 EN UNO.
¥
Antes Despues
O01212/.105024 Q011271000024
140000048 24000007
_00000&6/173215 _00O000s /173000
_®FA001217 _¥7S0012149
_RES170004 15710004
2.3
250022 ADD RO (R2)+
; .
FEL CONTEMTIUO DE Rg SERA SUMADD Al OGFEREANDO
FCUYA DIRECCION ESTA CONTENIDA EN R2. DESFUES
FS5E INCREMEMTA RZ2 EW LDIOS.
;
Antes Degpues
01214040002 o1 214/04800202
_EOXGGGGO? _f0/7,000007
_$2/7000024 ~52/7000004
_O00024 /000007 _Q00024/000014
_$7/700121 4 _EFA001I214

-$57170024 254170020



3.1
005245 INC —(R5)
;
;EL COMTENIDO DE KS SE DECKREMENTA EN LOS Y
;DESPUES SE USA COMD La DNIRECCION T'EL OFERANDO.
SEL OPERANDO(PALANRA) SF INCREMENTA EN UNG.
; :
Antes Despucs
001214 /005045 001716/ 005245
_$8l588058724S _i57000816
_G00014/002200 _000016/002223
_£7/001214 _$7/001220
_$5/170070 ] - “$35/170020
3.2
105245 INCH —(RS)
:
sEL CONTENTIZO DE RS SE DECKEMENTA EN UND Y
i TESFUES SE USA COMO LA NIRECCION DEL OQFERANDD.
iEL OFERANDD(RYTE) SE INCREMENTA EN UNO.
;
-'J
ANtes Despues
001000/105245 001030/ 105245
_45/000347 291558432
_000345/043771 _000344/045700
_$7/001270 _$7.2001000
_£5/170020 _4G/170030
-— — [ ]
3.3
064401 ATIE (R4 1Rl

i

FEL CONTEMIDD DE R4 SE DIICREMENTA EN DAS Y
rOESFUES SE UTILIZA COMO LA LIRECCIGN DIEL
FOPERANDO QUE SERA SUMADD alL CONTENILNO LE Ri.

Antes Despues,
QUi222/054401 001222/064401
-$1/000017 -31/000064
~£A/000032 347000030
~000030/000045 -00043C/000045
~%7/001232 -$7/001204
_%8/170000 —$#5/1700350



4.1
005063 000100 ' CLR® 100 (R3) |
i ’ I ,l
iSE PONE A CEROS LA LOCALIDADCPALAERA)
sDIRECCIONALA FOR LA°SUMA TE 100 Y EL CONTENIDOD
;DE K3. EL CONTENIDO DE'R3 NO SE ALTERA.
. | S
Antes Y s Deigue&
n _ . -
Q01240050463 Q01004005043
_O01224/000100 _0D1735/000100
_$2/000004 _$3/000004
0001047177333 _Q00104/000000
_$7/001224 _$7/001230
_$5/170020 L$8/170004
4,2
105164 GOO2GO COME 200(R4)
- F - : .
FCOMFLEMENTA LOGICAMENTE EL CONTENIDOD DE LA
tLOCALIDADNC(BYTEY DIRECCIONADA FOR LA SUMaA DE
;000 Y R4, EL CONTENIDD [E R4 NO SE ALTERA,
r -
h Antes . Despues
- G01030/105144 v 00I2T0/10%144
_6013337000000 SO0 DRA000GT00
a4/ 000007 _HALDG0 0
_O00r02A A1/ 40582 OO0 L PNE1S
_$7/0017230 EYriei
_BE/1TD000 LEELLTO0EL
4.3.
0646340 000010 000020 AL 10{KR3}»20(R0O)

iSUMA EL CONMTENIDNO DE LA LOCALIDAT DBIKRECEIDNADA
iFOR LA SUMA DE 10 Y R3, Al CONTENIDO DE La
fLOCALTDAD DIRECCIONALD FOR LA SUMA DE 20 Y RO.

[} +

Antes Despues
001234/0656360 001234/064 360
_001375/060010 . 0013367000010
_001240/000020 _001240/300020

_$0/000030 _$0/000030

_$3/000050 _$3/000050
_00D0S0/000037 , _000050/,000134
_000040/000075 _000040/000075

_47./001234 _$7/001242

-357170031 -¥5/170020



5.3 _ <
QOn01t1 CLR @R1

¥

fEL CONTENILO DE R1 AFUNTA AL OPERANDO QUE
+SERA PUESTO A CEROS.

.
- r

At oS De spues
QoL a/005011 o01242/,005011
117008044 _ilfﬂﬂcoaq’
000044 /0345240 _0000447000000
_7/001247 _E7/001244
_ES/170000 ~3S/17000
5.2
1057212 IHCK eRD
i
FEL COMTENIDG DE R2 AFUNTA al. QPERANDIO QUE
i SERA INCREMENTADD EN UNO.
i
ﬁntes DUS]’JUCS
001244105217 - g
127500070 RATHe e CEn
_000a70/000000 -000n70/ 000001
~37/7001244 JEFA0013A4
JASA1700024 _ESALF0000
QOSI 34 ING FClgy+

fEL COWTENIDO DE R4 AFUNTA & LA LGIRECCION
fDEL OFERAMUD OUE SERA INCREMENTADO 8 UNG»
FDESPUES DE LO CUAL R4 SE INCREMENTA EN DOS.

r

Antes Destues
Q012A4L/ 005034 001298/005034
EAS000034 =t4/000040
000348 /000054 ~RO00Z58 0006059
~G00N54/000007 SOOGS0 /000010
_$75001044 ~EFS001750

~15/179020 SESELLIP0000

- a—



? a
005155 7 coM E-(RS) .
H
sEL CONTEMIDD DE RS SE DECREMENTA EN DOS,
sDESPUES NE L0 CUAL AFPUNTA & LA DIRECCION
yOEL OFERANTIO GUE SERA COMPLEMENTADO
i LOGICAMENTE.
H
Antes Desnues
HO1350/005155 H012S0 /005155
_$5/000040 _$5/000034
_OO00%E/ 000020 - _G00024/000020
_000020/000000 - O000D0/177777
_$7/001750 _¢77001257
_15/170020 _15/170031
8
DE7I00 Q00200 . Al EO0(RII 1RO

$ ; ! v
:La SUMa OF 200 Y B3 DETERMINA EL AFUNTADDR A
;LA DIRECCION DE LA LOCALIDAL QUE SERA SUMADIA A RC.

) ¥

Antcs Pespues
001252/067300 001252/067300
0012547000200 _001254/000200
-$0/000015 _40/000033
-$3/000010 _43/000010
-G00210/000012 ~000210/000012
_000012/000014 _000012/000016
-$7/001252 -$7/001254

~ES/170031 _48/170020



5

Gl2704

30
063701

- 20 -

Q00010 MOy $+10:-R4
i
P MUEVE A R4 EL NUMERO 10

Mtcs DESPUES
001256/012704 0017567012704
_001250/000010 _601350/000010
_$4/000000 _$4/000010
_$7/001256 _87/001282
_$5/170000 _§5/170020
0001060 ADE F¥100IR1

H
sSUMA ELL COMTEMNIDO DE LA LOCALIDALD

+
P

Antes Despues
QO1244/7053701 . Gﬁlgégfo 2701
-001270/000100 _001270/,000100
~$1/000043 -31/000126
-000100/000073 -000100/000073
~£7/7001245 375001272

-$5717G000 ~E5/1700320

100 A

R1.



1l
005247 000044 INC Z

#

s INCREMENTA EL CONTENIDQ IE LA LOCALIDAD
;SIMBDLICA Z EN UNO. EL CONTENIDO DE LA FALABRA
$SIGLUIRENTE A La INSTRUCEIQON SE SumMa AL FC FARA

Antes Despues
001272/005267 001272/0052467 .
-0012747000044 _001274/000044
_001342/000000 _001342/0000G1
_$7/001272 _$7/001274
~$8/170020 _$8/170020
12 _
005077 000040 CLR ez

¥ .

A LOCALIDAD SIMEBOLICA Z APUNTA A LA

fODIRECCION LIEL OFERANDO GQUE SERA FUESTO A CERDS.
iEL CONTENILDO DE LA FALABRA SIGUIENTE A LA

s INSTRUCCION SE SUMA AL FC PARA ORTENER LA
PODIRECCION DE Z.

Antes Nespues
001274/005077 8012?éf OS077
—001300/000040 -001300/000040
0013427000100 -Q01342/000100
~000100/000073 _00%100/000000
_$7/001274 _$7/001302
_$3/7170020 _35/170024

1UTS CORDERC BORBOA
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PTP - 11
04/34/45/55
. PROCESSOR *
HANDROOK

CHAPTER 4

INSTRUCTION SET

-

#£.1 INTRGOUCTION

Tha specilication for sach instruction includes the maemenic, octal code,
binary ¢code, & disgram showing the lormat of the instruclion, & symbglic
notatgn describing its exscutipn and the effect on the conditlan codes,
a description, special commants, and examates,

MNEMONMIZ: This is indicated st the 1op corner of each page. When the
word Instruction has a byte squmvalenl, the byte mnemaonic is 8150 $hown.

IMSTRUCTION FORMAT: A dagram accompanying each  instruction
shows tha octal op code, the tinary op code, and it assignrnents. (Mote
that in byte Instructions the most sigmiticant tut (bt 15) is always & 1)

SYMBOLS: N
{ } = contents of
S5 or src = source address
DO or dat = destination sddress
loc = location
+ = hecomes .
t = "is popped Trom stack™
+ = "1 pushed ontlo stack”™
A = boolean AND ¢
¥ = boolean OR
= paclusive OR
~ == boalean not -

Reg or R = register

B = Hyts
. [9 for word - -
==

[l'lnr byte .

-

4.1



4.2 INSTRUCTION FORMATS Byte Instructlons )
The major Instruction formats sie: ! The PDF-11 processor includes a full comelement &f instructions lisal
. manipulate byle gperands, Since all PDP 11 addressing s byle prientsg,

) - byte manipulstion addressing is straightiorward, Byte instructiong w.th
Singte Dperand Group autoincrement or sutodecrement duect addressing cause the specited
register to be modibed by one to poaunt to the rest hyte of data. Byte
OF Coda . du j . operalions In register made atcess the low-order byle of the specified
1 . 1 ] i L | 1 L i 1 | 1 I register, Thesa pravisions enable the POP-11 to perlornt as either a word
1 ] £ & .:, or byte processor. The numbering scheme for word and byte addresses
. . in Core memory is;
' -
Doubde Dperand Grau HiGH §YTE WORD CH BYTE
pe P ' ADDRES S ADORESS
( oF Lode s'f | . "‘l' : 002001 | BYTE 1 BrTE O | 002000
1 1 § 1 L 1 1 [
15 (F I 1| E 5 [} OOZ00N BYTE 3 avTE 2 ksl

OF Code T Src /gt
] i 1 1 A n i 1 i 1 1 L i
5 a , . .
” . R & The most significant bt {But 15) ol 1he instruction ward is set to indicate
. a byte instruction,
Exampfe; .
Branch Symbolic Octal
CLR CORQDD Clear Word
- . CLREB 103000 Clear Byla
Gare  Code olfsad ¢
Lo IS B T T T S ! ¢
15 e r 1 1
NOTE )
The termn FC (Program Counter) in tha Qpora- o
. tign explanation of the instructions refers ta i
! upd2ied PC, .

4.2 i3



4.3 LIST OF INSTRUCTIONS

Instructiony are shown in the following sequence, Other instructions are

found i Chaplers 9, 11, and 12,

A—The SXT, XOR, MARK, S0B, and RTT instructions are implamented

in the POP-11#34, 11/45 and 11/55.

*__The SPL instruction is implemented onfy in tha PDP-11/45 and PDP-
1155, The MFPS and MTPS instrutiions are implemented only in the

PRP-11/34,
SINGLE OPERAND

M ramonie Instnﬂ:tinp
Genaral
CLR{B} clear destindlion (...
COM{B)  complemenl 451 e e P
THC(BY  mcrement b e s
DECLBY  decrement dat i
MEGLBY nepate dyt e
TST{E)  test d5l e e e

Shift & Aotele

ASRIBY  arithmatic shft ght e e
ASLIBY  anthmenic shuft Teft ..o creseennn
ROR{E] rotate rignt . einie i e
ROL{B) rotate leit
SWAR  swap bytes e

Multiple Pracision

ADCIB)  20d CATIY i cs s e s s e e
SBC{BY sublract CEMY e e
4 SXT sign mxtend i
MFFS move byte {rom processor status ..
MTFS move byte to processor slatus ...

'OOUBLE GPERAND

Gereral
MOY(DE) move source to destiration ... ...
CHP[B) compara SrC 10 g5t i cecreriem
ADD add sre 10 AL L e
SUB subtract wrc fram dst ... e

Lagical
BITIEY  hit tesh e e e e e
BIC{E)  bib clear e e .
BIS(E)] Dt SBE i e e
& XOR exclusive OR .. eerpe R e e nt

4.4

w5500
w5600
DOa7o0
wl0e700
wl0g455

n 15500
e25500
065500
165500

n3535D0
»i3500
=55500

Grarco

Page

[
[T N RN

4-19
4-20
421
4.22
4.23

4.25
4.26
‘4-27

4-30
4-31
4-32

4-33

- mm s y——

45

FROGRAM CONTROL o
Mnsmanic Instruction Op Code
B ' or
Base Cods Page
Branch
BR branch (unconditional}y ... QOO4O0 4.5
BME branch if not squal (to zurn‘j e aeare e QOG0 4.36
BEQ -+ branch if equal (00 TRFODY . oveverercreeceeas oOI400 437
BFL Braneh 1 plus . i emi e 100000 438
ami branch if Minus .o e 00 4.39
BYC brarch f overflow s cloar.........c........ 102000 4.40
+« BvS branch il overfipw iz set .. 1024000 3.a]
BCC branch if carry is Shear L, 1030C0 4-42
ACS branch f carry |3 set .. A 103400 343
Slgnad Conditional Branch
. BEGE branch f greater then or egual
(0 zer0) .. - SO ¢ ¢ v+, I OF 1.
ALT brunch if Iess 'Ihlﬂ {um} .................... a0 4446
BGY branch it greater lhan {zero) ..., oo3000 447
OLE branch itdess than or equal {10 zarg) ... Q03400 4-4B
Unslgned Conditional Branch
BHI branch il higher _, e - 101000 450
ALOS branch ( fower or Hmn I . 101a0d  4.51
BHIS branch if higher or same .................... 103000 452
BLO  branch il lowsr ..., 103430 453
Jump & Subroutine
JMP jump L crrermmrmm e QOO DD 4.54
JER jump o subrnutme e veararr e PROD 456
ATS relurn from subroubing _....eeieeeen, QDDZ20R 4-58
& MARK  mark e e 006400  4-0%
& 5082 subitract ane and branch {if 7= 0% ... Q?7ALD 4.6l
* SPL sak pricrity leval ...osecvae, feban s QOgO2aN 462
Trap & interrupt -
EMT emulator trap ... ... 104000—104377 463
TRAF L1 104400——104727 4-64
BPT breakpaint trap ... e QOO0 465
Hel) Pt output bap e oooOM  A-68
RTI return from interrupl ..., CO0002 467
4 RTT return from loberrupt e, DOODDOGS 4GB
MISCELLANEOUS
HALT Ralt TR cooocn 4.27
WAIT wait lor intarrupl 4.13
RESET  reset #xternal bys 4.74
Comd.tlon Code Operation
CLC, SV, CLZ, CLM. COC  €1Par ..ooovvrranens e, 0o0raD 474
SEC, 5Ev, SEL, SEN, BCC  set ... T OO0 475



4.4 SINGLE OPERAND INSTRUCTIONS N
L]
I L[ d
CLR ) ggrmﬂa
r ]
compiemant dst g5 00
chear destinatign a0500D . i h 5o e TTE T e i s i
. [ I e, [ L " l | R f 1 L I [ [ ;
[unuo o+ © 1 o°'d ©la < 8 4 4 u] 1% & 3 o
| 1 L ] L L | L 1 'l. 1 1 | n i
Py ) B a Opwration: (st ~(ast)
;
Cperation: {dst}aD Condtion Codes: M- gal l most sigmulesnt bt ofresull (s set; chenred Gihermise
' Z: set 1l resull is O cleared otherwise

Cendimn Codes: N clrarad - ¥, cleared i

T set ' C et

V. cleared

C:cteared ' Curscriphion: Replaces Ihe contenls ol Lhe destnal:an agdress by ther log

) wal complerment{each it equal to 0% sl and each it equal

Diexcriptian: ‘Waord Contents gf speehied deslmaliopn are repl aced wilh ze L 3 115 clearedt

oS { Byle: Same

Byie. Same -

' Evnamiple; . COM RO
Exdmpie: CLR A1
] ' Betore Alter
Before Alte {RO}=013333 [RO) » 164444
(A1) = 1217377 (Rl = OO0 . l .
HIVC HZY¥C
MNZYC NIVE . o110 1001
1111 gr00 .

L

"
T — ——T - Y — ——

47
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INC=""
INCB- ~
incremedtdst $05200 -

g g R ;: T3 4 s 1 :
_LWHU‘ --o'll.-u N T BT 1 L_'I._.]1L'
iz . ’ . E % o '

n:'ypq'raﬁun:-_ - (d:'l}-n:dstj+1 . o

Condiion Codas; N il ﬂrs.m 1«0 Craed nlhq-rmu )
* . * X el ol resull i O, Clessad giberwgs -
N se1 1 [dat) held orrrT? (wurd‘.l ar 1F7 {brl:}
- gleared otherw.se
T: nat af{acled

P ' "
- "

. Descniption:

,B-_ru,- Same .
Example: 1 _|Nc R’z
* Befgre i Afier
. [R?] - (001333 ' . {R2) = 000334
HIVE - . NIWC
' - Qoon ooog
' |

- Weord. Ad.d anE g, :oﬂtmls of dﬁtrnalmw

a8

decrement dst

DEC
: DECB

05300

monn1o1u‘1|ucusuu]
| ] 1 1 | N 1 A 1 1 N X
£ 2 [
Operation; (s 3afastd-1
Conditinn Codes: N set il result 13 <0 cleared glherwise
. I: wet ol resutt os O glesred Clharwide
¥ set il (951) was 100000 (word) of 200 {byte)
cleared ofFerw »e
C:onol affeied
Description: Word. Subitract 1 Iram the contents ol 1he destination
Byle: Same
Exampie: DEC RS
Berlgre Atfter
(RS) = Q00051 [R5 = (0000
NIVC HZVC
1000 06100

49
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NEG
NEGB

nagate dst uQ54 0D
g/ o O @ 1 O 1 1'p O |d 4 d& & a4 a
| PR T T _l

“w L 5 Q

Dyreralion: (s ={d5t)

M- set of the resul 1o =20, cleared ctherwise

2o ozel of result o% Q) Cleated ptherwise

¥, sepil the resull g 100000 (word) or 200 {byte)
Cleares] O IRprese

C. cleared f the resul 15 9, oot othersse

Condilion Codes:

Deseription: ' Word: Replaces the contents gl the destination addreas by 1ts
hw' s complement. Nole that 100000 & replaced by tsel (imy
twos complemend notabn the Most negaloe Nomber has
™ pesitive gounterpart)

Byte: Same
Example: HEG RO
. Beioie At er
(RO} = CI0010 (R = 12774 - -
H2IvQ ! HZYG
QGoo L301

410

Lest OBt

ullI;U|Il;al|.L'|d_|.d|."|=1=_!

[u.' o a
P
[+

Dpwratipn:

Condition Codes:

Dascripisan,

Erampla

{5} g5t}

M, sl if the resyll 15 < O ¢ leared otherwise
7. sel i rasull vs O, Cleared Otherwise

Y. clearea )

C: tleargd

Word. Sets the condition codes N and 7 according Lo the con
tents af the destmation address

Byte. Same
T3T RI
. Belars Aftpr
{F1) = 012340 {R1) =0123a3
Nivg MZVC
0oLl o0Qo
Iy
-



[ L' _ - : = - - .
. N - 3 ' :..l. ) ASR

-’

« srithinelic- sMif Tight

o @ O o v v g, @ 1+ o]d4 .a-a 4 & d
[NV R I S SR ST T

L1 I ! &

3
Lr

Ovrlhdﬂ . (st alctat} -q.h:!te'u one place {3 Lhe rght

Condition Codes: N zel of the mgh-order Bl of Iha tesalt 18 sét (result = Q)
-chsared Dlharase -
- . wF-amt o The resull =0 cleared piharwose
) , ¥: loaded Irom Lhe Exciusive OF of the N it and C-iet {as sel
by the complelion o the stoft operalion)

Shifts ot o added 1rom law-greer it ol the du!lﬁalmn
' i . . ) 1 L 1 ' ! . ' N - ' )
Scahng data by lactors ol two iy accomplshed by the shift inatruclions: E Description; Word Snefis 34 bits of Lhe destinatan nght ane plate @il 15
ASR - Arthmetie shift right =* “qsrephcated. The Cibl 1 loaded Irom ek O 01 the deslination.
-7 ASR petlorms signed dpason of the deslinaton by Two,
word: o . .
ASL - Arilhrmetie shutt leM ) .
The wgn et (et 15) gl the Sperand is replicated in shifls 1o the nghl The low . él. T I P S }‘_E -
order L o filled with Qan shufis 1o [he Tetr, Bils shified oul of the C Il a5 shown - - ? -
1n lhe {ollowang augmples, ace lonl, Byte. . ’ .
Ratates . ] . Pl "E 1 | l_'E
| T | P Ll —
The red gl e insiruac [iphl Dperate on L deslinabion word and (e C bt a4 though ' : e so(ay _ 4 - Loy SO0 T o _
ihey lormed 3 17 it “cwcular buller, These malruclions lagihiale sequental o . i ’
testing and Cetailed it manipulalion. l
4
i
. oy "
i D ~
I . 2
r ' . - *
412 _ g T 413 '



ASL
ASLB

srithmatic shilt left p0OG3I0D

Jwtount'luo'n'ljuuisda]
L L 1 ] 1 L 1 : i i . | ¥ d
bC ] & 5 L+ ]
Oparation: {dat)udsty shiled one place to Lhe et
Condition Codas: 1 set il high arder bil ol 1he result is gel (resull < Q) cleared
o peprw S
Z. seb |l the resuly =0 ¢leared othermyr
Y loaded with the paciusive DR of the N it and C it (a5 et
by |he completion af the skt apetation)
£: loaded with the hugh order Tl of (he destinaton
Word: Shifis afl nis of 1he destrialion W one place. Bit 0%

Dascription:
. loaded with an @ The Tl of 1he slalus word 15 koaded from

Ihe most sigmbicant il o4 the destinaton, ASL pedarms a

tigreed milupleabon of Lhe deshination by 2 wth Gvediow 0

ccation.

Word.

L] OO0 MEESY

Py Rl ity p—

rotate right

1
l ]
Eﬂlnlutoilltl_utnlulu ‘_tqi'_” 'J. ;
[-]

Copdition Codes: N L8l of the Pugh.ordes bl e (e resull s set- fresull < OF
.t chrated otherwas
Z! set ] all bas of rasuld = { cleared othersnse
¥, loaged with the Exclusive OR of the N tat and G-t (a sat
by the completion of e rotale gperalign
£ loaded wih jhe low.order g of the deshinalion
Drseription; Ratates all bilg gl the destinaien right are place Bit G s
waded nto Hhe Cbat and the previous contents af 1he C
aee [aded g bat 15 of the destination.
Ayte- Same
Exampla
Ward
E]"i.t.lll.Lll.li_‘I
i o
Byle:
IR Cee vt

4-13



ROL -
- ROLB

' aj6ipD

rotate At
'Jcmnnut t.o 00 L[4 4 4 4 d 4
I - L [ 'l L f 4 (] L L ! L i
L] & -9
Corddion Coghen: M. el the high-ordar tut of the déstinatianis set
(result < 0} cleared Otherwise ]
2 sel ol all bets Of Ihe destinalon = ; cleared otharwese
v loaded with the ExClusive OR of the Nbil and G-t (83 3t
by e complebon of the rotate cparation] _
C: loadet with the fugh order Bl of The desbngtan
Dwstription: Word: Rolate all bals of the deshnation et one pléce Bt 15
* 15 Inaded into the C kit of the status word and the previous
' contents ol the C-but are aded inlo Bit O of the destinaton,
Byle Same
Eanmple .
Word:
h.:
m"l.lgul..l.tl L 4
% B [1:]
Byley:
== l’ Yl l
L | HN S N T e P 1 .

4-16

pvap bytes

- . .

iﬂ o o,0 & o0
L7 T
= - Ty 5

Operption: Byte 1 /Byts O 4Byte 0/Byie 1

Condition Codes: M selid hegh order Dl 0F 0w order byte (Bit 7hol reult s e
chrared Olfew e
& st ol dow order byte of result =00 Cleared otherwiss

— e gp—

Y. clearod
C: cleared
Dowrscoipt ipn: Eschanges hegh order tyte and low order byte ol the desyng -
tin waard (destination Musl be 3 word address),
Exarmple: Swap R1
-+
N Befoim AHer
(R1) =07 7771 (R1)= 177577
MZ¥C NZIVC
L Qoo
1
l. Ly
b
! r
i
i 417



Mufipim Precision

It 15 sometimes necesssry to do anthmetic gn Pperands congderad &% multple
wards or Dyles The POP.11 rakes special provision for such gperations wth the
insirpchons ADC {Adt Carry) and S8C (Subfracl Camy) nd thesr byle equiva.

ety

For sxmmple tweo 16-bet words may be combired into 3 32 bel daubie precision

word snd sdded or subiracted a3 thown bykowr

ET]

wml__ L1 —! [: v

LT - 3

aswr [ i

.- Exampix

v

The addition of -1 and -1 could he perfarmed as fallows.
=1 = A7TFIRITIIT

(RY} = 172737 (R = 177777 (RY) = 177377

DD RYRZ .
ADC R . r
ADD RaR]

1. Afer {R1) and (RF) are ad_.dtd. 1 1# loaded into the £ bit
2. ADG malruction agds © et 10 {R3Y; (RI} = ©

3. [R3) and {R4} are added

& Result 15 3FTFPITIIF 6 -2

418

(R4} = 12727}

et = SrE— oy e

T - e s e o— -

add carry - w05500
FIBDDIQ'HL'D1ddddud]
i . 1 L i 1 Ll D | i L
ta 3 1]
Oporptlon: (cdathafdst) + ()
Condilion Codes: N sat il result <=0; Cmdred athermgs
I wet ! resuit =Cr Clesrm] othersnge )
¥ osel if (d3)) was 07277 {word) or 200 (byle)
and (C) was L; clearm] gthermite
C:oset il (s} was 177777 (word) or 377 {byte}
and () was 3; cleatad ot bprwse
Dascriplian: Adds the contenls o the C.fut nle the destinanon. This per
muls the carry Irom the adgition of the ke order words 10 be
carried 1I0to Ihe hgh-order result,
Byte: Same
Examply; Coutie precision addibn may bc dorwe with the following n-

"stryction SEQuence:

ADD  AQBO T ek low -order parts
AR Bl  add carry inth high-order
anDhD ALBI ; dGI mEh order parts



SBC
SBCB

subtract carry

05500

e

ogn\1n1ltqu}4uﬁuu-4i
e PR VRN R

1%

O 2t

Canditon Codes: N

Deeaript

Exampla;

et bt =0

set o result £ clearsd pthors se

7. seb of result J; cirared qtherwise

¥:omet i (dst) was L0000 (word) or 200 [byte)
tleared otheErwise _

G: set if {usty was O and © was 1; Cleared olhérwing

Word™ Subtracts the contenlis ol the © Tt from the desbina
tion. This perrls the catry from The subtractren af Dw o
arder words 1t be cublracted tram Ihe high order part ol the
result. )

Byte Same

Doubde precision subldatbon 15 done by

su8  ADBO .
sSBC Bl
SUB  A1.8L *
] y .
420

ey

SXT

Used in the POP-11/34, 11/45 and 11/55

slgn axtend PMETDD

oo B B 1 gy

R B BN

) : o o
Cparatlon: {dst) == O N bit is claar

Condition {odes:

Dwserd ptirn;

(dst) =1 N fut in 2mt

M. uneMecied

Z: get ! M bit clear
¥: cleared

C: unafected

If the condibon cegde i Nas 56t then a -1 1% placed 0 {he
deshination apecand: al N bt clear, 1hen a By placed o pha

- destinatign gperand. This inatruction 3 particelarly useful o
multiple precaswn anithrnele bechyse of permits the s.gn 1o
be ealended (Argugh mutiple wirds

1

421



Used in the PDP-11/34 MFPS

mave byte from processor status word 106700

] L] 1] a 1 1 ] 4 ’ 1 I 4 ] L) L] i ’ I
| R O et w o L oy

Dperation: {dst) ~ PS <07 >
dal lower B bits .
Condilion Code .
Bits: N = set if PS bit 7 = 1; ci¢ared otherwe
I = setil P5 < OFs = U cleared atherwise
¥ = cleared
C = nat affecied
Oescriplion The'8 bit castents ol the' PS5 ara ' moyed to Lhe eHeoc-
tive destirption.' I destination & moge 0, P3 b 7 i3
*pign” estended 1hrough the uvpper byls af the Jregister.
The deslination operand address is treated as s byte
address,
Example; MFPS RD
beefcre ’ after
RO [O] RO [DO0014]
PS [000014] PS [O00014]

427

_. — ———

F

MTPS

move byle to processor s1atus wernd .

Usad in the PDP-11 /34

PS5 <07 « (SRC)
Condition Codesx: Sat according to effective SRT operand Bits 03,

Desccptlon: The 8 bits of the effective operand replaces the cur.
rént contents of the PS (72> Tha sodrce aperand
address is trealed as & byl address.

Mote that the T bit-{PS bit 4) canngt be sel with this,
Insteurction. The SRG. operand. remains upchanged,
This Instruction can be used to change the prignity bits

{F5 5. 7>} in the PS5,

4-23



4.5 DOUBLE OPERAND INSTRUCTIONS

Double gperand inslruchions provide an ingltuction {and time) saang Lacil:ty
since they eliminats the need for “laad™snd “seve’” sequences such 3% thoge

used in scoumulator-oriented machings

4.24

e

MOV

move source to destination 215300
[onauq'liam . lillddl
L L Y . L 1.1 !
[ [FEEE - [}
Opwration: [dstlwfsrch
Conditiop Codes:. N el if (src) =0 cheared '
Z: sal of {arc) =LF cheared
V. clearad
C: not atfected
Creacription: Ward Maves 1he source operand 1o the desbination lgration
The previous canlents al the destinatan are kst The eon-
lents gl the sousce sddress are Nt aThted. -
Ovle; Sama as MOV, The MOVB to a register {urique among
bryle ipstroct.0ns] dclends the masl signlcant bl al 1he low
order byte (sign ealenson) Otherwise MOVE cperaltes on
byles wuactly as MOV operales on words
Erample: ~ MOY  EXER] ; 0ads Regiater T wath the con

lenls of memary [scabon: XXX regresenls 3 piogramimer de-
Iined mnermaame Lisd Lo répresent a memory localion

MOy o MRG : toads the rumber 20 into
Regustar O ' & “incicates that 1he value 20 is the operand

MO @#m.-{RE} : pushey the operand Con.
tamnad 10 locatipn 20 onlo the stack

MOV (RET+ G & 177565 | pops the gperand off the slack
and inaves 1t ot memory locabon 177566 (terminal prinl
tulter) i

KMo /LRD i performs snointer
reqister trans!er -

MOVE @ P 177562 Q0% 177566 moves a character
from termenal wapboard Sulter to 1ermanal printer talker

475 C.



r——- o — -y

CMP | | |
CMPB

Conditaon Codes:

DCwacriptian:

compare src to dst u 25500
9.0 1 b | s "t afa 4 4 4 3 4
1 i i ' 1 ) * 1 ' ] ! L _j_ 1 1 1 1 J__i
1% [FR L B % 1]
Craaration: farc)=-idst)
M. st ol casplt <0, cleared Dlhermse *

T sebof resyll =0 cleared athersse

Y- amt f lhere was antienehs ceerflow; hat is. operands wend
ol opoasite signs and \he wgn of the deshination wa4 tha
sarme A% the sign o the resull; cleared otherwse

£ chared 1 Inare was 3 Carrd (rom Lne most ssgrulicant ool
Ihe resull, set atherwise '

Compares the source and destiration gperands And sels the
conditn codes, wheh may then e uted Tor anthmels and
kg4l condiLipnal branghes Both operands are ungffecled
1he grly action 14 ta sl bhe condition codes. The compade |5
custamaily Tullpwed by a conditional branch ingloyction
Mate Lhat unkbe (he subtract instruclon the Ofder Gl oper:
atwpn 18 {sre)-(dar) net {dath-[arcd

4-20
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hE T T = e e A E—— T i 2 — A

add #r¢ b st

Oparcation;

Condition Codes:

Dascription.

Enamplet:

{eat}e{src) + [d51)

Bosal ol resull =00 clrared piherwis

Z.owet ol result = O glearsd otherwise

Y. oaet )l there was artbmetic overliow 35 a resull of (he oper.
atn thal i TOlN operamds wers o |he same Lgn and e
result was gl Ihe opposite wgn; cleared gtharmse

C: sl ol there was a carry Iroem the most sigrulicant bl af The
resull, cleared Olherwise

Adgds Lhe source operarad to the deslaatwan gperand ang
stares the resull at the destination address The gngmnal ton.
lents o the deatinaton are lost. The contents of the Spurte
#re rol afrected Two's complernen] add:Lon i§ pedormed.

Add 1o regisiar , ADD 20RO
Agd to memory ADD RI1EXX
Add register 10 regiSiar: ADD R P2

Add memany 1o rremory ADDGED # 17750 X1K

EXK s 3 programmer delired mpamons for & memnony loca. -
hon,

4-27



Oparahon:

Condilion Codeg:

Descripton:

Examply:

SUB

165500

i 4 'J
I
]

subtract sre fromy sy

u!i:-lJo[‘-rl—’i._f".lF‘—‘
1 n

15 H

{dsllefdnt)-r5re)

Hosebal result <0, cleared gihersise .
I el H result =0 cleared giherwise
V. oselil there was anthmelie oyertiow as 3 result of 1ha opet-
atgry thal v operands were of oDposibe Lgns and 1he sign
of the sourte wat Lhe same a5 the <ign ol the resull: cheared
of herwase

~C cleared 1 lhwere wat a carry 11om the mont sErifcant Bt o
the resyult. set otharwice Coa

’

Sublracts the yource operand trarm Lve deshinalion gperand
and beases he resull at the desination address. Tre ot at
tontents af the destinatign are kst The conterts al the
SGUFCE are nal alected I gdoubbeprecesion sribmelic the o
b, when seb, vadcales a “tewrow,

SUB R1.RZ
Afer

(RLI=011011
(R} = 001234

Befare
{(R1Iy=qlLllg
(RZy= 012345

HIVE
1

WIVE
od00

4-28
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Logleal
These instrugtians have the same farmal as the dogble
They paermit operations on data af the et b

4-29
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BIT

BITB ‘
bit test #35500
a8 o1 1 T d w d- 4 #
| L i [ ‘_1._| ! | ' L ) L ' ! 1 X 1 i 1_]
15 21 E & [:]

Opar ataney -

Cond[tion Codem:

Dascriplion:

Emmple:

farc) A [dsl)

M- yet if lugharder bit of redult set; Claared oiherwise
et resutt =0 gleared glherwse

¥: clearec

C: not affectsd

Pertoims loglcal ~and "companson ol Tha saorge 3nd desti-
natipn operands and modihes condihion codes accodingly.
Nether the yource mof deslinaton operands are 3ibected
The BiT instruction may be used to teyt whelher any of he
corresponding bets thal are 3t an Ihe deatinahon aog a1%0 et
WM the sgutce of whether 2l Correaparding bits se1 10 the des
tration are clend 10 the source

BT  ®3R] cheslbnis 3 and 491 R3 1o vee
; IF both are ol
(30h=0 000 000 000 Q11 000 .

4-30

e = e f—

B R

- A

BIC

BICB
bil clear mALSOND
El'unl."‘l..l"“‘di

R TR Lol " 1 1 | 1 I
T FEEE ' 3 [
Dperation: (a5t ) ~—{3rE )5 [el5L) \
Condition Codes; N set f Fugh arder Dit ol result xeb; cleared alharwme
L.oson of resull =0 cleared othermse
W Clearad
C' nay altecied
Descripiion: Llears each b n the deshination 1hat correspondy 1o a set
Bl i1 1he source The onginal contents of the destinatron are
sl The contenis of the saurce are una (e tad
Examply aiC R3IR4 B
Belpre Altar
(3 DO 234 (R = D1 234
(Ra) =Ll (Ra) = DO3101
NZve NZVC :
Ll oogi -
Befors: (R3y=0 OO0 QO D10 011 100
{R4)=0 OGO 001 DOl 001 001
AHBr: (R4)=0 000 JOO 001 000 001

a7
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w55850D0

,]-uuacﬁ
L1 j

Opercation:

Condition Codes:

Dasiription;

Exampler

e " 1 3 L]

(o7 afarc) v [dst)

N set o high prder il i reyult set. cleared atherwse
I 4ml f resplt =0 cleated olbprasse

Vorleared

C not Migcted

Perfarmy rgiyvwe OR operalion belwesn the source ard
destinalon apsrands and leaves Lhe resull at the destinabon
address that 5, Coresponding rts sel an the ouris are set
it {he deshinalign The conlents of the deslinatgn are Yost.

AIS RO AL
Belwa Atler .
(RO} = 001234 (ROY=001234 . |
(Rly=0alg11 (R1y=D01135
KZWVC NIVE
cooo Boog i
1
Before: WROI=0 QOO 001 01D 011 100
(R1y=0 QJ) 001 001 001 OO0t
After: « {RL=D DOO 0D §11 011 101
i
]
3
a32

. e k.

r

XOR
Used in the POP-11/34, 11745 and 11755
euchrsve OR QFARDD
[“1 L .'i'.“;“f'_.l_'l‘_[_".".‘ |
b a a L] 3 :]
Ooa atign: {ds1) R vidaty

Condition Codey:

Descriotinm

Exgample:

M osat if 1he resyll < Q. cleared glherwge
I aetaf resull =0 clegred ofnerwise

¥ cleared

€ unalleried

The entlusive OR gl the reg-ster 30d destination opeand iy
slared i the destinaticn address Contents of regater arg
Urnaftected Asgermbder ioemat 5 X0 R D

EOR AORZ
Belors Alpar
(R =001234 (RO = (1234
(A2 = Do3es

{ﬂz:n-l.‘.ntinlllr

Belore: {RO)=0 000 001 010 011 100
(RZ)=0 000 001 001 oD oM
After: (R2)=0 000 00C 01! 010 101

LT
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4 6 PROGRAM CONTROL INSTRUCTIONS
Bran ey

The (struction causes & franch 10 2 Bcalon cdefned by the sum o!f The oflse
(mutpied By 2) and lh-a cyrrant confenls of Ihe Program Counter (f.

a) tne branch m;tr'uc'tmn iy unmndl!loﬁat

) 1t o5 cand uonat and e conddans are mel Aller lestlng the mndl'hon
codes {slalus ward)

Yre atise! s 1he rumbet of wards from e current contents ol the PC Mate 1sat
Lhe curcenl canlents of the PC pownt to 1he ward 1olipwnng (e branch inskruclion.

Alhough the PG expreises a byle address, the plisetis eupressed in words The
ofisel g putomatcally mutiplied by two to sipress Dyley belora 1t 15 added 19 Lhe
PC.OL7 s the Sign af the pftset, 111 5 sat, the pffset 18 pegatve 2nd the ranch
14 done n e Dackward deeclen. Srmbiachy o 17 36 nol set the alfgel 1§ positive
and Ihe EBeanch s done i the larmard drection,

The & mt oliset allows branching i Lhe backward direclion ty 200_ words {400,
bytes) Irom Lhe current PC, and a0 the forwarg dlreclunn. by 177, w4 (376,
byles) from Lhe currenl PC

The POP.1 1 azssembler hangdies address anthmet:c lor the yger and campated and
aisembles the proper offset feld tor branch instroechens in the 10eme

Ber oo
Where “'Bxa" t5 the branch instruchan and “loc” 5 the adoress to atich the
tranch 5 (o be made The assemnbler gives an #eror indiCatien i g pegtrwcbigr o

the perrisabie Branch rangt o excpeded Dranchortiuctong have no el on
condilian codes

4-34

tranch {uncanditional)

[_u ¢ 0 0o 6 0 O -.—I OFESET 1
| L j Y ' N L L
- ] T a
Oper dion: PC & PC + [T x offeat)

Provdes m way gf trargieering program conied wiltnn a
range of -128 19 + 127 words with a pne word inslnschon

Descriplion:

Mew PC address — updated PC 4 (2 X oHset)
Updated PC = address of branch instruction 4 2

Example: Wilh the Branch instruction at location 500, the lallgwing off-

aets ppply.
New PC Addresy Dfiset Codn Offset (decimal)
474 . 375 -3
476 ars -
504 azr? s -1
502 ) 000 0
5 Ol +1
. e 002 +2
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BNE

~ branch if not equal (Lo z¢10)

001000 Plus offset

]

-
st

Operation:
Conditicn Codes:

Dwscription:

Exampla

™

g o ¢ ¢ 0 o0 1 ui
\ i1 . L I i
15

B T o

PC PO + (2vofet) it § =0
Unattected

Tasts L si2te of the 2 bl aned c2uses 3 Dranchif tre J il ny
shear. .BNE +5 Ihe complernertary operalion 1o BED 11 1% used
to test ihmiua bty lallawang 3 TP, to 185t thal sorme nts sel
n the destination were alsy i the shurce {olowng a BIT,
snd gererally, to Wil that the requll of the prewouy oped-
atwam wan ol Zers

CMP  REB
BNE C

rcompare A and B
s brapehif they are not equal

wilbarnchio G A& £ A

arrd Lhe s nce

AO0 AB radgAloB
BME *; Braneh il the resgilis not
wjualt ta 0

wi bramgh e Cif A + BE D

4-36
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branch Il equal {to Fera}

BEQ

BOL400 Pius oflset

a ¢ o O o o 1 1 OFFSET
L i R J £ "] ] i Fl L Ao
13 a7 [4]
- Operation: PC =PC + (2 » alhgt) it I =1
Condiion Codes!  Linallected
Drvcription Tests the slale of the 2 bk and Causes a branchit 2 s et A
an BIMTRIE, T rg wned to IS aqually Iigwnng a CMP oper.
anen, Iz lest ihat no bita 5et.n (he destinatinn were alse s#1
10 the squree tollowing a BIT sparation, and genarslly, In tes!
. 2=t I result of the preaigus operation was erg
Example- CHMP AR compare & and B
BEG © s branchol they ace equal
willbramch o CitA = B d-B=q -
and the yequence
ADD AR teddAtpB
BEG C sbeanch d lhe result = 0

wWill brerh b0 Cf A + B = Q.

-

-



BPL

pranch il plus

103000 Pius oltsel

. a0, v CFFSET
l_ll i ° 1 ° i i I.G_L 0 i ) _1 i A i PR 1
1% .. a T - 0
Operation: PG e PG o+ (2 ofhelyd N=0
DL Hplion: Tests |ha state ol Lhe H-bit and causes & branch i s

clear, {positive resuli}.

4.38

e et

|

CL
_ BM!
bra nch if minus 1D0A0D Plus offset
L o o 0
[} 0. L"".,_l‘l g OFFSET L |
™ -] ? 1]
Oparation PC o FC + (Zrolbat)f N=l
Conditlon Codes: Ungifecied
Dopgdr pllicz - Tests tha 3tate of the N-bit ared causes & pranch iF M i3
aet, It 15 used to t&sl the sgn [most sigmincant bit} of
the result of ihe pravicus operaticn}, Brenctung if Doy
ative.
oA
N ~
L]
T i‘\."

4.39



BVC

branch if overflow is Clear 102000 Plus ol saot

T 8 0,6 1 0.4 DFFSET
- I I I I " 3 L N l " n 1 L .
15 N 7 o
Ooviwation PC «PC + (2 v ollaljd Yad
Dt Hpt o e Tests tne ctate of the W bt and caypsas A Granch o the ¥ b o5

Chear, BYC |5 complerantary opsration o BVS.

440

—— - —

-0
e

1

BVS

pranch if ovarflow 15 set 102400 Plus oM sel

1 1] o 1 I FEET i
1“ L [ ﬂ [ - __n _1. ._1 .t’: '5{1 | —
) & 1 [
Crpmration: PC 4 PC + (Zxplhet) o ¥m]

Deseription: Tests the stale of ¥ fol (Dverllow) and cavses a branch i the
W bug s sel. BYS 5 used to detect aciibmetic ovsrliow 0 the

prEvipUS Dper AL,

17
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BCC

»

branch if carry is clear 103000 Plus al'set

prge o000 vyef o |
. —L

LR o

DOpreratign:
Dot ripdion:

P W PC. + (22 0itsat) v CmD)

Tests the staie of the - And causes § branch o © r5 ¢lear,
BLL 5 the complemisalarny gperabon o BCS

4.42

B e e ——

= T e ki

branch if Ceery iz set

BCS.

103400 Flus alisel

i‘lu-uniul"ttl'] ._I._c'zFSEI 1 A 1 |

15 a, T 1 L]
Operation: PCaPC 4+ 2aaliserif Cul .
Description:

Tasts the slate al \he .51 and fauses a branch of Coosel It

15 Usad 1 1es) lar & cacry in the resul] of a ArEvigus opar 32
atwon L
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Signed Conddional Eranchas

Particular combinations of he condition code tnts are tesied wilh ihe sigred con-
ditianal W anches. These instractiony are used 1a lest the resa'ts ol instruchong m
which the operands werk considered a5 signed (two's complermant] values

Mate (hat Ihe sense of signed compansans chifers from that of unsigred tarm:
parsgny i thal mn pgred 16-bd, two's complemanl asithrmelc the sequence of
values i4 2 lofaws

laegest QFIFF:
o776
e Tive .
Q0000
O
127177
132716
g dtive ’
10000}
smalest 1 D000

whereas n unsigned 16 bit anihmehic the sequence 15 eonsideres to be

h‘i-ghl'ﬂ 171117

N -

00002
CRa0a]
lgwes! 00000

444

e ——  ——— . —— ——

BGE

branch if greater than of #qusl '
(to 72ro)

oo, ® o0 v ogot ~omer |
| o . L]

OO2000 Plus ol sat

Operatdon: - PCaPC + (2soHeet] i NwV = 0
Datcription: Cautes 3 branch « M and ¥ are sther bath clear o bath set.
BGE 15 the rompiementary operalion 1o BLT, Thus AGE well
Afways Cause & branch when it follows an operalon thal

cavred additon ol 1w postiee nwmbers. BGE will 2130 cause
d branch ¢n a perg resull

o
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BLT

branch i |ess than (zero) Q02400 Plys oflsel

Li B

"‘H"l".‘l“l‘[ || oFesET 4, ]

-

Oparation:
Deycription:

.

[ a

o« PC + I‘?Iﬂfh&lhlﬂv\f.—l

Cayne 3 branch i the “Esghasiee Oroof [ I and ¥ Gt are
1, Thus BLT will always pranch lollpwing a0 operabon that *
added two negative pnombers, aven o gverficw ooeurred.

In particular, BLT will always cause 3 Branch o L folicws 2
CMP instruclsan opecating on 2 negatye s0urce and 2 pors-
heys destmalgn [ever o gvertlow accurred). Furiner, BLT wall
Paver Caute & Branch when it folowy a CMF instructon oper-
L on 3 positive source and negative deshinatan BLT wall
rot cause a brarch il the resull o the previolns operalion was

Y g [without overfow).

4.-46

— e ——— -

BGT

branch if greatar than [zerp) 003000 Pius ol set
o 4 ] 4] s} 1 1
0 00 0 rogel oy oeeser ]
1% P )
Orerplion; FCuPC + [Zxofisetb 2 vihuy) =0

Oecriptwon;

Opwraloon ol GGT s semedar to BGE, encent BGT 'I'il.l'lﬂl Cause
" abranch on A zero resuil

ie

447



BLE

branch if less than or squal (1o 2erq) 003400 Fius offset
o i) 1 1 OFFSET
[o4o 0 0 1+ ) GG
" . 7 a
Cperstion: PCaPC &+ (2uoHsel)d ZviMv ¥i=ml

Operalian is smilyr %0 BLT but oo sddilion wik caute &

Descripi 2 n: ¥ L
branch ! tha resull of the previous operation was 2ero.

4.48

Unﬂ;n-d_l Conddions Branchas
The Unsignad Conditiona Branches provide a meany for wshing the resylt gf
COMPIT0n Opw 3 Lons In wiich the sperands are conmdered as Uk grwsel vaduey

[l

448
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BH!

branch if highar 101500 Plus off set

f‘J“."'J"i“.“.‘L“} Lo )
Y BT o
Dperallan; FCu PC + (2uotset} ! Caand2=0
Darscriplen: Causes a branch it Ihe previpus operatbon caused nether a
- ] carry nor a rerg Fesult. This will happen n comganson (CMP)

operalions 4% [ong as Ihe source has a higher ynz@ned value

than the destination.

4

wyt

4.50

branch if lower or sam#

BLOS

101283 Py glifse:

o

(1) Lo g0 0 vyl oy s, ]
[} B | T a]

Operation: PCaPC + 2npllseyd Cw7 =)

Descriptian: Causes a branch 11 the previgus gperaton caused edbine

Carry OF 3 1810 resull, BLOS i |he complemientary operalion
lp BH! The branch will BECUr It COMPATEon DORralicns a5

kg as Ihe source +3 equal 1o, or hax a lower ynsgred valus
than the destinatgn.



BHIS

branch il higher or sams

102000 Pus offset

1 0 0 0 . FRET
BRI S

5 TS ]
Opeatinn: P PC o+ {Zzotheipd C = O

Dertcriplian:

BHLS 15 the same inslruchion as BOC, This mrgmonic 1§ an-

¢luded onfy lor Corvenrende i

BLO

branch it tower t03400 Plus oflset

i LA - B+ - - B 1 EJ_ OFFEER | -
PR | L " | L . L M ] " L i 1 L |
= L [}
{peralion: PG oa PG o+ {Fanllbaet) i 0=

BLD v garme istruchion ak BCS Tha mnemon:s e ngtdes
chly 1or comvamence,

Cracriptlon:

A32

i



jump 00010
5 o 0 o~0 O O O O |4 ¢ a ¥ 4 4
| N T R T P _l
1] L- -] Li]
Oopration: Pl (05t}
Comdition Codwm: ot alfecled

Deacription:

JMIP provides more Menible pragram bra hng than proweded
walh Ihe branch mstruchess Conbed may b= Iraastarrmd tn
any locabon i memory Lro fanpe bl abor) and can Lip ac-
comphshed walh The Tl bl o the addressing mexies,
wiihy 1he sepeplan ol register mpde O Erecutian ol & ump
wilh mode O will cause an “iegs msituckaacond Lo
{Program control cannot be lransferred 1o A register.] Regis
ter Defarred mpde s legsl and will tanye program control 19
be tramsierreed to the address neid o Lhe speded regisher.
magte that wnsiruchions are word dala and msst therrlare e
feiched (ram an even numbercd address A boundary er
roe U ap cond. ot Wl rennt wien the proct s attempTs 1o
leieh an instruchon Hom an odd addeess,

Delesrad indes mode IWP nstruchors pereil tramslrr o

cortrnl 1o Phe address conlained i oa selectable dement of 3

Lable o dispatch vectors

4.54

?-lhrbutirl- tnstructions

he subroutine cail in the POP 1] provides for aubormatic nestin

remnteancy, awd mulbple ety painls Subroulines may call uthc;g ;:J;n.;::?::‘n;!;
nidesd thermsehes) ta any level of nesting wlhout makmg special provimon far
slorage or return pddresses at pach lever of subwoutine call The subrauline call-
ing mechanism dors not modity any foed location in memery, thus previding for
reentrancy. This 3llows one Cepy of 3 subroubng [0 be shared prmong sewsral n-

terrupling grocesses. For more getailed )
see Chapier 5. detaled descrpion of subroutme programming

L]
-
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ISR

jump to subroutine QHRDD
1

Iﬂlﬂlﬂlﬂlllﬁlﬂ'lr‘-rJl’lﬂ.ﬂlllﬂldll

T 0 -S| L+]
Operation: t{5Pureg {push reg contents onta processar stack)
rags PC (PC nolds lozation tollawng FSH; this sddress

now put i rag)

P a{dit)  (PC now points to subroutine destination)
Descriplian: In gepcution ©f the JSR, the old comtents 81 ThE speddied reg

istar (the "LiMKAGE POINTER') are automatically pushed
orvip Ine processar slack and néw hrhage information placed
o the tegisier Thos subroulines nested st subroclnes
1o any gepth May ail ba calleg with The $ame Inkape e grster,
There 1t no necd o thes to plan The manmum deptt al which
any garbiculac subroutine will ba called o t¢ include insirug
tions i eash poutine 1o save and restore Lhe inwage ponter.
Furthr, Si0Ce all imkages are Saved 0 a reeatranl manne*
on the processor Alack exaculmn of 3 sutwdutine may be n
{errupted, 1he came subrpulime reenterech and eapeulod by an
nterrupl sarvics routine. Esecubon of e umbal subroatine
Can U be fesymad when other réquests e satigled Thes
process (called npstingd can procesd 19 any level

A subrouting cated with a JSH reg.ost wmslruchon can access
the arguments lollowing the call wih edber autpineremert |
addresaing. iregl « i argumenis are accested sequentially}
ar by indexed agdressrg, Xirepl [ arcessed in randam or
der} Tnese pddressing modes may Hs0 be dederred.
idireg) + and Gx{reg) o the parameters are operang 24
dreskes Talher than 1he operands th«_emur«ts.

4-56

Example:

Betore:

Alter:

JER PCodsls a special case ol the POP1L subroutine calt
suitable for subrgubine calfg \hat transmut paramesers
thrqugh the gener 3l regsters. The SP and the PC are 1he onfy
registers IBat may be modiled by thas call

Anclher special case of the JSR nstruction s JSR PC,
EH5F} + which esthanges the lop element o! the processar
stack and the contents of the peogram counter. Lse of this
misbruction allows two routines by swap progranm controi and
resume gperatian when recalled where they left ali. Such rou

hines are called '"¢o routines.

Returnh Irom a subroultine 15 done By the BTS instruchion. RTS
reg frads \he contents of reg wilo the PC and pops the top
elerment of the processar _slach it the specified regisler,

J3R RS, SBR

v

v

AR5 n—2 \ DATA O
#1

RS PC+2 .

4.57
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RTS

return from subroutine GoO20R
8 o ' o 9 a |«
rﬁj Jﬂiﬂ GLDIGII.OJ . l 1||1r-]
13 - T ] [+
Oprption: PCarug
reg (5P}
Dwaracripton: Loads contents ol reg mto PG and pops the lop ekement ol
1he processor stach inta Lhe specilied regisier,
Aelurn from a nan-resnlrant subroubing i bpecally made
through the sarme regisier that was used o ity call. Thus. a
subrouling called wiih 3 JSR PC. st exils with 2 RTS PC and
2 subrouling called with 2 JSR RS, dst, may pick up para
mlers with addeessng modes [R5+, X{R5), o FOX(RE)
erd fmally euls with an RTS A%
Exsmple: RTS RS
Belore: {FC3} R7? Stack
#1
R& nj2 —— DATA O
RE 1 1 |

458

1 b =

3 ' MARK

L]

Used in the PDP-11/34, 11/45 and 11755

mark ~ Q0 64 NN
T
1 a I. o | n A .n l I Y 1 u I 1 n n l " Ln_l. " J. " L N L " J
¥ | T 5 1]
Operalicn: SPe PC 4 2an nn = nunber of paramelers

Condition Codes:

Dascriplion:

Evample.

PCaRS
R5a{5P} 4

uralle b
Used d6 part of the standard POP.1| subroctng réturn oon.

wenligr. MARK facilitates the ctatk clean up proceduses n.
wolved 1n subrgplice ext. Assembler fgrrmat o8 MARE N

MOV RS.-(5P) Jplace ofd A9 an slack
MOW PL_{EF) plaze M parameters
MOV P2 5P o ine slack 1o be
iutend there by tha
ssubroutime
MOY PN .-{5P)
MOV = MARKMN -(5P) splages thenstructhon
"AWRARK Moan the stack
MOY 5P R3 5et up addiest at Mark N oa.
slructnon 1
J5R PCsUB JUME Lo subsouting

At This pornt the stack 1n a5 foilows

:
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And 1he program 6 at the address SUB whh is the beginmng

of The sptwoulm? ‘

L8 Exacbbiony of the Ssubrogtime
gelf
RIS RS JRE relurn begins, Lhis Lauses

Ihe contents ol RS to be placed 0 he PG owhech then resu®ls
in the pregulion ol 1he nsiruchion MARK M. The canlents ol

old PG ae placed 1 B
MAFE N causes (17 1he slagk poanier o be adjusted to poond
to the afd RS valye; (2] 1he valu® now 0 RS (the pld PE} to be

placed i fhe PC; snd (3) contpnls gl tha the otd S 1o be
popped mile RS thus complelng Yhe refurn Prom subroubne

460

subtract one and oranch {f 3 Q)

SOB

Used in tha POR-11/34, 11745 and 11/55

OFTROG Pius offzel

1]
1 | | LI | T r OFfSEY
AT AT M 1'1 PR S ]

Operation:
Condition Codes:

Descnption:

3 8 [ o

Rt R =11f his result « & than PC = PG =2 5 oHset)
una e ied

The register o8 gecrementsd 111015 nol equal ke O, twice the
offsed 13 subtracted from the PC {naw poinling to the folidw
ing windY The affset o inferpeetet a3 9 gabet pasities e
ber. Thiy inslruclion prowvides a Tast eticren] melhod of loop
contral Agsembler syrtan 14

soB AA
where & 5 1he address 1o which transier o5 to be Made ! the
decraemenied H 15 nol sgoal (g 0 MNole thal the S0B instnoee:

fion can mat e ysed 1o tranafer contrat in The lreand dese:
Lo,
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SPL .
. Used in the PDP 11745 and 11/55
Sebt Prignty Lavel QDODZIM
| O 9 8 8 ©® © D O O O ¥ t 4 n
1 I I | L n 1 N L L X L i N i
" ] I 4
Qperation: PE {uts 7 5)+-Priorily (prionly = n nn}
Condition Codes: ngt atlezied
Ceseriplion The least significanl threp bits ol the .|r|slr|.|c1|¢n
are [oaded into the Program Status Werd (F5) by
B -5 thus tausing a changed prionty, The gid pooaty

is lost,
Assembler gyrtax 151 SPL N

Mote: This dnstruction is & mo op o User and
Superyisar mades.

Traps

Trap mslrochiond prosade for calis to emadators. 170 momtors. debugging pagk-
ages, and user dedoned inlerpreters. A trap s etlegtively aninlerropt genealesd oy
oftware, When a rap occurs the conlents of the Current Program Countter [PC)
and Program Status Word (FP5) are pushed anto 1he proceisor stack angd re
placeml by the contents of & twa warg 1rap veclor rontaring a new PG and riew
PS5, Tre return sequence frorm a Irvap involves enoouling an RTLer RTT ingtew.
Lon whch resiores (ha old PC and okd 75 by peppang  them trorm lhe shack, Trap
veclory are jocated at perrnanenlly asygmead ficed addresses

#-63

amulatar irap

EMT

104000 —104377

|°i.1;;l

i a

Dperation: T {SPPs
T (SP1aPC

Pl [ 20

P5a(37)

] ¥

Condilan Codes: M- Ipaded from trap vecior
I laded from trap veclor
¥ loaded from frap veetar
< Ioaded froem frap vector

o

Derscription: Al operaton codes from 10400G to 14377 are T 1nsdrue-
tors and may be wsed (o iransmet imlgnna bon 1o bhe ermglat-
ing routine (@ g, funchion to be perfocmed). The Lrap weclor
for EMT s at acddress 30 The now PC s Laaen from the word
Ao address 30, 1he new cenlral processor dtatus (P3) 15 taken
fraom the word al agdress 32,

Caution: EMT s used frequently by DEC system soltware and
15 Lherelgre ngt recommendad Ior georal use

Bafure;

After:

ra

FC

i1

P&

o

50

F3 1

PFC 1

(22

(20)

i

F

461

Stack

DAaTA ]

DaATA |

P31

PCol




trap 104400 =104 777
1,0
pryje o eyt @ o tf .i_L;_l
15 a v o
Operation: * (EF ) PG
¥ ISP Lt
P34
P, “
Conditlni Codex; N loadmt fromm trap wesim

Dwscriplior:

s Imadec fram trap vector

D igdthe. from brapr vecior
D oadoa Irons {ea0 viglor

[ B ]

Ooaralion codes fromn LIGAND to 0777 are THAH instruc-
went, TRAPs and EMTs gre Wdentical in operation, £acept
tha: ke b oag vector ior THAP 13 a5 address 3.

Hote: Since DEC soflware makes feaquant use of EMT, 1he
TRAT mghoel gr in eetommimenges for penerz! use

467

BPT

.

Doaration:

breakpoint trap 000003
°1°.0-°l°.°1{'|ﬁ‘°.51° Glolﬂ.'.'
15 r 0

¥ {5P g
(5P PC
C {14} -
PS#[].EI}

Condition Codes:

{urcription;

M lpaded from trap wecior
I loadad Irpmm trap weclor
vV ipaded from trap vmlor
C Isaded Irgm trap wecior

Pertarms 3 Irap sequette wih & trap ectdr addresy ol 147
Used to call depugging aids The user (5 Caulaned AZarnst
employing ende DO0O03 1n programs run under ihewe de
bupRmR as(gs

[ nlormat.on s tranumulied v ihe low byte )

e

Gy

i
o

-



1021

Input!output trap DD".}DO-i
' s o o 1 o .o
{e e v o0 0 0,0 ¢ 0009 9, .

Ty o
Operation: . * (5P F5
» (5P PC
PCw (20}
Pl X2)

Condithon Codes:

Db 1 iptatn:

M:bnated Irarm ap veclor
Loaded Mo lrap vector
W lpaded faem Ieap vectiy -
C:lowded frewm rap veclor

Perlorms 8 trap sequence wilk a Trap veolor address ol 20
tUsed 10 cail 1he 170 Expculrve coulone JO% N Lhe paper Lape
sotteare syilom, and lot etror reporling in the Dism Oper-
atimg System.

{ma nlarmalion € iravsmitted 0 the low byle)

1-Gf

return [rorm interruepl

RTI

Dp = ation:

Conditien Codes:

Dezcriptian:

P[5 P -

PS5 o« (%P

M. loade] from processor 4lack
I loaded fram processor siack
¥. lpaded from processer stack
C ipaded from processor glach

« Weed 1o emt from an interrupt or TRAP seene rouling The

PCand 75 are restored (popped) Irom the processor Slacu

467
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RTT

Used in the FOP-13/34, 11/45 and 11755

reLuen froem nterrupt QOOD00HG
lo 2 0 0. 0 © @, ¢ o 6,0 O 9 1 1 e:]
] A A I " L I._q. n |. " il 1
1] 1]
Operahion: PlaiSF1L
Psa{5PYa

Candition Codws; W Tpaded trom processor stace
7 paded ‘rom pracessor 1ach
¥, loaded rom procesoor 4lack
G- Ipaded I=pen professor VA

Thus 1% the 5a1r 4% the RTLinsteucbgn escepl Iababimhits
a trace Irap. while RTi permits a trace trdp 11 2 trace frap [T
pending, Lhe Lrst insiraclon aller the RTT wall b2 eusguted
prige 1o 1he neal T trap B0 the Case ol the RT| iAstiugiien
the =1 trap will ocour emwgliately aber 1he HTL.

Descriplion:

468

Freservec Instroshon Traps - These are caused by aliemply 1o eascube sl e
codes resBrya for Juture DrOCESSD " ReDAAsien {reverved iatructions) ar mslruc
Liewys with lbegal aosdressang mbdes (epal nslructons]. Droer coded net Loiee
rrondit g too2ny of the nitruchions descobeg are considered o Le revererd o
srructicas. LM ana J5R with register mode destnatiens are dlegal inslruct.ang
Recarved and liegsl instrechon traps @6tur as deser bt under EMT, Bu! rap
{hrgugh -ectars At aodresses 10 and 4 respectoeely,

Shack Qvertiow Trap
Bus Ercdr Traps - Bus Error Traps are

1. Boundary Errory - atlempts 1o reference insirugtions or wesg
operonds ak odd sddrasses,

2. Time-Oypt Errors - allempis o reference addresses on Lhe bys
that mode ne response within & certain ength of Live In peneral,
thecg are ¢oused by attempls to reference non eanstent orermary,
anG atlempts 1o relerence non-existent panpheral dewvicns.

Bus errpr LaAps Cause Grofessts Iraps throggn the trap vecior address 3

Traca Trap - Trace irap enabtes b 4 al the PG and cauwes procesydr traps af
e Bnd o iAstrecLino eraculons  The srabngc bon that 15 seecuted aller the .
struchan Inat sel Lhe T-Bnt will groceed 1D Compiebon and 1hen cause b QAOCEsL0r
frap through the trap vector Al address |4 Mpte [Ral the ack trap 1% & syepem

! gebugping aid and w transgasan) to the general programener.

The folcwwng are special cases and are Cetaded o subseguent paragraphs
. The traced rngtrichion cooared the Tt
2 The teaced insiraet on st ne 1-big,
3

The Weeed NS rLcidn c2used 20 nsirucian frap

-k

Tha jracgs] instruct-£n caused & Dus errgr trap.
S Towe -aeod enelrL Ll crused 3 Stach gveml'ow trap

5 The orociss wit mlerupion Between e brme the T bt was seb and ke
telzmang of he mstruslan this Was 1o be traced.

7. Tha moced) vnglrasnge wos § WAIT,
B The traeed insirucher w2s & HALT

S The Leaced o staALTEn wat o Return irgm Trap

Meto, Thu rraced instrreton 14 the imstruclipn after the one Ehal sefs f"'E!‘T bt

Bp innirurchon thad chearad the T-bis - Veon Telomorg 1ne traded inslrulhon an
bernzi ap, the trody 1oz was 0T Tae Bap woll stdlb seeur al the eng of eaecubign
o this ingrpcoen The S.aseed slatus sord, Rpwever, will have a glear T Bt

AN ingirucon thal e Lhe Tool Sance the Tobrh was already set. sotang 11 agan
has no efece Thg irRr v orour
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An instruclion thal caustd an Instruchion Trag. Tho wstruction Wap 15
sprund ang the enlyre rouling lor the serace trap s eeecuied. || the
service toutine euts with an RT1 or in any other way restores Lhe stached
status ward, the Tt s %L again, the wntliuction follewing the traced
instruction 15 esecuied and, wnless 1t s one of the Lpecial cases noted
above, a trace trap poourk.

fn instruction that caused a Bus Error Trap. This s treated as an frr-
siruchon Trap. The only dilferencr is Lhat Lhe errdr service s not 3%
hikely 1o #xit with an RTi. sa that the trace {rap may ngt GCEUT.

An instruclion that caused a stack overflgw. The instructian compleres
execytion as usual—the Stack Overflgw does nat cause o trap The
Trace Tiap Veclar is Ipaded iato e PC aad P5, and the odd PL and P5
are pushed onta the stack, Stack Overligw prcurs 2gan. andg this wme
the trap i made.

An interrupt between selting of Lthe T.bel and feteh of the Iraced intruc-
tian. The entirg nlerrgpt SEnace Foutine ereculed ard thea the T.u
in set again hy the exiling HTI, The wackd insHuchan 8 paeclied 0l
Ihere have been no other nlerrupls) and, unless ot 15 2 special LATS
noted above, causes a trate brap.

Mote thal wplerfupls may be acknowledgel imnedaately after the loading
of Lhe new PC and #§ al the trap vector lecation, To lock oul ail mer-
fupts, the PS al the 1e3p vector should raise ihe processgr prgnty 1o
lewei 7,

A WAIT, The trap octurs imimediately.

A HALT. The procestor halls When the coatinus hey on the consnie 1%
pressed, (he instruction foilowing the HALT s fetched and exsculed.
Unlets 1t s one of the esceptions noted above, the trap ggeurs inune:
diately loliowing executllon, - .

A Return from Trap, The return fram trap msteuction ether clears ¢ fels

the Tt it inhibits 18 trace trap, 7 the bt wais sab and HTT s e
trared wslruchion the trap s delayed untd complelion @l 1he next 0
strucbidn,

Fower Failure Trap. is a stangard PO L] featore, Trap ooturg wheaeser
ihe AC power drops below 95 volls or outéde 47 1 63 Heriz. Two rita-
seconds are then allpwed for powe: djan processng. frap vectnr lor
power failyre 18 ab localions 24 and 26.

470

Trap priorities, In cass multiple processor trap conditions pecur simul-
*taneous!ly the folicwing order of prionities is observed {from high to low):

11/04
. Diid Address
. Timeout
. Trap Instructions
. Trace Trap
. Power Falyre

[ TR

11734

Odd Addrass

. Memory Management Yiolalion
. Timeout -

. Parity Error

. Trap instruction

. Trace Trap

. Stack Overllow

. Powar Fail

. Inlerrepl

. HALT From Console

O D O el o B L R e

P

11745 11755
. Ddd Address
. Fatal Stack Yiglation
Segment Yiolation
Timeoul
. Party Error
. Consale Flag
. Sennent Management Trap
Warning Etack Vialation
Power Falure

el R

The details on the trace (rap process have bean described in the trace
trap operational description which includes cases in which an instruc
tign being traced cagses & bus =mor, instruction trap, or & stack owar-
flow Lrap.

H a bus arror 15 cagsed by the trap process handling instruction traps.
trace traps, stack ovecflew traps, or a previous bus error, tne proCessor
i5 haltesd.

If & stack overllow is caused by the brap process i handling bus errari,
instruction traps, or irace Lraps, the process |5 completed and then the
stach overflow trap is sprung. '

af
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4.7 MISCELLANEOYS .

HALT

hait v
Q00030
I_‘-" € o 9o e o o T
. e 0 e 9 g
= . L ] \ [ N ]ﬂlﬂlﬁ}
o

Cordion Codes:  not aftecled
Dwstriptan: :‘.‘._auus the processar operatian 1o cease The console s
grven control al the bus. The consple dala tights diapiay the
contents of RO, the console addrass lights display the ad-
dress after the halt wislruchian Tranaters on the UNIBUS are
termrunated sprmediately. The PC poants 1o the meet inglrgpe-
hon 1o be Enecuted, Pressing the conlinue key on Ihe consale

£a h
‘“‘:I:::’ ProCessor operalwn 10 resgrme Mo JHIT Slgnal 5

Naote A hall j3yu=d 10 alran

472

wait for Interrupt

0 2 o a ©C €0 O &6'5 0 0 @G "I
11_.1.._I._L1..|°.

1.3 o

Conditlon Codes:  not affected

Cescriptlan; Provides @ way for the processor to relinguish use of
the bus while it wats for an external intefrupt.
Hawng been given a WAIT command, Ihe protessar
will not compete for bus use by Ieiching ingtrodlions
or wperands b memory. This peronuts higher Lrans.
Jer rates between & devite and memory, snce og
pracessor-inguced lalencies will be enfouniered hy
bus regquests from the cevice, In WAIT, 2% in at ne
structigns, the PC points 10 the nest instreetian lok
lawing the WAIT aperab=n. Thus when an imterrupt
causes the PC and PS Lo be pushed onto the pro
cesogr &tack, the sddress DI the nest inslruction
tolowing the WAIT 158 saved. The exit from the in:
{errugt routine i e. execulion of an RTI instruglion)
will cause resumption of the interrupted process at
the instruction loliowing the WAIT,
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RESET

Condition Codu Oparsiors

CLN
CLZ
CLV
CLC
CCC

SEN
SEZ
SEV
SEC
SCC

resel axternal bus Q05
o B B 0 ' 1

[_uj . 0 0 0 8 0 .0 0 0,1 O

T} )

Conditian Gaxies:  nat afiecled

Sends INIT on the UNIBUS Al gdevices on the LN
BLS are reset o ther stale at power up.

Drescriplion;

eondilion code operators

0002xX

[“1“;“.“1"."_._“1“."L"L'[':"l*i_rl"!‘!
14 L] 3 2 o

L] 1

Description: Set angd clear condibign ¢code bils Saleclable combsnations of
these its may be cleared o st togelher Conddon oode s
corredpanding 1o Buts an The condilion code operator [(Bus O
3) are mod Lad according 1o the sense ol it 4. the setfglear
bt ol 1he operalor, i e sot the b spectied by i1 0. 1, 2 or 3,
M Lt 415 a 1. Clear corresponding tite o it 4 =0

Mremarnic

Operation 0P Cods

]

LG  Clear Oxa2al

CLY Clear ¥ (x¥3242

o IS Clear I OO0244

CLN Clear M Q00250

SEC Sel G ' oo0261 .

SEY Sel ¥ ! CO0RG2

SEZ Set ! Q00264

SEN SelH 000270 S

o
SCC Sul aH CC's g2r?
CLC Clear sl CCs 00025y
Clear¥ and C o004 3
MOF Mo Operatign Lo 40

Combinatigns of the aADove set ar cledr operations may be Dftee ogelher to lorm
combaned insirthions
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A
4 PROGRAMMING TECHNIQUES

Mastery of 2 basic instruction set is the first step In learning to program.
The next stép is a0 learn to use the instruction sel to obiain correci resulls
and 1o obtain them efficiently. This is best done by studying the following
programming technigques. Examples, which should further familiarize the
reader with the total instruction set and its use, are friven to llustrate each
technigue,

471, POSITION-INDEPERDENT PROGRAMNING

Mot programs writieén to run on & computer are writlen 5o as to oooupy
specilled memory locations {ep., the current location counter is used Lo
“efine the location of the first instruction), Such programs are said 1o be
absolute or posilion-dependen! programs. However, it 18 sometimes disirable
to have a standard program which is available to many dillerent users. Since
it will not ke known a priori where the standard programs are to be loaded,
it 1§ necessary to be able to load the program into different areas of core and
to run it there. There are several ways 1o do this: )

1. Reassemble the program at the desiced location.

2. Use a relocating loader which aceepts specially coded binary from e
relovatable nsgem Dler,

3. Have the program relocate itsolf afler it is loaded.

4. Write a program that is posrtion.Jandependent,

On small machines, Teassembly is eften performed. Whel the reguired
care is available, » relocating loader {usually called a linking looder) is

B&
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SEC. 4.7 POSITION-INDEFENDENT PROGHAVMING ™ L ar
preferable. 1t generally is not economical Lo have & program relocate itself,
since hundreds or thousands of addresses may need admisiment.,  Writing
position-indenendent eode 15 vsually not passitie bacavse of {lie stoucture of
the addressing of ihe obiect machine. However, an the PRDP-11, position-
independent code (PIC) is possible,

FIC is achieved on the FDP-11 by using addressing modes which form an
effective memory address relative Lo the propram counter (PC). Thus, if an
instruction and its object(s) are moved in such 2 way that the relative dis
tance betwesn them is not altered, the same offaet relative to the TC con Le
used in all positions in memory. Thus PIC wseelly references locations rela-
tive ta the cumrent locstion. PIC programs may Make absolule reforonces as
long as the locations referenced stoy in the same ploce while the PIC program
is relocated.

4.1.1. Position-Independent Modes
There are three position-incependent modes or forms of instructions.
They are:

1. Branches: the conditional branches, as wel! as the unconditional
branch, BR, are position-independent, since the branch address is computed
as an affset to the PC, '

2. Relative memuory reforences: any relative imemory reference of the
form

CLF ¥
Moy LY

th w s -
s position-independent Buerause the assembler assembles it as an offset in-
dexed by the PC. The offset is the difference between the referenced loca-
tion apd the PC. For example, assume thal the instruction ULR 200 is at
address 100:

-

Line Symbolic
Number Addriss {Contenli Insruction Cummenle
1 GO0 L00 DRI CLR 20 FIRN T wWoRD OF INSTRUCTION
Q00T TOFFREP=2rm)~10

The nffset is added Lo the PG The PC cantains 104, which is the address of
the word following the offsel (the second word of this two.ward mstruction).
Note Lhat although jhe form CLR X is position-independent, the form CLit
@X is not. We may see this when woe consider the Tollowing:

»
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Line Symbalic
Jumber Address Contents Label Instruction Comment
"1 DO1000 005077 5: CLR &X LLEAR LOCATION &
' 0oa7 T4 .
2. DO20OGD 003000 x: WORD A POINTER TO A
3. 003000  DOODOO  A: WORD 0 i

The contents of location X are used as the address of the operand, which is
symbolically !abeled A, The value stored at location X is the atsolule address
of the symbolic location A rather than the relative address or affset between
focation X and A, Thus, il 4l the eode is relocaled after assembly, the con.
tents of location X must be aitered 1o reflect the fact that tocition A now
stands for a new absolule address, T 1f A, however, was the name assoclated
with a fixed, absolute localion, stalements § and X could be relocated be-
cause now it is important for A to remain fuced. Thus the following code is
positign-indepandent:

Line Symhbolic
Sumber Address Contenle Label Inslruciion Commenls
1 Aga038 . A wm 35 FIXNED ADDRESS OF 36
2 Q01000 005077 5: CLR &X LLEAR LOCATION A
Q00774
3 002000 -{}50035 A MWORD A POINTER TO A

3. Immediefe gperands: Lhe assembler addressing form #X specilies im-
mediate data; that is, the operand is in the instruction. Immediate doa that
are not addresses are positon-independent, since they are a part of the instrue-
tion and are moved with the instruction. Consequently, a 51)B #2 HERE is
position-indepandent (since #2 is not an address), while MOV #A ADRPTR
is position-dependent if A is 2 symbolic address. This is so even though
the opetand is fetched, in both cases, using the FC in the auloincrement

tTa verily Lhis point the reader is racoaraged (o relovale Lhe vade, afler aacimbly,
into loceiivns 4000, G000, and G000, By daing s he will discover that 11 cunfents of
these locolioneg are Lhe same se For the griginal eode and Lhat the contenls of location
5000 da nol point wa lacetion 6000,
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mode, sinee it is the gouantity felched that is beinp used rather than its farm

of addressing,

41,2, Absolute Mnodes

Any time a memory location or register is used as a pointer Lo caia, the
reference is absolute. 10 the relerenced dita remain always Fxed in memory
{e.p.. an absolule memary location) independent of the position of the PIC,
the absolete modes must be vsed ¥ Altematively, if the data are relative io
the position of the code, (he absolite modes must not be csed wnless the
pointers involved are modified. Restating this paint In different words, if
addressing iz direct and relative, it is positton-independent; if it is indirec:
and either relalive or absolule, it s mot position-dndempendent. For examnle,
the instruction

MY A, HERE

“move the contents of the word pointed Lo (indirecty referenced by} the PC
{in this case absolute location X) 1o the word indesed relalive 1o the PC
fsymbolically called HEREY contains ene operand that is relerenced indi
rectly (X)) and ane operand that is refercnced relatieely (HERE). This in-
suruction can e moved apywhere in memory a3 long as absoiute location X
stays the same, that is, {3 does not move with the instruciion or program;
otherwise it may nol be,
The gbsaiule modes are:

BX laocalion X is & painter,

E5X The irmediate word s a poinler.

{R) The register iv a pointer.

(E)t and [H) The regis1er i a pointur,

S R]+ and E={H) Tha regisior poine o a poinler,

IR R*Goar 7 The base, X, modified by {R), i ihe address of the operand,
Zx{R} The bere, mocilicd Ly (T8, v pointor,

The nondeferred index modes require a litde clariflieation, As deseribed
in Chapter 3, the formm X(7)™ is the normal mode in which Lo reference
memory and is a relative mode, Index moade, vsing a regisler, s also a tola.
tive mode and mey be used conveniendy in PIC. Basicadly, the regisier
pointer points to a dynamic stonae area, and the index mode s uwd w0
access data relative to the poirder. Onee the pointer i set up, all dala are
refereneed relalive to the pointer.

TWhen PIC is not Leirg written, releronces Lo fived Incalions may b performed with
either the abeolute or ralntive forms,

Tt Reeall thal Xi7) 05 pquivalent 1o X{RT), which ia equivalent tn X PC) where FO-RT.



a0 FHOGHAMMING TRCHNIQUES CHaAF_4
4.9.3. Writing Automatic PIC

Autematic PIC is code that reguires no alteration of addresses or pointers.
Thus memory references are limited w relative modes unless the location
referenced is fixed. In sddition to the above rules, the follpwing must be
olinerved:

1. Start the propram with =0 to allow easy relocation using the absolule
loadder {see Chapter 7).

2. Al location-setting statemenis must be of the form =2 X or = func-
tion of symbols within the FIC, For example, .= A+ 10, where A iz 2 loral
label. .

3. There must not be any ahsolute location-setting swatements, This
means that a block of FIC cannot set up specified core areas al load Lime
with statementis such as

. m34B
. HORE TRAFPH, 144 s PRE=-LOAD Z4@. 247

The ahsolute loader, when it is relocating PIC, relocates all data by- the load
Lias {see Chapter 7). 'Thus the daia for the absolute location would be
relocated Lo some ather place. Such areas must be sel at execution time:

HOW BTERFREH, N0 iFLIT ACDE [N AES LOL Jae
MOy LR T PRTY e iy Akl AES LOCATION Zag

414, Writing Nonautomatie PIC
.

Often it is not possible or economical to write totally actomated PIC,
In these cnses some relocation may be easily prrformed at exceution time,
Some of the required methods of solution are presented below. Basically,
the metheds operate by examining the PC to determine where the PIC 15
actually located. Then a retocation fpctor can be easily computed. Tn all
examples iL s assumed that the code is assembled at zero and has been re-
located somewhere else by the absEﬂute loader.

4.1.5, Setting llJp Fized Core Locatiom

Consider first the provious oxample Lo elear the contents af A indirccty.
The pointer to A, contained in symbolic location X, must be chunged if the
code i5 to be relocated. The program segment in Fig. 4-1 recomputes the
pointer valug each time that it is executed, Thus the pointer value no langer
depends on the vulue of the location counter at the time the program was
assernbled, but on the value of the PC where it is loaded.
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BARPRR Famin iDEFINE @
pogvny FLmiolm JOZFIME B
BRLARD pleaTopn £ Moy FL, Fa RO o [AXLE T E)er
PORBhs BEZThp Rl LR E Y SADE 14 GFFEET
AL?TE
POBOPE QIQbeT Moy En, LMOVE FLIRTEER TO X
IgE g
PERDLY OES0CT CLE e P CLERE WrLUE TRDIRECTLY
LT L
CBapie HODOBH HALT - STOF
FOLlBbR po+FCE
POLOBE OOCOOR X: L Wbk A CEDINTER TO A
Y eadel ] . » FTTE
ERIZ00D COBBRAa A Wi B 3 SWRLLE T BE CLERFED
poabi] AL
Fig. 4-1

Now if this program is loaded into locations AD00 and higher, it should
be clear that none of the program values is changed. [Mis point could be
shown pictorially Ly taking the Fig. 4-1 material, recopying it bat changing
only the values in the leftmost column, the address column, Thus if one
were to look in, say, focation 4010, the contonts would be 766 and the vaiua
found in location 5000 wauld be 2000 (i.e., neither value is chunped),

Siven that the program data have not changed, the question i How does
it wark? The answoer is that the of et A=5—2 i3 cquivalent 1o A—(5+2) and
5+ 2 is tha value of PC which is placed in RO by the statipent A0V PO RO,
Al assembly time the offset value is A=-PC,, where MU, =5+2 and PC, is
the PC thal was assumed For the program when assembled Leginning at
location Q.

Latey, wliler the gragram has heen reiocated ) the move instruetion will no
longer store PCy in RO, but a new value, PO, which is the current value of
PC for the executing program. However, the add insiruction siill adds in the
irnmediate value A=PC,, proclueing the final result in 120:

PC, +{A—PCq) = A+(PC,~PC,)

which is the desired value, sinee it yiclds the pew atmolute location of A
[e.g., the assembled value of A plus the relocalion facior (1'C,-PC,Y).

4.1.6. Relpgating Pointers

-
I poinlers must be used, they may be relocated as we have fust shawn.,
For example, assume that a Yist of data 15 Lo be acevssed with the instruction
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7

The pointer to the list, list L, may be ealeulated at execution time as follows:

ALEr (Reys, F1

M Moy FC.RQ JOET CURRENT FC
Ay aL-M-7. Fe P ROD OFEZET

Another variation is to gather all poinlers’into a table. The relocation
factor may be caleuwlated once and then applied lo all pointers in the able in
a loop. The program in Fig. 4-2 is an example of this technigue. The reader
should verify {Exercise 1 at the end of this chapter) that if this program s
relacated so that if it begins in location 10000, the values in the pointer

table, PTRTBL, will be 10000, 10020, and 10030,

+

URERER Fa=%xo JPEFTINE FH

GEopny Fr=yl LDEFINE &3

[ Y i Fduli iy | e JDEFIRT B2 .
POGEET? FL=xT JDEFINE FL

QLaFop ¥ M o Ré ;RELOCATE ALL ENTFIES tH PIRTEL
Le sV E0 CUE sx+ 0, ki TLALCULATE FELOE QT iON FACT(S
[aboEr

PMLETEL HMiry EFTRTEL. R1 JBGET AML- PELOCRETE A FOQIMTER
DODEIG

[ TAT 20 Foh Fo, R ;TO FIRTERL

oLZFEn My ATELLEN, RO yOET LEHGTH OF THRELE

Nl 3

peens1l LODOF: FDD Ed, (R1y+ ;i RELOCATE AM ENTEY

[ g ol {EC e sLOUST DOWY

118 el Ing LOF JERAMCH TF HOT OONE

V0 R HALT P ST0F WHEM [FONE

GoeRps TELLENmZ +LENGTH OF TRELE

“odirgh FTRTEL: . WOED £ LODF, FTETEL M

Ei.:'l[![ﬂ:ﬂ -

DOV -

[PelsRe TRl . ENC

Fig. 4-2

Care must be exergised when restariing a nrogram that relocates a table
of pointers, The restar, procedure must not include the relocating again
(i.e., the {able must be relocated exactly once after vach load).

4.2 JUMFIINSTRUCTION

Although mentioned earlier, the JMP instruction has been gverlopked
somewhat up to now. The astule reader will, no doubt, recegnize that the
necessity of a jump instroction is dictated bty the fact that the branch in-
siruclions, although relative, are incapable of branching more than 200 words
in either a positive or a nepative directton. Thus to branch from one end of
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metnary to another, a jump instruction must be a parl of the instruetion set
and must allow full-word addressing. '

The jump instroction is indeed a part of the PDP-11 instruction set and
belongs to the single-operand group. . As a result, jumps may be relative,
absolute, indirect, and indcxed. Tnis flexibilily in determining the effective
jump address is quite useful in solving o partievlar elass of problems that
ocely in programming, This class is best illustrated Ly example,

1

4.2.1. Jump TabTe Problem

A common type of problem is one in which the inpu! dala represent a
code for an action to be performed. For each code, the program 15 10 take a
certain action by execuling a spoecified block of code. Such 2" problem would
be coded in FORTR AN as

PEAD, INDEX
B TO (16, 188, 37, 1156, ,...73. INDEX

In other words, hased on the value of index, the program will o to the
statement labeled 10, 100, 37, and 50 on.
The "ecompuled COTO™in FORTRAN must eventually bue transiated into
, machine language. One possibility in the languaze of the PDP.11 would be
* -

Il v

READ INDEX

- B PEELDO- TNETEUCT I ON
MHOw IMDEF.Fi SFLACE 1T W Ry
GEC Rl Bl uDES{=Rs=]
kLD | s FOR® Zwiwlipa
JMF STARLECKLD i TN2ITRECT JURF
TRBELE: . WOKD Ll Lime, LaF. Liise., . LY

The methed used s called the jump tabie method, since il uses a table of
addresses to jump to. The method works as follows:

¢

1. The value of INDEX is obtained,
2. Since the range of INDEX is 1 £ INDEX € maximumvalue, 1is sub-

1

tracted from the index so that its rarge is 0 & INDEX € max — 2
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4. The value of index is doubled to take care of the [act that labels in
the table are stored in even addresses: La. (ull words,

4. The address for the JME instruction is utilized both a2 indexed and
indirect, such that it points to an address to be jumped te in the table,

Although the jump instruction transfers control to the correct program
label, it does not specify apny way 1o come back, In the pext section, where
we shatl consider subroutining, we shall see that a slight modification of the
jump instructions allows for un orderly transfer of control, and & return,
from one section of code to another,

4.3. SUBRCUTINES

A good programming practice 1o get into Is Lo sepurate larpe programs
into smaller subprogroms, which are easier 10 manage. These subprosrams
are activated either by a main program ar by each other, allowing for the
sharing of reutines among the different programs and subpropgrams,

The saving in memorny space resulting from having only one copy of the
needed routline is a definite advantage, Egqually important is the saving in
time for the programmer, who needs to code the routine enly onee. How.
gver, in order to share comman subprograms, there must be a mechanism to

1. Allow the iransfer of contral from one routine 1o another.

2. Pass values amaong the vanous routines,

The mechanism that accomplishes these requirements is called the subrowtine
linkage and is, in penerat, a combination of hardware fealures and software
conventions.

The hardware features on the PDP.1]1 which assist in performing the
subirouting linkape are the instructions JSR and RTS. These instructions are
in the subroutine call znd return group and have the {gllowing assembier
form and instructiun format?:

JSR repley, aleshinatsan

L L

‘_!5 — " 6 4% 41 2 )]

. Lt \—._I._-r e
ﬂ‘p N Oy — L] .
Lankaps pennler ._.,_-__,___J L= Dheataralicin address

TBepending on e mode ul addressing, one or two words nre used for the JSR
inelruckion.
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Both inslructions make use of a “stack™ mechanism sinylar to the stack
mechanism deseribed far vero-pdeizess machines ip Section 1.2.5.G.

4.3.1. Stack

A stack 1s an area of memory set aside by the propgrammer for temnporary
storage or subroutingfinterrupt service binkapge. The ipstructions that Tacih.
«tate stack handling [e.g., autoincTement and aulod ecremendy are usefl fea-
tures that may be foupd in low-cost computers, They allow a nrogram Lo
dynamically establish, modify, or delete a stack and jlems on it, The stack
uses the lest-in, first-out or LIFQ concept; thal i, vanous itemis may he
added to a stack in sequentinl arder and retrieved or deleled from the stack
in reverse order (Fig. 4-3). On the P11 0osiack starts o1 the highest loca-
tion reserved for it and expands linearly downward 1o the lawest adelress as
items are added to the stack, v

Low adudrrsas

High adurewey

Fig. 4-3 Stack nddrestes,

The programmer does not need to keep track of the actua’ locations his
data are being stacked into, This is done aotommically through a stech
pointer. To keep track of the Iast item added to the sinck (or “where we
are™ in the stack), a peneral register lways contins the memory atkdress
where Lhe last {termn Is stored in the stack, In the PUDIT any megister fxeepl
register 7 {the PC) may he used as a sinck pointer nnder prosrom control;
however, instruetions associated with subroatine linknge and nterrupt ser-
vice automatically use regiter 6 (HO) a8 a nordwire sbivk painber, For this
reason R is frequently referred to as the system 8P,

Stlacks in the POP-11 may be maointained invither full.word or byle upits
This is true for a stack pointed Lo by any register excopt G, which must be
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organized in lull-word upits only. Byle stacks [Fig. 4-4) reguire inslructlions
capable of opuerating on bytes rather than full words (byLe handling is dis
cussed in Section 4.6),

Word sk

DO ‘
o0i0H

007032 | tumEs |- SP
cOoinTa hiem & 3
T0TH Ttem & 2
007100 ) teema | |
oo710?
Byrer \I:il:.k

GO70Ts [lym % & - L 07074 .

OO Th

aoTa1T e £ 2 More Byteniire
Leranped i wgrds

007100 Nem = 1 i . followiny:
Plyle 2

Fig. -4 Woard snd byte stacks.

Tterns are added Lo a staek using the nutodecrement addressing mode with
the appropriate pointer register. (Sve Chapter 2 for a description of the
auloincrement/decrément modes.)

This operation is accomplished as follows:

nov EOURCE. =CSFY JMOYE SQURCE WikD ONTO THE STRCK
or

nOYa TOURLE. ={LP3 srDYE SOURCE EvTE ON10 THE STRLK

This is called a *'push™ becuuse data are “pushed onto the stack.”

T8re Section 4.6 for = discussion of by te instructions,
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To remove an ilemn from stuck the auwlainerement addressing mode with
the appropriate 5P is vmployed.  This is accomplished in the Jollowing
MANNET:

HOy LEFy+ DEST S AOVE CESTINARYION WORD OFF STRACX
or

kg (EF)+, CEST iMOYE DESTINATION EVIE OFF STHCK

Removing an itemn from a stack is ealled a pop, for “popping from the stacyk.™
After an item has been popped, its stack loecation is considered froe and
available for other use. The stack poinler poinis to Lhe last.used loeation,
implying that il next {(Jower) location is free, Thus & siack may represent
a pool of shareable lemporary storage localions,

4.3.2, Subroutine Calls and Returns

When a JS5R is executed, the contents of the linkape register are saved on
the system RO stack as if a MOV rep,—(5F} has been performed, Then the
same register is loaded with the memory address lollowing the JSR instrue-
tion {the contents of the current PCY and a Jump 15 made te the entny loca-
tion specified. The effect, then, of excenting one S5 instiruction is the
same as simultaneousty executing Lwo X0Vs and a 2MP: for example,

. MOV LEG, —(EF)  SPUSA LEGISTIG MNTD THE STACK
JER  KEG, SUER, MOV FC, REG ST RETURN FL ImTO FEGISTER
JHF EUER LJURETO SUERGUT I KE

Fipure 4.5 gives the “hefore’ and after conditions when executing the sub-
routine instruetion JSR 15,1064,

Beiare AlTer

IRSy = 000137 TH Sy = 00

AR ERL R e 77
(PC) =t KT » OO L KD FC s T =0 U

1]

Q01312 L1, ] el

01174 LorIIY | AT | e 5|'1 Liy1 7 7 I
GOITITh | i |--— 5P W 3T
OUINM | monenn LI PRl

Fig, 4-3 15T instraetion,

1L

I
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In order 1o relurn from o sulroutine, the RTS instruction s executad, It
performs the inverse operation of the J5R, the unstacking and restoring of
the saved register value, and the return of vontrol to the insiruction follow-
ing the JSR instruction. The cquivalent of an RTS is a concurrent MOV
instruction pair: ‘

a8 FHOCHAMMING TECIINIGUES CEIAP, 4

L i FESTORE #C

FEG
= JRESTURE REGISTER

B0y FEG. PL
My (5F)+, EEG

The use of a stack mechanism for subroutine calls and reiurns is particu-
larly advantagegus for two reasons, First, many JSR inslructions ¢an be
axeculed without the need to provide any saving procedure for the linkage
information, sipce al! linkage information is sutomatically pushed into the
stack in sequeniial order. Returns can simply be made by automatically
popping this information from the stack in opposite order.s Such linkage
address bookkeepingis called automatie nesting of subrouiine ealls. This
feature enables the programmer 1o construct fast efficient Ifnaages in an
easy, flexible moanner. 1t even permits a routine to be recalted or to call
itself in those cases where this is meaningful (Sections 4.3.5 and 4.2.6).
Other ramifications, will appear after we examine the interrupt mechanism
for the FDP.1] {Section G.4).

The second advantape of the stack mechanism is faund in its case of use
for saving and resioring registers, This case arises when a subrooiine wants
to use the general resisters, bul these repisters were already in use by the
calling program and must therefore be returned to it with their contents
intact. The called subrautine [JSRPC, SUBR)Y could be written, then, as
shown in Fip, 4-6.

CULE; miy i, TEMFE , CAVE RX
. Moy ko, TEMFE+2 ' G LAVE &2
IHDV TEMFEAT. RL SFESTIORE RE
MO TEMFL, R1 JEESTORE R 1
KTE E fFETLIRHN ©
TE®FS; |, woel BB, BB . SAVE #EEFR
ar uping the slack e
CLUEE M Rt =(FE) SECH RY
MOy R, =R, . FUSH R
-
MOY {FEY s, RE LFOGF FZ2
noy {REY+, F2 i FOF KL
FTE FC i FETHIRM

-

Fig. 4-& Saving and restoring registers using the stack,
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SEC. 4.3 SURROUTINES a9

The second rouline uses Lwo fewer words per refisler savefresiore and
ailows annther rautine Lo use the temporary stiek storage ol oo Tatier point
rather than permanently 1ying soime memory lovations (UEMPS) to a partic-
ulzr routine. This ahility to share temporry storage in the form of a stack is
a very economical way 1o save on memory usaee, especinly when the total
amount of memaory is limited.

The render should note that the subroutine eall JSR PC SLUBR is a lepiti-
mate Form for a subroutine jump. The instruction does not utilize or stack
any registers but the PC. On the other hand, the instniction /SR 5P SUBR,
where 5P = RB, & not normmally considered .a meantngful combination,
Laler, however, utilizing register 6 will be considered (weo Seviion 4.3.7)

4.3, Argument Tramsmission

The JSR and RTS instructions handie the linkape prolitem for transfer-
ring contral. What remaing is the problem of passing arruments hack and
forth to the subroutine during its invecation, As it lurns ocul, this s a Tairy
straightforward problem, and the read question becomes one of choosing one
salution from the large number of ways for passing valies.

A very simple.minded appréach for argument transmission would Be to
agree ahead of time on the locations that might e wsed. For examp'e, sup
pose that there exists a subroutine MUL which multiplies 1wo 16-bit words
together, producing a 32-bit result. The subroutine sxpeels the muliiplier
and rmultiplicand to Le placed in symbolie locations ARGI and ARGE re-

pectively, and upon completion, the subroutine will leave the resuliznt in
the same locations,

The subroutine iinkage needed 1o set up, eall, and save the generated
results might look Yike:

MGy ¥, ARGL SMULTIRLTER

Moy W, ARG LT IR AN
JEE FCy ML LERLL A TRy
noy ARGL, FELT . fAYE THE THD
Moy ARG, RFELT+Y . WOEL FEZLMT

As an alternative to this linkage, ane could use the repisters Tor the subrou-
tine argumuents and write:

MOV ¥, FE CMULTIFLIER
MOV LI U Sy JEULTIFL 20 mNE

JEE FC.oRUL T LORLL MULTIRLY

This last method, althouph acceptable, is somewhal restrictedd in thal a
maximum of six arguments could be transmitlted, corresponding to the nume-
ber of general registers available. As a result of this nestriction, apother al-
lernative is used which makes use of the memory lovations pointed {o by the
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linkage register of the JSR instriction. Since this register points to the first
word following the JSR instruetion, it may be used as a pointer to the first
word of a vector of arfuments or argument addresses.

Considering the [irst case where the arpuments follow the JSR instrue.
tion, the subroutine linkage would be of Lhe farm:

JER R, AL PCALL MUMLTIFLY
. RORD FYRALYE . WWRLLE FREGUAERTE

These arguments could be accessed using autoincrement mode:

MU ROy (Fhua+, RL ' JGET MULTIFLIER \
MOy (Fpy+. B2 CGET MUOLTIFLICANE
RETE (1) EETURN

At the time of return, the value (address pointer) in RO will have heen incre-
menLted by 4 so that RO contains the address of the next executable iastruc-
tion foellowing the JSR,

In the second case, where the addresses of the argumentis follow the
subroutine call, the linkage logks Jike

JEE RO, MU PCHELL AULTIFLY
. WORT wrbbE, WRLLR ARGLUMERTE
-

For this case, the values to be manipulaied are fetched indirectly:

HiL Moy EiRE) 4, K1 PFETCH AULTIFLIER
EOY ikl B2 JFETOH MULTIFL ICAND
LTS Fa i RETRN

»

Another method af {ransmitting arguments is 1o transmit only the ad-
dresy of the fkst item by placing this address in 2 peneralspurpase register,
It is not necessary 10 have the petual argument st in the same general area as
the subroutine call. Thus a2 subroutine can be called to work on data Yocaled
anywhere in mamory, In fact, in muany cases, the operations performed by
the subreutine can be applied direclly to the data locateéd on ar pointed to
by a stack (Fig. 4-7) without ever actually needing io move these dala inio
the subroutine area.

e 2

Inein &} =-—HKI 1 Puaitals L oo 3_1'

L]

Fig. 4=7 Tramsruitling stackn ms argumenis,
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Calling propgram:

HOv WFOINTER, B4 JTET UFR EOINTER

JER FL. SUER LOALL SUEEGUTINE
Subroutine: .

AED CR13+, (k22 JADE 1TEM Ef TO JTEM wp

sFoAlE FESULT IN ITER X K4
SEOENTS TO O ITEM 02 HOW

or
RDE (REy. DCRLD JTHME EFFECT AZ FEOWE E-CEFT
CTHAT Ko ETILL FOLNTE T
JITEM #

Given these many ways to pass argumenis Lo a subroutine, it is worth-
while to ask, why have so many heen presented and what is the rationaie
for presenting them all? The answer is that each method was presenied as
Leinp somewhat “better” than the last, in that

1, Few registers were used 1o Lransmit arguments,
2. The number of parameters passed could be guite large,

2. The linkage mechunism was simplified to the point where only the
address of the subroutine was necded 1o Lransfer contro! and poss paramelers.

Poinl 3 requires some zdditional explanation. Since subroutines, lixe
any other programs, may be writlen in position-independent code, it is pos-
sible to write and assemble them independently from the main program that
uses them. The problem is ftling in the zppropriate address for the JRR
instruction. _

Filling in the address figld in the JSR instruction is the job of the linking
loader, since it ¢an not only relocate PIC progrims but alse {il! in subroutine
addresses, i.e., fink them together. The resull is that a relocatnble subrovtine
may be lnaded anywhere in memory and be linked with one or more calling
programs andfor subprograms. There will be only one copy of the routine,
but it may be used in a repetitive manner hy other programs located any-
where glie in memory,

Anather point not to be overiooked in recapping arcument passing is the
significant dilference in the methods used. The first techniques presented
used the simple methed of passing a vefue to the subroutine, The 1ater tech-
nigues passed the oddress af the value, The difference in these twe Lech-
nigues, cafl by vafue and call by address, can e quite important, as s

* trated by the following FORTRAN.IEke program sxample.

v
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FEOGEAM TRICKHY . TELEFOUTIHE SWAF p. v
mi, TE=F=»
E=a rEy
FETHY, A-E YETEMF

=(ALL SuAFLL .2 ) EETUEN
ful EME
Erl.

CERIRT, H-E
EHD

I{ the real constants are passed in by value, both print styiemoents wi priny
out a —1. This oceurs because subroutine SWAP intercnanges the values that
it has received, not the aolsal corntents of the arpuments themselves,

However, if the real constands are passed in by address, the lwo print
statements will produce —1, and 1., respeciively. In this cese the subroutine
SWAPY references Lo vead constants dhemselves, interchanging the actual argu-
ment values,

Higher-level languape, such as FORTRAN, can pass parameters both by
value and by address. Often the normal mode is by address, but when the
argument is an expression, the address represents the location of the cvaluated
cxpression.  Therelore, if one wished to cal! SWAP by value, it could be
performed as

CHLL SWRFOY, 1, .2, -0 )

causing the rontents of the expressions, bul mot the constants themselves,
1o be switched.

These techniques for passing parameters are casy Lo understand at the
assembly language level because the programmer can sed exact'y what meéth.
od is Leing wsed. In higherdevel lanpuages, however, where the lechnigue is
not so transparent, interesting results can oceur, Thus the knowledgeable
higherlevel lanpuage programmer must be aware of the tsehinigues used if he
15 to av0id unusual or unex pecied results,

4.3 4, Subrouting Regitter Lage

A subroutine, like any other program, will use the repisters during its
exrgution.  As a result, the contents of the repisters at the time that the
subroutine is involed may not be the snme as when the subroutine returns,
The sharing aof these cammaon resGurees (e.g., the registerst therelore diclates
thai on entry to the subroulinge the registers be saved and, on exit, restored.

‘The respopsilility for performing the save and resiore function falis
cither on the calling routine ar the called routine. Althouph arguments exist
for making the calling program save the registers {since 3t need save only the
ones in currfent use), it is more common for the subroutine isedl Lo save and
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restore all regisiers used. On the FREIT the save and restore rouline s
greally simplified by the use of a stack, as was Uusteated in Fip. 4.6,

As poinled out previously, stacks prow downward in memory and are
traditionally defined to occupy the memory space immaediately preceding
the program(s) that use them. One of the {irst things that any program
which uses a stack {in particular one that executes a JSR) must do s 1o set
the stack pointer up. For oxample, if 7 (i.e., RG] is 1o be used, the prosram
should hegin with

SDEAR 12 TWE FLEERY

SIMETROL TTON BE YHE FLUGFAM
;SFafAbDR EEG*D

COECREFMENT £F By 2

LA FOIH ARTO THE <Thle LI
SETQRE THE CATA AT EEG-X

BEG: MOy ¥
T£7T -

- M

ey =

"
- ™

This initialization routine is written in PTC form, and had it been assembled '
beginning at lecation @ (=@}, the program cauld be easily relocated.” The
‘rpuline uses a programming trick 1o decrement the states 1t uses thw test in-
struction in avledecrement mode and tonores dhe solting of the vondilion
codes. The alternative to using the TST instruction wouwld be 1o 3108 L2 5P,
but this would require an extra instruglion word.

435, Rasnirancy

Further advantages of stack arganization become appareni in comnplex
situations which can arise in program systems that are engaged 1n the eoneur-
rent handling of several tasks. Buch multitask program emirgnménts may
range Trom relatively simple sinple-user applications which must manoge an
intermix of [fO service and bacsipround compuiation 1o large complex mulid.
proframming systems that manuge a very IRLeite misture of execative and
multiuser programming siluations, In all wese appdications ere s a0 e
for Dexibility and tune/memory economy. ‘he wse of the siogk provides
this reonomy and lexibility by prevding norelhiod For wdowing many Lasks
Lo use a single copy of the same routine and a siimple, unambiruous method
for kevping Lrack of comples pragram jinlages,

The ahility to share a sinzle copy of a freen Prrogram amens tsers oF tasks
is called reentroney. Reentrant program eoolines differ Trom ordinnm suls
routines in that it is unneeessary Jor rechlrant routines Lo finthy processing
a piven task before they can be used Iy snolber task, Malliph tasks can be
in various stages of completion in the same routine al any time, Thus the
situation shown in Fig, 4-8 may oceur,



v
14 . PHOGHAMMING TECHNIQUES _]_ .) CHAP, 4

My | Memory .
Byt mmer A
Program |} Subigutine A2
Program L . i e .
Yrogram > | Sutwoutine A .
Praappam 1 R rr LR T
F Frogrum } £ SnhrouLine Aﬁ
Ll
.
E;m-»rrr
Program 3 £ Subrantine A
P L4
Heenqrant appreseh ! ]
Cansenlpeal approach
Programs 1, *and 3 can A swpardie copy of suhToulne A
ity suhrat e 4 riusl be prowided fgr each program

Fig. 4.8 Reentranl routines.

The chief progrimming distinction between & nonshareable routine and a
reentrant reutine is tha! the reentrani routine is composec solely of pure
cade; that is, il conluins only instructions and constants. Thus a section of
prograrm code is reeptrant {shareable) if and only if it is non-se!f-modilying
that is, no information within it is subject to modification, The phitosophy
behind pure code is actually not limited to reeptrant routines. Any non-
modifying program segment that has no lemporary sterage or data associated
with it will be

1. Simpler to debug.
2, Rread-only protectable fie., 7t can be kept in reazd-only memory).

3. Interruptable and restartable, besides being reentrant.

Using reentran! roulines, ¢onirol of a given routine may be shared a5
Mustrated in Fig. 4-9,
[anl A | Tk & I
L LI 330

Keentranl
£

Fip. 4% Reentrant rooline sharing.

1. Task A has requesied processing by reentrant routine Q.

2. Task A temporarily relinquishes control of reentrant routine £ (i.e., is
interrupted) before it finishes processing.
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3, Task B starte processing in the same copy of reenlrant routine Q.

4, Task B relinguishes vontro) of reentrant routline @ at some point in
its processing. .

2. Task A repains conirol of reentrant routine @ and resumes processing
from where it stopped,

The use of reentrant programeming allows many tasks to share Irequently
used routinegs such as device service routines and ASCII-Binary conversion
routines, In fact, in a multicser system it is possible, for instanee, 1o con-
struct a reentrant FORTRAN compider thal ean Le used 25 & singie copy Dy
many \ser programs,

4.3.6. Recuriion

It is often meaningfu} for a program segment to call itsell. The ability to
nest subroutine calls to the ‘sume subroutine is called self-reenirancy ar
recursion. The use of a stack organization permits epsy unambifuous re
cursion. The tlechnique of recursion is af greab use Lo the malhemation
analyst, as it also permits the evaluation of some olherwise noncamputable
malhemalical functians. This technigue aften permits very siinificant mem-
ory and speed economirs in the linguistic aperations of compilers and other
higher-level software proprams, as we shall lustrate,

A classical example of the technique of recursion ¢an b found incom-
puling N factoriad (N'), Although

TNV = N (N — 1) (N = Qs
il i5 also true that

Moe N« - 11
1l=m 1

Writtenin “psettde. FORTRAN," a fupction for caleulating N would look
like:

[NTEGER FUNCTION FRCTOMD

LF (% KE. 1 G0 TH 2

FHOTm1

FETLIENW

Fa{ TeraFRC(N=11

RETURN

END

This code is pseudo-FORTRAN beeause it eannot actually be translated
by most FORTRAN compilers; the problem is thal the recursive call reauires
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a stack capable of maintaining both the current values of FACT and the
return pointers either to the function itself or its calling program. However,
_the function may be coded in PDP-11 assembly language in a simple fashion
by taking advantage of ils stack mechanism. Assuming that the value oI N is
in RO and the value of N!' i5 to be left in R1, the function FACT could e
coded recursively as shown in Fig. 4-10.

-

FHLT: i | Ré 18 Fomp?
_ EEG ExIT P MES "

“yy Q. —{SF) ERYE M
LEL R i TEY H=1 ,
J SR FL. FACT i COHMFUTE EN=13¢ 1

RET: By {EFa+, R1 JFETCH F&dm ST1ACKE

. JEE EL, HUL SHULTLIELY WAHLLUES

ExXIT: ETS FC sRETUREH

Fig. 4-10 Reeursive cading of laclonias! funetion.

The prograrn of Fig. 4-10 calls itself recursively by executing the JSR
PC FACT instruction. Each time it does so, it places both the current value
of N and the return address (label RET) in the stack. When N = 0, the RTS
instruction causes the return address to be popped off the stack. Nextan N
value is placed in R1, and a nonrecursive call is made to the MUL subroutine.

The subroutine mulliply (MUL)Y uses the value of R1 to perform a mult-
plication of R1 hy the value of an internal number (initially 1), held in MUL,
which represents the partial product. This partial product is alse left in R1.

Upon returning from the multiply subroutine, the program next en-
counters the RTS i®struction apain, Either the stack cantains the retum
address of the calling program for FACT, or else gnother address.data pair of
words generated by a recursive eall on FACT, In the latter case, R1 is again
leaded with an N value that is to be multiplied by the partial produect being
held locally in the MUL subroutine, and the above process is again repeated,
Otherwise, the retumn to the calling program is performed, with A" held in R1.

4.3.7. Coroutines

In some situgtiong it happens that several program segments or routines
are highly interaciive, Cortrol is passed back and forth between the routines,
and each goes throuph a peried of suspension before being resumed. Because
the routines maintain a symmetric relalionship to each other, they are called
corou tines.

Basically, the coroutine idea is an extension of the subroutine coneept.
The difference belween them is that a subroutine is suhordinate to a larger -
calting prograrn while the corcutine is not. Consequently, passing control is
i different for the Lwo cancepts.

LY
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When the calling program makes a call Lo a subroutine, it suspends itself
and translers control 1o the subroutine. The subroutine is cniered at its
beginning, performs its function, and terminutes by passing control back to
the calling program, which is Lhereupon resutmed.

In passing contra) [rom one corautine lo anather, execulion beging in
the newly activated routine where it last lell off—nol at the entrance to the
routine, The flow of ¢ontrol passes back and farth between eoroutines, and
each time a corouline gains contro!, ils computationa] progress is advanued
until it passes conlral on Lo angiher coroutine,

The PDP-11, with its hardware stack Tealure, can b easily nroprummed
Lo implemenl a corouline relulionship Teliween Lwo interactling routines,
Using a special case of the J5R instruction lie,, J58 POSNG-], which
exchanges the top element of the romister § processor stack and the contents
of the program counter {(PCY, the two routines may be permitied 10 swap
program control and resume operation where they stoopeed, whoen recalled,
This contro! swapping s illustrated in Fig, 4-221.

Raouline & | iz operaling. il thaen

Execuies: .
—_—
ISR TC & (REY + .
with the foltowing resulis; 5 ——i—r (L] |',
| {
{1y PCYis popped from che sack L
and the SP awtameremenied . )
¥ [
13y SP s astontecremented angt Lhe [ |I
aid PO {re., PO E s pushed —_——
poover |

Ay control iv iransferted 1o the

eegbion PO e rouline 3 1) - 1 !
'
1

Routine # 7 is operating. if then
CheCll1eF,

ISR MC, W TREAY + 4 SR 1 fi

with the resuly that MC2 o exchoneed i !

far BCL1 on the glack and comiral s
tramaferred Bach 1o rowtime 3 L,

Fig. 4-11 Corgutine inleraotion,

The power of a coroutine structure is to be found in modern operating
s¥stems, a topic bevond the scope of this book. Jlowever, In Chapter 6 it is
possible Lo demonsivate the use of corpulines for the double buffering of 1O
while overlapping computation. The exmmple presented in that chapter is
clegant in'its seeming simplicity, and yet it represents one of the most basic
17O operations to be performed in most operating systeimns, )
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Para efectyar una funcibn de cntrada salida, el progra
mador debe especificar donde se encuentran los datos, de donde vie-
nen o van ¥ como €l dispositivo de entrada salida debe ser manejado,

A esto se le denomina programacion de entrada salida.

Dependiendo de la funcidn de entrada salida se puede
requerir que el procesador espere hasta que la funcidn de 1I/O sea -
completada o por otro lado el procesador puede continuar ejecutan-

do tareas simulténeamente con la ejecucidn de la funcidn de 1/0.

El poder programar una computadora para realizar cil
culos ez de poca aplicacion si no hubiera manera de obtener resulta
dos de la mdquina.’ De la misma manera s¢ hace necesario proveer
a la cornputadora con informacion a ser procesada. Por le tanto, el
programador deberd contar con moedios para transferir inforrmacion
entre la computadora vy los dispositives periféricos gue permiten -

cargar datos de entrada v obtener los de salida.

Para la familia PDP 11, la programacidn de los peri-
féricos es extremadamente simple, Ya que una instruccidn especial
para la entrada salida es innecesaria. La arguitectura de la maqui-

na permite direccionar los registreoa de estado y datos de los perifé
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ricos de manera directa como localidades de memoria. Por lotan
to, las operaciones en dichos registros comeo es la transferencia -
de informacidn a o de ellos as{ como la manipulacidn de datos den-
tro de ellos ¢ llevada a caho con instrucciones normales de reife-

rencia a memaoria.

El uso de todag laa instrucciones de referencia a me
moria en los registros de los periféricos incrementa gradualmente
la flexibilidad de la programacion de entrada salida. Todos log re-

Eistros de periféricos pueden ser tratados como acumuladores,

Actualmente en la PDP-11, las direcciones corrcs-
pondientes a las 4 k palabras superiores, estin rcservadas para -
log registros internos del procesador y para repisgtros c}:"ternns de
entrada salida, por lo tanto, en caso de tratarse de una méquina chi
ca, la memoria B¢ verd limitada a 28 k palabras de memoria fisica
v 4 k de localidades reservadas para los registros de] procesador y
disposgitivos de entrada salida. En case de contar con "Memory
Management" 1o que provee bits extra de direccionamiento 2 en el
caso de la PDP 11/40 tendremos una capacidad total de 124 k pala-
bras dc memoria fisica aparte de log 4 k del 4rea de registros an-

tes mencicnada.

Todos los digpositivos periféricos son especificados

por un juego de registros que son direccionados cormo memoria y



manipuladcs con la flexibilidad de un acumuladeor. Fara cada dispo-
zitivo hay 2 tipos de repiatros asociados;
1. Registros de control y estado

. Z. Registros de Dates

Cada perifiérico puede constar de uno o mas registros
de contro! y estado [CS5R) gue conticnen teda la informacién necesa-

ria para comunicarse con dicho digpesitivo.

El unibus es una via comfln gue interconscta el pro-
cesador, memoria y periféricos. Debido a la arguitectura de la ma
quina s6lo puede haber un dispesitive contrelando el unibus 2n cual-
quier ticmpo. A estc digpositivo ge le denomina Magter. Los
dispositivos pueden solicitar ser Masters, ya sea haciendo una s-?lic:_i
tud de Bus o una solicitud de no procesador a la lﬁgicardc arbitraje de

prioridadesdel procesador.

1a sﬂlici_tud es atendida ai €5 la de mayor prieridad.
El nuevo maater asume el control del bus cuande el actual master -
libera el écmtrol del bus. E! nuevo maeastro puede solicitar gue el
procesador atienda el periférico o puede iniciar una transfercncia -

de datos sin intervencién del procesador.

T.as interfases en la PDP-11 pueden clasificarse en

3 tipos;
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1. Slave {esclava} - Esta interfase no csti prevista
pata ser Master. Ella sdlamente puede transferir datos a o desde

¢l unibus por comando de un dispositive Maestro.

2. Interrupt {mmterruptor) - Esta interfase tiene la ha
bilidad de gapar el control del bus en el erden de dar al procesador
la direccibn de la subrutina, lo cual &5 usada para atender la soli-

citud del periférico.

DMA. Estn interfase tiene la habilidad de ganar el
control del bus de manera de transferir informacion entre clla v al

pin otro periférico.

Un sola interfase puede emplear los 3 tipes anterior-

res.



DL 1l

La interfase para linea asfncrona DL 1] es una inter
fase para comunicaciones designada para convertir datog de serie a
paralelo. La interfase cuenta con 2 unidades independientes, {rccep
tor y transmigor}, capaces de establecer comunicacidon simultinea

en ambos sentides.

+

La interfase DLIL lleva a cabo basicarmente 2 opera-
ciones: recepcidn y transmicidon de datos as fnc;onoﬂ. Cuando reci-
be datos, la interfase convierte un caracter serie asincrono prove--
niente de un dispositivo externce en un caracter en paralelo requeride
pars una trangferencia al unibua. Este caracter puede ser mandado
por ¢l bus a la memoria, oun registro en el procesador a algin otro
dispositivo. Cuando se transmiten datos en paralelo desde el bue son
convertidos a serie para su transmisibn a un dispositive externc. -
Debido a que las 2 unidades son independientes, es posible cstable-
cer comunicacidn de manera simultanea en ambos sertidos. | El re
ceptor y el transmigor operan por medio de 2 registros; el regis-
tro de contrel y estado, para comando y monitoreo de funciones y -

el buffer de datos para guardar log datas antes de trangferirlos al

bus o a un dispositivo externo.
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Descripecidn DL11 Teletype Ceontrol
Transmision
Cuandeo el (FJbas direcciona ¢l Unibus, la interfase DI 11

decodifica la direccidn para determinar sl el teletipo es ¢l diapeaiti-
vo externo seleccionado y si es el seleccionado qué funcifn debe desem
peliar, entrada o salida. Si por ejemplo el teletipo ha side selecciona-
do para dceptar informacidn a imprimir, datos en paralelo provenien-
tes del unibus aon cargados ¢n cl buffer de transmicidn del D 11. En
este punto la bandera de XMIT RDY baja debido a que la 1dgica del -
transmisor ha sido activade (la bandera vuclve a estar baja una frac-
citn de hit después si ¢l transmisor no de encuentra activo on eae -
momentd} La interfase genera el bit de arrangue y transmite bit por
bit en serie al teletipo, de nuevo pone la bandera XMIT RDY {tan -
pronto como el registro de buffer se encuentra vaclo afin cuando-el
registre decorrimiento  s¢ encuentre active. Después transmite -

el piimero requerido de bits de STOP.

Recepcibn

La feccién de receptar la longitud del caracter es s¢
lecciconable por medio de un selector, EIl caracter recibide aparece
justificado a la derecho en ¢l registro buffer recepeidn eliminando -

log bits de arrangue y paro.



* E) caracter completo es formade en el UART y es -

transferido al registro buffer de recepciébn (RBUF) en ¢l momento en
que ¢l centro del primer bit ¢s muestreado. En ese momento ¢l bit
de recepcibn efectla el registro de entrada y control es prendido si
el bit de Interrupt Enable se encontraba prcndiﬂo s8¢ pencra una sefial
de solicitud de interrupcidn. Los bits no usados acn llF.-na:tloS con cg
ros y log bita 12-15 cantiene.n informacidn acerca del caract:ar inte-
grade por el UART. Notece que el programa ticne un caracter com
pleto de tiempo para retirar el caracter completo del buffer de da-
tos antes de que el nuevo caracter sea colocado en ¢l registro de re
cepcidn por el UART. En ¢! caso de que el programa falle en leer
este caracter anterior, seé pierdg y ¢l bit de exceso y error son pren
didos {hit 14-15} en el registro buffer de recepeion. En el case de _

gue no se preseate normalmente el bit de pare el UART presenta lo

w
gue supuestaménte recibid, mis el bit error 13yi5 prendidos,

Programacion

La interfase entre el programa corriendo en el proce
sador PDP-11 y el DL-11 ge lleva a cabo mediante 4 registros, Ra-
tes son reglatros de estade de recepcidn (RCSR); 2) registro buffer
de recepcién {(RBUF); 3) registro buffer de estado de transmicién
(XCSR): v 4) Regiatra huffer de transmisitn {(XBUF). La funcion de

cada uno de estos bits se da a continuacion.

L A S e o] - a g i K maadr T



CR - 11 .

T

La lectora de tarjetas CR-11, lec tarjetas perfora-
das de 80 columnas. La lectora estd disefiada para leer secuencial
mente, los datos en 80 columnas empezande con 1a columna 1. Ca
da columna tiene iZ zenas ¢ rengleones, una perforacidbn es ilnter-
pre:tada como un uno binario vy la ausencia de perforacidn como un -
cero. Los datos son lefdos de la tarjeta una columna a la vez. Los
datos son presentados en dos formatoes para entrada a la computade

ra.

Modo Comprimido.- Las !2 zonas de la tarjeta son
codificadas en un byte {8bits), permitiendo un almacenamicento més

eficiente de }a iniormacion, .

Modo no comprimido.- Un bit es empleafo para pre

sentar el estado de cada zona en la tarjeta.

I.a Lectora CR 11 consta de 3 regisiros para comuni
carse con la computadora. Estos son regisiro de estado y dos re-
gigtros de datos. Uno de los cuales presenta los datos no comprimi
dos v la otra comprimidos. I.la seleceidn de formatos se lleva a ca
bo seleccionando el registro apropiado., Los datos en ambas formas
se gncuentran siempre presentes. A contintacidn se presenta la es-

tructura de dichos registros.
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RJP 4

El RIPJ4 es un subsistema de disco de cabeza mb-
vil el cual consiste en un controlador RH 1] y de uno a ocho drivers

de disco RPJ4.

El Unibus provee la interfase entre el procesador la
memoria, ¥ el controlador RH 11. Todas las transferencias efec-
tuadas entre la memoria y el RH 11 por medic de 1a facilidad de -

DMA del Unibus.

El RH 11 contiene dos puertos en el Unibus: uno da-
signado como un puerto de control y el segundo como un puerto de

dates.

Los datos pucden ser transferides a través de ambos
registros. Para operacidn norrmal con mermoria conectada a Unibus
A como ge muestra en la figura 1 sélamente es usado ¢l puerto de -

control, e? puerto de datos no se usa.

El RH 11 se encuentra dividido en dos grupos funciona-

les, linea de registro y control v linea de DMA.

La linea de registro y contrel permite al programa

icer ¥/o escribir en cualguier registro contenido en el RH 11. Hay
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un total de 4 registros en el RH 11, i5 registros en cada drive y 1
registro compartide gque es parcialmente compartide en el RH 11 ¥

en ¢l Drive seleccionado.

l.a lfnea de DMA funcienalmente consiste €n una me-
moria FIFQO da 66 palabras por 18 bits y su ldgica de control.
La funcibn primordial de esta memoria, gue de agul

en adelante llamarcmag SILO ¢s el de buffer de datos para compen

sar fluctuaciones de retardo en el Unibus al solicitar' el DMA.

: Cuando una ingtruccién en la PDP 11 direcciona el -
RH 11 para lecr o escribir cualquier registro en el RH 11 o en algin
Drive, se inicia un ciclo de Unibus y los dutos son dirigidos al o e
cl RH I1. 5i el registro a ser direccionado ¢s local {s¢e encuentri
en el RH 11}, la légica de control de registros permite el acceso al
registro apropiado. 5i{ el registro direccionado ¢s remoto {conteni
do en unec de los drives, la légica de control de los registros inicia
un ciclo de control de Massbus., El acceso a los registros en el -
Drive por medio de la 1ogica de control del bus ne interfiere ¢con la
transferencia DMA la que puecde llevarse a cabo simultineamente.
Los registroe locales del RH 1} especifican pardmetros tales como
direccibdn del Bus y contador de palabras, mientras gue log regis-

tros del Drive especifican parametros como direccidn deseada en el

dico, informacibdn de estado, ete.
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La lfnea de datos de DMA funcionalmente consiste en
el Bus de datos Massbus, la memoria SILO y la logica de NPR del -

Unibua.

La figura 2 presenta un diagrama de blogues simplifi

cado de la linea de DMA con un 85la Unibus.

Los 3 comande de transferencia de datos gque pueden
ser llevados a cabo por el RH 1! son egcritura, lectura y checado de

egcritura.

Antes que cualquiera de estas operaciones ocurra, el
programa especifica una direccitn en memoria (MA), una direccitn
de cilindre {CA}, una direccidn deseada de sector y pista (DA) y el
nimero de palabraas. La.i direccifn de Memoria representa la locali-
dad de memoria donde se iniciara la lectura o escritura. La direc-
¢ibn de cilindro deseada es la posicibn en la que la cabeza deberad -

posicionarse.

-

El sector y pista depeado representa la direccidn de
inicic en la superficie del disco donde los datos serin escritos o -

leides.

El nimero de palabras a ser transferidas a o del dis

CO.
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The Mini Computer as a Control Element
Iudley 3. Hartung
Management Mcrhods, inc,, Waltham, Massachusetis

Mini computers have been Gsed to control a wide variety of processes
and functions including machine tools, chemical processcs, steel
mills, and warehousing systems. Articles in technical journals and
talks zt seminars have described in some detail manv of these indivi-
dual applications. But what is a good application -- when do you use a
hard wired control system and when should you consider a mini com-
puter?

The decision must be based on cosis dollars per funcrion -- and relia
bility and maintainability. In general, rcliability can be disposed of —
as being indirectly related to dollars, The simplest or mass-produced
system s normally the cheapest system and also the most reliable
systern,  Maijntainability can be given a cost value. The decision, there
fore, can be directly related to cosrs. Costs naturally refer to the ini
tizl capital cost of the equipment and also to recurring cost of opera-
tion, including the aforementioncd maintainability cost, operator cost,
quality of product value, etc. Some of these costs can only be rough-
v approximated and may be intuitive guesses. The cost of the equip--
ment, however, should be fairly easy to derive by knowledpeable moie
during initial plarning stages,

A control system -- any control system -- consists of inputs, outputs,
and decision makers. In comparing hard wired systems with compu--
ter systems, the input and cutput devices probably stay comparable
in cost, Input and ourput devices consist of operator switches, sen--
sors, solenoids, servo or discrere {(on-off) motor controls, ete, The
decision maker is the logical system which determines the effect of
input changes upon OUlput acticns. With a hard wired syvstem, each
subdecision or each function of the control system hasg its own logic.
A mini computer time shares its logic to accomplish many functions
with a relatively small logical device. The mini computer, therefore,
becomes essentially the complete decision maker, even when there
are hundreds of inputs and outputs with varving degrees of interrela-
tionship. This is where the cost savings of a computer system come

Many more decisions can be made per dollar with a computer compa
red to hard-wircd logic.
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The are some inherently costly aspects of a computer sysiem, Hol- -
ding functions must be storcd externally, All inputs and outputs of
data are in high speed scerial word which means that switch inpurts,
for instance, must be held on until pelled by the computer, The
holding device might be the operator's finger. The outputs must have
holding relavs or their solid state cquivalent. Inputs and outputs to
the computer are always the same binary words at low levels, requi-
ring filtering and level conversion at the interface. No power is avai-
lable for force-type functions, requiring amplifiers and power relays.
Of course, some of these restrictions apply to many hard-wired con-
trols. But if the decisions are very simple, the input and cutpur hufo
ring, filtering, and holding may be more expensive than the complete
hard-wired control.

The computer itself is limited by speed and by the size of interpal
memory utilized for storing data and computer program, [t may be
cheaper even in a computer controlled system to do some complex
hut frequently used and repetitive funcrions externally. For example,
a servo loop could be performed in a computer but in most cases is
done externally, Interpolation for a machine tool, which is the pre-
cise control of velociries in bwo or moere axis t¢ draw a straight
Ccul or a circular cut is expensive in computer time in that it takes
a large portion of a computer. A single computer can do all inter--
polation and control one or two high speed, high accuracy machine
iools. I the interpolation is done externally, 3-20G machine tools
can be similarly conirolled,

So how is a decision made to go hard-wired or mini computer? The
systemn costs must be estimated in both ways. This requires some
understanding of the end of process and the requirements of both a
hard-wired system and the capabilities of computers. In many cases,
the computer can supply additional functions ar very low cost which
have to have some valuc placed on them to honestly compare systems.
[n other cases, the function to be performed is so complex that it is
immediately obvious the computer is the solution. Labor costs of hoth
of the design and building of a system and the operation must be con-
sidered.

Costs also include effects of lead time variation, set-up speed, and
rcjects, All of these costs vary and relate to a particular applica--
tion,

Rules of thumb are dangerous and can be misleading, but there are
some systems where computer control should be looked ar very care-
fully. If many simple decisions -- or many monitoring points, such
as those on a transfer line, are required or if very complex relay
trees or legical decisions must be made, a computer should be con-
sidered, Complicated decisions requiring mathematical functions,
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particularly if changing either between runs or over a period of time
or the reguirement for a great deal of stored data for look-up tables
or individual parts programs suggest compurer control, Finally very
specialized problems or machincs or processes with only one system
or a few systems being bujlt, particularly where modifications beg--
ween initial concept and final operating equipment ars foreseen due

to technical unknowns, are particularly good applications for computer
control. This is true not only becausc of the possible savings in hard
ware costg, but more importantly, becausc Df the normally much lo--
wer desipn cost,

The mini computer can be a panacea for many ills, and should be
looked at by the builders and users of any controlled system, It will
be found that not all systems justify on an economic basis the utili---
zation of computers, but conversely, it will be found that what seems
like an expensive and sophisticated contrel system can often be easilvy
justified purely on an economic basis.

G
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CONTROL OF VAT LEPOSITION PROCESSZIS

Wilaon

L. 7Tz
E. M, Centpes #ad R. L.
Bendiz Ramearch Laboratories
Southfleld, Hichigan
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Wizth the advent of the lov cosxt minlcomputar,
cfull autematie concrol of wanyyn depanirion pra-
Ceazan mppeary Eoth technically franible and sop-
mvr ATETAGES w4, 30 Jate, vecus dapovition
proc-..sau have heen largsly controlled manually,
although eimple coctrollers have been avoilable
far comttelling portions of rhe procass surh ma
the wvacuun pumpdown and cha deposicion rate dur-
ing evaporation, Aufesatfe prosgal are=isen to
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%u‘atiri .::siu. Tase approach co coEaLtar con~
£ral of vacn depositicn processes {evapora—
tiom and eputiering) is discussed, and the coo-
ceptual design of an autooatlc proceas contToller
basud on a mipicoopatar is pressnted. The

advantagesw of antomating these processes a2re
ravieced.

INTROOUCTION

Thie papar discusses the applicacion of a
seall digital comsuter, or micicomputer, to
autocatic conktrol of wacuuws dejaaition procassen,
ShEabded ave Ehe cétaDlisnaent and contrel of
the vacuum Lenvironment, aomisel af Che - riecra~
EI_—FP!‘GCES‘!. :nntr’.ﬁl ef t’v\ Xhe ooy '7.;::1;;‘;_:":;::,

contral af a nhfbﬂrjheﬁ&uﬂmﬂm'ﬂm
luzadEo ...E;i"-ﬁrur.-nas Ecphauis is placed on
A S EFREIT the ..r.ua._b"'tf of panivis cdi-
cated cecauter fo the coak el of a si=zlc yacuum
aepositien ayster, althcugh of cgurse ¢ther
cobpuser/depchtiricaravaces relationshins cay he
preferable under ceriain clicuastancad.

In the following secticcs the contzol re-
quizementa for the vdcuud desoddclso processas
ave revieves, togather with the presept potheds
of control gnd maem of ohplo dlcadvarrEoes.  he
Approach £o somprilar sutomAtisn gf bnese ATo-
capies iy tnen describes and che comocpiual da-

1'——'-
Al of In auto=at f..: cc":ra'-z" 1: “rtu"...ed
lnally, YT 4T S Thac r.r.'..".“l'EE" ius r_".aciun.
15-!1'.': »a ioproved syaras t".. I -;e-{_ﬁrn—
P ~:? e u* 'J'“*A‘t-f-‘ 'ﬁ;iqﬁv._im LT}
g% perie: nE T"v.‘."t. Tonzing gperating cayes. All
ST Thens 3re 1t -L_.a al ¥ SALIESTAD 58 aEGnosle
gdvaztages.
e rr—

Toe follosing dlocuseion of zoncrol regjuire-
ments and contToliler design concapis la specifi-
cally orlentad I::':‘rir;.': the hatch-tvoe u}q_Mpo-
aicicn xvatem, Ok vi:‘._s ¥ nhe 4 ll‘.l"-ﬂ ZeT reri_.

lppr‘ﬁ:h can be alss ap:x.ld Y ..'u: aut _a"‘-'--
AT TN POy T T B S s aapatile

contral fiocripps will diffar somevhiac,
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VACUYM DEPCSITION PROCESS CONTROT

Conetrol Eegu!renents

The'basic vacuum dipouitinu PEDCESSER

covered 13 this paper are thercal eva-ocacion
and spurrering. Theds [wo banic Brocesdpy gn-

Aac Spurcerlin
COnpaARA st:.ltt: a4 puxhber u; antg;;uu,;;nj_pm,
1coing TE:

—— -

(1) Vecuum cycla ¢opkrel

{2) Tressurs control

(3) Substrate conditlcning

(L) Evaporation doutce contiol

(3} Sputterimg coutrol

(6) GClov dischargs cleamizg

(73 Substrate Totation

(8) BEell jar and base plata esoling

Each of these functiors Is 2 somevhat fo—
depandent cperation, -although they usc ke
app:upria_tel}r grouped and coordinated Lo sfold
the duaired process asquenca, Each of chise
cperaticns resiires coptrol Junciicns.
the contral is based on ths hebaitior oF
ﬂ'?:"'u.'z-:*.e_:_:'r‘l"*l.'{: pALdesiTed ar gotsalil vengd.
Prudscre onizol god haje “lars and hell <o-
Ty e ot nxm'plu af this zooa sl svnnrol,
offiar cases, "Gar tr-E:Tq;ﬂJe;% on_a Elsgp Jotabkais,
ﬂ"ﬁ""*crauy_ o CANE Yoz Epukt c“l't"_;,j.‘h’
mﬁfge clearing. E*.ra]:aratial_sm.._;,, snarel
L-_L. in Exn.nra.m [-13 n::._l;w:raunn Hoere_bagh Lases
QD cogtif. ars 4 Lgsc:  the acdx powsr level 13
ncrm‘-l..y maintained for a cimed neriod, hereld
during actyal desposition source powaer 14 usually
copkrolled to yield a spe=ific Zanoaition -z=:a
ntil &8 ppeciffed film thickneis la ackisved,
Durine *he 9rocess cnn:*—nl Aemiepom, Soap op she
Tteca izaged <oqnjre only 3isois ancoff cgvaid
£Fol or -'u.__’_'e:_-: J va;zu, sever supnlizd I wged
wtqgu or_turrent laveld hgve bgen nro-gar,
AT IEYETS . Pressure cootyol” fnvolvad acivat-
=75t of a varlasle valve, while subscrane coaci-
claming and svapuratips source control =ay in-
volwe tha coatrel of varla®le pover supplies.
Thus, a vesuum deposifion process may Znslude a
oucher of #ceps or operacions, but egch cperatior
by icwelf goostitutes & relatively aisple coacral
requiresane wvhich can readily be autcoatad.

Fradear Contral Herhods

Ic dote, vacurm daposlcion orocedsss have
bean largely control_ed ZATaL LY
CEATIOIl4ATS dre Gresdariy qulian a L3y somrrol-
.-Iﬁ";:n Ylors of the procesd "'_":"m TEEter cra

ll1|.-|.........1. {fmm'p

Reprinued walh permiston fom 970 WESCUY Tecimical Paoers. val. |4, paprr 44,
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ardwigec, rodulir devizes or Lodey. pach controle
]

i a wizply yreracion, and ara Senerzily limiced
T two aread:  wvacuum cvole Loptrol and RUATAL A=
tion Scuirce contral. Evaporaclon Eourcs contrel

Ls generally accimplished rhrough the combioed
efforcs of fwo modulst ot units. One 1s & Dopd-
tor unic which determines {ilm ehickness onid
deposicion rate, and provides 2 signal or contact
closurs vhen thigkaess reachsas the sec -oint valus,
Tha eecond unit provides & signal for contralling

" sourte power during the soak and deposltion par-

tion of the cycla, wiing signals from the monitor
unit as the basis for control duriog the deposi-
tion porticon.

Theaw pethods of contral have a ni—har of

discinct Aiaadrancazey 2 follows: Freguent
atcanticn by an operakss 1y ceculrved during the
eduTEE W Thu [iGctass gyclim or tun, Even wien
the previously ciced control modules are uied,
their operacion 1s norzally uncoordinated., Wheeo
the wacyum ¢vole controller has established the
propar envirdnoent, tha opsrator is required to
Initiaze tha scovee control cycle or the actual,
“process'. Vhea the litrer is completed, the
aperater t=Iat apgsin manuazlly indtiare the return
of the chazhwer to akmoapheric conditions. Ocher
anwellisry oparatlions, such a8 glow Jdiwcharge
cleaniog, oAt alse be manually introduced in the
eyele =5 tequired. Thus oersenncl whe =foht he
perforoing ather casks are fied wo In routine
equipment oneraclan.

The high de cf. operatar dnvolversnk ran

aleo fariveoce -aum Brocess (o At leygr roee prkae
iy - ——
Wry . o Floea *hg svpps 0f She pTngpgs DUt
each be {pitiatad by the cperaror, unnecessary
deTayd cay be Lncurted bBetwsen tha cEEE;e;Lp;_af
Pt ph LBl
and uperation and the starg of cha nesc, thers-
by teducine the effizioncy 4f the process and
Increasing the ovarail rua time. Sacond, sinca
man control af the process Iinvalves a cestain
degeee of operarar Judgment in some of tha
dteps, the poeeibllicy exises for wagliabigse 4o
product qualicy of wSiZooc by froo batehi—to-
hatst.. ALL of these disadvancages are ultimazely
reflucted fn eost factors which would be loproved
by automatic comtrol of the procesd.

Firzot

Aporogact ta Computer Ancomarion

putematie foopufer congro. ef vapggn

EooELIcn Dracessed has been technleally fea—
stbla for moce rime. The size 3 f the
cocputeys <hich have been avallable, howevar,
hive groerdlily made &uch automation imppraosiral
a*I ectionledily unsound. tacestions Lo this are
— WALEdL Y unAOT
CAiZd -HEfu fug COMPUter CaR be usnd Lo contTol
A Gwnler wi vaCuLs dEPSEILiOn aysLEES, Of wners
thz-*T=FUrAT €47 0e Lied to rontyol s deposition

e

T pIOCERI TMMTASTIELDD fo safiolmiag T
The recest advent of ==a]1_ Jsy-cogt ofedicme-
puterd Las.chaaged shs pirsra dragacicslly,

Wow an autpmatie vacuus depositlon procass con-

Eraiier bafec uvpon the une of 3 394’ Jedjegjpad
o GERT AR Jea{ioed to decve a minele aysten
w——
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appeace to b bYath teenricalliv fru H nd eco—
E we now direer further s=tention. The oext

section describes 4o automaric concroller baamed

on this approach. The sdvantagas of such & con-

troller are outlised ir & pubswquent secilon,

An Automatic Vacum Dasosition Process
Controller

it was noted earlfer in this paper that a
vacuan deposition process 1 =ade up of & nuzhar

of differess coarartons, egzh mf tieh cppati- -7 ¢

tu W, Ao 4
ducomatic contreller based oo ne wvae of & digj-
tal coTputer czn seTve o groz-ire, cootdindce, a”

and cantral the sxamit{pn =f thede OpaTaCions,

Controller Funcrionm: The muComaTic vacuum
deposition process concroller could be capabie of
perforning the follovimy functions:

(1}
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o+
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Avte=atie wagyms gvele: conrral ef
the bell jar; the wear, roughiag,
forwlioe, a=d hi-vac valwes; and the
ign tube filazente. Frofectiion of chae
diffusion pumn Eresm overhesting amd/ .

OF eWcesdlvE IO0re aresdure, .

{2) Autemacie pressure eontral: goetmal o C
dazper valve t2 keep chazher aressa-e
constant AL 3 preset value fur parc £

or all of the aperatiag eycle.
{3)

Substrate ceodicioning conerel: can-
tral beatlng (tc boke or zzzadizfzzl-y
‘tezperature), Ax=ealiag, and cooling
of the avbatrate.

Thickreag-rate fungpignar waling phick-
‘Hess lnput signal, calculﬁgz_gggqli: .’,:
€150 rate <nd detercinr_thes Chickness o =
TETTNETERE polnt Yaiues, These A1tz

vEITL Be vseq By _ch S amosAticn AouToE

A m——r——
CoBLToL funcTion.

———
Evasnration scufce pomeyesc pome=pl e
.Che evecle of (o3 OF. Cus cdus oo {pieer
TLae, G504, depositfon rate, d=d -

. BRGTTET

§ L5}

r

{3

{6} Sputeering cozfrol: “turn oo preset
filazent, snode, and tagget powsers
suppaies st pragram—med poip: in cyziz
and galntalie For timed peguesnce. Mooi-
Eor targer curient whila sputiering.
InterTupt ticed sequence azd sound
alaym 1if current drops below 4 prasat

value.

Clow discharge clegning: cturn a flxed
powrer supplvy on for a preser tize Ln-
terval ar ary 9f several pre-prograc—aed
pelots Io the cycle.

{7

Substrats rotation: rturn subscrate
rotatlon zatoer ¢ and off at pre-
dererziced poloca fn the cvcla. Tlxed
sapeed (cagually variabie via copcecl
not provided).

{8)

S ag
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{9} Ball !2- and base place cooling: eurn
coolant gyaces on and off. Tern on
. whengver s#a5ed cepparature axcesds a
ast polnt rvalua,

Lont¥erlley Damerintinr: Tha sutroatic
vacunm deposiiion consrolleyr would bhe haned on s
eznll digital minicomputer with & read-only
memory. Figurs 1 in a hlock dlagraz showing che
relationship of the controllar o rhe vaono
deposition evactem, wnila Flgure 2 1s o sloplified

b

#tc.) could ba ineroduced via the thusbwheel
writeh, . (Altarmative matheds of Llntvoducing these
ioputs aight fnclude: {1} potentiometars, whoss
output signals would be seat to the cogpurter vis
the pnlciplexar wod azalog-to-digicx] converter
and (2) a pmched cacd tnd cxrd-raader
ETTLagement. )
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- . rq.itl._-'r‘
= - iaputs, such am "oycle 4
staTt’, “automatic recyels™, aod “revet" wmuld

ba introduced te the cospurar by seans of & stacus

black diagrax= of tha autoearic concrellar Icmelf, regincer. On~off signals from the proceas, such
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Flgure 2 - %1=plifild Autematic Controller 3lack Diagram

The aut aatyolier 'y fitted
with a front panel ‘tvpicallv contazining tha
f21léwing: An aoBIGcz Teter and a digital
(FIxTe tube) readsut, each with a funcricn salap-
tor swiceh; a four-digic chumbwheel awitch with
funckion selector switch, saveral toggle and push-
button switches; and & oushar of status or icdica-
tor lights.

a4 it would have connecticros at the -ear
for all input mipnais and for analop and on-—off
type output {aystem comirsl) signals. All vari-
abla fnput slpnale from exterme
hen Lo e analoz ge vilrgzes. These would
' iocluds sresaure, Cecperaturs dod thickoass aig-
azls. Yormallzing anplifiers would be provided
to ad)jung tha relative woliage Iavals of thoas
signali. The ncroalized signale ara fed to the
computer by weecs of & mulciplexsr and 23 analog-
to-digital converter.

Variahle parametecs to ha disgmlave

Jor.be read oub ELCR&r o Ih¢ TaILT or on che digiral

ol azlay. [13 EE L R R B R BT FALRS 1.
' masually (sap polpts, scak powar, Tilme CLlges,
. b

L - .
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a3 from bell-jar haiar limtet switches will ba *
handled In the aame way. TWo Iyoea nf comesgl
sutputy A aylded: DigIita —to-anliog tocWar— .
toTe provide snalog volEdgen ?or unitions vhere
variable contye! signals are required. t—g* £
tyrm canttel signala or contact closures ars pra—
vided for the T A e ARaSIlan aiiRy omd
uulenaid-nurnt&gﬁ:_ars. tuining proes@c BoWer
SUpplles on and Oft, Operaring bell dar hofs:
and schbetrace rcafion mobors, and in fas: cast
of the system control funcrioms,

v

The inpukt &nd cutput interface ¢ircults
vould b wunted oo plug-in carde and housed In
unused space in the compurwr cablinet. 7The encire
autazatic controller could be packagad ipn a amall
bepch-top cabiner, or a3 & small rack-wounted
unit, otcupyleg lass thaa 24 inches of pagel
heighr.

Onee che varlous canual ioputa arme par,
naymal eperation of the syatem consiats micply
of presping the "eycle ntare"-bucean, Ho fur-
ther actencion fs reguirsd umtil the automatie
cyele haw bean compieted and cha ball jar has



baen raised. Provisziens for resst and cthar con-
troles would b provided, howsver, for uue when
panuval iptervencion is falt necespary.

Advantages of Computer Auromation

Computer autometion of the y=cuu o=
gicicm processexs has :lﬁg‘ficant AZuArTaged
WILh Tedpect to elther manual concral or Cha

. SN Or AuDATALE Fﬁ:'“'—z‘-‘:il.ﬂ'-'}. [&_Co auto=ata v 2~ the
COLLIOL of andivldual gncrations.

Lipyre 3 fllustyates the cost advactage
of computer autpoaticn of the vacuum depositcion
proqesa, asx compared vith the uss of & nushay
of fndividuzl hazdwized contrel codules co
accomplish the same objective. The dilagram
shows relative coptrollay comf varsus the rela-
tive deogree of awtomatien, The cost wersus
featured aytomaced for che modular apprcach will
rism at u fairly uniform rate. The cusr of

————

computer aufgnation of only a single operation
m £ uwgzﬁ:ﬁrm“

] e computer ftaelf. Avtomation of

N
w 4riis Idditinnll features cosfs Tmlativety lizclu,

;
L
N

hiad

!

however, aince this mainly fovalves a revigicn

ta the gcomputer program &ad the sddition of ap-

prnpriate intarface ciyevits, The cressover

point ag whigh the cost 2f computer autmmatica
* dropy balow thai of the wodular esntrelier

" approach oeceursa when only a relativaly few

cperations ars o be automgiad, Medular com=-
trollars are asr known £o be avallable at
gresent for ze=e of the fecrures fncloded wirthic

, The Szape of the auts=atic vastux Jepositlion
process controller described hersin.

AELATIVE
oosT

MOOULAR
HARCWIRED
CONTROLLERS

\

COMPUTER
CONTROL

RELATWE DEGREE
LF AUTORATION

Figura 3 - Cost Yersus Tegrae of Automation
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The cocouter auic—ated coctrollsr alao

regulld in o pumbep of perfsymanca OT opaTE-
ticoal adwantages:

(1) Flextbiliey: Fer ttg uzag having
varvin progesd fecuine-gars 1= otfers
ffexihllity. Tha grerations af the
———— A etmaer —
sxjudfice ran be cule. ' added, St gied,

b —

anc otherslse ceced, and sgb-polnte
can, ba eazablished by ceans of swiichaes
and ochar zoncrols oo the panal af

the aucomatic controller.

(2} Process inpta'nbiiltv Fay the vsar

making the gace av gpoacitively,
L pEfors & nips J-jsap =f orfLeds

repealazliley, once & given adquencd
+ kas besr establizhed znd sec-polnt
wvaluyss have becn sef, resulting ina
eniforziry of che reaultsat produck.

(3) Frocess EE!!EinEE: Tha gatrsdalc
controiler will =rewide amnoch end
gipid L-enmaiionm -*c- = u:::lthcn

i Brop o LhR. Er.u:ess En EP'QJ;E:‘T.
elopiating the gycle or run 1o 2 minl-
cum of time and thus erhaaeing the
aeffictancy of che process.

(4) Persgnre) Advantaces: Onge thyg fe-
quenca 2cd ser-point values have
F¥er €8Lan;lened, oo :')zl'!.;t"‘_i%_gﬁ_bf
Caqulred § o :rer tﬂe o start” buzign,
& Co= -Etl *-a*t --l ht esvcured

wiittended, us gersennel aie fraed
gpygip—tll 2. Var -
o seunine cpenatiag cakic.
. S T T

All of theae are wleimately refleceed In
sconomic advantages of sutocatlc computer contool
of Haguun depesition progcas,

CORCTTSTONS

Although vacucn depositica processes Trguire
A relativaly larre nu=ber of corsrel Juncticms,
sach funcrisn is raz ‘9:33E‘ 51—2 = .
t:IT'E'TT?"?34314\ L auzordcic sonprol :,Lﬁ-
P8 o ror Pam Y e T et et Youmcont winieossuies
EITappears to make compuber auccamatlen af vacum
dapositicn proceases bath techaically feasibls
and sgenomically attractive. Aursmated cotirtol
offars a nucber of operacional sdvantages cyer
predently wied aeziaurozacic ¢oncrol cechods,
eapy of which are vltizataly refluected iz addi-
tional economic acvantagew. Henmce it 24y e
aTpected chat cocputer autozation of the comzrol
of vacuun deprsizion processes will achieve grow-
iog Ilmporcance In the oear future.

- w4



Batch Control with a Minicomputer

R. YOUNG, Emcry Indmlrius‘. Inc. and

D. E. S5VOBODA, Juckwn Aswnciatis

Al Er‘ner-f |ﬂdU$fl‘Fe5, a l'ﬂi!‘ll-cm'ﬁ;ufgr Comtrnte Fmiray

production of chemicols, conusting ot ¢
reactions of fotry oolds with glc=ih=l,

ef the misi-watem rungp from g

TRE SUtPGTs cestree 1 o=

monitoring ta oos

FLtTON LT rm

Fris reny
|

ol mimrem =, -
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ware ond softwore for g systermn inzs gemorstroten
the minicampurer's valya a7 an p-sees 2ei 1o,

ible, sophisticated producticn toal

FOLR PROCESS APPLICATIONS, it's often mare
econemical 1o design the eontrol svdem arnnng g
dimeat w'm]“"PLHIJJSIAFJ;LTLIM’;%‘.W;J&W‘
edils 4 St anadoe LA Ao TT A LAk RRH Prievs of
MGG COT T TS STAFT a1 5 34KA) 10 54 000 withuut core
wnermony: therefore, fur all Lut the smploest systems,
the cost of the computer wind L loas than the cost
of the landware it It'l',l].ill't'li.
In addition, the gyerall o rerptinel to desion
eompnitir software feven ullh assemlilv- l.1|.1_,u.11:;ﬂ
pragramumiag) is less than that zenrired fap ey
JHEJL]JMJ:IE AR the ctmpuler programms e
easier to modify. Sechivicared coneol alresthms
that ein rednce wnutdting _€osts—out which are
Fimentt 1o L.nﬂien.-.‘:m with h'I'u'-!-.'lre—m:n wsmally
be programemed for a compater with little difculty,
The process control svstem described in this
article performs o vacicty of functions tvpieal of
computer-bised sstems. These foostiaps inchide
Mt‘l}ﬁtq'lf_xm'illl‘l_“ input and outpur, aralog inmu
and output. diras: Rotwia ALY rei filde! nf anslac
'I"TCIEE'FS ‘nﬂ'l"l.h.r__‘. :E:'I Tl AT AR RRITCLAR T TR
e [Hﬂnd lazcing oo orocess Vifianiee o ey,
TR Computer ardsoare 15 discussed arst, kjowed
by an explenation ef programming techniques.

Ha:dware for the ming

The compiter conteg! svepent rchawn ta the 5|'“r-- areh
iS5 DULC 3round Dusis! Beoas ‘.___:.'_‘js PDPS:. com-
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by trznsistors, are used where continuity is desir-
able in case of a logic power supply frilure, The
contact-closure outputs are also arranged in groups
of 12. .

Each contact-closure output has a storage fip-
flee which recrives and halds the data from one of
the cutput lines. Groups of contact-closure sutputs
are selected to receive data by codes provided on
the six nddress lines. The outputs include signals
to the annunciator panel, motor start/step signals,
and signals to solenoid-vperated pilot valves that
supply air to the process valves.

Analog veltage inputs are multiplexed to an A/D
converter, chaiged to binary numbers, and put mto
the input data lines of the computer. Procrec var-
ablig such oz temoecsture, peecopre and gow are
entered mete the c_r}m"-ui:r via the A4TY eonverter,
Manual serpoygts son Gor-ad; - ey tetiBgmeters)
alr [ass t'i.mlﬂh HITE j!]‘) CaHY o,

T b Ralh — ST e PR

The D/A_conserters accept binary autput data and
produce cnru_f.pund.ng analeg voltages. A sepanite
converter is myed for each analog ontput. with a
range of =10 wvolts; enpht JO/8 popieoies Las a
SEparite <ol "mg{rus_ Amidos o I‘}'mt \u.laf’u ::o
to rinel metery sviiel dlsalay brow
Ryl il
AN P CLeg T - Eemeny e 1:*: t —‘E‘ s LaN e LRl 'IHLh

prml-‘..r_’ ar 1o dbrarthnge contral valves,
mlerk

The interval timer genecabes a timeantems siepal
For The canpnbrtoeeny St a second, the e
fAifnitic tor seouppoynr o the JIEES, T ~1'mr::r
alsn_prruilis,a o rue RE e AT, dn
e cuntinl 3o the Ao Lo es,
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The stall alarm consist of two 10-millisecornd timers
that can be reset by the program. The timers must
be reset so thar at least ane i alwavs nuaning
otherwise, an alarm siymal is produced. If a. pro-
gram ermor or hardware mallunction aliers the
normal sequence of the program, the Hmerz -4
not be reset ofien encugh. thereby actuating a sall
alarm, ]

The teletypewriter and clock are used in a conven-
tignal manner for event logging, Time in hours
minutes, and seronds can be read from the elock
and ponted by the teletypewriter with a typical
message: 06:16:57 THERMINOL FROM ESTERL
FIER LOW FLOW. .

Sofrware for the mini

The eomputer programming. or software, reoulates
the cperation of a computer-contmotied jrocess. and
constitutes a major part of the design and davelop-
ment effort of such a svsterm. Some of the gepeml
tasks for Emery Industries’ computer can he men-
tioned: they are typical for a contro! computer that
is applied to a batch process.

Depending on the product’s requirements, the
software gequences the valves, provides Hming, and
moniars the status functions ‘hat determine when
steps should be taken. The computer chechs six
variable and 14 logical {yes or na} “endpamts,” any
combination of which can ceniral the duration of a
step or the, hranching to one of several posubie
next steps. Computer softwzre must also check a
total of 50 termperatures, manudl valve pusitiuns.

L]
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Ty
and athee staluy signais that show the sydem i

“operating normatly, Critieal status errors can stap

the chtmlcai nrocess.

The annunciation function of the suftware Puits
out printed messazes (on the teletypewriter) con-
cerning the status indicators and pragram flow.
A selfshecking function detects and aununciates
computer nallunctions,

It's impressive that the minicomputer has suffi-
cient capacity for all of these functions. The kev
to flling them in was the eareful orpanization_of

ety

" fRT woTimare 11k n.qﬂ-urr'-unnru; e s10es the narmal

FVarddzos of vy rnul“_q}_mg_,uubuuu[mrd

A r—n—-—-.-a k;

pi‘u"r"rt Elanles, oh ""L,.._' 111 h’.“ltllrl‘

S i
routines rar t 1% .111"1|1r'.‘1+mn i3 .| ﬂl: A mh'r}uue
FroigSigghry

‘."“3 ]{" 'r"l- t‘{ I'HITH- I.II..'I.l.\ l'_E rt|:1ﬂ_n;'t P"a"[ﬂm‘jc—

u:enrt- ufuf_ L ninLes, atazalcegiired ugp-
CETAD_stateroents. For a4 program of

muu'nc operations hut unigue sequenee angd dura-

tion of the operatians, this approach greatly short-

ens its length,

A geaeral principle of the software organization:
everv iunction whiclh 13 Founite 18 a subhprogratn,
and oply thase functions unique o the narticular
chemical [roduct remain in the main program,
“Une operation dllustrates the appicaton of this
priocipul. Chenging the combination of the 47
onoft vilves of the process system can happen
as many a5 30 times during the batch process. A
chunge takes two program statements, a valve-
change subroutine call followed by an encoded
combination. The valve-change subrovtine decodes
the combinative, selects the vulves to be opened
or closed, and produces a valve-change message
which gets printed by the annunciator subprograin.
Finally, the proper valves are actuated by the up-
date subrrogram which doees all 1/0 funetions.

Time-sharing is another famitiar tool that has been
applied in this system. Simultaneous operation of
functions such as output printing. system eror
detecting, endpaint detection, and dde was deemed
necessacy, therefore, a time-interrupt system for
time-sharing was devised. o Apen i eambeed
pragrasn s divided (ute 3 gmel tine siots cach
e ~hid

" - X
11 roniane ists of t-n_-_r"n TAm . Frgr

pm s ‘EL“,,.LLL..’LI 1, _,@,,,L;:;,ag.,,rmrwd
for the_exeoytnn of ail ;htements At the end of
the Rrst '-.u-st::,mm interval within sach slos, the
contents of the aceumulator and the address of the
next statement to be executed (i thar pantieular
time tot] are taved by the executive before poing
on to the next slot, and on te the 15th.

At the start of the corresponding time slot dur-
ing the next Y second pass, the accumulator is
restared by the execudve and the program procesds
as if the mterruptmn had not raken place,

An executive “fork control” subroutine {an un-
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cenditional fmp} permits proceymming in eni <ot
ta alter the Qow of that in atmither skot. Farameter
values in one Hme slot can be read or modifed
Frany anather. slah

The dde lmps B0 into a sinsle time slot. These
loogs are the digital-computer enuivalent of analog
controf loops that apcrate ali=2e. Five valves con-
trel nine precess variahles, Each loop has setpoint
wnputs from the main procram and process vari-
able inputs fram the updare pregram. The control
algorithm resembles that of a soermal analog Toup,
cacept that summation replaces analog intergration
anl digital diferentiation zeplaces analog.

A Ttune-up” control pany! permits rapid aptimiza-
tion of varaus constanls fur these Ioops. Consider-
ing the computer spred and the hime constants
of this application, the dile control is indistinguish-
ahie from analog control hut it is much easier to
tune and modify,

Because of powsible laflures, safegvard procedures
have been included in the softwaze design. Magea!
takeover of any valie or anv ddeloop apkenint s
Prsaline: Tt onbtinns gre e Eikaly rl =0 that ainto-
mitic_cantrol ean e peestabhahed smgothly.

op s ety po well ge covecndence all af the
ahove sofbware is stored gn magmenc bame |m:1‘1
is read nin_the mummglmmmhpm-
gram. armatly. all submrovrmms remain in the
COMPULEE Cnre and only e s g un e trad
ik at thy b 1,\1;":125‘0: eich clicr RGLE.‘;".‘“"‘L.ETQ,,“

LT Ior_ﬂﬂutun' tu&ﬂldgm;mmpaq r
{113 rrlt_w. 2TE.

In Emery Industrics’ systera. every phase of real.
time computer usage is rLurust:ntf.d—f"o-'n simpix
alarm-point moaitering ta unattended direet di g:thl
contral with seif-cheching featur=s, The systam bas
heen dosigned so that the operatar can interact
with the controd syistem to alier setpoints o neces-
siry, of adjust the control svstem to handle process
upscts manually 1f the nved arises.

Soma of the software concepts horrowed from
computer time-sharing technotogy {which permit
many subroutines to be activated simultazeoush?y,
contribnted to the Bexibility of the system. This
arganization permus 3 new main programn o -oe
written for an enfirely new pm{‘mt with @ mini
mum of effort, inasmuch as the main prozrams con-
sist primarly of a sequencs of ealls o the varouws
unlity subrauanes, along with their required end-
points and setpoints.

Br. Robed Young i3 Director of Endineering at Fmery
Industricy, Inc, Civoanan, Ohio: D Dean E Swoboda
B a comaaltant with lacksgn Aswrcuabes, Colimbus, Ohia,
Article w based on paper presented ol toe Confzrence an
Solid-State Devices for Prdustraal rpplicatony, sporccred
by IEEE with 154 a1 2 saaperating seoely, Cleveland, 1270



Part 5
Process Control Applications

: Including Direct Controi,
. Supervisory Control,
and Advanced Control

: Introductory Comments

Automation in the process industries has been under way for many yesrs. The variety of
. applications 7 extentive, Eachy-syribmebeninc-i0 sl 2aid Ui el - [ OO h-CORTHO) COrmm HEs 1
eIy sppHeatio ramines singie-piant,.  The advent of the.mibizompiiasbas paowded
APt TNV Ty —thededicasiannf 2 miDicomiyes o o ringle tack of, ai mOSie 3 s

nymbekat cobaad-tmien. This approach 1o autamation has bean tarmed * iskané-ed. auiomation”
e AT e L e A A - DS LT 2N b= This beace, f course, b an alternate
set of problems, m:wmun. sinca varipos mincomputer 2pplications wili
be requined to share informatian concerned with resdurcas, orcers, #tc. -

The papers fin this part describe the varicus control applications that arisé in industrial
processes, They are sslected in order 1o illustrate the vanety of probiems, the vanaty of eontral,
thewry, and technology that zan be applied. and tha problems of implementing such systems.
The firsi parmer by Skl iy doseribas - m-pome oot gl 5elica Vg ng of & tipisal &rcc s
olantabich preyios BEDOruGite Jat.d great variaty-of citferene controb theories T be pperied.
The arganization of such a comples control system is irmportant, for it may mean the difference
betwean success and failurs 0 gny specific inttance.  Mogkwdsscrabd i sty Jrts-are
CrperrrET e T e AT e e v mmwgamum arcer o g an . ellacsive
- aai ]

Thwsorordpanet b7 E 4 dornbasdo-describa s -CORLOL at-the-ioveeyr-levet et wFeent
COMRLES L s Pl -t Strreet T T LD T DU T O R T TR aT Ut STy APy, v Lt ,-6 Ko -1 Bhe
plant. Of importance kers isminae-neegratorm DT TPersror-pin i GOALH: Sette-arwer 13
thidestie i FRin Hywmpoted -T2 fatMov. Ik particular, the design of the application muet take
ERTO ACCOUNT T kabimpiticarimgnt O T Ty s DT TN 0r i b tnt [0 T il APERE Rty i
AT B tee et TOMPTR T TONTEIE A AT TOMMTO 3 Wi i ismees grentty the
Ofgtas a Liove o 1he Jireos digrta! comsroryysiam, This papar gzo illuririmes the variesy ot inpey
output devices through which @ MincoMouler Must COMmMUNicate with human oeings and e
process, Thathlidpager, by S, M. Gautier, 3, R, Hurtbul ong £ A, E. Rich, oo an alrernuarve

u
L L]
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YERTTITTTATY  ntrl, Imﬂﬂwmﬁmmwmh
icstallec o cukl THICTY | CE VAL Db e b et e N -~y PP T P RO ey A el e
hacdlance aod-nitiatn o GRIS R e,

Tirbtptepistm s e Lot d sl lgn prrais CONLAOLSPIATNY. Bty =t
AL e e L TP i Ll SOELCELLAE Dl e K SR =Dt P TS R e,
T it et b T - 1o e 05t oL 200 i - PR C SO o2yt reriredriTes 2
rathacocomaln s berdwacs /L0 Fvwade-00R M- theory—sysmem-or-mpie—r=effective.  That is, 1n
anboverobhe=ep ol mentatioo oF (e feeghath. conkret—phaorrtig—thamiilugs, add-ronl
tachini G o S LR § N LR O b L (52 LT P 0 o LD A =Bl Ot b o o 83 L LY
canyaller pamIMBLarE 6 8. SRS R e e Opte o oware.  This, coupled with
Ao TP A T ET TS, | R e e e e D R et 3! |
g T =TT e A e T g s T T8 et b, ol vl ot e At A e W T
MwmrﬁfmﬂusﬁﬂbﬂaHMMmme

Wwﬁu;tum“mem
bbb 5 or RO 2] byt et U -g-d i Lt oownau ter, This is in contrast to many applica-
tions where the computsl duplicates the fundtion of an #nalog contral system but parhaps at
lowar cost Twmwwmmnamd
repeir TR AN TITE manner.

12

Twwwmmwmmmmm HN
1 phiene prc-rr e oUW LA prats s conTit-gredr AT ted- Dy Sy ot Trregin e
taom  HOWEVET, spemessits b mmem E Tharrrer A g Tu L s e o syt s i e irhe | r
e AR ITS, Sulld i, FRGMILBMENTS, O AECOmTIriC s ior, hm-md-mh_}
ARG 0L 2 b 2 O e SR Iy A SODOT & LRS00l 10N, .-
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A BT [ At e ot =P = =P et v wral i
tha-phrrrrerrtry-rrarenmnied. The cenrrnl Ukl gepbrt-wretom s

COT LY s gy e tm e TovTO wed | exAmples of (heotetically or sapern=
meantally developed models afe Firen. (et itabet s salespped £~
Hemer-y I OTTD S foEeer et i ex e ool e Ll tivd peei-treenein-
- formatio e precensing systeme eorsriting of teverbatsmprarery-woo-
nettpd 1hIoug hem-oommurreeTr et TRk “Telinptie ettt e
e AT L it ererd T Kbl i Tk T LA ]y ERS A

[. INTRODUGCTION .

~.2°  reweindiion. The mwh-mm.ﬂ ago had begun, characterized
:'fi“f:'. by, in the words of Malerben (1], " ie il unisfeme—
. genbat e dlispedas threr e ro—of s raanhimesiock alogy,
o AL, it g e ph e et nedivid s nmm bt ok -
e . mm&nmwthnmarkﬁd’mmnm*tmcm-
'h/ ticn mhnhﬂhlmthrmﬁu whole.
The rvebemial o bs pow.peending. Wa nre living in the
i, elaakrermie.” The infeasation-rewmiution—the process of
3, our time—is tuking place, forcing us to reshaps and re-

- *

2t structure our processes and (0 Mamwe=TTCITINNT TOM

- {1 asimuisdaskp sl = nrioTms brontrr pree eerstta
pmphpwhgwmmmm—mﬁmﬂm
toak.

These statements provide the background fnr the survey
that follaws. It consists of three mojor parts. T
bt berenrimrned, Thwbhs i Sactioird [ emmniorehiha
awmﬂmnwmwm
presepberds Finatly, wetwrtiond i thocahienthermmn-froters
S s P it g  Hi0ehal b Oudatiod e &0 SIS JPRY .

1I. GENERAL SvsTeEus ENGIXEERING CONCEMTS
A, Definitiong

What do the termy *sgeloms add-swmsemmengineener:’
pmean? There are almost us mapy delingliond as there ure
writers o the subject. The concept of xystems is an ancient

ONC. Asenrbrretorener T B A it i T bsimdin)
sclied 41 the Hib [oternntignal G.m.rean wil Glaas, London,

* pand, July O, 1S
The auchos & whh the Technical diafy Dividon. Curcing Gl.l.l-il
¥ oris, Corning )

"

Maynusoript oeceived December 21, 1983 This paper wa;

Baprinted from IEEE Trant Svae 5S¢ Oy barn., vol. SSL:I-E. PR, 200-212, Qet, 1959'-
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P rnad 1am

et o L

F“i-_- P
T
P S S
oD wer Ly =fihed
- AL ]
Fiz. 1. Physical syutem design aApprmches,

ety | ; “Wﬂmhmhmh

A modem definition [2] reads as follow s et ey
sotreter ol T T AT -t A C e
carncaaaegral.” Systems eaginersine is the &rt or the fech-
mque af bullding g~tems. Thiy o it-elf, would not Lea
new activity were it ot for wws-RyerorrwineierheracTerfze
B i L A . e G 503 et B o L £V L 1]
engmerTing. Thederprowrtrrieiormmiboramnees ! the
PO TYEE™ Db bbbt L TP P Aty 2 Mt v i,
Thit 50000 S Lk em Nt o re eI T IT @ - LT T e T
tagrwabbon. It says that the whoie is more thanthe sum of
the p'tr"

] PR N

WH T ] I_,h |- g A

w salethpammrtemi-pr e il There
are two fundamentally different approuciies to the svaiem
design problem. Tiwmperrtmrr—hr i  fomed  rethe
chmtri-pc T e Tt ee-soamda v hap-
praach-Fige1). ]
mehﬂ-wnv‘mﬁw arrot
anguearing. It consists simply of buudmg a svstem wlhisn
does the job. The direct approach is acceptuble fur small
system:, but ns systema become inereasingly eoniplie;tad
and extensive, it is frequently inadequate if optimum de-
sizn ia to be -\E:-!'u'i_t.-wd Io addition, the risk and co-ts in-
volved in exteosive experimentation might be prohibitive.
Mmm-ﬁmm&nmhr
seremttfiT MPproich; it begins with the replacement of the

real world problem by a problem invelving mathenuitical
—— = ¢ i
relutionslips. - In otler words, the first step canesia of
forraulating a suitable mode! of the physical process. the
systemn objectives, und the imposed construints, Sungylas

tions of mathernntieal relarinn<hips on a gemputer oiten

play o vital relo in ohe search for o solution, Varoos algere- .

native design= can be mn-.p.:.ml nnd evaluatea, Uhen. and
Phen only, o <vaiem ix bale,

" pigerh 4 'IS
m&mmmmuudmn.ud
them-mtgrynre srwmsie. The dincet approach is fikely to
be used in the structuring of the whole system, whenes
the standird approach wiil b-u wken for the desim ui‘

prt i

¢
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various components. The standard approach has been
extensively used by enpinser for the desizn of control
ayaiems,

The mamlFm:turing process s the systein we mre in-
terested in. 1 shall dizeuss its nature from a svstems en-
gileering viewpoint and marticularly exsmine the role of
the information network and show how it relates to the
economics of process control,

Heafiirrorricori~Fmerr ST, [5)
Tharrmurtinetmmmmeystem, y Lo byt reormrr-

F1.~ }5 Clinmmie i il - PIRR - ATty o e Aven 4

IE'* whalesinduastey, exn b -Iiml(thi.-ui..whwrmrmd“l. atrue-
Jx 'f:. ture shuwiein Fig. 2, consisting of swvrsiimotretermnts:
PARLLY * the phywtesluprorem=font-the=ramtmlier. Thawamstailer's

5 MBI okt N PO o £ e T e s - ~brT L ZE
4 thn—pn)cmwth-rﬂpech b the-manmlacturingp-syaten-ob-

Bmhatmbm*mh""r*nmhy—o&thmmmx
ctsted-functione-cam be identifed. At the fremtatevel, wp
find the prmmn&nﬁmmmmmrhmhwﬁﬁ
Badkprrtltipimaartabletonerot sorbeition ymmliv-smocisted
vevhkbe conbial -of-processs e, mmw-nt
thaereentysiovet~im the . phidarior fort hermritirtiomal
Pkt fwilition dhonivers Py activitics srachedohng,
1mm-rwmntmmm-mmrnr =and mmmng The man-

agement coutrol funciiong at L Lhird jevel inciude the
sﬂting of objertives =a be achicverd by the system within
Lhe cun.ur.raim.u of pnlic}'.

UNEIEL ey eIs We A
identify a hmmwiom—m-u.
1 b L it AT T IV b o e i — 0 e

-move fawird the top of the pyramid. 7t can alse be
obraven] that, | 1 Traa e
ol ial 1B L n ot the TSt et v tin bleeelearumen e
bt is T kol s i i trg - L mpOTEATRO e
i b il in e o s ekt s

Other important characteristic: of the sontril svatem are
the (el ey st et 004 the
JTIIETASEA PRSIV TTL DN S EP ol il cacin i P e e w35 A
onig risen thruugh the hierarehy of control lovels. Tt should
alsn be pointed 0L that el mprvrrerme- W ome,t
level sre esscntially those of g (R er vy 2T,
whereas 03 one Timwwsbimugbtme-ieramhy, the nsture of
the problems becomes Watreasiouls prohabilistic,

This hicrarehical entitrsl structure ean be identified in
moxl industrint processes although not always in u 2ys-
tematic forn. We find that machines, such ws enntrollers,
sequential control systems, ete. are earrving oui uuto-
ratically zome of the control funetions at the lowest lovel
- T8 T e | i mm—— ]
LTI R PP S RO R TE AT O beitnrs | prmmm——yp— e,
L e i L LT St WP Sy I P LY
M-hmmmg.;..u:. M;Ih—hﬂ\-ii il ~ I
FLNT Y. TR N T
w%u@mmwmw.wm
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. 1 ql'"f' hl N
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e v V| REEE
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f; ;;': 'I'll'fl'hl-L g,
Bafiimay, TR M T s ¥
- ‘g\. !\ P~ : ._1'
Fig. 2. Piant funetions. ‘Lf'-"
P I)-F P.‘.‘
L . )
ik ﬂ'the ﬂ'll
metmhb&mphﬂzm iy ,‘_g
trer—tree !
[ i WOTE . MbtfiS 13, Odeiy, Beemey, Pl ],
a . ; G].

Efforts to - y - |aep D
A g £1 S e el rron bred: wﬂhr-—nphw of J ,5‘."«"'
PLocRssmcORitOllery, Libbdamermuid - - bemdorr—at~the~higher |’
lovidhimteitil 30 vours-apo, “mhﬁmmwth&mgml £ a
CuenpArtETrET i ed- e begmuine g et Thie—wcond },:

1 St Lt bt £ sty e rrace + Foapye oot whieh

mnaateedy dol e et rereotoepts nf promer e,
hmwwmhurmmnr '_m.rths Nn the
one hand,

iy LD pi bt wmﬂe_mm pnrb-ﬁl the
¢ addolfunctiong at-tha third level. (Serttern hewataingd,
ki . et b SR OV T P YT P g |y
Pabiablabedd uamdu.u.*.:r-‘-l. ﬂWMﬂaem
mmdmﬂ-]mrelﬂ .

Tod Y, i ]

Eﬂmﬁmmmm 11 ST TS A Y
Lahae it inebegwnboth nystams-chal willpaesfuro cuntryl
fLmmstitrns ye i bemppiy orf the-hiersrehv, Such EVEEmMS are
teehnologically  fensible, Why  should they be impie-
mented? Mﬂhmwwmwﬂml
Pl VP01 LAY O P b o b L
Wbmmmtrhv'mmmwﬂﬂumm In erder 1o

answer the question, we shoald examine the nature ol the
rlhhw-mp that WWml

imwrTIrEtion st e ecormmien-of the Drocess,

C. Proeeen Conirol and Process Economice

Ve know, intuitively, that there is o relationship e
twb:-n theze qu subjects, bt it 19 oniy recently, however,
that the quaneisative nature of this relativnship has been
established. Tinpernikov shows in a recent paper [7] thut
eontrolling 3 process \:ﬂ:hl.-ll-s in nrdrrmg infermation,
APy s et e S e oA b | o -

tinppmer etk o MEWMIQ;WF tly; the

-
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Fig. 1. Process effectivencsy =gontrpl informarion eurve,

entropy of the system will incrense, Wt—

Akt o i ot A LT s e PPt s -

OOl il sl s A Po= ey e,
dealiicilieng g tad pelutionship  ralates o Whomeinbime—al-

"Gpirnesdo the sracuniead -controltrrterha (ibn

e (U= B 1)

H, being the measure of the dugree of disorder in the sys
tem associated with the ameunt of control informativn fy

-Ffficieney ghnuld be taken here in a very general sensa,
and in partizglar, je can be fooked at 24 proft. The rela-
tionship, illusirated wesiyz. 3, can be looked at a4 a formal
ﬂprﬁﬁalﬂﬂ of tho “vwssemmrrarmer e rme-er-oirhe

“ Qe it T e e T R R Tt T ey 5
L. It 1 mmpa i T TP e £ et Bt it -
ship betwien return and effurt expressed in monetary
undts.

Important practioal
thess considerstions:

1} Besmorsvmall oGl D silat i i reprict e b= hrmie =k
igetasinmminoslodze,  butebwrmesmrof=the=—imwerton-
Niwcmrits—od. the relibinmship, the lisess menr=mreeonst ol
T TLI BT SR S Py TP SRR A LA F Y b
T ]

23 hﬂaﬂmhimm'—m-uvmhﬂmwa-
Dbt er L E T b Vo L ki ekl gt g reer oilwblogliv e-
n.L:;.-.-.i-—-ﬂ-Lu-x eia.

3] Swmanrtimenalsmet i-GenmteonformIiore e the
LT T R N SRR T s e LR L
the major fueetion of ingtrumencstion and control en-
ginecring his been lo increwse the andering uf informition
at the procesa contrul level, the firu Jevel of the conirl
hierarehy. The automatic conrdinsted contrel of major
il hns Dot progresad ax rapully. basically because wntil

eeentiy o control wools wore available 1o process reilihly
eontrol infermation w veal tirne. It should, conseyuentiv,
| TR VLI LS PR P LY T r_umu.j...d ..ul—.u.u-i"wuq-m

conelusions ean he dravwn from

o 'H.T.ul'“‘ "HJJ-LIJ.],::].IIH!‘JLM-MLM-!UM at
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.15.

I ghall now review specific examples of applications of | -

systems engincering concepts in the gloss industry. |
shall focus on two sub;mm—-pmcm modeling and cam.
puter control aystems.

A. Procers Modely and Modeling Techniques

The plant or process is the central and most funda-
mentsl issue. In process eontrol, knowledpe of process be-
hnvior comes first. Models which represent the eascniisl
prpects of the process sre needed in order to apply the
standard approach to systems design,

o e b e T T e Tt tiv e
Lipskiaitaliroh o-prusemt orendesyor-shat whorerte-sf
(il it Lt e e Lkl et for-t be-purpose
being-eonanlered" [3]. We shall not consider either physics]
seale models, such as tank medels ysing viseous 2olutions
BE{11], or activity models, such as pERT, Dt will dis-
-euss only models in which mathematics is used to describe
the salient fealures of the process behavior and whiech are
intended prmarnly for use in the syntheais of contral sys
temy. The mathematical relationships of interest are
those which relate the process inputs, mampulated van-
shles, and ulsttlrbanceb to the mtermedmte variables and

Models can be MHW‘I
agenrding to the technigues through which they are de-
veluped. Yewesesehobotiuhidimadd | requires® the ob-
servation ¢f the process vanables in order that the state of
the progess muy be recurded under a variety of eonditions,

%

\%ﬂ‘ﬁ

Y

-t

'

DT T TOT—wterm sttt o e | :~' .

Tt rrriat e il s ST S T v A R V- R OR AR T l
kol Bl PR TTITON TS, Tty b Lt e 11 - i
i g e ST T e R 1 P P TP ETTE i em L r
M-&Hmm-ﬂwpmmmmummps
thﬂhmmmun .

Y a8 o L Y ST LI PRIRPTEE LY
Wthtmwmw:mwhm
Eiiaeir ol ponlo ety bl -0 Wi -1 e T Wi T o kA |
TR, SR e I TITRETT PP Sy eIt e T T T T e e
L vl i ) et Flasiad flevs .

In any ease, the vaolidity and usefulness of the model
generally depend heavily upon the ingeauity of the model
builder, Lis clear understanding of the purpose uf the model
and his prior knowledge of the process,

noeveral examples of experimentul and thevreticaf
models deveioped for the design of control systems in the
glass iduatey will be rf,'vim.-;ed in the following.

Rl vttt ard isictinicimtd b | [13 |2 e stepntremamiple
W—amwmmmmdd T he problem i to es
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boittons of the bowl, Alr ia Biown throngh s pips io the cen-
ter ol the ring wiile the ubing s draws by 2 palling
macline, At the el of the runwey, 8 eutting machine cuta
the tubing into tubes of proper length.
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=y 3} Biblwnadicck e firmeesrstedel [14]: D nualely
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of duilhpsosdarsdrur-nim nemremeeglrey). Thee models
whith account for the pracess behavior, including the
quality control sampling procedures, were used in a digl-
tal computer simulation to evaluate alternate control
strategies,
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Z»  can give sume idea as 1o what exteat the ginsi is ldeall}

iy
?'-' % . mixed. The demivutive of the step response gives the
\ < residence time distribution of the glass. Fig. 12 illustrates
Y ;Eﬂ some expenmental results,
- 'l‘ vt For o furmmace with o glass eapaeity of 200 tons and 2
. o pwl of 80 tons/day, Ty = 3 houre: e transfer Tunction
without cullet return ceieisied of 8 Irgnsportution lag
T, = 3 hours and o time constunt 7 = 40 houry, With e
cullet retutry of 50 percent afier 20 hours, the trubsporta-
tion la7 wes 3 bours as before, but the time constant io-

cre.;@d Io 100 hm:m
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L) Aty oot s Thi busic eneng)
equation—The. grnernl  differential eguation fer heat
transfer of o fasnrwatr oRsmm il winsscrreere ok
M&Mﬁmﬁmn

elmaewry. By trking nn ene mr___:r.lanﬂ- nn n Adifarsntial
volume element i Elmenamns dr, dy, di the energy
equution i . X
L ]
aT a a
2 ¢ 22 o
ﬂy(k E;)+ﬂz(,&z or #C5 V1)
mte of energy Input by mate of energy
eonduction and radiation  input by mass
How
. aF
- — i
o o (1)

rate of scoumula-
ticn of enerzy

In deriving {1}, the, fmlg'i\ ving ASIWINPLIG NS DS e,
il TTea: dow Ev rndmlmq_pan be regarded as i‘E‘!nEdue

to s mndunlwnL Mm_q where T 1= ihe
gbzolule tumpﬂﬂtﬂm and a is the absorptioneoetficiyng for
the energy of ol W F&}_’gigngrhw eorresponding 10, texperature
T'-'T'E?facmr L ﬁ@tﬁnﬂm&h&mmmmuy
plus rad ndmmn mmiurm ity,

ui The & eﬁu‘tlve m:tducm':*v ko, density of wiass 1
anil the merzfrj‘:r*luu i Q, ..m- ':ut  _terpen s S
ME {hrnr:c nat a fungtion of the space pooriingles).
=TT The velociy ¥, in the srimection {disverion of Agw)
ianot a r—ctmn of x. Thus (1) reduces to

Y - e i
0 (T .
O Loyt o J Yar Al
s Sl LT AN | 4T
Equation (2} 15 applicable ouly in the interior of the
glass, To eampletely =pecify the system, ADprupriate
bound -=.rvm RO s e, supplied. These
are i :Ee Totlowing, tny.
T The temnerature disrribution on_the L ghssrelractary
boundariss 2 at the hottom (¥ = ﬂ} .,md the sides 2 = 117
of the channel 4re a<dwimed 1o b e ::me-ﬂrhnm .md iinear

iy F o

functions o 1he space coordinates.
gl kb

T{J:.ﬂ.:';-= (5.1 is specifed

{2)

(2)
Tiz.pw) = &{z.y) is gpecified,

Uy At the interfaze between the glissand the gas (y =
g3, the I:rnunriarg;_l;-, woradmatige bagmdagy whee the giags
i5 erchqmmg radiant, enprgye withopbe chasnel enclosure
(refrartony ¢ erewn). Further, the gus in the spues betaeen
the gliss and the enawn .ﬂnn B c'*],.u L lu‘.;.t, with the sys-
1 '['iTF"u"F"r‘l""'i any, thIL;l.;ﬁd "‘Tﬂlullﬂ The nq_uﬂrmn for

the glas glm—t,.u. interfuce A again Jdecived hasett um ey
s e P bt gy o M gyt Ty R e P r——
balanee

the funace to the forminp machine and conditions the  mees

glags to a predetermined delivery (emaperniury By means of© % ar oF [Toramn® —~ T‘I — BT = To) .4}

wind cocling and gus heating a4 shown in Fig. 13. - HL-‘ o : .
ool ) o .
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Fiz. 4. Melting system schemaiic,
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[y

where
T Prefun Boltzman constant
F view factor derived with the assumption that

the gixas surface and the crowm are two opposite
infinite parallel planes

h gas beat transfer coetficient

Terenn, these temperatures are inputa to the mode] and

Trw must be either swmumed or determined by
measyrement on actual forehearths.

e il m

the center of the chsnne] {2 = 03,

—— ol T
am
9 '

il hincp siﬂ:ﬁ I.l'.'_w];b_l"l‘ﬂhlﬂ‘ 18 Fme'ﬂtnl" ?-1T.h I'I‘TDI:T. to

- 0. (5

gy el

iv) At time zero, the temperatura distrilnition at some

location "1 sy De sp-:f:me'd o an jniial candition,
Uﬁuullv the ti-mpr-nturz. T distnbution at the inlet to the

forghrart h LI*,EI‘L er.

o} i.ppﬁﬁwwd Thixs mr:n:!nl iz applieable
10 THE &y budnti s i s et s P o PPV £ 7).
" 0T AR EXiwERIRAEL H. 5L Lkt i il
T T o TR L L RISy W S T
b BE Ol ikl o et - detrbyrie s b st 14 R g
. rM,«Hmm
- bi -u:l-lm-.}.u-hm...d.dh._ .;h.a.nmwtm (Fiic

3 Miekia . w: One of the earliest’ Lx:mples
of the appllcamn nt' mo-"uhn" mnnutuu to (he anaiysis of

eopntrol gysiem problems in the plass industry is given by
Oppelt [17]. His paper presents a concepiual eementary
multivariale dynamic model of a glass tank gnd suggprests
improved contro) strategies using feedback and feedior-
wurd techniques.

A et S oty kALt bt O Y - b pbbiirien L £
Sl G b AN AL b i Db oo T o fraw  ma-
Siakbalin il et EeT-DR e h-mTIRE AN FMoruge; meli-
iW-M}'chp-mhi-mtmr SyStEms. menmrrerrie
paoweTrmiila, auch ad
demummhw;—né-*h—u—mvhh—m-r—-w
mummmmm.

The first step n sppreuching the preoblem is e construct
mathematical models for all the process units by taking
cie of the most important aspects of the entire process into
considerution: the physical transiormation of granular
material.

A general model iy developed which, when specialized,
ean be used 1o model silos, mixers, and mixing tanks alone
with other process components, Thiy generul model will be
described briefly for u silo.

A sito ia defined 15 a temporary storzge device wherehy
granular material is dumped inte the top, stored, and at
some later time removed from the bottom. The modei was
doveloped under the following reasaning.

a) The filled sile is divided inco spaces of bateh voleme
gize {refer to Fig. 13).

b) Assotizted with cach dpace is u corresponding barch
and its deweribieg eonstituent veetar.

¢l YWhen u hateh is removed from the botiom. all the
batch constituent veetnms above it move dewn one space.

d} When the material is either PIII‘FI‘Ed or extructed, it is
done discreiely in time.

&) Because of the miving effrct between adjarent
batches, the sutput batch 1s sotne combination of any in-
put bateh.

»

z , n



v el

—_
tf' . I
L]
1L
v .l H LTIN ] gy B —
DSLELERN BT 1
1a
o -
B [
na ; H AN
F 'H
ey \ ' T R
1 []
1 L]
. i
1 d
. ]
: !
n ' A
ELIES b
J_:_‘-'-: A L R I
e .
=
)
R
LEF ML)

Fig. 15. Schemstic silo,

f} All maseriuls which are placed in the silo together
hsve wqual or nearly equul densities.

£) A bateh of materials, or uny part thereof, has 2 maxi-
mum and & minimurn hugih of the siio to transverse, and

tkis trap=versal oceurs otthin same maximum and mini-

mum number of outpuk batehes,
Theie assumnpliong, together wilh mass and immpulse

balance, vield the follrwing se0 of equations: _

V() = 5 WAK) = XdK). ®)

T @)

u}:i“i”{ — i+ - XK -4 1'=XK) (B
XAKY = XylK = 1) m n(K = 7 = .-

— NoE = m 1) (D

By substituting (%) in1o {8), than rearranging ii, thers

results
-
Wik = 1= T WK — i+ 1) (10)
whero
X (K) comstitwent vecior of the material at the ith
. position in the compartmentalized silo, Just
prior to the Ath output
V(A Ktk output bateh constituens vesror
m maximum range oves which an input batch will
be spread over the otluut bateh
WiK) the weighing valne which desizmures the pes-

centage of inpuis thur are in the output ai tize
NT.
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Fig. i,  Activity realns.

The weighing valurs are assumed to be of o stati-tieal
natute. The particular disiuthance a-sociared with the
random variables of the model is dependent upon the par-
tieutar stlo to be modeled and the marterial to be stated,
Thus the wiighing values not snly must suisly the cop-
strzinty imposed by (7} and {103, bur alwo must ke gofer-
aled in aecrdunce with the nformation extracted fram
the actual data obtained by conducting experiments on a
particular silo. Oage the welghing vabes npe detormnmed,
{6) eun be wmsl o expmest tha phyeieal tropcformaetinn
taking place between nput and output batehes within the
sile.

Th seeond step s 0 can'm all the rompocent
models into o Umultiactivity avstoms” Brosdly nefined, oke
model is composed of four activity realms (Fiz. 16). The
first realm defines the funetions of the compenenta of the
process. The second realm defSnes the intenictions and fer-
forms struerdre concdination. Tive thind reuim gefines the
supervisory functions feantrol), and the fourth realm des
fines the policy makioe and planning functions.

The complete avstem mode! for butel systems B8 amen-
able 13 dirttai romputer simulztion and has been waed to

a2
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Finally, mmm
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RS remppeenpes, Zevmad vesteimee T §

The essential role plaved by the controller of the
manufactuning process, the information network, was dis-
eusseel in Section II-I. It was stated that the computer
technolory makes it sow possible 0 automate control
functions at all levels of the hieturchy. It 13 within this
framework that we will new survey, on the basis of scarce
published information, the status of the implermentation
of such svatems in the gluss industry, .

Ome of the first computer control systems impleniented
in the glasy induatry woe mentioned in the section on
process modeling (Seedon II1I-AY It is the process cumi-
puter control systerm developed for the zutoematic contral
of a mibbon muchine [14] This stsbem periomns voolie
functiors only. The structure i the system s depicled in

Fig. 17. Quality coutrol indornation is entered manually
and processed by & proces< ennirol computer which in turs
manipulates a numeer of varabics on the forehearth and
ribben machine

Ancther vsample of prr- computer vourced applive-
tion is given by the enntrol svsiens used in the planis of
the Owere-Corning Litweretas Corporation, Ui the Duais of
published information, it appenss thag thewe =yetens are
essentizlly process controd =yriems pediotming fitst level
control unctinng in the meltivg and deliverye areas of the
process, althouch —ome presinetion scheduling might be
effected in some fnstanees THF]=[21]

Other rupervizory colltul applications have alo heen
antiounced reectitly by sies contamer maonufaciurers
[22], |23}, Computer contru! -¥stems are being used for the
cuntmol of batching, meltine, and inspecting operations at
the Dakeland, Fla., plant of (wens, Illinais, The finction
of the ocofiputer = tw stperviee atul monitvr the cutire

procoes.,
;?'Ei_‘: i e -- i '—--~-u—-s-:--l----|--l\.-
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wn. The process compuier control
AVELEmM oub tr:m L ‘141 nt glass mannfuctiring process [24

(23], gyt 2T L -.LW""""MW‘J-
PR s M-S =y e P ST et
AU s R TR, THE [ ek ettt Sl et 111 -
twmv P |, ik b
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ik abc 't v SR - T he coutral con-

- 1 e F \ H 13 '
lrnlumorn is Teprese nted in I'I_._.. I". The OPERAIOL COMRE. oo 1 Cpntral contol S Frod Maror Crmmans (TJearho,
on-tine princer, alaem ovpewTiter. television display und Alich . )

recording deviers. and graphie puoels ean be ideniified,
The scurcicy of recerding winument2 s apparen:,

Cn the baeis o these eampbea, i wtald apear thak tha
glass Industry, following the trend pigoecred by other
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process industties, (s slowly mowving, in an evolitionary
fashion, toward computer-direcied, ccmra] process con-
trul systems.

It is belizved ‘hat the trend toward integration will oot
stop at the process control leve!, buy that production ¢on-
trol and managemens tontrol functiony wikl pm"reqsiveiy
be inchrded inte the design of fully intesmied on-hine,
real-time contral svsiems. Fresdesrsmeetrel yr-c0eilan -
1 Ervterni ] st vl e e d by fanbicCa- adus ozl ol
Camtespert - EA B bt ot oA bl b e (0
logimirnd wyaliDa  Docalue b gl G -Snidi-busrp Fedvd o
mbibert e et ol frnetiamemer Hee amd e ppel-Lise <The
Linbishrotnd u s af 1 M, et St LB ~ADE ST TS TR LT
sl d - iabtoicudet] . T et 23 giiius, of thi cntive
Rulikioti -y B b vy P e b b Tt 6. Einls, Thideper-
it -t TTEET YT TP NPT P btk ot b o BTl o
Th vkt e b hrver L che: I e iz huaiﬁ.m i adwti-
L1 e ot P e b e it -3 s, poedecd,
There i no evidenes that such integrated -:um:.nl =VELPTIS
are i operation ioday shbotch, 1 we ceticoed poe
viously, some of the cxisting comirol wystemsg might al-
ready have developrd 0 nelude somy pruﬁus,r.m.x coniol
functions.

Ta TERMINAL *
;ﬁ 1 lusfluu:h‘rn‘rrufcnirm

Integratad plant coniel syatem. - -

The seried of dirgrams, the [ast oue in particdlar, ziso
suzgests & clear trend toward making computing power
available as a utility throughont the system in much the
Mma way 25 electric power s available today. -

The integrated eontrol systems approach should easu-
relly be expectmd to afect gut basic concents of plant Je-
sizn wnd operation. In particular. it should be expertad w
have u very siculfisant (mpuct on the management and
organizational structure of the plant. This is the subiset
that will be discussed in the following sectiown.
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The emphasis of this survey hos been so far on the
ceongmie apd techuglogical aspects of systems develop-
rnat in the glass indisiry. We hove dizseus=ed probiems
relating 1o the development of the antomalic contred loop
represented by the diwgram in Figo 21, symuolizing the
physiczl process contoiled by in on-line compurer. Bt
m"-mr Dt e T s Ee M= lrhlrle s wVSIBME, NI ~1'Ii-
Foliis whuse o, u.h Pt and . LLECH
ST in Reterk, woth i 5
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Chaawnr pandwere-componenls. Dianning for the desten
and development of human companents of s¥stems hag not
bean as systematically pursued i the past as i mizhr have
l}; DR, e I AT e Sy e T eyt v ey
Vi AL ot Rt i 1 EY S B P Frimcd e S EREE e TR
1"/6 CLTIEGUeLLS Togilinnl EIWer EXTTaE o v e fonnoor
{’ Criwdebres W iivi- L Ofwerate Wiy 2y Gnls i aeialiveiy
g vewreoepeingl s e e il al o0 e orme
ﬁ . Ld;-;.'q.,m;i.j.mrj; rin bk P et 1 AT Ao e STl
Apmrareng Geveltat=et - the-aecg fnre eerematie ' ddsion
"#/ smi-development of human- svelem . cainpanieis In tha
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Cntiged statea this bs probably beet reflectoad i the typns of
durnrnf-uﬂ "gq".md_p[ polentini, contrngtory for. thy de-
velnpment of eompiex men-maching sysiems, Gualjlative
and 'I'.'[U"I.I'I.IHDH‘LE‘ pd'"-ﬂnt'ml n'q_nrﬁmi*!}ti ]I'ill'lﬂ'l‘I."H.'l-"]l:Il
{QQPRI) doeiments whith speeriy_the, desigr ang de-
w:m],mmf_ﬂt. pu_m.m.l.it.-l ,;.;;..nynmn Lippesnd iy for Lin-
plzmen-umr maintenznee, . and gperation of thes com-
plex systems are required. This con o longer he an evolu-
tionary dovelapment proeess, It must be planned and de-
rigned as the physicel subsystem{s) is.

Fig. 23 schematicaliy repre-cats the man-muachine syq-
lern development cycle. aepuemrmmr— s e s M EnLL
AP iy L ot et VI, 3 Lo tirmr it = [T rer i e A G
TR T bt AT ML T il L pa T TTTETH ol
bt U en St e merr e eTTrme:. Flowr iy
gy e e Yt s s skl e Mk o sl ()]
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implies the development of an sbility o cammunicaie of-
festively and interrelate on tho part of representatives of
diverse disciplines. Compromises and ‘rade-o55 will be
required. Ultimate optimization of eacl: suhsvstem wyfl
undoubtediy ot be possilie, Lut total =vstem opimization
and effectivensss will e mere elosely cporaximated,
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Whatever the end product of an inlegrated plant or com-
pany control sy=teri turns oat to be, it iz almosy certaln to
require diffvrent Approaches to the erganizatisn, manage-
ment, development, and m'—unten'mce of *hr hum=n com-

peathetu—tha tumon, component,. desclimne g
LT R e N TR e Y P R T s
Whiniabettrvli it w thohiig b srloviels-ofamegratede enntrotin
Ui by -rreur-future.

V. CoNCLUSIONS

In this survey we have disctssed some of the economic,
technologiond, and humin wepeets of systems engineering.
We soe sysEterns engincering as the lechmigue throagh which
the eleciric technology, exempiiticd by the digitl com-
puter, is being applisd Lo our industry.

Several major trends that characlenze Hae evolution of
gystems engiueering technology in our industry have been
identified:

1) Ttwtumimariisbuiloind nd okt e e il Ebtniat i)~
O ETs i i GCE35, LOOT Rk FIOERCEAG, fontml.. and

o A L conkicl funetinns,

iy QL FES T R hnummpﬁu#mg-m-memw i
partand o sl shinuid beud-te thederign of-optimum-crs-
tetimmibrerglivine integration ni-the desigrrof -the process
Sl O TO Y SLC T

37 Tare= WHPOTEAPCE--0 F N - Tt ors Cahfot” B ovet-
emplrized. Ouenrderandmy ot TSe fstorr e of
tiartrers o 4 10T AT L PO Y the—momb~importane= Ghe,
conprolhngthe “rtn ot mmpitment stior o moder. tech-
Droptrry=tty tNeilmsTY,

As enziuvers, we find ourselves increasingly moving it o
pozition ta inflaenes diretly social und humain patterns.
The patare of anr work mst chonge as ogr csseniul
respensibility becomes une of edueation of the pubhe in
modern technnlugy,
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The-place-of-digital backup-n-the
diect-digital-control-system

dpegondvie b M B R B0

The Faxboro Companay
Foxboro, Maisachuselts

Thermbor tor-tho-swooersof~threct ~dieita--comtroton
gt sifish-processtrelioneir Ly =Tte i tiy—in
icaplementineg- evervday - procese- coatrial-problems -us
vl vances comrokat fower-overalk watemoost,
Control concepts for conlinuous processes use the
computing. moeniorng,  information  storage and
analytical ability of the direct digital control com-
puter. Inn the balch or disconiinuous proccss Lhe com-
puter's logic capability 15 emphasized. To perform
batching operations, a comprebensive logic sysiem
is necessary. lmplementation of such a s¥stem using
digital lechniques provides many advantages over
implementation using analog equipment with auxiliary
digital togic circuits.

To fully appreciate these advantages. the reader
must have a basic understanding of continuats control
systems as well as the balch wype sysiems. The fol-

lowing will describe singlz loop controb, several ad-
vanced control concepls and control of semicorntinu-
oUs Processies, as an introduciuon to diginal compuler
application and backup.

Sukwmelumlererrr et 0 f
Simrplemsingie ioyprfecttaricconorol=eethe - most

coscHron <conlrel foumd- in- the- procese-indusines. it
miicd-{Or-conlrolhng fiow,- kovel, tompsTINIe, TS
sure-~and -mEny-othe pevariables. Hestimmrmrmmtennd
R i o it L - PR T TPV (D LTS
Tipaaf-condiol.

Basically, these controllers compare the mueasure-
ment of a varizble with its d=sircd valee or set point.
¥ the twao values are not equal, the comtroller sdjusis
a control value o minimize the difference {Figure 1.

In action, the controlier ts an analeg computer
which calculales a one, iwo or Three term exprossion,

[{x—v T TN T LT ] . t
=3l o oo I
I !
e gk 0. COMTEGL LR l
|
[t ]
sy Lo |
Pl TTEA L
i 'I = - —
e AhAn HM‘___l

RS eyl e T
LURN " LT AR T |
LR T L AT P T LR
K oo bt e Tom LAl LT T
4 rRR

Fioure 1 =Typical aingle varabls Feefpack conural loon

Raprintid with permagsron from AFIPS Sanf, P, Vol 30, 1967 Spang Jo.at Campur Conf,_ o, TT-178,
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Figure 2 = Advance control techniques apphed 0w

heat
depending on the type of conltrol action required by
the process. Tietmeen crmydofmeaproporioal,
Tesct=aTrt=dervaiine-conirol rackion.  During process
sart-up, coefficients of the wnrec terms are manualiy
sel on the controller o provide the best response
under normal operating conditions. {iedpesaliongsan-
Vit Mt Fi T et i 2 O £ a0 [ EML G o il i L2
s:.t—pmalﬂadwly*lha-mdrmmms-umnn-mngw at
ogsimunrvalues.

;f Al et Ceand e une e P

et e iaiiital-prabd m Do it imos e complicaied,
swpm&achmraLWgemfﬁcunt
Fahurt-ﬂlliuﬂra:es-ihrce Lypes Of - sdvunoed control:
inkerential, feedforward and cesende.

Loutheninlare alia-guniii] e relalorship eoalcidated
T s i s T e T ASLTEIENE S TGP trsed]
A o - LTz enir o i -URme asursbie-variabieim
ﬁw—%wuwmcmmnmmwiﬂn
[P S I TORN 1y P R e S SR N RN s
St [T ke it D ui-re N haniper (T2-T1) ow
e ri=r of process fluid throwgh the heat ex-
Changer.  TisamudOtilaris—afdous uro— ola: Liue-heat
Lr amsbers ¢t -Lon the- process. fliid — dabesorwncytne de-
IR - R otk Herd ireeded. Lol e Rlac €53
fluid eesepot temperature T,

Analog computing devices perform the necessary
calculations and contzol <un be executed with con-
ventional analos control devices, Adduitonal caloula-
lions may be necessary befors some variadles are

combined. For exampls, the diffsrgntinl pressore

eachanger

\ignal provided by the commoniy used onfice plate
is proportiona! to the square of the flow! A counputing
element 15 therefore necessary to extract the .guare
roat of the differentai pressure signad.

Wit iU G vl sudrdewird conliul, e
ot ket Freat tEATIS e B Caledic Ted fogward"
L jumt=t i Eirwmaf  ibealing =0t - fiaid - and
change-temnperature-TIThisfeedforward calculslion
anlieipstes disturbances it both inder tamyperature Tk
and- procesy-flow Bl Tkt inlosgrememed a Dfe o i roi
bl it feedforwand. signal -aniicipaies- the change
IGlitatadnpul. fequired. Tlmeda @ nibede of e feed-
g der o teor= sy —tsus o= determined - by - enpen-
roeniulica-andk-may tave 1o be adiusled penodicolly,
‘sinéethe. heat-transfer-charactensucs of the heat #x-
ekanger-change-with ape.

Andbvird=control 1ecmiqoe Hlastrated oy Figure-2 is
cacdrTomrol =i rechmigue where one coniroiler
adjuiisdha-pel poind o amoiber comroiber<The ouiptt
OdmsbisTIperalide - SONTG -0 i ie-fed-1cascadeai -to
U t-proyint of - te mperature conireiles- 2 through a
muhiptyime- device M. Herre=rirnoemerr—process
kit it P it e § 24 AT oot he-ag e nnees
CUMG s -8 HYF I ST T T O O Tem 2T
wxC.
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Spring Yoint Computer Corf, 1967
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Lok oe e ey e FC Eor e ol -t veserroyust-
Mg rbor 'cr beamery-immicd. Muany high production
petrochemical provesses are in Lhe continuous process
CalTTOrY.

Conirol of semicontineous processes

Ermirpudens £ Sk, £ PEOCERS M0 IR * urblm
ShERC yrOMEER Y TONGINONS arcmot-reimtaned. dums
LR AR i MEUNIE SO Oy S TR T
ORI R OP Rl A LN e LN T -
plaaprdrervent/iimemachegnle.  Brteh=ror~srron-
1 Bl L O SE YT CC OO FrOHEd= TEgTeRCing be-
CRIREL ] ¥ ALl BB T T Pe-Yeirrter: dmbateraped
frequently, produemresnimEmdmeetanpe-freqoently
andopesaiing porarmedesi change. [t should be noled
thal Tl i Sropee - HTHOTCT A w0recerwes 501 use
Fecdpmchictonirod, BUl silbeid ugiad madecxanges of
COntIolsak-poinit,

Figure 3 il'ustrates a simple chemical reastor
Ingredients are added sequentiaily and temperature
is maintaiped accordicg 1o varfous presel programs
to provide the chemical reaclions necessary for
various products. Thee resiicateiiil it veasseiean
dactioo-cypcle. Hanes iawasier wor hold 3¢l Lenipers-
ThbEs Lien SOMETO] #ovni v Ti-Tha ¥ r D O LoUA O 8 Welkr ]
o e Rt HHe PERCTOT™ 0™ SOOHITE Worie Dt L vt -
ACHGT FEIFTE TO-PERCTEIE HAaYwR [eat

Toid bt dy pre il e ittt o —ree],
memmrm
ezchoaew-prodent. For instance, there may be changes
in. specified ingredient mix and heating and codling
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lemperatures and temperature rates of change. dHea-
Btk O ra! o oble e ol e YR T TR
counmhii cOMroR- ta the-Frac el soodiomwars rom
PR RO e GO Ol e v POty et Ty, L
W‘Pﬁ)ﬂ'ﬁm‘h ‘:-I:‘I.H.:-:'Hul’l'ﬂ-—-.h-u‘-mn

e k- Lqui pite Rt arting wld SMODPRAY.

In Figure 3, the ¢usteohet roact e tonsporalosc -+
iRabiidicall yesafeedbackroontrod sprooiem.  Howewver,
the pigblomuie cowmplizatad, sinceTimmustchence ut
T PPt Liflicn . $OMCLLAE ik -Gl vt E250 01 204
Ot paiOwina b cn it ed Taie. Also, the secuciic
of evenrs muar be readiiy changed, cepencing on the
inended product.

Combinations of special purpose Jigital and andiug
contrel equipment have been puilt witdeh safisiy i
cemards of the discontincovs process. Hownever,
the programming of this tunipment is relziively in-
flevibie and the controf cannor be well-uned tecadse
of the cyclic nature of baich processes. Many of these
sysiems are nol used at fuil ﬂpvcraung speed, since
the control constants are 2 compromise. | x” b
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of the installations use direct digital conirol techniques
on all or some of the control problems.

TabIE o O Ty ot Comvarncimecaie-dirntl
thl riively. AlmbliOuiteiee(tRNO0LS
Rk M PP laC il oty il ot ratneTy- i S H RO
T X IR e W e 5 i il L OB O 11
bk alculalions, the othermpreareforperforrence
TGOS i) 25 Yale D OpeTRiFoN- BTy sis. Eh=the
o =T R re et ior—d mocscomrol
afegicaple-boops; ThecrcmmmmrerdSunreairnaimitrrnds
Sanattmorntrol, Themiorsappeounlely—one-tvrd
O D 2, Sl T Al an P oyt v+ Erieomcraned
Uil 1 O e prmmt HTvaT bl R T et earC o |

Tabtle | —Comparison of compulcr 3yMem inputioutput
between continuous and Batch process cantrol

et o Akl ] PRl AAH

TOTAL WMMCE WMMTE [ tan
ML bARTE b DTl '
L) (1] H1
CSTRA LODHS o

Liic ) ™ m

[f3 40 » b

I Penaldl 1k )
EANEAL [T (EOmTAITYY n { [Tt )"
BibiTi Ga [Ty {OR-OFF) HH P

Table 1=adser shows the inpotfouiput distribution
for a lmﬂmuy being

implemenied by a digital computer system. vruewn-

R TTTTIENrarhreditens.  AlsD, Eoaidstir -
twi wn-imd '“ S " 'i"l h"I" "_E
cpemse. Incrcacd aumber of push buttons, f.lgna]
hgh*s and ‘the increased size of digital dlsplays

quire more digital inputs and outputs. v s

[1 i5 ol it PSR Sl - .

Eibsryndt =W S 1 DT B DO e t—prosst o il

preccsseT-rould Tiot-th~adequatehr-represented . by £

mathenntica=odeirwinch-wouid--permtmproved
proceystomrol.

Bl t O Planatleet OO y iDE el i =S GTPRLE ¢
amphasizel- supervivory-controb-in-which-the- com-
potor=acijirsted 4 hersetepotiv- of- ur-analog-conlroder.
10 e kil Syl = OO S CT-PE TR T L e
wmmnﬁwu-emﬁﬁcd
On wu 1 i i S TN 15
Lantorv in TaCT, (ol e i S LA L e -
oy, immademisrtiodifferenceamberies ot -
PRIt ETOYOTTIOn, Tomomera st b 1 5 wGrs!
CAAnr TS, ikt GO P at nov [
hrbbiptormmompet=r. This made the peeesd
apssalore--hagpy, but in many instances lhe preoows

sngrvnermeTc L. There was
no guarantee that :hc operatars would achieve the

optimum control settings for the plant.

What aelebsiwesnriemiemrent s i-srakishel Seatte ot e o-
waie? If 50 desired, (lporrpemor=raeattmake Teed-
forwavd, eascade and infesrentislecaulationeehech
AT £ O Ty T TR P eIV |
PNtk tmcoastErions.  EooNomscasrorsirins
Mlakiglmiioiiabebaadance, Lhrewgrpoe-—mrroniory.
EICniiiinbabtergeveioped. 1n 2 sense, almccomsmic
Dbk ikl s flmegrommess ible, whereas spwocems
(i letiia it il il TRc eyt Tt |
phdwb=lnenviedce [n addition, the en-line process
computer performed other useful work 10 aid opera-
tors, plani supervisors and process eagineers: sce
Table 11.

Table ll-Su:m nar-crizical Functiq;m of an ao-kne
process compuls
LOG upénmmo DATA IH ENGINZERING UMLTS
£ALCULATE AND DISPLRY OPERATOA GUIDES
(WTEGRATION OF MATERLAL FLOW '
REPORT ON PROCESS STATISTICS.- MATERLRL usan
‘ FUEL usnl;{ runuunr:?ur ETC.

et l C.ﬂ.LEULME AHD DISPLM CR ltEtlJHD UNHEASUREABLE

FXY

o HMIIBLES $UCH AS B'W RATE, M55 FLOW
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Soring Joint Computer Canfl. 1947

at
tmmmm—gnmgmnm-
DU S i 1 B T T T DT =T =T o ring
] et bttt || Lt was reasoned that
DGC would reduce the cost of a process control com-
puter by eliminating the cost of the individueal feed-
back controllers. Since the coatroller merely per-
forms a calculation, why coutdn’t the camputer per-
form the calculation? Several experimemal venlures
showed that (ke DDC copsept was physically pos-
sible.?? The feedback control faw was caleulated
within a general purpose computer and the resulting
sigral outputted Jirectly to the control valve,

Airlvatmil mppeied - Thas whe=rrade-off etueen=n-
disisd ugihoorr comrotiers and - direct-dighai<omrol
{BDG) computer was m the nrez ot 700 loops-“There

n- hooker- however"This: made-off ' gid -not-m-
cluderEny PTOVISIONS 1M gase” The “tomputer- syslem
Ladaul s Eoe-moest instalations this meant esing analog
st roliers to-back- upr-the - DD compuler-om-each
Loop cansidered critical.

The Rt I
Eopatorfavied, ol v
DR i T e e riertomrol.
CMWHHMWT
Wb o errridere rod-or-computer-fail-
et CGMMWMWE
“Lacduodin' at thile lietaMibpubebui-theopeotar could
1) A i e 2 et e [ O - i e -t T

i c.-

Coaw =y maan

ori.

Figure 4 shows two loops from a farge system. The
MEasuTEMEnt Mpmfcderoiammann s eatrobpaic), .
© Rl b O O et i 00 L s by |
Wi PT R  [E, T e i b N
e T T e ™ o B
FEIV IS I PRI L e D
1 T A r=ip Ot VP P b e i L e it o2 1 -

[0 Y

With the evolutionary history of digital proccss
computer equipment, it s impossible (0 more than
eslimald Rubilebeeb ettty (MTREL For
the smaller digital compuiers, including mput/eutput
equipment, that have been applied 10 1he process
control problems, calculated MTBF has rangec from !
1080 te 2000 hours. Advances in circuit design indi-
cate That wbiakilieddiigmeeease, but reliability sla.
tislics on integrated circuits are notr wet available.
HOWEVET . L EATE sl shat bt g rrpe-TRms =T een )
Ol PV P TP T T [ MmN 41 o iy
izt bl preovmn rbatr pEriOCh I e TR &
PR E SRR TR BT H PR F TR R e o Y
Chigmtae AT Pk LT

For conliuscamepmcesses, (nvobritestmme Lo 50
[00ps, | tesspyrowmmeddvils: mo g i SO LoV i 51
PR e S b TO ST DT e -2t it 5
BNl i R pemrt e mrrtrre prbreal o et The
momemmnse. However, the user muost be fully aware
that heteesrbemrspetrrre oy B ma Tl - pROCE oo 20|
opgad? 3100, as well as the functions listed in Tabie

11, ifmdkmncommrpmer=als. Perhaps mosl important,
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ﬁ,ﬂ [Fig
~ &Ny adeancedooTidd thzt was dependent upon the
( « computer, such as fowd{owewnrd, someadeamd-amilti-
b M n1e ket e bl A kbt i T
! Muumms
A‘M
1 4
i

winsoharmuvt—twverBachup, if srroves-anerwon=ty [0
baadssrred, The pracess sonmroiprotitreismoroo cd

byMMWW
pLigsdpstereferure. in schimicrimpeaceor=ion in-

smmmﬂulmm can

Tabloat Mg o yarrevntesost iyt R HIET datn
which compare the availability of a single computer
system with a parallet computer system. The table
assumes 1Ma8 the WERDT gl cmbtm el 71
[ UFS T A AR S E S R e
potnlbgornorrerswprtewn.  Experience has shown
that repair time for varous falures, with on-site
maintenance personnel, averages between 5 and E
hours, depending upon the skill of the mainienance
personnel, the availability of spare cquipment, ¢ic.
With the parallel system, it appears that the average
repair time can be maintained under % hours, since

“rossway,” i {he procete-et-nomt—e-pot-chunged  the system incorporates elaborate programs for self-
al sheeprepos time. diagnosis 10 ensure proper transfer to the backup
- . Table L] — Avatlability - sing's computer v dual
drpareaiivimiid kbt bbb . . COMpPUTEr $¥3Icm .
Fypere=Sritmmmer—wyaraer=HBG-cemputer Sl S —
system-—wirich—oronby=Trorde oo rnpukor—bac iy (SN YT T PR A T BT
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b e T T e IR T T O PR £ 5 .
It eo=irrcier-Tr ot hrereepTomToeer=well 05 el R e Bl S B "__1]
all saquonce~eontrel action. _ o e [mme b o besae o fus |
In addition, Uhilesiut S re=t =P m " s :
. . g [V oyt e wen ] v iy g o W M FHF R
1 i RO et cr o = T Tt r™in = +
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_systent. The failed computer subsystem is available '

tains process control. . andoroulnibmynal, shoukthissentdpwtveigrrinatc
SMMHMe 7 haskeewdwmiten TYStem, ip case of system AC pow:r

. mmmm%l lass.

T mmmmm The Wﬂﬂhﬁhﬁhﬁm
T SbopeTRTRLTONS. A”paralle]l contro! processor USING .  shisstdwslomntiatioinerthomrpr-gyelemmaent ol

~direct digital control :c:h‘mqucs_ takes full advantage, IoQic agumpibltmaticrrpmyysirehespystiepetrre i up.
of the digita! computer's process control capabilily " While opewaworPwmetivsbwrcbumnode, the feibedsoon-
without reservation and cotapromise. It can inglude +  traleiaghovmmetimbeeciooimontiydvoinred e mibited
advanced coatrol techniques, such as self-tuning or {rmetretiaeenput RO T TYTITOPd e e, Re-
adaptive contral which canrot be abtained with set, pair can then proceed with no fear of accidental inter-
point control. The pamailel compuzzr prozessing s¥s-  ference with process control.

tem may provide these features and, in addition, may In noresmisoperalion, withessr ssatrsl=computer
offer cast advantages over a canventional analog con- . inmaangand, the becmepmmpetommwmrsontinually

trol systéem for the larp: continuous process. Ol P T TP TP A P T POt | -

f FomtinehiNGo0s Proca TR TADIC o therompuler  upmissamailable.

ClR A TR e I T A T O O e, The inhibit Iogie must be fail-safe so that its failere

i lesplewewmtio o sTitenr of trivesizowwii-0& - - will not distorb the system in contrel. Bt must be

l

apderreiorincings cou e edThevossoimpierses  t2sted automatically 1o ensure that transfer to bachup

mtortizthonaralics orrodmadsmtoumpererscheme.  can take place if a transfer is commanded by a failure

: . detection. If inhibit logic will not transier the oiher.

computer zutomaiticatly, the systern should annunci-

ate that fact and provide an independen! marual

override which forces transfer of the coatre! of Lhe
apusfoutpst equipmant 10 the- other computer.

Iaputfeutpul equipment

Figures 4 and £ show thatin DDC, 45 in all contral
syilems, measuring elements and Tinal control ge-
vices are stil! esssnptial. Each measurement is in-
dividually zonditioned befare being fed o the multi-
plexer of the computer inputfoutput sys:em. Failure
of any input or output therefore is similar 1o failure

of a single controller and will not disablz other loops. The Syauer el e T SO T UL T

* Orher system design requirements

i AR PO oo gred po i fonure of s ki which cObismielmmpitemthe -

Ak ! Chliir el Il P ROP-C A YT SO F Ry OO - VST AT W DUENET.F SRTEEPAEE SR Lt W
Rotnpawendulies. Also, incaamlim-powes fatore,  Uicubasis. Thamba it paampuier-tiusmree eTverdy-
therocmunisd.: . SAHSryEDOCTROr-rercderial amiep e ot 1 A e Tz o T T T TS fror =Tz
ol y. : pewed (n the order of seconds for 3 baichk process).
Geher=TrumOTR =TS i It Torvedei natiendeotn of MWWom
Ry i Mt T ber o QU amE Nt .
Thewipabem et ubengbiemter erri i wandrd izpnas e wmwmmmmm¢
themianianSrmunt e skpred st/ (s ppest-exrpent - e, This=tpdetmp—rrrsr=rrciede—operrtor changes
withoudisranting enatral. The-aorme-conteel-oom- | rmwwmwm
PlteTrmdetho—Daciny sy FieT ionikeborirooremin+ chaoges.
SEAEEtrhrat AP AN DOV ITIC AR iMGartiintd O mmmmter
AN Lle o §Es da e die HOmopeTat e rcard- gwrmhqu;
besin sifamebicimiacaysiomes ccontrollingThisprocess. thbwmaysbossoquiscd. Bulkermememsoerrnimeooiain
SRR O DT T COTTCTICCR PRI eTNGe - ISt DrOEtarne [0 simpil v —tommiemcion—al 2
Signale e nihi s S rsORneTteT o st sighals,  Bauheprogram, GiagnOsbis o iiie bttt detec-
Sl iy il b0 P i b e rts YO €T LiORmisiedrproprentr-to-m-mremer=nce. Sophisticated
All faited devices must be easily removed for re- man-muchine communication programs, which in-
plac:emcnt dany distuption of norma) functions der-  volve lengihy message siorage, can aiso be included.

ing repair should be limited 1o the few inputs ar out- (e gmmt M=o fOT thorompaterstemcoRIpULCT
nuts which share the same printed circuit as the failed  communications {ink shoubicrstfor=tmc=fariure, an-
elenient. nWﬂNT‘ﬁ!MWWCD\ cr

Torsrorryrrs O e T oo TERT R THCh 10l Brdurpeseysiem. A program system permiits
mmmwﬁmm updaiing and on-line diagnostics while Ume-shasing
by St e . ] “the real-time prografs in bulk memory.
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. Mms for v e on-0ff ;
s for seif-checking while the backup subsystem main- centrd.memM status”

Spring foint Computer Conf, 1967 . -
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sisbeyse:m. Andther procedure and program is re-
quired .10 transfer all operaiing programs from the
backup st¢bsystem back to the repaired cormputer,
without interfering with process control.

L T L LU L LT PR
TRkt Mo PO Tl R el D P o i ki
e e ra oo entoey, When backup

computer takes over process control, these programs
are discontinued.

CONCLUSION

By using DAMC with complete inputfoutput control

and computer bazkup, the parsdisbepoermeterspwenrs - -

WPyl PRI IS ACT RPN ICo
puskers sogmitrobotochnigues. It takes full advantzge of
the logic and compurtational ability of the digital com-
puter, whercas a computer system which depends
on analog set point control or analeg backup canngl.

The parzliel control computer system prograny sior-
age abiliiy. Iogether with backup of logic comirol,
program $equence and {ormuiatiaon, makes it ideally
suited for complex batch or start-up and shutdown
applications. -

Complex continuous control sysiems would also
benefit with this cantrol sysiem., Built with siate-
of-thc-art eclectronics, the sysiem should challenge
the cconomics of camputer set point control and single
camputer direct digital centrol with analog backup.
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of Cement Plants

E.H GAUTIER, .Illi.. AYHON K. HURLBUT, urvser. 1eee, axo EIYWARD AL E BICH, sexik MEMBER, ILER

Abstroci—Over a decade hay passed since proc ks computers were
first applied to control parts of the cement manulacruring process
Tte path lrom thece to the precent has swoessed —and [ailures —
along ils way, Ouver 30 cement plants have installed snch compuiers
&5 part of theiz efTorts 16 koo d profilsargias from shrinking. Progruss
in using Hese proaceis corirs] feclnigues has bren inrpely evolu-
Uonary. Certain fastors ¢am mow he identifed Miore certainly as
cerenliah Impredients fur swecess. Alueng thuse are ke fullowing.
1y “DPeople factors' of ke ¢coment manelacturer stend ns finnl in
impartance. These intlude Management Support, process know-how,
training &nd sepervision of operaters, and an nner confdeoce and
deiermindtion that s can Maxe i work."" Z2)'Well-dene inlerface
jobs of mdeating contral room disign sod vperatops to cach other,
aytpmation components with Ihe process and its machioery, and
plant design 1o Bt antomatic control fundamentals, 3) Designing the
process 1o really be controllable, 4) Control hardware and software
which £t the naiure of this industry. Each of the foregoing factors is
exparaled with emphasis oo how recent developments of hetrer
undersiafiding, contrel funitions, heardware, Eoftware, snd of
process and plapy dedign are merging ta help thape the foture of
awtomalion ip the cement industry,

Pageer 71 T 050N, approved by the Coment Todusier Connnitiee
uf the JEEE Ui A Grmp ler gee-eniation 8t 1he 1971 Thinesuh
Annual VERE Conmenn lodusiey Teelinieal Cunfercore, Sealile,
Wash., AMay Th=D4 Awar-erkp! peeeiyed June 100 1471,

E. 1. Craapier aod ML 1. Paritod mee with the 3 pogf scinring and
Prowes A0 st Busiiesa ivision, Ceneral Ele e Cronpany,
Woet Lyvam, Mu=e 01070,

£, A8 ik with the hide-try Sales and Foghiwenug Ujwera-
ton, Ciewrs] Fleetie Coepany, Sclenecindy; N Y, 12045

Y

brponme crrox

VIZTE A0 e have elupaed auee Qg poogess con-

trod comnpmnters wers (s bndpedueed i e vepeut

pamnfetnieg et Cel ool reee 23 Over 3980 e e

wstadledd or sy will B Mo hove sebioved coeeess,
Reenier Dave mot - Sopie e o lorzs gl sieeessfil,

Pruring this pooriee] =cveral si=tin et teemds hove e eeeel.
Ao these = ke pecdiznt ot thae the v sentieline e
fur surces=Ml pracee= ooo trel =y =tems, am shown i Tabde 1,
also appdy 10 the cvment industry, Thee ingredient - were
derived from a atudye ol aliserze procese indus1re- which
b teedl proeess contral eomputer ~vateies. b firtler
trepd I inereasing vvidence et ceomamie Benelirs of e
more suceessiul svstems i eement plits ted 1o be ot
Lot vl to those ~how i in Table 11

Sorae additionsl tremds s 1he following,

1} Ineressed pwoareness— ol aadju-Gog (o 1 g lica-
Doa==od the v=peptiul i1|l|1ﬂI't:il;N' ol aslenpaeane 1 ke
Foctors™ Lo v aoed ~uptart =geh =valen-,

23 The spreadisge e of diveet digital coniad 110 o
prart of the snlemation ~x=ten as contre st 10 mlers
wEHE S ey et e ls o losp cont ol valy,

) The development of mlegpiute nterface soeepts and
Locdwa e 1 :u:i:||11 AT T THLAT EV=IyITL L e Jrrnsees
am! 1o thee | eopde u-ing the suntrol sy-tem.
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4 The Herrensivg amaretves Dy many engaeed in plant
tesign that automatie procesd coie] prineHled provide 2
bBa-i- Tur r-.l;'.klllig ~irnifirant 'Illl|lrl|v.¢ LheTitsE b NELRLY S [HETs
of phur desizn, T fome cises the wral plant investwent
regguined 1= ovorabby aifeered.

Ap The Baege Gverease of fotal itomatie conreal Tune-
tines belnz performed wlere najor corsilerai oo of stieh
autonntie comtrol i taken in desipm aned opersirian of pew
ernent plant~ This bus been espociably s for some pants
desigial by Eurapeans.

8 The irease of th;li];lhilj.t}' uf antoomeie P
tuitrol =y-teins when the majur Components of The =y-lem

Ll

are atppbed with neederd power by olated U elean” tiles
throuzh power supnly,

T4 Ther vecent developnnent of siabl oF minteatgsitces,
with scletpuate sypporting nterface b apl soltware,
matkes podsible escnornie automntie eodrol of smallep
sty Of Tlie process than soes proctiea] hitherte, {y
cifeet, 2 LT Y TTTE T beronies ot ol ll h;l.' s uwp
"dedieated” cimnputer, 'The small eomputer proviles the
posaibility of economically adding autonatic control o
sufected purts of many existiog ns well we new plts, This
i3 enpecially rrue where plant deso and operating reafities
favor & alrcttheld out step=by-atep approach with o mine-
mum of intetaction between vach new step amd thoee al-
ready takan, '

Prurnr 1ais

leuple Taetora' are the mador hey in achieving ~ueig,-
ful proficable antanatic poocess coutid, Even sotie ghwer
first-genvrtion process eantrol eomputers are still earning
their way when pdespuune peopsle fuctors have been ereated
sl mundnenined in plare gver Hhe vears. The fuiter and mogre
powerful thinl and fourth-gecerntion computers do oo
brttig surgess where adequate suppocting people Tactors e
ot desumnel apd meadntaineld o place. What are some of
there people factors which e be covsidered vital o
GG e T

A Favarable Eavicoorent foo Ceabrad Condeod Qpecpdoes:
This favoruble enviror.nwent which 3= ereatod mesiiy o
plant management inchweles the following. 13 There sl
b tur shanw on, or thrent o the scewrity of, the vperaor-
if the albontdic systens eonttods thee prarcss Bether overs!]
than the operarors div, 23 The re sboubd Be s desite un the
et il el contond opctator ansd theie aupeervieors in o
thes mared Hos cond pol svalens by sngeeod, they fe divee they
cun el ke i aoeeeod, and they fake the cecer=2ry sleps
to ke it sieeeal, Fieally, this readlts in tee realizitiog
that makiug the system work well is rezlly o contribution
to his eompiy s profitabilice, heres to betrer job seenrity,
A} Thete shoulid Be written and readily available operabing
rules. To be efvetive these nnise be simple, clisely fil the
loeal sivuztionn and then be enforeed fzirlv. Vet e
mu=t be reluited for acecptivg amd plaeleg inoeoe sl
.-iug::.u#tiul'.- fur irl'l.pl‘u‘ﬁ?:ilt*ht.'- fumiug froun upt'r'.itil!g
persoiinel,

Train Ehif H::;ap!rmi'uh'rf f'y fa.’i'yrahu' ﬂ'r‘_lru'l'ﬂu'r' {otrars:
Lgnorunce aml misermeeprions about automation are o
majie eauree of apprehet s abaut adbomadion o e
part of operators and their 2apervisons, This i oruoee -
nlten well disguised, Well-designedd reaining and releeshyey
cimrzes, espetially tailored o the needs amd capakiliti -
uf these persobinel, provide a tetfal st effeetive wuy 1o
lispae] Fubbicient lgnoraree abimll atomating = that gl
Tugress Is neliipved.

Tha Best truinit g eowises b odw Patoes genezally oeanlt
when preparm? atad adoduistered by thuee having resaans-
bl charee wel wdmivistration of cantpol of the eenwe
making prowess, Short courser of traiuing 1 rottbol 3ae
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temn evrne e s e licatiogs sre nlsg desieable for higher
fevels of coment phint nnamgement and Tor theese supaer-
wisory per=nnne] who, while mol respensible Tor proeess con-
trob, Significintly offeet i resalt= by the qualiny of ~up-
prct ond niderstneling they wive i discliarging their
daties, Training nnd practive in mmiienanee of anloma-
Lt rompments 15 aba vitalo Usmaldiy vhe highest avl-
ability ou evntrol bas been T $o exi=t whiere 1he vwner
dors mest of s own padetenanee sork on swlomadion
svslem comporyenls Uraipmg o programming for 2 ar 4
cement plint prersuieel s overy usefal The vatuee uof the
eement taking prowese 1< aach thatr cuedition: ofien
elige, These ehanges gy arise from wesr, ehemiea) or
phy=teal proagwaties, and oller =ourees. A rersancable pro-
ieievey i pualifsing the comtrol progrums o ehoely
necotmimrlite ihere clanzes, vhey ey affict oeess
coodra], daes much 1o wadmain poed conirl eMicieser.
Eoually important. s Bigh condidenee leve] o the procssss
comtro] =3 =tem el 1= Thereby madntainmi,

Aofustfog Job Leseriplione of Plavt Supeveisoey and
Proccsr Cortral Pececined: The woal of this is 1o mabhe 1he
doserpions more closely 71 the resties of aweonmatie
prrucess conlrol. For example. the four major contistow
et of oAt cement plauts ooy grinding. humogenisdng
or Bletcling. oirning, and livigh grinding) hizhly interaet
with rach other, espeeinlly e the dowestream Jireetion,
{Plants which w~e haot kKilp pas for deving have wven niore
compiex nterset b conttol problens ) TTow aften does ppe
=ee boll i) operaturs 1aking nerigns which influepee chem-
1Ty, o vige versa, but withent eoondinating with the
chemists Lo usure overall mindionnn perturbotions 19 the
process?  Coeeptually, the Lest armngements, . toking
antorat e controk of (he process oo aecoind. follew,

17 A& sinale tnonnger of peeeess eontrgl wlio ar denet
mnnes operd g enstrel of e geiesding, blending, aod
Luening operntions, e i respuap=ilide Tor trodning amld dis-
cipitee o e eeutpal epweratorss e e sleo aevanginnble T
vprerzetiens of e continens pores of the proeee s

20 The eleermien] el odher opwerating guwosoage] e
mure s advi=ors 1 this Process Contpel Manneer bl wih
o direet atority vver cennrenb operating por-onmel.

3} Thi- in=le Prwrse Connral Shiger wsuadly wili
ake miner prograsn ol nneats neeessary o keep
abrea=t af process chanpges amd 1o mahe deTred imppove-
up-nts, This con ke deiegated owhabe o oot to ot hers,
bui i i hix responsibility 1o jodge, estall, verdy, and
fieially determine the veaeiylness of such chiges.

Some plaat- have dernized (heir ~operyvisory aoed
apcrating #lruetnres 1o achieve  soeoessful - monunice
process conlral with ne overall dwserense of persoanel],
Bome gther plan= have rotpined tpeditiona! job desenye-
tions, "Uhe hichest plaat sopervisian hos teded 1o sy
buily, sineerely, and relativels alosl Troem aniclres~ing
themeelves too adpasting 1o e Trapliciaions of aotainatiog,
Frosteatioghy enoupgh, most of the fathires 2l nwslepg
sneersaes are foutd dnihis elase .

LT Pl ikt rrH e 0% S S HY .\NL3BM:1|, AAUENTENY CTIL T TR A, P

Preagde Foctors of Aafuwedion Sapplices: S i’ EETnT
are n hey ingrolien i assi=ting a u-er of sitmation 1
achiove sieeessTul cont el of 1he proeess, esgueeiady wliore
appliention ~oftware for prces= conaral s girehoaed.
Their Lo -how, combined with hows-how of the o vore
reprerridatives, lorgely provides the basis for thae later
sieerss or fandbure of e new eantrol svstem, The trecad 3= 1
betier organize Uhe planminge, training, io=tallaiion, ol
oprration of ailomation sy~fenm o ke sUrress 10nTe
cuerluin.

THuECT Dhidiran oo

N dime sheres e adipivad eompanter todbiert e coan e
the final olement, =ach as o valve, damper. vles Usaad]y
eune form of Beekup Tadbwag e connpmter manad =180,
HEE b | 1'."'.:II'Ii['!]C"-l'.“.i.'~l:- o the ventral e Eslors poabee]l for
caclr Bnal cutput deviee being comardbod, Thi- baeknp
device alsa ]mr\‘i:l!"ﬁ a means ol wanad adies b
of the finnd engmat dbevice when e coupuier 1= g of
serviee. T may even b oo e formy od o fall soedog, cop-
tredler,

Alany of the varlier erinent coomation -1t - ntilige
convtentiemal socdos wteument sontraloes e nnanipubae
those proeess varableg which are within the rapubilities
of such ubilog eoutrollir, Supervizory hydc, oiten enbled
“Lavel 2" ealentates the eattpua ~ignals v et mcosipala-
tine e the set nobns o sach b contmlloes, Bupersi-ory
lgmie i< waed o handle hose rontrad =liations wloore coan-
Bibions of interetiones with other eontrol Togsa, mons
luearities, vgrv Jone puoesss delay and Bighiy invodvad
citbenlations mahe u-ual analog cortrolhers relinively vse-
levs, Thik system 1< ads hevwva ae digEiial aogdow conten)
(DACY; or Aipnally directedh ansjog comtpol (DY),
A= Trdware, sl eepeetally as poaal supporting =olfaare,

hecame mviilable tn the st hadf of e 1960%, THDC <puaad

s that neew T00s first choice Do many ew Tesladlations,
Aren 2 the sdvanrages DI provice s, g+ eouganed witl
mek e eonvert il ansdow s bramsentaon, e - Iollase,

1 The DIOC vmapuaer ceaelily eliechs i
digital Gillering rver Tong petioeds of Hme, mabies potTe-

- i,mr;i.!--u

matieal Fadealations, il dors decisien makics wau of
wlieh are QuTieuln o iagersetieal with onnbog Tesnumenny-
Thtas1 e gipaaLL.

21 T mny B stioces e preci=c cobteol sesuls he-
cause the alnft prebdem within the pesulior d=ell 15
s,

A) The wse of DIDC forees aperntors o e aystetaatie i
documentivg ol contnns pssoeiated with eaeh repala ing
lesapr, Flii 1= vurely ddonne w01 scdog regebaning =3 =1enas,
altlwzh sueh svatetns wonhl work better of coch erty-
et dztion wis ot sl beptoup 4o bade, ] need Lo
mnisitain bt :Illjl].-llm*l:t.t.

41 DD 3= eompanintively cusiby aernngiald for Beapless
transfer fur diferest iendee of mneration, (oevestien of
resel witadugn el anbonnstie Tailiee Jetgetion,

a) With DI acidition auchdeb-tion of laop ol chapane
i e el copmnion s v b vsed e sasily o TS
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Fig. I.

1 ni:n-r-_l.lnr'- orotenle,

e

Minlowgppuuter with CHT apemntor's coreudie o emment
[ELLR viantrnl .

Fig. 2,

i espeerlally weaeful during aononetie <tarr-ap sod sbudelw
of vnajor parts of Phe tirad proeess duringg whieh tran-teut
tiznnipadation of ot lsops 15 oreen mogquired,

G Ieoa T eompuarer the averall higher level of
ariwees comt v (eadll Tewel 2 ar avprervisory antonl)

Cenad o e qoore ezsily doene sieea the paapuger anet anldy
coantthiente widh el to ehnge et ol switch hugs
i amd oun, imeality enntrel coguatiee, and = farth,

71 Lo wady ziog severak exdsting in=tadlitinn it i evisdents
that o well<lote carefully  thooght-through and well-
et tedl bigral eoanpoter syvateme neitig analog repuliiors
un boopes Soe whiel thew are aeirable can provide essencially
am winn b enntesl of Hlie process as e THIE Far many pats
o the continmmis precess. However, this = por tpae
during awdagatic Stact-up. A the complexity of the res-
wlating tongia inerenes (sueh s e gosrs where conpies
k= Hou patrerts valat Betwecen raw mrivlons woal the Kiln-
conlir departiienty, DIC poavides sipnificion advinzzges
by reaulily permitting easy sswitchicg of regulating loogs
aml mwalifving their firmes to folline o varioble gie Bovs
whieh =uch phusts have,

Fig 1 i< one fopon of o 1Y opertor's coteode 1l
for s nane-compker interfiee inow TYDC <a~bem, Fig, 2
alwes o cathedeersy tube (CHT) nput- sotpar cotsale
wware peecntly avadlabls for ceneent plant contod. The yee
of Y sevins el 1o sprewdl.

-
Exrempser Cuscenrs asno Hoen ook
Ureals el expu rivnices elearly show that esscntiz! .
geelbenta for aucges=ful eement aubomation al=o inelurde
wleepuurely  duterfaeiog 1Y the eentr? conrmd  roem
¥ £ . v
1 ] f

: 37

desdign anl the gentral uperanins b each wther; 24 e
autapiation cemponents with the process and 1> pe
ehimery; 3 the plant de-ign witls the antiarion sy-rem;
i) the plunt power di-tnbntion aysteru layaut with the
anfomttion systeny; &) maty drives and thede eantend with
the fugic in the gutomatinn =vatem »w here antunatie ~targ-
up-shubdown Ga jocluded 0 the Guforaation system for
selected parts of the plant proresses,

(rther fuernx exint, The foregeing are the nost im-
prortant. Dscassian of each follows,

il

’

Interfacing Cemral Cantrod Foom with
Centeal DQpevators

Zimplification of the ko of the central roon ol of
the centeal opvrutur's panel (COP) is worthwhile, 2uch
sinylification terds to lower tnitind eosts for eentral eouteal
roant equipment und wiring. Operuting, trouble-hooting.
andd maintenanee procedures are greatly simygditivd iF good
conee s e el e 2ueh Javouts, Amengs the Bagtorz which
permit Zuod simphifieation without saenficing operability
e peliahility are as follows,

1} Tt woubl be wise to simplily the eoatrol reont opera-
tur's job. & tepdes] eentral operstor is hard-presscd
elfectively mumiter am! projecly respond o more Han o
fews hundivel iliaplaaed itenns of information, Yet e =unue-
timwes fimls o COP a0 comenn plant having 1O 2000
ditferent imliciting dights, 70 K0 ammetews cond ine
dicators, W W) recorders, 30 000 pu-h-birton <aions
il Aelecior switelos, S-G0 eonteoll-re wil <et poing
mbationets, eles Wy wo neny?

23 Il alesin stagre disihlly gquestion whether 1t
in eeersary lor egeh devies to b i thae cenrea mwans TS
un ammeter prinareily iotemded for mainteignes i=ea. it
irrubably brloties oo the motur cuntrol center for the nuotor
in question, [ e i oan dndicating light alowing status
of an individual drive, what can the operator Jdo ahbout
that Jight” (Hten such ~ratus lights are better on their Je-
parimental muter somtrob center or reday panel. Mainie.
inee ey be theit prinees purpose. I go. it is betrer diaee
by having sieed Tight= an the matar contrd eeurer or relay
panel, 146 i 4 reeovdvr, would not the purpose of the
eentral operator e herter served 8 be were linited o
chagts of the coitieal variables only? Other analior variobles
eant b cetonded by switching to ure or more shoned 1
conlers when peelal test» wind oE-crvations ane b be
by,

3b Ciroup ~tarting of 3 eomvlete grinding mill witl s
auadlieries or of oosubsbepartient pernats rge reductions
il the O of pu=h bt s o imdicating Babirs Group
shat g B lps Bisblieh e JBi=tiection i the design stoge
Between Huer oevies = peally peedl ar the CO el cheee
deviees aevded for it eganes, TRvioes for mudnte megee
are peneralle mioee weeful= el liss es e sive overs||
U boeated e Elcdr sanotor eantrol evle 1o Bae gesoeis el
relay puoel. The loeation of lelividusl drive -tatu- in-
l]i'l'.‘:lt-l.l:u.: dgﬁfici.'.-, TIRAE r:rrn_-:-|:n_ruﬁ|1g dq'l:;lr trmendal UL

4



4

ll:'.'

cotnd conter or relay panel permit- guick Gl inding by

mtdutenanee personme] when the eentrad operalgr Judifies

ﬂli.m that o sejuence of stuning rannot be completed.

. -I} Where fully automaic canpter-directed wurt-up
atnl hhutd:mn Is being planned. ineluding 1rm-tenr manip-
ulations ‘of regulating loope, armnme that the Jyneelures
for mnnnal and computer ~tart-ups amd shutdewn- be as
gimikir a5 possible. This livlps 1eueh the opierator correst
procedures by having bim ob-=erve compater starsaaps. It
al=e helps the operator sense aned dizgmase difficultios when

- sumething is amis in-the conquter-eontrolled  pro-
evcire,

Tutecfacing Avlnmatipg qoidh e Process aad geith
fiw Machinery

= To eeitirol o protess first remires ressanable knowledge
by the process comtrallor of proress conditioms. Sinee wadue
matic process control digital compuiters Lre elrctiunic
devices, their process status knwlelpe comes [rom fre-
yuent monitoring of slatux of selected routact~ and sinadog
Algnnls —albderived from process condilions.,

Switches and their trausdueers hielp detect privess limit-,
process fowe, bewels, starvad inn. and so lorth, and privide
the computter ind the ¢control operator vital <talus informa-
tigu. Bume of there switehes dso peuvide o of 1he tradie
tignu} pracezs-flow =eguence interlockine. _

Prone-s varables wueh oy welected temperinre-, fluw
rites, pressures, speeds, ntd s furth, provide process
knowledge 10 the computer by usinwg mii able 1rismitiers
o convert to suitable analog mput <l 1o the compuzer.
The elear trend for new constructiong is 1o ul lega mahe
kel feedbnck <ignals eompnrible with fiture process con-
trol compulers. |

The seecand major fuetor o remotely sl antomstically
controlling the process is that all variables roguired 1o
achivve process holdpaints must Do phosieally gvailabile
avd wmatel eonlroiiable Th trensd- diacrisd from ap-
g setlon: mull-hm~. Al sy i lsnkeitating,
aditable speed Tun drives for damper cotitroihed s foaw
cleewit s b some Soused; 2 aearing that all feeder deives and
theirfecding devices have adetunte phisienl rpe of feed
rates o meet actual o ocess control teeds 203 e wid i ~aif-
Acient number of independen: mow fmeders o that the chem-
i(::r_il hodd pennts desired ean, o Fuet, he selioved withim
excessive dependence on dovwnsiream blending Meilities 10
hopefully ‘make up for deficiencins it thix arca; 43 seleetion
of Kitn, cooler grates, and other drives ~o that they are low
drift, have preferably zere dend-baued in control, have come-
paratively fat speed-torque curves, mnl can have vernier
rpeed changes made of as Jew o= 0.1 pervent when reguirvedd

“and 3} arranging all such “communded” variables with
NECeRRATY - comipatiends =0 that they are compntinle with
commands fromithe compuier and ity aewieiabed deviees
withaul requiring imtervention by peaple: wedther Joald

+ exconsive wear ofothe final merhatism resull when <t
prcted 4o larze numbers of sl cant ol elienges,

.
S Ll
N . k.

-’

TLE+ Thiws=Ae 1% e i d%ieh =TILY 3% L.r,\i.lh],:;'gu EThese ALY wved wg LT

fuieefacing Plaug Design with the Lutamating Ny

T trend 15t iy Tew gﬂ'.m'l o= ol e rat g
procedures) and the antamatinn system to betler Lo oeael,
odher. For existing plauts, sane are soodesiminad as ot 1
be vory romlulible with autnmutic prisces romeeal, Yot
maly CXHNE platts are emupnnitde s autonsation in
certain parts of their proeess, For tho<e, the rrend s anl
using minicompoiers el o be w Cpod 517 Speeifie
details of plant de<ign snterfoeing with qutomation spe
clubarated o follow g section of thi- e,

Iulecfacing the Plawi Poicer Istefudioe Systewm Loyl
wille A wlumal fin

A gl trendd bruaed on womnsed ctatinecrimg, bt cinpdeeized
by wintanialic procers contpol consiiberations, j- to ~ricth
deprertmenialize @) power cireuit= This raears: el mnain
power fenders serve dhe raw department e thae raw-
ninterial feeders under raw stlo- tie 1he il.-pm.-u Tes b hnse
raogelieing silos and notlnng ele. Led 1he coment wiineling
electriend poweT ferdlers mearve that depertient and noching
elve, and 50 v, shinmghout the plind. A omntic cantrol
helpe highlizht the imputasee of 2 well Iid wut pover
di=tribution s¥stem. especiadly when sutomatie ES L R
and shutdown are planned.

Part of the nterfucing of 1he attomanie proce-« eoutnot
sietems with the poser li=trbnt g svetem is to carefully
conider i wivance the cficer-. preventwn, aud core of
silpges apearing in the power diseribnrion sysrem: of hizh-
sperd reclosing by remote utiiity cirenit breakers: run-
sient volinge dips and Josses of whatever dumatioe ol
origit; and just where power for the process contrn)
should setually b tihen Mo the man power Jisribe
tion svelem.

A Xeray nnalyzer b the Jubortory that 3= moaponsive
Lo weltling =onveahere el in thoe pdaet, or to spanzine of a
Eall nill wmener, tends, o B el ively at ther
times, Tn fue?, JT may even sive oud ermmnsa- data, A

Alep s

prrw e =y T the peoeess control ke frong eireaiis
whieh are =ubjeel o Mregoeat witages o have -esore
=witehilg tranedents, stelns Tros eraees on them, 1eneds 1o
afso be a oo choiee. Transient overvoltapges wnd ~etore
shiowd cirenits bt gt -enaipuct wiring baee vagh Levs b o
Tu "\‘n'ilm wttt r;|rgl' meC Tl o autompntie P e e L L e T
eoplpment i Ferment sl o other plinds Cred Tnterfuce
cnginevring of the power di=ntbntion sy-tom wnd of 1he
Adlometit procees copttal i= g G- tuet trewd nral i= wortch-
while 1o da correerly. A spoeifie soliiom to many of these
]lnrhil'lllﬁ 15 e o erezher el 1o fui]uui“g el o
oof thi- puper.

fi.lft'ﬂf!“‘;ﬂ[_ﬂ Betres gud Thewr Couboad with 3 T TITITE TYT LR e
Cinrdeed  Whin dwtensadic Naci-l'p aud Shatdoaen
Fure fueti o £ the Autariation Myiafon

¥

Very Tew eented gl o the Tnitgd Sipee Lave e

el led et siacteup ansd shdtedow e of sediovied T
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'+ T.Iutl:s- l:.'rf the PruCt"ﬂ in their HIceea Sotnputer cultfnl syva-
J;tem "n[.:l.n} are doiing grodp Atarting and stopping of drives
Jonly h} uther menlin, with {lie operator manipubating the
Jmpﬂ for thu tratieient “ennlitiuns durng sieeh start-uge
*shutdnu - However, a few Furopean-designed longe
: thmugh}mt hew cement oot havve inehinber] snel fet e,
{The wark of dﬂltl-" this ahiws Lhar rigonots affentian muat
_.,,be pmd e, l'.hE process narchanical equipnent gl ta its
1'1‘1.&!1.:1.1:':1.llt._'r’ “]te:l part of an overall syatem, o well as to the
"'dﬁs‘lgu of the uutnmanc stort-up and shurdown logie itsell,
e l'ﬁ;f raui mcma-wn in executmg this functinn is to cesult,
Tk Thc- m:plem&ntmg ul 1hi= aulomatic start-up and shut-
,.dnu u-c!mriy Fhowa that list clss nterface engiteering
brtuean m.mhlm*ry build-r=, pt wir designers, and aatu-
mmunc pmce:-a control dexignens is best ueeomplishod befure
T th! pl..'l.nt i» phy sicadly buill, Not eniv must complete possi-
+hie ﬁﬂql.lr*nthnf start-upr wind shntilion and thaie vark b
+be foresecn aiul eeurately doseribid aheal of tine, bur Hhe
e ;_:n:;rf-_amhumc _:.l._r_u_i belivin of 1he various preocess Rows
Csdaru] trnpdient eomditicns mi-t lse be foresecn aned ales
. fﬁcrlhed us u:l:ﬂur;lkri‘l_‘,' ws praasibile adyecud of G, Whiere suelh
Entra rngumus thinking is done completely during rhe design
"sug{- ‘awtomatic” sturt-up and shatdewn, inclwbing the
¥ tr.umm.;t manipulativa of regilting o, Becomes mure
('.J-ﬁll"-" umumplhhed When such tigurous thinking is oot
- *don{' J}u. wh of ‘time, then the acial implenenting nf the
- stnrt.-l_.]n and shutdown temds 0 be more profraeted, to-
iinl{'u.ss.ully expensive, il probahly the Tunetion should
ot then be-in the computer. An effect ol applying this
‘fuul:tl{:-n alre: wly hud bean to couptribule ty peadifieations
: "."1n pruce.-q: nnd‘rmchme deaign.

Lr

..1"

’

"I" 1 r "

l‘.
E.rn.crﬁ oF AUromaTion oy PrasT [hemrein
e

"
v Here 4 \\hﬂre i lruljr exciting aspect of autonmainn be-
o 15:13 th g1 u_‘ndent "Good automiutie proeess contral fuslly
:pruvlue\ n mean-‘ of making mw jaaterinds inen hm-hcd
- ;c::nu' 1t '*E]'Ltwelj, quickly and aceurately once the raw
“ malerials aretgommitied inte the raw grindiug system,
At other indtstries hove voted ml tokon advantogy
. - T TE) i .
ot the ubility of awtomatic Process contrul tu redoce the
. istorge between suceessive lollosing paets of the process,
N Y - N P .
1ht. cenidnt lniiuutry is beginnime to e the-e technigues
STROTE S’ LT [4| Selecter] aspegets follinw.
A SR
“‘Hun* Hc:mr!mml and Conlred
*‘i RS A
ﬂ Thesimivrs ut' une refutively tew United Betes” eement

H’l‘{:pl-ml umlmtumi -md tmplfuuuhul i idea ol mdnindzing

N tum- dLLL}h l”thl':t‘l:Il riw il Feenlies ol niekly obtain-
A

\.mg nmi acting upon ehemieal informasion whont the A
Igﬂ)mh Ny’ their, duuuﬁnmm bustiwgenizes. By eramdsining
'*’FF 1=hn|:"'\. Py, t.'lu'mu::.ﬂ ganging tevhnigue- of gromsl raw
{V'E.H.{m 1tmn“1t.h nhurt times for T Enspuort, sample analy-ia,
Eumi mrr--ﬂwe ‘neTiot, 'rthr} wrere able g ulilize o rinele
; z:l.‘r H }anfr"‘unlimg virsel between thiir ras deparinent

'thftr Llln. ﬂ'-'Lmll. tht}f Felt thatr this apprmoach sved
m L:.n 1r1'.-'nt.lm.nl, uf :I.pprnklm,;lrh. I muiltioer diddars.

."I F
I By gt R

itict

: Coccmenfw) £h
o B —{EE

T T
H
JAMPLENG ) p
i ETATEM L]
macins
— T Cirur aTE R
courag
=, .
i8]

T
k- 0 l',|+T._._::. FTe -
] T
H
Ty 0.2%
Zod 4
= Tas Lo
bl '
= '
in:— —= m— .
1 '
=) .
=
-
a
=1
.
=
-l

(b}
[ T —
. J \
E gl £, .1. r'rulr: T1*Te S S
- I
E r, =023 l l
Fay— n.n : ALl
ad
&
daz
H
s
3a.4
: ]
o

"h

Fig. 3. Twne deloyvs mnd raw i coanperition eonted aeciiacies,
[k Telenliced §u s el syt for aabyaing time clelages
vemsies homogeniser sicing. 1h) Fiffects of time de layy amd Lamne
Fenizer mise BN raw i runirol. fej Fafeita of contnd imterenl apal
aywten thne del; SR L AL ESEPITITH B

Anether plaor in Western I gunthinef grond oy
fre mupnive of ruw mix chemdead compoeition at the dlis-
ciuitge point uf the raw il zeiwdicg eirenit with <tont-
time delav> in mohing eorrecticns and with compriter
controf of their prebomogentzing (a1 bodding ol fop-
putet guidanee o Guarey operatin, By learuinge the 1eeh-
ninpues aed [erformiog them consi<tentiv aell they weps
ithle to completely eliminme
erquipent with the correeponding high opretning expense
ol such wesse(s,

Ancther U8, plant adaioadly bl plaed wouee Lirge
il Feed Bive between ie ras il ferders wed vl raw
mith, Analyais of the elfeets of e time delaya sueko it
Fe] bitm would heve oo deereising poesilile chivtieg]
aeeuraeivs el them to elimiunte such lurge feed Bine il
reduce the delays in that portion of the mat rial tran-port

shown=tream heanmgeniziog



4l

eirenit= fe et MV pain et of the 2 h planed orign-
11:1”_\',

Sucannlvetienl approaels tooas=isp 1 wnder<tianling the
etieets on reduetion of proces delaye wansport, ~apling,
ataly Ais, oind correction e i impreying the acenreies
of puoress controd, 3= given o 1 dG0-(e)

g Ada) o ek dingram of o -inspslifed rw s eon-
trol syvstem {hnt can be nsed 1o caledlate approsinede
wurat case errors in the honwgenizes analysts due 1o = <lem
e pon t mess The geinding vireawit, tha =i ling <y stem,
e rmpling intervnl, and the cadrol interyal are trested
as eusmg Simple tme delavs Ta T Fa sl Ty peegies-
rively. The homnzenizing «ilo has a flhng time T, corre-
gpnapding 1e the urtus! PFallness’” ot whiel tlesito 3y 0 faet
operating. When a0 error occurs in the Teed compusition,
the cenpter control progeam con do oesthing wuil e
diteets the crror at 1the oulput af the ~ampling ~vstem.
Tt Ay 1ake up to the sum of all these delays fur the con-
trol program to deteet the crror and earreet the feeders.
Draring this time then, atetlof T, 4+ 7+ T+ Tohof
bad mstzrial lins gone into the systemn. The mesdmum
errur i the homozeuizer compo<ition will veeur if the Teed
errar peeure when the homopenizer 5 oeur Tl 2nd thers s
no time Yeft w gorreet the crror. Thus Bath the bateh and
ginglinnngs homogenizers may be considered the sime,
anv] The marimum fraetion of the iput error that will e
preseat i The Tomogenizer andyot = 1hen given hy

Fe+T,+ Tu+ T

y= T, -
o huere ) -

Ky Unit hemogenizer error, cotrezponding to a unit
row - material feeder chomical comprsition ereor.,

F. Transport delay= for time consumed by matenial
{raveling from raw material feeders o the sanpling
=tation, k-

T Bamphe interval, b (eere fur ou-line wnaging in he
exumpie but j= more for laboratory 3-ray and
rnund chemieal analvses).

T, Eample preparating apd aaadyves ime, B {0025 h
u=cd fn example).

¥, Comrol interval, b {vpicedly 3inin1a 1 LY

Fig. 3(b} nses this equotion to show the ofTeet of prind-

ing circuit transperl times 'y on the homagenizer error
Fy Tor homogenizers with -, 124, e 18-h fi1l0g times and
asruming a conirol program interval of 1 h{T. = 1.0) and
& Li-min sampliog lime (T, = 025 W) Ta show the im-
pleations of these curves, consider o sv=stem wilh a deley

“of 1.5 et o (iMing time of 18 b, I the delay wors redneed

10 603 h, the same renlts eonld be achieved withy o = of
unfy 122k eajuieity,

"The results shiown ip Fig. 3{b) were obtained wilh eroree-
tions Wale at Th lntervals Figo M) ~hows the e of
ieresing ad deeregsinge 1he interval bedween toerections
{70 Tt can b =een thas aleereasing e interval (e 15 h

4. _ . .

TREF 15h0% s Biipss 1% IS ATy %) l.l.\j..i:ﬂ. EFLI wT%-  d4 Ly yledd - F l'.iTI

40

Fig- 4. (wcline X-twy o e nd googge v plabs.

Fig & Labaebtamrr X-me chemical soals rer T eneent ploan,
~hows stuall gain with « 12-h filling {ime, bt thay in-
creasing the mterval 100 2 hoviiees 1 eomsiberabile loss o
ACCHTACY .

Thitae re=tbix show 1he neeessity of shortening the for-
ward path sl feedback path e debos in e rane mis
RAsLIL,

The posible implications of reducdng inve-ties
in the "front end” of the plamt by wsing prneiple
shown i Fige 3 represent o distinet and relatively new
trend which will Tikely b used inore i the future, Figs, §
and 3 show Wiews of Neray olemical analizers used u
pement plands,

Faproving K ile-Coofer Nexign Cuncepls fram g
Cladrod 17 et peain t

Analvae of the trends <how the Jollnwing.

1) Toereasine ciapbueeds 10 being phaeed o T pang e
arranpement of jroee-= Sow el wlaliary deviee- o the
kiln=sowler cittuin ue <ingde ws qesilde.

23 The comment= atwat churacterisies ol arrongze-
s of kil eonber, grte, and svdoesed Bandvives pre
viou=ly given in i pageer cee apglicabibe.

31 The Trger grode g of eonders e o controllable
W dividuad deives aee provieded uesnteod air flew teoeach
major evmmpartmen? and for the coider eslieet, The whiler
praclice of asing very fen conler Fans grmuped with
separate dampers o eontrool wir Aos toeach nugor cumpan-
ient makes e teagl cont rol b Al e peebdems, The 1remd
it provi e separate s for each fupetion .o e 1o permn
e cvmder Lo selijeve M= binsl |-1'!'F:-I'I|'::|I|l'l- ux oo et Foe
elperalor and e consder of clinker [ ’

11 Wl cea] T nsed o Tl the el s L TE% Tir T
shiice the varstions i cniosition, « speerdadly the ashocon-
teat ol the el Suel varatbon- oevitabds pooloer wide
vamating- in Cleinicad ceanweition of the vhinka e wln e
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wador computent i< the widely varving a-h content of the
cvad us il enters the huening poccesa, Blending of =geb conl
muay helpn Purchasing Migher grade coal may help, Sane
hove even =hifted to uthee types of fued as e ol demes aod
el nf it eonl oy hevome more evident.

o Anether rrond i 1o seturn dust to the kiln inw more
nnifoem st toimprove controllibiliy, Avalanehing of
du-t in hoppers under precipitators or duat colleewors aid
=tarveng vf duar fesd ot other fines are Tetors teading to
reuire violent eankrol actions to respend toozuel kiln
seeld pertirbations. The trened s to treat seturn dost s -
orboer ~epaewte kilee feol aod dnstall a retuen dust suree bin
ad retur dusl neetering equipment arrangel e geel
Hally meanlate the averigge retuon dist feeel rate to fi the
seperaf feved of fetwro G- beings penerated,

6 Sizing all process comyonents sufficientds  large a0
= b provide oo’ for eontrol at top pooduetion mres is
anethoer trerad. T iz difficult to attain top quliity contml if
the idaeed Jrealt fan, Duel focder, kile deive, ad <o forth
are aprerating wide open” at theie top Hmic e, our of
Fulegle, _

73 Thern i< mors eniphasts being placed oo the recHari-

I esfarel of the couler b}' :-'r:[;lirli!”{ "n-m! seeand: ury i
BTN R o SRR T R T ] £ and the ll.-lu[{ mlu;l.mte lu:.,u
tn emphieize heal recoperation. Sane have pioneered and
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Fiz. 7. Twoday-ul mameh nacteol of same venoent Kl as in Fig i

persevered in making maut mewsurements of secomfury sir
Perpratione,

Fig~. B and 7 ~how joenl comparative but tepical resukes
with and without compuler eontrod on o kilu-eocler oo
cetment plant. .

Clrinddrng Ml Ciecuit fresign and Automulic
Prucess Cantrad

The busie objective of grinding mill dicuit eootol i to
maintain Goeiess within a nawew band, wsually at rame
musitogm prsluetion level consistent with the existinge
process il machine eon=traint=. Usually indieeet miensupe-
ments are reiuired since nol ey finelres seheuis e
veboperafing, Yer o trenel does exiet to apply and e nme
fneny s purticularly i cement sgrimling  mill
cirewibs 3] rends in grimling mill eiccuit desipn which ap-
emiphasized even Turther by consicderyrions of automarie
process cantral el e e BalTowing,

1y Obtuin goand  mecsurements  of  mill feed  rates,
eithor b weighing feeders or Ly a eombination of tatal
mnil] o) vzt o sedirebcal s bing, Temders for adiitives.

2 In chesedecireuil griling ~cusing of inpat wuti- o
seprikztbowa, tnd bl ]t s alwey s paeferadibe 1

SOT=r-,

clevarnrs,

attempting to ahtain vguivalent mensueeaient - il -

inpuE ampreres, Power sa-betn voltage affects dive inpan
L . 0

3=



LI N JEL 0.
Fig- » Vaiane ool wal comgmiten Ilrkl:ql'l.nl'nn i vegent plam,
Fog. o Proess vmtond ompiapaiker =g lundon i cement plat.

amperes but only slehtly affects deive inpot watt= Thus
contral hased onampere readings may. a1 times be Jueed
ter falsn i formmation,

3} The trend i= to place w0re empha-is an wlepnde sie-
ing of all vormponents of the gAndiog mill cireuil. This
e~pecinbly appiies fo those laodling recirealating losed.
Guod control man Le imnpractieal if some af 1w recireulal-
i laad pusabinries, or ol other componenss, prevent ade-
spuzate bandling of the farw rate which may L inberent due
Lo varintiones in Che process ot erials aetaally geed,

1) Same ceorent plants desipned iy Baropaeans wee o
Lieitg Bdlt pnd inelwde featares for elosed oo eoniral of
finsuess welng contivnas fineness sensors

Figs, & and 9 2lww s proces< pamgmiter instadlatvm in
o cement phant.

Trest= o Serosiatie Coseken, Fosertioss
Brise PERNragyRD

The moepity of United Botes coment plants teing
digital proces eotnpniter eouteol deehinigines have ajplied
them te the coniral af raw min chemical compnsition. hin-
eoaler contral, sensnr validity cheeldn g aud wlonm Togpinge.
prcluetien and teend duta lopging, and daily operating
repurls.

Cirinding mill Joad contml and DG are ai-n operating
i a o vmmber of T8, coment gdanks with T30 being more
widely used in the Jiet Tew sears, Most new cement plants
sut=ide of 1he United Bintes and Canadn ure desizne] by
Eurepeans, Jan =ume toanees eelectod 1urags- desigmed
cenent plants have been <hguificantly nhiered their
rjesign coneeTHs i hetter interfwce with sulimadic [T s
contral priceipies and equipnient. The prirgeee 1 sl
ey 1o kasep ovcerall ez inent oo mindmam, Thu- a
trened for such planiz i 10 not waly poerfoem e conted and
vther funetions Just listed, o to often inchde, o= opsiro-

TH = s irs TN ICSTIHY vs G SNyl

VPRI R s, JL3 Y A =T [T

primt e, dditional fuocetions of 4 2

Py ey ~cheeluling puickinee;

2y prchmisie niag jaie bailding comtral;

1) prebonwzeniaing pile hoibding sadealitions;

4 erindingg nnll boiad eontral wilh pexiimiziog o= sel) a-
utibized qmd winh
lupes, it some casee, being userl e on contitaen.
R UTECIE [T K

sticmdv-slate versions loang [Tt an

A) eemienil Mix conseITom conlrol;

G eeeent sifo ot ioning g vplidiiy clweldng:

7) monitoning ef deis e fur niechradiabed <hintdoson-;

S)oatemadie start-up amd shatdvwn of
prowce=s alepartment= by programmed  logie, ncelinding
traisient mnniulation of regulating oo as well -0 ary
eoniirol ul Jdrives themselves:

91 control of wverudl hpd crmpling Tor depertoeens-
between swhich relatively Tow surge expneity Tur onteriads
exicts,

A oors detailed dereription of many of thiee Inetione.
i~ given in Al

1'|r1|1-|||1llll|-

[NCHEASING AVAILABILITY OF AUTUMATIO [hin ke
CunThoL SysTEUs Y ADPEQUATE POw kR SUiriies

As briefly mentioned previonskbe, oo distined peed g
more thormglly anadvze the interrelition of the pwer
supply for the adomntie greoeess ceanteel sa=tem amd s
majer compenent= and the power dislaobuion =3 -temn
climcteristios, The alistinetive solution- womd freml -
funnd w=efol in many =uch automatie process el -ve.
teriz 5 10 isolie the peawer ~uipply foar flo
evmpater and cortain eritienl sensors frieh s Xeome i
andl amalyeer, oxs zen anady e
tiomh Tl st puoeer sugepls 35 often i Uaos formonl
seprade indnetives or e notar-daven alternaten voquipged
with o lvalioelbal peves=aes contreal tooride thimagehs sy
o er =xstein (rabsient dislurbanees. Suchoas sodited
po e supplys when proqeely derigned, prosvides clea
pawer fu these condrol eotnpuae uls

The restlt of peing sueke an i=olated elean fude-1hinaegh
perwer sUpply s that the process cantiod equipnnan is nge
harmied, vr tiken ont of servive, doring momentans dipse
o volf ol leciees g The il posser <ol Tocmldieion, the
siirges which symetimes mel inta the main power sdicaribu-
tiime syslem s s major comproenents e kepn ot ool the
[roeess control squipment.

As plumts are desigpned w bich insegmne antomasion and
plant design tupether rore earefally amd welinde autematie
sturt-up and <hrdinnn of selected portinns of the process,
the =alated rdr-througeh s 2npply conee i iz exbanded
tre al<o inelide power tothe relaxs contralling the ntar

LR Cignl 1)

i -i_*]l.-n‘:h'tf i'.'.."rlllllll.'lll:{v

virt ol eenbers hernscbees, Tleis s o leesds Do sl res
start of cedtical portion - of the proces== Fuflow ity 1emputary
shutdowns due toow shert-berm loss of voltape G the main
Jilintad JueneT shalem, -

I smooue instzpees 1he rideabrough power ~upply be
e et tery cnported for -y, paerbinds af Troame 3o1o 30
At in under vo peernit stamdby auxilinny Diesel engine
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Errnelabinn st fe Tne achivutedsl ol fake over the Do dion of
supplying eritieal buwl- fore <l toriing of thes Kilo, for
operad g puin e, fusie, aned conTer grate= g foes of
swpwr frdu Plos jporigd maadn posser soree U the plant.

The ability to gquirkly re<tarn the conlingsi- prtess
parrt= af Lhe planr after noshbibown doe o temgugin s liess
of power a3 atem supply voltage = heguming incro-ingy
irmgeatant in another way, Most interconnected pddic
utility pieser avalvme st use highespreed reclosing o
their main Fransmis<ion liees o ket separate sentrating
stutions i synelhiconi=me during shoet civenits oeewering on
lines which intereonnert such geoerating sbatione. Unless
the sl clicuit is cemeon ed peampt vl the interconnee-
tinnn betwern geierabins restaeed promptly, the sepurate
getwerabing ~tations femd to ~awing apack sofHeiently s that
thiy catinat be safely reche=sd Gygether withont ela-
Barate Listpe-con=iming reaynelironizing provisions,

The effeet- of this high-spmad short-eireuit interniption
ared sithaeenl High-speed reelosing, as seen gt the ceteat
plaant bus. s thak peower s ko<t For trgnealiy 123 172« alver
whieh power eones bowk fron the wtility. [osing that
short time, nost deives sht oo e to theie wsng in-
shantu s undervoltage protectiot.

Mvvrosrroren< pok O e PLosT Cancreo,

Durirg most of the tine in which digital proeess com-
paters Jane been applivel to cement plants, adeguate ~oft-
ware with interface handware aud meeessary peripheral

quipument have Teeen availalde oaly with aeedinnesized
e~ conb ol enmputers. These medinar proees contisl
eonngrers have U caqubility of deing any ur all of the
funet s listed in the preeeding seetion af this poger, vither
individually o simultanecu-ly. Beewime sach meliom
s coquputers have substantiaf total capabilities, they
tetuded 16 be uneconomie when being eonsidersil for asingle
partienlar contrel funetion suel az, for sxample. sontrol of
raw % elicmical composition,

Zowull ur minicompuier have been avatlable for muny
veat= Vet by themselves thiey are relafiveiy Useless onoa
reab-fine prucess conkrul job noless an adequate bbrary
uf noaland seftware and  geod apelieation seliware
g vinlly tadlered for real-time process contnd are uvuil-
abbe. Aorewver, the brok of stlapaate sapporting inter-
Faews laplwoee pucetienlirly suiteal to e Sredistries L be
sevyol houl pednen] their usefulpes in suweh iedustries,

Survevs of many exiting evment plant- in the United
Aate- omeccruityg the porsbdlity of applying automotic
praees= enntrol have discho=ed tlast there i a need sl a
prenl i usefuliness for minieonquters i thes ane e
pestely esquippel with sipportiog stmlanl abed apglice
tion aftware, leecssary inberfuer handware, ated suppurt-
e teaining ool ather fustabbad oo seeviees,

Such o recend development i< <hown e Fig-o 1012,
Thoee figures show Bloek diagsoane of a line of mingienom-
Lt pa hacked upe by culvpuat e standoeelftware, heee b,
aund ~ervices el mimasd b serving Lthis ~eginent of the crment

Irrumllf;trturing industry,
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The three I:||.|1]'H'|rll}plﬂf'l'-iu:‘-‘t'd ALl LT AR LINE
~heswn in Fige. 10-172 ane for rave mis ¢lemieal ecanparition
cvtend, Tor Kiln eontrad, amed Tor extended digital en-
padiahity (ineloding generic 1I1C moftw ared, Foeh <xst o hos
e following cantre] enuipment aml operational fratunes:
they are all bailt aroand o siniconputer system ol el
ware amd standard library programs designed (o meet
proeess control reuireent £, vantrols irocess Livoregh ot -
puts 1o cuntral deviees typically on the COP; vach niilize
modern reliable devices for mterfuce with vperator video-
1vpe of operaturs console s typer Joer camlinatiom
aperator's log and alarm log; ench s o camplete and
idependent syatem: eael b= unered fron ritdeliponapds
paver ~upphys anl each ean commuanicate with other mini-
coanpier-lased  evshoms heliging to its own Tamily
as approlirnte,

The raw mix sy=tenn showe in Figo 10 meludes an N-my
anplyvzer for elenemal smalysis of the mw T RIS (Y
saniples. The funetional conind grovided by the pre-
sngineered software will control np Lo sin Faw o materiad
ferders, correcting feeder Futos as neeessary 1o Nt Ain
the sample analysis at the proper ehemieal compusition.
The saeten will also vontrol u 1o 1w Juanogenizers 10 be
bateh or continuogs Alled for o ~pecific chemica) compuosi-
tion b sdjusting the ehenmiiead eomposition hald point for
the ran iy stream. A chemist "< Jog with paper fagac jameh
arak reader for dumpiing and loading progeams ane inelueded,
s e The eupaeity for vanous custam aptits,

The kiltieontrel sytem =hown in Fig. 11 provides the
besie funetions of msintsining stable Kiln operation
ihtotgh proper setting and adju=tment of the privany kiln
vigiabbes snch s feed rates, speed, Toed How. ol wir-to-
five] ratio. Coader wrater and ga~ fow are abo eotroblad pe
appeopriate to the type of elinker eovler weed. The <y-tem
bas e capalility of being alue to cotrel the v arions
13 e~ of kiln-euoler combinations, dry and wet feed. with
il witheut probenter, Kiln performanes o s inehalid.
ar i1 1RE Gomelly T0T Valiels CHsTum Tt

The svstem far extended it enpability provides the
eipueity Inr oxten-ree data avaUis . ol mondaring aad
alaring, and for Jaily produetion semmary, and other
lingmaingg functions:; omf eorbined with the extensive datg
aeyuistion. capacity s the avaiahility of B software
for digital contral of any orall process Jeops, The wet prints
fur the DG process loope wre normally st at the opera-
tur's videost ype comsede, althongh supervisory contrals of
those ®et points Drom aother minietmputer svslem
family taember = alsa pu--ible (Fiyg. 12}

11 nddition (o the previvushye deseribed rguipment and
operational fealures, the ~urces-ful mitticomyiter-hased
altomation system mu<t cuntinee to ineliute the full enm-
plemnent of #l] argunieational Tradiig by both ieers wund
sipplicr, inclnding awareness. training, and commitment
T the t=er, and including adequnte Installation start-up
asistance, and follow on smrvice availabality by the ~up-
plier. The miniecanpter-tised s =iem then i siinphe an
extensicn of 1he Ldest autoad ion feehnology 1o mect the

Phowsmsd ks e o [T 0% 0 sle Do i bl

R A IR R LY B |

evidving oeeds o the cenweant ncdistes s S Tofrhe i linen-
tal reqrtirements for snecess sl exist sl ms-1 coatine
1 b el Fur steees=ful auienuad for tooesnlt,

T LU =1

44

We mny eonelide thae Foallowing,

13 The rement ]rT:uli waner il his l'-rpnﬂ-l'll.t:nli\'r-»
fove availnhle even w flir eliaees than Le-fore e 1o e
siga o] eapabilitivs of autinahic proces- rond ral «y=1eme
which thes ean reonomiealls s

3y This brasileping of the beee for proces~ aalomatie
control eempate s tu alae inelude the minirommter- e
qtely Epperted by stmndand s tware aid interfe:
Lardware, mepns Thal inany exi~tng plants ean linve autin-
113G .'||r|||'i|,"l_i Ten sl Tiest ]|rbl'tiuli.'-' ol thair proness whirh
miy not hzve been very eeoawanical Btherto.

3} Adepiae peaple Factors inchuding approftate jub
gt~ of operating personbel aud thelr aervision,
enmbined with good initial and continued 1rvining remoin
vital for sncecsr in attingtie conteel,

1) The po--ibilities of muadifving basie plant de-izn fur
rew plaris fo better adupt to the possibilivies of automatie
process controb are eaeiting, Fhey lay o hasis Dor <iznili-
cantly elanzing for the better fotal plant inveiment nind
nperiting profitnbalisy,

3) Fuceess in achieving autemnalie process conind i oz
st seeident. Sueeess is best diesigtied-in from the baginning.
Tu be uttuined, it prineipad |y ineludes awner v olvemnent
from the beginning amd thepeufter plus hewy =upplier
inteivenaent from the beginning bt tapering off a2 030 -
o on euntrol procends

i} Trineipad essentind dnpredivurs for sueesss with 1he
1vpiea] aeeambability foroeach Lave now been ident ified
four antomalic process roilrel =vslems i cement manu-
facturing plants Ta pical ecomunic benefits derived from
siere-sfil mpomatic process contral by digizal compater
installation e also heen il ified,
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The aperation of 3 paper machine is critically atlected by
the complex interattion of subsysiems thal traditionally are
sybjected 1o independent ¢ontral action This aimicle de-
scribas the design of & contral system lor @ paper machine
that takes inle accaunt such imeracvon, and shows how
the design techmgue may be applied t¢ a basis weight/

maoisiure-contral system.

Interactive Control of Paper Machines

E. B. DAHLIN. Measurex, Inc.

{Gigod paper-machine control must include coordina.
tion of such subsystems as rcfiner, headbox, and
dryer, and speed and stock feed. Withaut such coor-
dination. cantrgl actions that are (aken in onc part of
the overali process may be major sources ol upset in
another part. Specifically, refiner adjusiments may
upsel moisiure conlrol; specd changes may influence
paper lformation unless compensatory headhos ac.
tions arc taken: setpaint changes in basis weighl may
cause bolh an upsel in moisiure conlent and 2 varij-
ation in sheet strength.

Efiective handling of interaclions among paper-
machine subsystems may be initiated by construct-
ing a contral sysiem 1hat takes advintage of cxist-
ing analog controls while employing the full power of
igital computing technigues. The rtesulting control
svalem is 300 o complex yet greatly improves the
sutpul product, and at the same ume keeps npen as
much digilal compuler capacily as possible for more
sophisticated algorithm implementatiun,

. For o general approach to muthematical modeling

for 1he maper industry, Rel, 1 is suegested. Previous
work by the awthor o ceflain alganthms appears in
Refs. 2, 3. 4. and 5. The eaperimenial data used in

this article was gathered as described in Refs, 3and §.

Papar maching influancas

The table an the next page establishes qualitative rela-
tionships among cssential independent variables thal
may be either random disturbances or manipuistion
inpuls, and an array of dependent variables. Yari-
ables preceded by an asicrisk are normally manipu-
lated and variables that can be observed are boaed.
Canirol objectives may be defined from a study of
this 1able. The basic need for automatic regulalian
steris from the existence of the disturbance variables,
Measured and manipulated variables affard possibili-
ties far forming feedback control loops. The table
also indicales simultaneous cfcols of manipulated

Kl

variables upan variables reluted to specifications for
the produet quality, such as basis weight, moisture,
and fpemation,

It is often useful 1o stabilize fiber flow by cascaded
conlrol around the stoeh svalve, In the table, fiber
fow s identified as dry sock fow (DSF), and is
defined as the product of consistency and stock fow,
The leedback loop, closed lram calculated DSF 10
stock valve position, will be afiected by consisiency
rezding noise and temperature impact op the consis-
Lency meter calibration.

Haowever, these sieady-state calibration errors are
not loo critical Lo good control because the long-lerm
behaviar of fiker flow is determined by feedback of
basis weight. The usefuless of the calculated DSF
loop iy rather W0 prevent short-term vatiation in con-
sistency from upsetting the basis weight and ihe
moisture content of the reel,

The feedback loop from sieam pressure to steam
valve position is normally implemenied with analag
preumatic contrallars. Within the dypamic range of
this control loop, the cffects of sieam line pressure
and flash tank pressure are prevented from propagat-
ing through the system 10 influence dryer heat flow
rate and reel moisture,

Interactive computer contral systam

The block diagram of Figure | shows how a digial
caomputer may be applied Lo a paper maching for the
purpass of improving product guality through more
sophisticated cuntrol of inleractions among operating
subsystems. The compuler receives measurements of
yuality-defining variables and performs highly com-
plex analysis of, for example, nonlinear calibration
characteristics und  calibratiun  parameters  for
different paper grades. Produetion rates, fiber con-
sumplion per produced reel, and means and variances
of quality-defining vaciables can be prepared regular-
Iy fgr management. The computer ¢an calculate on-

h ]

CONTROL ENGINFERING
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line the true cross-dicection profiles of, say, busis
weight, bone-dry weight, and maoisture.

These and other comples functions are routinely
perferimed as shown in Figure |, where the compuier
implenents alzarithms ta supplemenrt the analog con-
trol of locul operations. This system incor porates fea-
tures that are ool generally dncluded in puper-
machine controd. .

Teo illustrate the methods used, a relztively simple
syalen for ¢omtrolling busis weight and moisture will
now be discussed {Figure 2).

The subsysceny for pulp-Aow control coasists al 2
flowmeter feeding a signal 1o un analoy Mow con.
tealler, which then manipulutes the stock vabe posi-
lion, A comsisteney meler ansmits a sigoal Lo the
Jdigtial computer, A program provides dizital fltering
For climinating high-frequency noise associated with
the cansistency melsurement. After noise removal,
the program calculates Aow sel-peint corresponding
ta fiber Auw {dry stock flow or DEFYL Implementa-
tivnn of this loop wilh a miatore of analog and digital
hardwzre provides a profilable balancing belween dy-
namic performance and case,

The dryer-contral svstem is 1 conventional poeu-
malic control toop regeiating the steam pressure ia a
dryer section, usually the one dircelly shead of the
busis weight and muisture scannse.

The supervisary controller urilizes measuremaents
of b~ weight and moisture abtained {preferably)
at scunaing speeds hetween 3 and LK) in. per
min, These speeds enable the computer 1o have betier
process infocmation to work with jn. far example,
calculating <ress-direction profiles,

Frocess identification

The abjective of process wWentificuion is o determine
process dynamics paranmeters—a must step in con-
strueting the process mathemalical modeat if an ade-
guate contral system is to result. The parameters are
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required for Both the design and the tuping phases.

The procedure is Lo introduce small upsets in the
manipulated variables and collect the response data
in computer memory, After a small penurbation of
the stock valve, for instance, a varialion in stock
fiaw, consistency, basis weight, and meisture will be
observed. Again, a small varialion in sleam pressure
sctpoint will cause changes in steam pressure, mois-
ture, and basis weight that are transmitied 1o the
computer, The required parameters are obtained by
analysis of such response data,

The criterion for a good model is that it provide
the basis for good conirol-sysiem wning. The degree
of necded acouracy of parameter estimativn ulso de-
penrds on the loop sensitivity ¢ discrepancics be-
tween  assumed model structure  with  paragmeter
values and actual process dynamics.

In the application being discussed, an adequate
model structure can be derived (rom the wet-end
model equations of Beecher, Ref. |
head box time constant, the simplified lincar model
developed by Beecher is

r

A BW p eVt Tas
IpsF - L ms ()
L

where 4 BW ahasis weight change at the reel
A DSF mchange ol concentrated pulp flow to
. paper machine (gallons dry pulp per min}
X, =gain constant
r mlransport delay [rom stock valve 1o recl
Ty =mixing time constant in the wire pit
ry = the fraction of fiter fow that does not
circulate through the wire pil {fetention}
5 = Laplacian operator
This model being acceptable fur the wet end of the
% machine, the dryer is next considered. The nature of
", a response 10 a small sieam-pressure change is ob-
13ined from & heat-low analysis of the drum, Figure
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3. [f the fell is the same temperature as the pocket
air, the heat flaw per upit area may be modeled as in
Figure 4. The dnving signal is the temperature on the
inner surface of the condensate, The sheet s consid-
ercd as having a wet and a dry section, the luiter re-
sisting water removal, The rate of water removal is

Fom CU,. (Te— T} [2}

where © =  reciprocal enthalpy of waler evaporation
e = heat conductivily per unit area between
the wet sheel node
7. = temperature of the fibers in the sheel
T. = temperature of the water in the sheet

With temperature us the analog of voltage, heat
vapacily as the analog of eleciric capacity, and heat-
transfer numbers as analags of eicctric copductivizies,
the transfer function for Figure 4 may be writien

F.05)  Coq AB 5
TUD R G+ A+ B '
where
T Yie
U. + l = incremental (4}
M Rw + Ry drvercfficiency
R:m By + Rus + R, {5}
Ry = Fau + -'---'-—-]——--—..- (6)
Uie + oo
i+ By
R, = iU,

A, 8 acharacteristic tadian fregquencies of the
nelwork

When the sheet iy transporied through the drver

seciion—all of whose drums are assumed 1a have the
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) S0 Brufhe, *F, it?
wiiy: fa) = wife fad = v Fodl (7 v .
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_ e Fow . : . - BOUlts -i323
where wifc: ) mweight of water per wmil area at g g 3
time of the clement that eatered the dryer sectivn at e o
time 1, R
¢+ =the fraction of the total dwelling time in
the section during which the sheet element s in con- , Gr . : : ,\
tact with the stcam drums ! . : ] r .7 1 :
From the concept of Equation 7, the water content . ' AU B drum widem,ser, deg FSB

seent by o fixed obsarver located ot the end of the
dryge section apd waiching the sheets 2o by can be
expressed by the differential equiation

dwi{t] dwy e _ -
o s = 2 [F) - FG -] @)
where wiiy = watee weight per umil grea at dryer god
wa{Fy =water weizhi g at dreer eniry
to = dwelling tine o the dryor secinn
Taking Lhe Laplacian tnmalerm ol Eguatiom 8§ sl
combimang the resull with Fooadbn 3 yichls the
dryer-section transfer function;

w i) - “Cu A B ="

: S - N %)

T (5} He s A R I

The constants A and 8 depend upon the heat-
traasfer cootficients and the heat capacities of the svs-
icm, and are difficalt to estimatz, Ir 2 typical dryer,
A varies widely while 8 s relatively independent ol 1o
the heat transfer o the drum., Figure 5. The A (B) :
reflects the condition ol the internal heat transfer of
the drum. Analysis of heat transfer betwecn drum .
2nd shect, wet and dry sheect nodes, and sheat W air ; . .
pocket shows that A and § are balh faircly indepen- biiomgtidlhy L
dent of these parameters. 100 300 130 7Co

Equalions 1| and 9 define a reasanably adeguae 'S Secords
muodel structure for. purposes of process iduntifiv.d-

HIE A Compaiisen plor af characienistic
radian freuencies b wad 1
of rhe drves-frum wnalag of bigure 4.

05

.
o

EI4), 0. Basponae Lo porturhaiions during an
idertifieading enpeerTment of A dbasis weighepand B
dry stock Row ) The otid cpree of Figurs 44 i
the rexponse 10 e data in Figure 68 when usod
JANLARY 1870 an 2 driver of the basivemeight mudel, Cartospomden e
! of Miix curve with the plotted data shoss thal g
poued modd has boon con~rryctod
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where X, r,und € are pain, lransport ek, ond
pole, respectively, Fach ol these paramicicrs s mati-
vidually deteranined for the twe transfer Findtioas of
Equastions 1 and 9. IT thiv simpliied Form s awed,
there must be very shorl intenls betweon pweriurha.
lions an the identihcation process, Rel 3. A mcthod
for determining &, 7. and by analysis of the dula
from an identification esperinent is given in Refs,
2and 6,

Figure & shows the response to nerturkanions dur-
ing an identification experiment of A, basis weight,
end B, dry stock flow, When the input fime series
dawa of Figure 6B s used to drive the hasis-weight
model, the salid curve al Figure 6A results, indicat-
ing by agreement with plotted data that a good peo-

FIG. ToA=—Flol of stoem provwwse yasialion ahrained
by £+ posing irs stLpeist fo <icg periwrbatione §. —
Carrespandence bedween pbaerod response of muistare
vondent and resgaotise nbiuined by drising rhe

modal mith e daiw of Flgore 74,
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v node] i Been established inthe computer,

Fupasing e sieion-prossare ~etpainl 1o per-
turhativais vichds e gunlinear Tehuvior shawn in
Firure A, rovenling 1he water-removal Hiilations ol
the sleam drums, Five (B shows correspwnndoine
Pctwenn wbegived espemae ul emaisture content andd
tospaiise whtained from alriving the nusdel with the
ot ot Pipore JA,

Uhe methiond doslaatal bere has een dested over
tany sariables unoaovariets of paper machines, The
wonclusion is i elfective tuning of larger sy e
van he gocumiplisbed by this incthod af process iden-
vificition.

The contral algaorithms
For the system of Figure 2, algorithms are designed

1o obtain 3 specified roypons Lo etpoint changes in

cither moisture ur hasis weight, This respanse is over-
shoat-Mrec and has caponential sotlling charagier-
istics, Observations of closed-loop operation hase
been made on many instaliations. and the cffectives
ness of loop decoupling and ransport delay has been
verificd, Refs, 1 and 3.

The process model of Figure 3 is used for con-
teoller design. The held blocks maintain a continugus
culpul signal updaied periodically b the compuler.
which acts as a sampling device. The hold lunctivns
dre incorporated 0 the steam manaal-aulo saliun
and the snaleg fow contraller shewn in Figure 2.

The vlosed-bowp dyvnamics ofthe wleam-pressure
L e represented By oo single pole, B Croses-
conPling horacteristicos are delicated Iy paroneiers
apstnd o Ap Musarative cvonple of crossconphing
neiworks is given in Figure 9 and discussed later in
sume detail,

The dypumic effecis of wwunnipg, and of the resylt-
ing comtral by 1he cross-machine averages for mais-
lare and hasis weipght {alerniuely bone dry and cun-
ditioned), are mcivded in the modet of Figure 3. The
avarapes are calvulated Mrom sums formed over the
samples taken during a single ~can, In the sindel,
SORLINLOLS MMCERItIon serves as an appresimation
[wr this calvolasion, Such approsimation significantly
recloces 1the complerity of tie Anal control algerichm
withoutl producing wny offect un contrel-sssiem wn-
ing. The symbol 2" indicates a time ~hift equal o the
scanming Hme morement 7

In Figure 10, speed of sertling is shown as heing
dependent on a parameter { » Y that is chosen as high
as possible congistent with peemissible Treguency and
amplitude for steam pressure and stoch-Aaw changes
demanded by the vontroller. Better control requires
greater activity in munipuiating variables, Ofien,
however, the maximum value of & is determined by
overshoot chatactenistics generuted by nonlinear phe-
nomena not accounied for in 1he model,

As to decoupling, Tet it be assumed that a maisture
setpoint chanpe is made, Figure 9. The wgarithm
Cl11 wall then see a pasitive moisture errar & and call
fur a steum pressure decrease e, When steam pressure

CONTROL ENGINTERING
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devre.tses, bisis weight and moisture will be alleoted
acededing 10 response curves indicated by fand g
Du: o process inleraction, not only is moisture
changed but basis weight is also upset. Eventually the
aasis acight alporithm C22 would correlt 1ne basis
weight ereur, but this needleas upsed s avoided by
aperation of the decousling sleorithms Ci2 and €21,

Algorithm 21 will have alreads seen ihe maisiure
errer  thal occurred with the selpoinl change, und
cdlled for a stoch-low decreasss A, This has resulied
in o nullifsing efievt un muisture and basis weight as
indicated by signals § and & Proper selection ol ual-
eorithe €12 can similacly offset the eTect of a baxis-
welshi setpoint change on maisiure,

bn udddition to interection-Mree selpoint change, the
dezownled controller achieses much faster conugl ac-
tion than do adependant basis weight and monslure
cuntrallers, Figure 11, Ltsing aormalized units to in-
dicate deviation from setpeint, the graph shows mwis-
Wree fesfonae 1o an wpsel when the 1wg controllers
are applied  without decoupling  ulgorithnis. The
graph muy be compared with muistuze response in
Figare 10B, where much Lighter cuntrol is ohtained
with gaund stahility,

The decoupled controller presents unnecewsars

SANMUARY 1870

ML tury g

) - FIG, % ifov cathe vrweconpling netserk

. for sy+tem af Fipure ¥,

. shpming ha s divtirboscy of wither st anim
witl result in gn affser ol ahe evpes 1od
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control dctions. When 4 consdsteney variation causes
simuftanegus ups2l in basis weight and moisicre, for
example, the combined effect of the algorithms in
Figuee % will gause 1 stoch-valve corrgetion. leving
steam pressidte unaffested.

It is hopoed that this discussion of & combiied basis
weight and mvisture-contzaller design has indicaind
how the basie principles may be applicd to mush
mure comples control sy stems,
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CUANDO SE TIENE QUE PRACTICAR UN CONJUNTO DE INSTRUCCIONES
SOBRE DIFERENTES VALORES. '
= ACOMODAR UNA LISTA DE VALORES EN ORDEN CRECEINTE O DECRE-
CIENTE, (N: COMPARACIONES)= .

Existen dos formas para solucionar esto:

- Lopiar el cdlige tantas veces como se necesite
- Agrupar las instrucciones y usar algﬁn mecanisme para lie-
gar a este lugar ' -
- Ejecutar las instrucciones y regresar.
£l mecanismo utilizado para brincar el conjunto de instrucciones

se le conoce como "llamada™ y al conjunto de instrucciones se

le conoce como “subrutina™.

El mecanismo para manejar subrutinas consiste de dos pasos:

10. Preservar la direccifn de regresc .
20. Cargar al PC con la direccién de la subrutina ¥y 5€ usan

dos técnicas en ayda de esto

- Liga o apuntador {una localidad) *

- Anidacion [stack)



0o

En PDP-11 la instruccibn que fermite el manejo de subrutinas es

JER Rl y dat
128 byts

i5 98 55 Q
= S W T d ot

ALGORITMO -
1.- Preservar el valeor de Registro involucrado
2.- Preservar el PC en el Registro involucrado

3.- Se carga el "PC" con la direccidn de la subrutina

FECH (ALGORITMO) JSR
MAR w—— PC
PC  #— PC + 2

MDR #—— MEMORIA [Linf...MAR] ; OFFSET

1 a8 -

TMP e MDR + PC . # DE PALABRAS A SALTAR
R {6]-2 ; TOP + 2
MAR «— R { 6] s APUNTA AL SP

MEMORIA [Linf..MAR] #—— R [5); SALVA EL R [5]

PC SALVADO

PC e TMP i DIRECCIGON

R [5] #——— PC

L




0.3

RETURN FROM SUBROUTINES (RTS)

RTS 15 el efecto de esta instruccidn es de reeﬁplazar el PC
por el contenide de REG [5) ¥ reemplazar REG 531 por el conte-

nido que se encuentra en el TOP del stack.

FECH DE RTS
I.!‘CIIP Rl
z 0
PC e R[5}
MAR <=——— R {6] . SR
MDR «—— MEMORIA [Linf...MAR] ° ; RESTAURA EL PC.

R [5) —— MDR : RESTAURA R [35]

R[6] ®—— R {6 + 2 : RESTAURA EL SP




MAR
MOR

REGISTROS DE
MAQUTNA

R 0}
R1L
/(2]
B 3]
R 4l
R 51
R 6]

R 7] |

04

REGISTROS

1000000 |

MEMORIA
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Las instrucciones etlquetadas con B! y BZ ﬁasa contrel a la
instruccifn etiquetada con "SUE", cuando la etiqueta "RETURN!
es encontrada, ¢l control regresa a C1 y C2 dependiendo de

cuil fue la Ilamada.

ETIQUETA . CODIGO OPERANDOS COMENTARIOS
1, Bl: JER 45, SUB - LLAMADA A LA SUBRUTIXA
2,- Cl: MOV X, AC  REGRESO
3.- B2; JSR 5, SUB . LLAMADA A SUB
4.- C2: MOV Y, AC REGRESQ
5.~ SUB: INC B Xo ) lera. INSTRUCCION DE SU
RETORNO: RTS \5 DE R{ 5] SE OBTIENE EL
' ' REGRESO. )
L I
— —
3
- )
—t
\
) N




OnEk  or

* ENVIAR OPERANDOS A LA SUBRUTINA Y RECIBIR LOS RESULTADOS ES

L0 QUE SE CONQCE COMO PASAR PARAMETROS.

- Cuando transmitimos parimetros lo que pretendemos es minimizar
el tiempo de ejecucidn y los requerimientes de memoria,

- Cuatro maneras bfisicas de pasar parinpetros.

1o. AREA DE DATOS COMUN (GLOBAL)
'+ P, P, y 5B TIENEN ACCESO A ELLA
+ LA DISTANCIA EN EL DIRECCIONAMIENTC (128, -127)
20. USAR LOS REGISTROS
) + SON PQCOS REGISTROS (R,)
« USAR MEMORIA PARA PRESERVAL LOS REGISTRQS.

LABEL CODE OPERAND | COMMENTS
. 1, PARAM = 11

2. MOV PNAME, PARAM ; REGI PARAM! holds the nd-
' ; dress of parameter grea.

3. MW ARG, (PARAM) + i Transmit first parameter,

4, MOV . ARGZ , (PARAM} + ; Second parameter.

5. MOV ARGY, (PARAM) + ; Last paramcter.

b. "JSR ~; Enter subroutine

7. PNAME, PAREA

8. PAREA:. = _ .4_-*{8. ‘ ; Parameter area
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3. AREA DE PARAMETROS (LA DIR SE PASA EN ALGUN R)

LABEL ’ CODE OPERAND COMMENTS
1. PARAM = 35
2. RET .= 15
3. MW PNAME, PARAM i REQ] PARAM] holds the
. i address of parameter
y ared
4. MV ARGT, (PARAM)+ ; Transmit first paramecter
5. MWV ARG2 , (PARAM}+ ; Second parameter
6. MOV ARGZ, (PARAM)+ i Last parameter
7. JSR " RET,Y . Call Y with retumn
+ address in REQ] RETI.
B. PARFEA:, = 1B, _ ; Parameter are follows
: ) " JSR.
9. NEXT: MV zZ,T ' v FiTst instruction execu-

ted
; after return from Y.

]ﬂi Y: e ’ " f

11. MV 4 (RET) ,TEMP ; Load third parameter

; into TEMP, REQ({ RET]

; contains the startin ad-
dress of the narameter
area, and the third
parameter is four bytes
beyond the base of the
area.

-t ur omy owe

T 'R )

12, ADD EIGHETEEN, RET ; Calculate actual retur
y address, nin¢ words
. : beyond address in
; _REG[ RET] .
13, RTS ' RET . Exit from Y.
14, PNAME: PAREA -

15. EIGHTEEN: ) 18,



Nt

3.1 AREA DE PARAMETROS EN LINEA (LA DIR BASE AHORA ES LA
DIRECCION DE REGRESO)

LAREL CODE QPERAND COMMENTS

1. POINT = . .16 -

‘2. RET =’ i 5

3. : MV , ARGZ , - (POINT) ; Push down second 'para.m-
' _ : ; eter,

4. MOV ARG1, - (POINT) ; Push down first parameter.

5. . JSR - RET,Y ; Call Y with return address
' : EkiREﬂ. -

6. Y: MOV (POINT)+,TEMP ; EIf‘ltI"Y to Y. Save old valw

. o )

3 REG RET), now on top of
vostack, in TEMP.

4

7. MOV 0 (POINT),HOLD : Load first parareter
8. MOV . ZtPDINT],EDLD.I ; Load second parameterT
9. - ADD ¥4 POINT ’ : To return, {irst pop paras
; ters from stack.
10. MOV TEMP, - (POINT] : Place old value of RECIRE]
b ' 5 on stack.
11, RTS RET ; Exit from Y.

40. USC DEL STACK (MENOS MEMORIA)
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LISTA ES UNA LISTA DE SUBRUTINAS

EFECTD

. MACRO

. ENDM

CASES

. PEECT
CASES1=a.
. WORD

. PGECT
Mov

ASL

ADD

Hov

JER

X« LISTA

CASES
LISTA

X.—=(5P)
(SP)
#CASESE
COCEP),
FC,2(EP

s
(S
Y-

S
[

iv

o P N ——— e | P A4 wr R IE N

MoV3.
M

G AR =50
24— JAN-LD

SE£ HACE UN JSE PC.,A DONDE A ES LA X-AVA SUBRUTINA DE
- LA LISTA



MmaCRQOsg cos4uUnR .
HKACRO ¢OSUBNS 11 -
L &ATALA
GOSUSS  NOMDRE, <LISTAD
EFECTO

LLAMA A LLa RUTINS WNOMBRE COM LOS FARAMETROS DE LA LISTA
EM EL STaCK CON FORMATO
YIEJO RD
ARG, O -

ARG, N
F5->5P-» # DE ARGH.

.MaCRO GOSUBS NAME. LISTA « LiaMA A FORTRAN
5 roy RS —{SP?} 1
OSUD1=0

_IRP X, <LISTAD |

fbu LT X, —={9P>
OSUE1=20530U01+1 l

. EmDM

MOy NGASURL. ~ (SP)|

F3y SR, RS ;

JSR P, HNARE

AL ““ﬂGDSUEI+2-EF

M (SR} +. RS :

ENDH

" ACRDO G 0S5 U B:R

LLAMADA )

TaGﬂsuBR NOMORE: AD, AL, AZY &3, A%, 4%

EFEC
ZE CARGAN LOS ARSUMENTOE HO MAD0S AD.. ... A% EM LDOS REGS
AQ,....R% ¥ SE HACE UM JSA FC. KOMBRE

HO SE SALWAM PREVIAMENTE LOS REGISTROE
LDS REGS. MO USANDS KD SE MODIFICAN
AG, .. .. AD DEBEN SER FRGUMENTOS waLIDOS PARA MOV

NOTA

.MACRD  CGQOSUBR  NAME. 40. Al, AR2.AQ, A4, AT [ LLAMA COM LDS REGS.

mcALL GGOSUE

GLOSUR  <A0D. RO

Soacen LA1D.R1 ’ —
GEOBUB CA2> R2

GCOSUR <A3>, RO
CGOSUR  <A%D. R4
GGOSUE  <AS>, RS

wER FC. NAME

. ENDM

.MACROD GGOBUE AR

T1IF NB. <A>, MOV A.R

. ENOM .

MACRO GOSUDF
LL AMADA .

GOSUOF  NOMDORE. <LISTAY
EFECTO

LLAMA LA RUTIHA NDHERE . LDS PARAMETROS SE PASAMN
EM EL FDﬁHﬁTﬂ DE FORTRAM

NOTA .

FORTRAN ESPERA ARGUMEMTOS CaALL BY MAME. I.E. HAY QUE PCOHER

# A LOS ARGS.

.HACRD COSURF  NAME, LISTA

.mCaLL FusSH. POP

GDSUBI=0

IRF y ZLISTAD

GDEEBI'GDEUHI+1

EMN

FLISH <RO.RI. R2, R3, A4, R3>

SUR A% COSUE 1+, GP

MOy F.R3

Mo wEOSUBL, (A% +

. IRP L, wLISTA>

MOV X, (A3 +

. ENOM

MO SP.R%

JOR PC, NAME

&ub AZ+CO5UL1+2. SP

POP RS, R4.RJ3.R2; R1. RO>»

CENDM
3 234%678901 234056789 s+ RSE-1ip WVE. 1 == Q4=JaN-80 o0 50 44
)] R4S TEFD] 23454709 % RSX—=11M V3. 1 #» 24=JaN-B0 - Z0: %0 44
g B F=1ip V3.1l =» 24—=JaMN=-80 =0 50: 44

4557890123455 70%9 #& RS

Rl b Rl

PUSHEQP  MAC
PUSHROR MAL
FUSHPOR, HAC
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POR-31 FLNDAMENTALS D INSTRUCTIONE

Thls course Lreseaks the prganlzeation and fealurea
of the PDF-11. It i appllcable to all procecicrs ln the
PpP=11 famlly, and i3 dssigned o prepare the Studant
Fer Further trainlng ip POP=11 hardwate or scft-arTd at n
machire of ssferbly larguage level.

Langth: 5 days

Frerequisites) The student shouid be familier with bina
and_cctal numbering aystemx, conversiends, and J|.|:.Mhrr-rak.ii:lr!Ir
and igqlc oparations in these Sases,. Trior ciperieace with
machine or atsuebly langyage fpatructions 1w requized, Ex-
pecience with “hlghar level* languages such am Fortran,
Maxle, Cobel, atc. dosx not Senwrally preparw the student
for thls course. Attandance of tha Introtuckicn ko Mini-
COOpUL4rS COUrae im recompandsd for thodes not Eeetlng the
abova prerequisitas,

Content: The following major toplics aga presented: Fraturey

tofzan ta 411 POF-1llp, memory organizabtion, registats, cpezand

Vaddreasing, instruction set, stack opsraticns, subrouktines,
decislon naking, communication wlth periphecals, priority
interrypt ptiructure, traps. and papsr tape loaderx.

The courze alas pres=nts an svarviaw of: cen~
tral processol oogaslistion and operation, ahibus Lrapw-
actions, standard softwars. and sdditlonal featurap of
largur F0F-1ls. A partlon of the courss will ba deveted
to suparvimed lahowatory sedsions.
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CORE MEmMORY
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. - MEMDPR Yy MA ALl
OPTIONS : BiESi Mouae s nENT
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HiGH SPEED REAPER / PUNCH |
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_7

—_— -



FOP-11 MEMORY ALLDOATION
MAIDE STRTFS

Ftrce T 176
1r Firporrl togbtaln an lestcovetlon Crom sepceoy. - -
T. CF wil) ervég FETON wooa covpietion of pravlous bngtruetion. el LI 170 PAGE

b PO ospeslIlas Sepm wlepe anntrectlon will ceme. amd 54

foncpamnnted by twe sfter unw,
A, Irpteyctlon |metal code) Cellveped to LAgtruction regiiler, 17 76
. Irsbyoctlios Secoafed) Ltw Fabul® deteriings ment ~jor wtate,

BOOTSTRAF LOMER

ool [ARC) I
1. Purpose: obiain sousce operarcd.
1. EF will eatyr SAC &P 12e invTooctlen i diuble operand ABRSCLAIT
ard wource addrery mele # B xx3 EL E LoADFR
¥, Mldgyrw enleoluted) data obrained and alored in GAC ceglator,
4, CF ¢otars ERRTIKATICE o XXOCTTY mairs dtata.

DEFTIMATICN |031)
. 1. turpesmi to obitsln destiretion cpevand.
Y. CF may wotas ST (rem elthar FITON br IR0,
B Mdcwes colenletadi data gbtalned und bopoght %o srichestic

unig,
e
4. CF sstert DNLOUTE wajor atate. . AURHING b ROGRAN

Exprt
1, Purpned: #Egcuts The Instrvctlos and 1torg the cesult.
1. CF way roter EXICTME fyca vlthey TETOW, tm- or DET.

r
FROCEEROR ITLTDE wohD
LA IR T ) LT, I N N L NL Y. e e e i e = ———n ———— —— i ——— e ——
l_f-H P Boridy T Hll VIt el
. - FRMOCESSCR ETACK
" .
(11 ax
i e —
COMRITLON COLEL
CEIt Mhit K] = est LE corcy frcom amnke slynfficant blt,
¥ BlE (mlt 1) = ot LF aritheetic sugrflowm,
E PiE Muit 1] = sat LY fgwulr = B,
# it thit 3 - a#t A Tesult Le neqatlva. DEVICE [NTERRUFT VECTORS
TIALE TRAF -
T bir (bit 4} - 1f sabt, cauzdd pEocasswr %rep [oted by ODFF. . .
. 11] (11
FRIORITT LY [ 314
ity 5, E, 1 Spaclfy curremt prlaglty Jarsl of processor. sis "r SYSTEN SOFTWARE COMHUN ICATION
PEEYIOOSE MODE . s 536 - ]
foits 17, 11) Meds prier to thae last Intsrpupt or Bfap. '
Eatral = M, Dpar = 11.
RARDSWAKRE TRAF MODDORESEES
CPRAENT matk
Debin 14, 1"-? Finiant moda, Fermgl = P, Ouar = 11, g i

4-6 At



/08 3% SRATAL) A AL FL I RErLY 1
Gaparal Purposd 2 5 i %
Amgisinrs

Homory Managomant L) w optiomal optional
-
S

Stack Overflow Apd [ced] i (Hized) A o programmsble

DeLaciioa arograecak] ¢
[option]
-

Extended Aritlmptic
(bardwar e}

option [external)

aption (maternal]

pprion (laternall
M, DIV, ASH, AR

standard [inbermal)

Flaatiny Point sof pwirs anly softeara bnly hm- option t ;n;rd:;: :ﬂim
11785 13713 | 11415 11728 (11735 11748 | 10745 s
Maxin. Memor
Stie (mardl 2K - 13-4 124
MEx impie Addrgid 127 ¥ . -

Space

L3 4

b



PRP-1] QIFFENEHCE LIST

11785 11713 11715 1172y [L1735 11743 jLh/4% 11758
QEN End Uswz DEM End User oEA End taer | OEM End Lsar
Lasrc Inelruction sat Basir lnetrusfion wit Basig inmtruction aat & Samg an L1400 & mul, DTV,

EKOR, BCH, MARK, EXT, AYT

ABNL, ABNC, BPL

JMPSIRS [Ri+ umos (regim-
Ler) nfter autdancr.

Sama x9 11/0%

JURSIER (R|* upon {Ceq-
istar] bhefors sutoisor.

Fama an 11749

JIKFIER AN LT epe ta loe.
4 filicgal 1nstruccion).

1
-
(=]

Sama an l1/0%

Al

famp ap 11785

JHPSJ5R %R kraps to 18
fresarved instruction).

GFR %R, (Mi+ ar —-IR) or
FlRl+ or #-1R)
usy R before autciner./f

wutodod,

OFR LE, (Rl+ or -iR] ar
FiR)+ or #=iR] upes B
afbler avetoincr.fautsdac.

Samk as 11724

Eame a3 11/85%

HY PC,LOC stores PC of
LpwbIusLion + d in L.

WA PC,LOC stored PC of
ingtraction + 4 in LDC.

famy am 1 1{2]

SEams am 11/05

i
1179
11785 LLALE 1141% 1372911125 13748 (11745 f3
| Sama as 11785

Upan promgess UALT, PO oaf
inslruckion Juwat part
HALT im dasplayed.

upon Program NALT. FC of
the HALT instfyctian s
diaplaysd.

Sama ns 11785

LOAD ACOT iz pot modiEied
Euting #xkcsullon. To Etarc
roqral agaain, Jdepreds
LUMKT. LGAD ARDUH Ld rag.
.7 and can bn addlr by the
ci az I777%17, 50 4 program
vadfi BFL WP A TIeW BRADY
addrs,

onca START im presasd. TO
start agmin, firxzk LOAD

ADDR .

LAAD ADDE walue iz modilied

Sama am ll/05 excepr can—
not ba #ddr by program.

Same ax LlSZB

Attompts Lo EXAM/DEP odd

Attempts to EXAN/DEF odd

agbyra lexcopt GPAR] wiil
Causa bat J al addr th ia

addre [wxcept GPRE) wWill
hang the CPU. To urhang,

dipregarded ji.e- 1431 dopcesn STANT with MALT
will reEwit inm 1AMd) . switch anabled.

T

-

P_ ag 11/F5.

ADDR cry lighk cowed
on. To unhang, deapress
S5TART with IALT awitch
enablod.

Did addr oF Aonexiatent
releareneca weing thee BF
causa & WALT (i.w. double
Lus effor oronring in Edap
serviee of first arcor).

Bams aw .'l..i.f!l

oad addy or nonaalEt, Ta-
farencud walng SP Causa a
fatal trap.
LEMDP BOLVICH. & now BTack
in cfeated at locs. § and
.

On bus =17 in

Odd addr or nonBRlat.
refarencss causa LOMp
tr loc. 4. Bus Ccycla
aborted during bus
pause of that instr.
and sama mm 11744,

tyte oprestlons to odd byt
of F5 do not trap. Mok

4ll Bite may saisc,

"

o Dyta oparatians to odd
pyre of PE cause odd |
ad3dr LERpE.

Eana ax 11703

Sans an 11/0%




11/8% 11712

11/1%

2

11718

11713

11749

11745

11738

EWAR inscr Flear ¥.

SWAB Lnacr doas 2ot
alfecg ¥.

Eame aw 11/0%

Shism a8 L1705

Stack limit boundary
Yiolatiohs

Fieend ot 100,
merviced by B‘B‘PL trap.

Hams as 1L/7E5

Optiansl variable ntack
limjt boundary.
red pr yallow itmesn DR

#ither basio or vacrlable
houndary. .

Uss @t

Rams ap 11540

Wo red zomne on stalk owver-
£lom.

T

=
L]

Sams &3 11705

Red zona trap goeours IX
skack ip > 16 words be-
low boundary.
saves FC+1 snd FEF on naw
stack at loce. F and 2.

This crep

-

Red 1one Lr AP OCCUIE
if mtack ie 16 words
beyond limit.
aamgy a8 1L740,

Bavan

Raad zaferenca to ALACK
wili not ceusa cvarflow
LYAD.

Rpad cafarenck to stack
can cauts Ovarflom trap.

Sams aw 11705

Same as 117058

Yiragp inskr in An lnter—
pupt fobbing wiil not ba
avecuted i another
interczupt with highar
raGrkEY GUCUL B

Firac pnacr in an jAcar-
Tupt
Yuhanteed to b4 sasduted.

FATVICS IOULing 18

Fawn &0 1178%

Fama an 1170%

11445 11718 11718 11728 111735 L1748 11745 11758
HPRE arg not secvicad in Samg am 11705 Suwmn ay 11/0% KPR are 4-llr\ricl-d in
HALT stata. HALT mtatwm.
OUS REQUCSTS arw servicsd | BUS REQUESTS aza rot per- | Same & 11705 . Sams an 1ll/724
in aingle Lnetyr modae. viced in #ingla instr mode.
If RTI secs T bic, T bic |Bama as 11793 If RTI setw T bic, T S5ama &
] 3 . v 1150
trap ia acknowlodged aftar bit trap la acknowlmdgad d
instruckiin following RTI. innediatoly [ollowing RTI.
= Usa FTT to aocomplink
- sams aw 10725 .

Ho EIT inatruction.

Same as 11793

v

|12 KTT macs T hit, T bit

ECap ooourys sfcer lombrac—
tion followimg NTT.

Sama ax 11748

If an intefTupk oCccurs
during an bnpbruerion
that hag tha T hit awt,

T Lit Erap- 13 achnowledged
bafoke the intarrope,

. .
- ]

Samn as li/03

[Erms as 11/03

If mn interrupl occurm
SAurlifg A LhatDwcilon
that nas Lhe T bit peb
the incerrupt bs se=-
Lntwledged bafors T bl
trap.



ol R T T T

Y- hi

_H_SIJT‘I"'DHT FENTUARE KX PO R .i.nDJ'l;-SS [ -
HURDKTY *
™PE GF 11 SYETEM MOT } 3% ] FrP MI'HORY GILE ETARCK HANGEER CORSOLE nirg
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G
' 16 blk - LA} ouys
1 | LT a9% Lmul ator for
11/8) LA T e orr wi% sCora o Key Fad [He Unibuy:z
16 bi Emulutarfar -
i 2K [ n] E L
/M CER K AOR L OORE l-}[nl;;l‘d
ol LLEF DEM - :
TIZ1E & 11785 A X o 16 hic Yea Unibus
Core
IOrininal Sysuam] "
LR & 1LALS HA 18K w 16 bie Yo tnitua
| Lforw
ROW
[0PT} | 124K Zltkaz 15 bit & Un ibus
11/ Tas ot | vas” |corw or wak T '::;‘§:;’““
oo UEBE CEM riE
1748 4+ 11715 es Yas 124x T 18 Bac Tea Unibus
d (BT torT; |OLY Cora :
icnd LUsor GEM
Q1ANS LIS 55 Yam Yam Yoo | 13ax - oGP IE pit Yas Unibus
1oPr}| Mlpolar
MDE .
Cors
il Liagr
/TR Taa Yun tor | 1AI4K oPT 12 bae Yeu Hassbua
i {GFTY Core L -
- .
. OVERVIEM |
POP+11 FAMILY OF COMPUTERS ~
2
I1/ds 1100y 1371 11728 | 11735 11748 111745 11758
T bit trag will nox T. bit trap will ssguance Sama mg 11/2 -
seguencr ouk of WAILT, aut of WAIT, /29 4 105
Erpiicit references tc  Samm ez 11/8% T Lit can be E8kE Br Same s 11744
the PSW can mgt or glear claared only implicitly
the T hit. {CLE FiW IFER=17TTTE]
(CLA PSW{PSW=1TT76) will will not affsect T.]
Sluar Lo T Lit alang
“lth the rest of tng PEN.
RESLET dows nok cimar RUK MESET clecara KUR light, Eame ux 11520 Bamy ay 11505
light. 2.5, Program loops thaet .
raka Eraguent wes of RESET
¥ Ay ACt appear to be
e TunnLLg.
Power [al]l Posmadiscaly, Powsr Eail Jduring RESET is| Sams aa 11/28 ‘Eams ap 11703

#rdy RESLT and LTaps.

not recoconizod until afcar
cngtrustion 14 Clpishad
[too late).




MRDE

REGTISTER

AECISTIR DEFERRID

AUTOINCALVENT

AUTOTHCRESTNT DEFLARID

INDEXED DEF EMRED

IMMITIATE

ANSOLITE

RELATIVE

RELATINE DEXLRAID

GENTAML REGYSTTR ELTPELGTLS

OCTAL SYNEBOLIE GREFRTIGH

[ R SMECIFIED AFGISTLE COMIwlns OQPERAND,
REGISTER ACIRESS 15 THE CFFETTIVE ADCALSS

1 (R SPECTIFIYD PIGISTER CONTAING FIPECTIVE ADDRTSS

? iR} + SFECIFTED FE5I5TLA CONTATHE EIFICTIVE ADDRESS
[POET=I1iC AFENT}

b | L 1130 SPESIFIFD RFGISTER CONTAING THE ACORESS OF THE
EFFECTIVE ALCRESS [POST-THCKEHENT]

4 =-{r} EPECIFIED REGISTER LCKTALNS IFFECTIVE ADURESE
{FAL +DECREMENT]

5 *- (R} SPECIFIER ARGISTEN COMTALINS THE ADDAERSS OF THE
EFFIOTIVE ADDRESS (PRI-DECAMMENT]

L] X(®} STECIFIED AFGISTER CONTALNS IHGEX VALLE,
SEQUENTIAL WOPD LOCATICW CONTAINS RMASE
ALOPESS: SUM IF EFTECTIVE ADDRESY

¥ Fxin) SPECIFIFD REGISTIR CONTARING TWOEX WALUE:

SECUIWTIAL WAL LOCRTION CONTAINS RMSE
ADDRESS; BSUNM 15 MDDRESS OF ITFECTIVE ADDRESK

E IEZISTER ADDRESEIBG
L :

K ] ] SEQUENTIAL WORD LOCATION CONTAINS OFLEAND (M}

- " SEQUENTIAL WORD LOCATION CONTAINS THE EFFECTIVE
AOTREES =A%

&7 A A IS EFFECTIVE ADDRYSS, OFFSET VALUE (BUALING
ACCESS OF A FROM PRESENT LOCATIDNE
CONTATNED IH S¢QUENTTAL WORD LOCATION

17 [T A 1% AQDEESS OF IME EFFICTIVE ADDRISS: CEYSET

VALLY, (EMABLIMG ACCESS OF A FROM PRESENT
LOCKTION] COMTAINED IN SEQUENTIAL WORD
LOCATION

ACDREST NG MODES

MDOE B N ma
{ ok N r
.
I

L ] LLLET I
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L LTI oFm anin
[ i)
I'_- ADDW 43
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AIRCLE CREMANG

13

TRETROCTION FoRWATE

6%
I
|
L ‘ b1 -]
I
|
1
el o
Dpegation Cels pE?T AP Fleld
1
b
13 13 11 )
T L)
! F
x } Azs Py ] ! ARG
] 1
L 1
..
-—ﬁN/___a - —
Oparstiok S Awon TIELD BT a0k FITLD
Code
13 Yy
»
g e
Opatation code arf sat

Bgka; Mot sll Farsais ahewn,

SlM GROUFP

Thers are Mour programs in chis secics,  They elisr

-
o

agju~-

tions (rach using a2 different Addressing mode) to the dane

prublam;

Tabler &, B, and £ =ach contain [lve one wocd entries.
Ad ocorresponding fntpies from A and B and store the

result in the cozcesponding entry of C,
out modifying tablew A and B
Mote: The progrima do not load tables & or B,

e e W=t P b o mam o

DO this with-
i.e.,e RIE1 + BEE} = C(I}.

i PROGRAM $1my
) THIS VERSION UTES AUTOINCREMEWT ADORESS NG
Ri=Y 0
Ri=h]
R2avz
l'llﬂl
A=A
CeIfpg
RE)F)
ETART: ROV EAAF _ J5ET UP STARTIWG ADDRESSES
. WY 4B, ML |OF TABLES :
Mov Mo RE . —
WORE1 -MoY (R, [xD) {GET ENTRY FROM TABLE A
ADD [RL)+, (R2)+ fADD ENTRY FROM B, $TOME IR ©
vom e OMP ORF,ICHL2
BEQ DoNE ¢ ;FINIBREED?
BR MORE $NG, CO BACK
DONE:  RALT YRS, ST

¢ sTaar ]

A-TH
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§ PEGRA L
| VANLATION 0% RUTOINCRLIERT AQDRESSING

STAAT:

Rfack
Klez1

 RE=52

RIt13

LRI+
G224
C=leeg

2
W p-5 Y
WY ph R
W]V 7p,R1
M gt R2

L) {Rﬂ. ()]
A0 (#1],0R2]
IWC 02

REY] DOHE |
T5T {AR)+
TST {nt]«
15T (R2]+
ER FLAE
HALT

LIND STAAT

(s

]
e bie L

SET UP COURTER

SET UP STRATING ADORELSES
OF TRELES

GET ENTRT FROM TARE A
; ABD ENTRY FROM B, STORE M C

FIN1SKID T

W0-- I EMENT REGISTERS

i O BACK

TE5, STOP

i MROGRAN um
} THIS VERSICN TMPLEMENTY [NOTAED AOCRESSTHG

$TANT;
FORE:

i |
A-1pla .
| ] Lk
C=212F

-E2p

i ey

b 23, 1B-A-
BED DONE
ST (rg)+
B RE
HALT
LMD START

EUE LI T LI LIS

-

ST UR 2p

GEl ENTAY FAY TARLE A

ADD ENTEY FROH TAELE B

FOR THIS FORHUALA TO WORE, TABLE B
MUST IFMEOIATELY FOLLOW TABLL A
FIKLSHERT
N0, IMCREMENT np BY I

THER GO BACK TO MONE NOT START

-

L

—

; PROGRAM Sed4

ITHIS VERRIOH NSES RELATIVE HMOUE,

THCREMIHTING THE

{OFFSET TO AOCESE THE TARBLES OF DATA

ETAHT
Akt
BB

kEl=11

A=Lgpd
B=2pid
C=1324

T

How j-5,R1
BV AT
AOD B,
1IN0 K1

BEQ DOMEC
ADD B3, ARF2
AGD 12,AA4
ADD )2,BB+3
ARG 42,BBHA
BR AA

HALT

-END START

A-22

}SET UF COUNTER
CET ENTRY FROM TABLE A
1ADD ERKTRY FADM TAPLE B

;FINIEHEDY

JNO . ADQ 2 TO TEE OF¥sEIS TO
JIMCCESE KEXT ENTAIFA IN TAALE:
1A, B, MWL C .

150 BAGE



- A——

A ————
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CcFENATICK CCDE= oDFFSET

{4127 WORDRS TO -138 WORDE )
E&'EIHI.T"C?-‘ —-‘___.-__-1-:-;-1
i s tosaflomad .
TEST THE CosDITICH COOE alTis)

IV CoLTITICN (8] ET, BPATEY T EFFSCTIVE MDURISS BEFINED 5Y CFFSET
P CLMDITICNISE) NCT PP ERACLTE RENT SIGUINTIAL 1RSTRUCTIOH

o -1 -

FTSUED (Ter R OCiF E-ST) pISFLACLYLLT wITHIE P E1TS EFECIFYTWG
TUF PUMIEN CF WCRDS FACK THE LFEATT PO TC THE ZFFECTIVE AROORESS

CALCU AL -

WORDE

SHT 5C o§ DMALSSILG A RYTE ADCRESS, EUT THE CPFSIT 18 EXFRESSED IE

i T riirtrcat, BCFeRE A EE LIS TE THE PC TO DETEAMIRE THE EFFRCTI
MCDPESS, THE CFZEET PUST ALRC BE FXFRESSED IN BYTEX-

. T
ME SAPDRARYE ACCCHPLISHES TULE BY BRINTING THE OFFSET CCE TO THE 1E
T‘Et:“r?"“ BY Z) ArT SIGH EOTEDERS {A1T T TO MITE B-1%] TC FCTM A
1L RELT LRI,

nANGT sry .
WCFLE] (L B 3ITE} .
I —7 . 268 ] ot "
[ = : 77 :rrr.cr.w: ADDRESSE =
=2 174 | (CFFSET = 2) s o 2)
[ -1 FEF I | :
[ =2 N
.. l -1 17T}
' | ] TEMN | CeFSET =
L LT rrrecTive Aborrss - (. +_1)
- ] [TF -
L +1 gy |
C vl 182 ]
= ) NOTE: .41 1S THE UPDATED 1
ST Ei | A-23

FMMART OF BRARCE THSTXLCT I *

UHCCLEIT IXIAL, BRANCK

ERA WCH
" TEFFADR—3PC

CONLLTIONAL MRANCHES

|- N N F-R_ NN -

[CERaMcH T mIMgT
T B=1, B FADR+

prANCM IF FLOE
or k=i, TTaDRFPC

Bearcd TF AL oo
Ir T~1, IFFALR»PC

ERANCH IF mOT EoOal, IERmS
i =, HFale W

BRAHCH IF OWTRFLOW BET
LF V=L, EXTaDR-3 T

BEANCH IF OVTRFLOM CLEAR
r v=F, TARIFC

BRAmCH IF CARRE LT
IF o=, EFVALAF MG

BAANCE TF CARAT CLIME
Lr c=F, LFTALDR-PFC

BMAHC_TT HOWER
ir C=1, TFADAIPC

phARCE IF mifrk O RAnE
F G, EXFADR PG

FRAMCE. IF LOWFE OR EAME
o C 2el, IXFADASPE

WERNCT IF GRFATHR A Fpbat, EEm

TF W y-F, ETAEnd

FARMCY IT LEZE O EQUAL FIRO
Ir &, [w Vi<, AT

£ TN
Ir a,tu.,w-i“ m“"‘ma%

A-20

B FT PR FoFdrpr=a
TRANSTER CHTRIL TS DFFADR LR CSDITIOHMLLY

- L EFERLR 1Lraipe
TRAMSFCA CONTRMOL TG ITTADD 1F W NIT 11 307

ol HTabh 1FP I o

TAANCFEA CoTeol T) IFTADR IF W OBLT TE OUF

M) OFADA Fladfrren
TREAMEFIN COFTMGL TO EFFACR IF & BIT I% LET

INE TFAON ERLM T o
ThuhrTe covTpcl To EXrabe Ir E BIT IF 02

N3 IFTADR 1lPidddpy
TREARSTEN £ONTROL T0 LXFACA Lr v BIT [F ST

F¥C DFFADR APEPF+xIm
TRAMEFEA STINTRCL TR DXPADR AF 7 PLT T8 02

4 Z¥raph PR
TEAKSFEA COWTML TO EIFFADR 1F C BIT 13 5t

KT ITrAaoR 1BERE oot
TAAKSFIA CONTROL 70 DXFape IF £ BT IS CLE

iy orraox 1PIfE o
TRAKSFIA CONTRYL TG IFFADR IF C BIT 11 3¢l

FATE AR LPIFE e
TRANEFOR CUNTAOL TO EXTACR TF C WIT I CLI

Aok Errad 1N ez
TRANEFER CONTMOL TO CFFADR [F TRE RLELY €
£ BIT TORal WITH E BIT EQUALS TME

I TR 1P
FRANSTER CoNTROL TO EFFADR LF TV ARFOLT ¢
€ BIT TORed wITE 1 PIT FOSALA TXRO

1
WLE CrrACm MPNAFfeErx
TRAMIFER CUWTACOSL TO EYFADR IF¥ TRE =LIOLT

W ETT ROMad WITE T FIT EQUALS CWE

:E DFTRDA ApIgFacen
TRARSTTY CoarTw, 0 Erfadn 17 THE PESILT F
A LT Xohad WITE ¥ RIT I2CALE ZERD

BLE FFTADN  AAjdpfamnx
TRANSTEN CONTROL TO DFTRGR iF TEE RESITT 0
N NIT JORad WiTH (N XORed uiTH ¥1 IGTOLS

T oTRre SR
mnmwmutﬂmumﬁu-
E BIT IORed WITH (N XOMsa WITR T IQL-HJ_



LOOFING TICHH IQUES

P RAM SECYEWTS BrLow UBED tO CLEAR A 5. WoORD TAALE

1. AUTOIRCRLMEST IPOINTER ADDRESS IH GPR)

2-

L M

4 LAY
m3Y FTBL.RJ
LOOF: LN R )
' cud kA, pTRLLAN.
BLE LOGY

ADTORECKERENT {FOINTER AND Limit YarLgoes IN gen)
- Riimng

=i
no! FTBL R

T Wov IThi+1gg, . E1

LOOF ¢ Ly - [RI}
, CMF R1.78
BHE LOOP

CNMNTER {DECREMINTING A GFR COMTAINIRG COUNT)

TR

Rl=t1

Wov FTBL, TP

Wy 158, k1 :
1o0F1 (LA (Ad}+ -

DEE Al

BNE LOGP

IMDEX REGTSTER MODIFICATION (INDEXEDR MOCE) MOOIYYING IMDEX YALUE)

Ri=17

CLR B¥
LOGP:  CLE TBL{R{)

AD 2.0

cHF B4, 1100

iy LOOP

TASTER DAGEX RECIATER MCOIRICATION |STORIHG VALUEE IN GRR)

LOOF )

pa=uy

Ri=Wl

| B ¥

o 4Rl
K% 1100, K2
CLA RY

CLR TBLIRA)
ADD Rl,rd
CMP Fi.R2
BNE LOOp

v

ADODRESS MODIFICATION (INDEXED MODE) HODIFYING BASE ADDRESS)

=1

WGV FTEL, P

CLR KRN}

ADO 42, LOP+]
oF Loor+ 1. 410k

+

LiGHT GROUP

Thore acwm four nrwgramy in thla saries.  They cach

caune different patterns of lights to ba poved
thtough the copsola dats lights [not so on the
117351, £fach iy based upen the Eact that RF

is dlsplayed when & RESET instruction is execubed.
The numbar of consecutive BESETs ne=d¢d for ths eye
to plek up the pattern depands opon the spesd of
tha machine 12-} iv comfactabla for the 117201,

Frogram LICHTY
1. Thls program moved s serfles of four iighte thréugh

the dats lights from right to left.

3. At moms poirts, Only thres lights will show due to

the uas of 'ha © bik in the ROL instruction. (Mote

the use af he %% BER, M) instruwctieon instead
af T5T SWR.)

¢ PROGRAM HOVES 6 OF 4 LIGRTS TMROUCH THE DATA
3 LICHTS. MAKES LSE OF THE MESET INSTROUCTION WHRICH
¢ CAUGEZ THE CONTENTH OF RKi TO B& DISPLAYED [M TEX
) DATA LIGHTS (MOT SO OM THE L1/95),

TRANT TO CONTIXUE?

Ri=1d .

Plugl

SWArL7ISN

=490

STARE WOV RLY. RN JINITIALTIE P N
. WE RO, R IMEATE YALUE IN RN

AESET 1TAQ RESETS QK FOR 11729

RESET IHORE KEFEED FOR L1740 AMD LLAY
.

MOV sWR,R] JICHECK THE SWER '
OS2 MY THETRAUCTION BECAUSE
JI1T EXTS ¥ RIT WEZREARS TIT
(EETE THE § B1T BT CLEARS
tTHE € BIT--VALUE IN AN wWOULD
ICTSAFPEMR
BED MOVE ICONTINUE IF IERG
HALT JHALT IF WOm-IFRD
- JEHD START .
3
L]
H
. -
.
I
M



Prograa LIGHTY
Peogram LIGHT 2
I. Thit progrim 1tarts with Che two migdle 1ighls 1it

1. This program meves ocne light {starring with bic ) (bies 7 and B) and Lhen maves these Tighty sut in ooposite
froe rigne t2 lefk up throvgh bit 15 cor ko just directioni to the pxtreme 11ghts (Bits 15 wnd B) wnd then
blov & single bit aat in the SR and than bach - back again by the center, 5@ on and 4o forth upiil, ..
ag4in vo blit 4. The procedure continues (one Fan
change the wpper limlt opn movemsit simply by 2. A ron-Tera valoe 13 placed in the contole swltohes.
changing the single cocnpole gwlich set) N
back and forth untll... . 3 PRIGANY MOV (S COMSOLE LIGHTS FROM CENTER

T OUT TO EMDS, BACK T& CENTLR, OuUT AEAIW,. £TT,
4. Progzam halts whan & ooa 1w placed in khe SR,
. Fp=14
LT ELT #1111
Eletl . , [T
pC=1] SWR=17757p
ERe17757H .
-=2f37 START: MOY F238.R1 i PLACE LIGHTS
Moy AL RE i INCENTER
START( KOV g1,m TSTARY WITH Ffi=l .
WY $1,M FWHEN SR=], HALT MOVZRE. MOV R RB t R BUILT FROM R1 AW B2
ALD F2.kp + COULG USE 10k AMD MOY IRSTEAD
LFls CMF SRR
BEQ FIN < DISPLY: RESET I DISPLAY *
RESET NESET
RESET RESET
RESET - - : - RLSET
REEET . ' ) TSl 548
. ROL R ROTATE R TO LEFT :t MG LIMET i [F m-TERD [N SMITCWES, WALT
CMF RA, 3R JDOES B EOUAL LIMIT SET BY ER ' HALT . ’
BEQ LPZ J ¥ES5==5TART RIGHT ROTATES H
BE LF1 == CHKECK FOR RALTY OR DISPLAY LIMET: 15T A2 $ HAS Y SEEN ROTATCD ML THE WAY LEFT?
' [ AGA]IN
LF2: ROK R4 [ AOTATE RF TO RIGHT o ! R .
REXET tDLSFLAY WF . . ROTATE: ROX N { MO, ROTATE B MIGHT AMD RZ \EFT
REALET . ML 2
BEEET R BV ZRp [
ALEET
P RY AL (HAS R¥ ROTATED BALE TO = 17 - . MGAIM: WY F1LRD L SET WP OUTSEGE COMRITIORS
BEQ LEL IYES~=8TART MOVEMENT TO LEFT Wt #1ppeR.K1
IMGAIN I MOVZRA $ CISPLAT Med pOTATE .
Bl LF2 JRO==CONT IHUE RIGHT ROTATES -
¥iM; HALT . M0 STAKT -
.EHTr STARE
[ ]
"F'r
St

A-27



I. FROCRAM TG COUNT HEGATIVE NUMARERS IN A TAALE
130, SIGMED WORDS
FREMIFHING AT LOC VALURS
IGOUNT HOW MANY ARE HEGATIVE Ty Mg
pUERT
El=1l
KI=%2
EF~ih
Pi=L7
LT
FIART: Moy B, EP {SET UF ETACK
KoV AVALUEN, gD 15ET UP POINTER
WOV IVALUESs4f.,R: JEET UP COLNWIER
cLe ry
CMECK: THT (RLl1+ JTEST MUMHET
arL HEXT JPOSITIVE?
e RA JEG, INCEEMTNT cnuur:n
NEXT1  CMP RL.W2 1¥ES, FINISRER?
ME CHECE MO, GO BADK
BALT {TES, ¥roP +
YALLES: § |
LEdD START '
II. FROGEAM TO COUMT ABOVE AVERAGE OUIT SCORES
rLIST OF )l§. QI SCURES
$BEGINNING AT LOC GCORES . -
| REOWE AVERAGE IN LOC AVRACE
JCOWNT IM BF ECORES ARCOVE AVERACE
. ad=1s
Rl=%1
AZan}
EI=2]
L=y
PCan 7 .
=5ilF
FTART: w0V B, 5P JSET UP IE
My bls, k] +BET UF L (TER
P RSCONER, BRI $15ET UP BUHTER
KV IAVTRGE, R) .
CLR KN I
CRECK: CHP (R2]+.{R]] JCOCHPARE SCOAE MO MRAAGE
BLE WO JLESS THAM OR EQUAL TO AVRACE?
INGC RF 180, COUNT
Ny CEC Al 1 YEE, DECREMENT COUNTER
BHE CHECK FINIBHED? WO, CHECK
EALT 1TES, &TOP
AVRACE: £5,
BOORER) 25.,VH. LEp. 6f. &%, , 00 . 00,43,
PRI TR T O TN T O " £ 90 X
-END STAKY *
.M
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T
11eL62
BERE2
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PREIET
1LYITE
TS
FAREM

ETANT

LOOF

WALITH

[ - om [
DEVICK

Annerbiy
Cods

E1=%1
miwnld
LEaD] T42R

EIRALL

WON CEVISE, AL

WY F o=LOk0e 1, KT
v | F}

TETR #E1

L WRIT

MOVE TIR1),LOAD{RI}
INC LOOPH1

M Lo
]

A=11

slurnl.

IPSED TR IWE SEVICE ADDPEIE

JUTTD TCR THE LOAD kit FfR% DISPLACEMONT
PEATR AT PE LOAGCD m LOWTHR

ITEAN THIS

JETMAT WCCPRI3S OF TRI BETISETRAF LOADER
1FI%K \F COVICE ADCFERA,

1 MIACE IN Al

1 FICE LT AOTRESE OISPLACECNT.

rPLACE IN A

TENABLE TTE FArEh TARE READEN

JWalt LNTIL FREME

115 RYRILARLE

JSTCAD FRAME rEaD

13N TAPE 1IN WEMOAT BTTE

| TMCRDMEWT LOAD RDOIESS
10 [SFLACTTNT

(0D RACK AND ELAD WORE DT
IRCORESE ©F wpuT DVICE STATRY
rAIGIETIR
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UnIBus

THANMSMET

TFRLLTYME pnp

MCEIVE

Inrur STATUS REGISTER

CORTROL, PLDCK

[ FIMC P

TFLETYRE

IXPYY BUTTER

'S

XN LE 1meyT

READ ¢
Lo

[ITY}

INC BFTES
TSP MG

EFL  Loop
wvR HITIE, g

LRk

15ET RDR Enm
1LOOX FOR DoNE
IWAIT IF DONE = g
i READ CHAARCTER

GUTPUT STATUS RESISTER

[1'5 T [ 2
-n'*-'i'% =
1 FA7A
% B %)

CUTFUT RUFFELR

W
o

EXAMPLE OUTPUT |TTY)

FNCH

DATA
4
TETS METPS :TEST FOR RERDY
BFL FPUNCH (NAIT IF READT = §

noVE RPRTFE IPUNCH CHARACTER
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F3TE MatE3 :
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The STREK
Defipitipn

The 3TAZL ix &f arte of merory rasecved by thw programmer Cor
subredtirefincerrupt J{Rkage of bwnporary Etorkge.

. It 1% & dyramic invarted table uelng the "Jast in, firmk qur®
' cansapt which advances Jgwnwhrd aw Ltars ab# addsd and cafimAtm

I upwapd wd jtemy arw rewhved,

L~ Imtinllestion

General Furpome Feglater O aefvek ny the Epabem STACH pajreapg
4T WIll automatically kewp Evsck of *whern YOU are” Ln the ITACK,
Hepcw, the Flr3t instruchlon in & praglas Ls watally that whieh 1n-
itializes the STALR pointer.

Although tha prograsmer may bBaghin the $STACK st any sddcaan, it
Le customsarily beqgun ac USER FROGEAM START ADCREIZ-7 amd will sdvanca
: Eovmrd nddrens 4PR {sfvancing below addresn APF will causs B BTACK

overflow srrof krap to oocurl.,

nan-F1g
SP=Xb

1M

SFak5
fa11 %)

-xl

v P e
T&T -{%P)

ETTATHK, MOV &, 5P

SETITE,

Paugy

iny of the carditlons belov wlll Chule Cata to be avtomst|ceily
sddwd ("puahed™]) onto tha STACK by the aystam

Jump b3 fubloctine Instruction

wvice LInterrupk
wgfiware Lntarrupt [(any trap lretyuctlon)
hacdvaes intercupt deny arcror teawp conditiomk

Ilther of the instruckians below will couse data bo b mutoeati-
cally remved ("popped” ] from the ATACK by the syvtiem:

EeTurn from 3ubroutlne Lnkkyuctjon
Fafurn troa Jrcarrupt Instoection

Tha prograsmer miy AlNg usd The GTACK for storage snd retriwval
of dats Py Elenjstieg thi AutoRatie syslem operatlons sbove.
Tog stora, *PLOAH"

To retcieve, "POM"

HOW DT, -(BF) HOY (EP)s DET

A-15

-
]



1.

fone_tiandling '

Smnazy of Argif
. ; SHEROUTIMD EXAMPLE

; InFuUT TEN YALUES, ESORT, AND

-3 INITIALIZE STACKE POINTER
» GO TO CRUF SLERDUTINE

L)
:
1
;
;
1 SA 0F LINE 2 RFFER
'E
H
:
3
:
i

i B0 TQ ITPUT JURAIUTANE
%4 OfF LINE | BUFFER
WCMEER OF DUTPYTS
60 Td CRLF SUBRCUT INE
G To QUTPUT SUBRCUT INE

NURICER OF OUTAMITS

o0 TQ CRLF SUBROUT IME
S0 1o INFPUT SUARDRT IRE
B0 30 WRT JUBADUTINE
B0 TO CRLF SURRDUT Ine
B0 7O DutPUT SIEROUT IRE
INPUT BUFFER AREA
EMAER OF OUTPUTS

¢ TEST TTO READT STATOS

| OUTRUT CARREAGE RETURM
b TEST TT@ MREADT STATUS

: DUTPUT LIXE FLED
H

¢ MICE P SA OF DRTA pLOCK
7 MOk v WMAER OF QUTPUTS

1 TEST TTO MEADT STATUS

i OUTRIT CIRACTEL
i MNP COUNTER

Autointserynt MOV [RY)+, R ; GUTFIT THEM [m SMALLEST TO LARGEXT ORDER
To ACOMRY Spguential argusentas am opErinde. RE~TH
JBA RY,SUB f Rz
T 1M, | il
e (ETEE
Srps MTh
R5*1%
- SPetE
Autoincremant Defeczad Ny RISyl PL=1}
.- TES 177568
To secoesnm spqguer tlal arqurents an offgotive addratdes. TrRe T KE+2
JER RS, SUB TPI=T I8}
Frol THE=TP5+]
FLDZ . =
IR
Indexed way L (R%.rd INITSP: WY 0. 5P
: - J5R PG CALF
To accans apgquments randodly as opacands. J5A RS, QuTRPUT
JER K5, 5UR : LImel
18, . . §3.
. JER PCLCRLF
715, - J5H RS, 0UTRYT
143, LIREZ
. 36,
Indexed Dafarced Y g4 S J52 PLCRLF
’ . J5R M INEJT
TO AfGads Arqusents randonly as sfCective sddradses, J5R PC,SONT
JER RS, 50N 454 MCCRLF
TLOA J3R RS OUTRUT
FLD® IFFER
© NI . . 1k
rLDb . JSR PC,CRALF
WALT 5 THE gMiit!
1 SUBADUTIME To QUTMT A CR & LF
TRLF;  TSTE WITRS
EM CHLF
. MONB FIS MR
LNFD:  TS5TH 9ITRS
$FL LNFD
MorR A2 0T
. ATS PC Exiy
s SUEROUTINE TD QUTPUT A YAKIARE LEWGTH MESIASE
QUTAUT » Oy EHE + RA
MOY [R5 )+ N1
NEG R i WEGATE (T
MAIN: TSTE 9ITP%
P, AGAIR
MOVG (A MITPR
NG I
E ACKDR
A-1E TS A%

A-37



e

L T}
IN:

el

[msERT:

LINE);

L1NE2:
MFFEA;

i SUBADUTINE TO (NPWT TEM viLups

MWOY¥ FEUFF(A,FR

MI¥ r 1P, 03

T3lg paTES

BFL IH

T3 ¢ 1PS

BPL LT

Eg h;hB.wTi‘E
Frien, (g

ey

i SET UP %A OF STORAGE BUFFER
P SET LP COCHTER
i TEST KvEd REAQY STATUS

i TEST T10 READT STATYS
i ECH) CHARACTER

i STORE CHARACTEN
1 IHC COUNTER

ENE In
TS M i EXLT

i SUeaQurIne 1d T
LSt Y SONT TEN YALUES

NG¥ COmT R

MOV SEUFFERS. D

ADD R1, AR

KIVE [RR]+ R

CHPR (R .M

A

FOYE - (Af),m2

MOV RY, (AR

WI¥ mZ R

e Al

I-'-'Eﬂl.l}i'.l'

MOVE R1,BUFFER+1D.

ING & B-[R¢)

1rC CotmT

ENE NEKT

MY F-9, CoumT i RESTORE LOCATION oumT
RIS P i EXIT

WD .y,

JASCIL 7MY ANY TOH STiglE oG ; I
CASCIT 7SOAT AKD OUTRUT Taps Dy | T UEs (898 T'LLy

.ASE:: FALLEST T LARGEST OMDER.

.END TmITSP t FINISHED! 2!

A-38

-

FrART

BACK:

CE1

Ot 3

EHI-T;
Ly ¢ o

TIPSET
LG t
xr:

[ENAMPLE OF LINTERAUFT LEVEL [0

JBACEGE(UMT RINGS TTY BMELL
| FOREGRQUND ACCERTS CHARACTERS UNTIL A LINE FEED

{THEN PRINTS ENTIRE MESSAGE

R et

[MERT

Rl=%1

Rimi2

Ri=4]

Rid=t &

R5=45

LEL Y

PCeA 7

TpEwl 77564

TEo=1T115%66

TEGalT7569

TKR= 177462

-mEf

SWORD TTRSVC, F.TTPSW B

ST

Hov &.,EP IBET STME POTNTER
Moy F¥BUF,R1 1170 BUFFER RDORESS
oy R, R}

CLR RA

CLR HLYFLG IPLAG TO TELL, WHEN TO HALT

BIS #LA 0ITES
INC RS

BNE BACK

TATE BITES
BPL CE

MOYR §T,010TFB
TsT HLTTL:
BEQ BACK

RALT

BR START

Ins pd

BoVe @4TER,R)
EIC €794, ®3
MOyn KT, (RL)*
Cupp BRI, P11
B5E TTNSRT
BIc dlpd, 80THS
BIS #1AQ,20TFS
KT

MOwE [RZ)+,0dTED

CHP R2,mL

BNE TTPSRT

BIC ¥17g,0TPS
INe HLTTFLG
rTI

LWORD #

e elEf,

.EMD ETART

JEET REANER rxaflE + [HTZRE, EMAKLE

IDELAY COUNTER

THOT READY TO SEND BELL THET -

115 FRINTER READY

THOT YET

TMOUE BELL CODE TO PRINT BUFFER

ITIME TO RALTY

N0t IF LERD

I5TOP SCW ... Ki COMNTAINS WBR OF M
sk

.

TCHARS IH HMWE
JTO RESTART

1RUME CHAMR COUNT

IMOVE CHAR JUST TYPED TO R1
ICLEAR AIT @

IMOVE CHAR TO WY BUFFLR

iWas IT A LINE FEED TERMINATOKR?
G ... COMTINUE

ICLFEME KEYROARD IHNTERRUPT EWARLE
1SET PRINTER INTERRUPT ENARLE
TRETURN

THOVYE BYTE FRM BUFFER TO PRINTER MTT
JIEENT ALL ¥YET?

INOT YET

ICLEAR PAINTER INTERAUPT EMABLE
ISET EBALT FLAL mOM

I BJFFER FOR 168 CAARACTERE



;EXAMPLE GOF INTERRUFT LEU::.I. 150

BACKGROUND RINGES TTY BEL

:I"DR,FGRO‘L‘H:J ACCEPTE CHARACTERS FFDM MEADFR UNTIL
tA LINE FEED THENW PRINZS ENTINE HEESAGE

s E¥AHPLE OF INTERBUPT LEVEL [/O

jPRACEGROUND R1NGS TTY BTLL

1 FOREGROUNT ACCERTS THRRACTERS UMTIL A LTHE FRED
iTHEN FRINTE ENTIRE MESSAGE

g =tA
El=al
At=%1}
pI=nd
ki=nd
RE=4%
EI'=%&
PE=17177E
TEE~17 756l
+
e
T?B’I.?T!IGB T!'B='TP5+2
TESw] 7756 F L=pg
TER=177562 THITs MOV 1.,5¢ ; SET STACK POINGER
o MOY {BUFFER,R1 t 1/0 TUFFER ADORESS
n-?;;l' TINSVC, B, TTRVC B MoV K1, K2 CToRs
. : 4
FTART : Y oy 5P tSET ETACK FOINTER g; :EESU!,“'E’ ; 5ET WP YE
WOV LHBUT, L $T/0 BUEFER ADDRESS pv ITPRSUB, R IG4
g: :;*” CLR RIES S
3 CHGRACTER COUS
CLE HLTFLG ;ELAG 70 TELL WNHEN TO HALT :I{: ﬁn.urm JEET -;-1-1;E TH*L,T DINARLE, INTLRMIPT FMAALT
RIS FLAD.UHTXE JSET READER ENADLE + INTERR. ENABLE BACKGD: IHC R ¢ DELAY LoOP
BASRL g ING RS JDELAY COUNTER BYE BAEESD
BHE BACK iNoT RERCY TQ SEND BELL YET RIS 43143, 94P8 ; RAISE CP PRICRITY TO FREYENT LNTERRU®T
K. TETR #4IFE ;18 PRINTER RCADY WATT: t5TB 4ilFG + TEST TT0 RLADY STATOS
APFL CK PHOT TET BEL WAIT
MOVE 17, 80TPR MOVE BRLL CODE TG PRINT HUFEER BOVE 4] ,0)NTES + QuTPuT BELL
T5T ELIFLG JTIME TQ HALT? AIC dLLE, PEEE i LOWER CP FRICALTY TQ l.Ll.ml_llrrwuﬂ
;:ETM:!: ;:m‘ IrD:EHO . CONTATHS " BR BACECT, Ly
PATOR N Hae HER 0 . +EST FOR
ICHARS TH HMAME ) TRYSUB: CE 1112, R0TKR "ES, PREFARE FOR OUTPUT
3K START [TO PFESTART KD BTRE, [RL]* : Eg. #‘E{ CHARACTER TH IFFER
i COUN
TSV e rf BLYF CHAR COUNT E',E ::T“ {SET TTY ERAZLE
HOovE HITXE,RI HOVE CHAR JUST TYPER TQ R3] pII B INTEREUPT ENASLE
BIC RAL.R sCLEME BIT N CLEAR XY
wOYS K, IRL)E JMOVE CMAR TO oY BUETER BOM :.Tr.g Hg:::ﬂg 3; SET TT0 INTLRRUFT ENARLE
CMEBR 23,0711 WAS 1T A LINE FEED TERMINATORY BTI .
ENE T, F5RT ND ., CONTIHUE
BIC PIPARITES $CLEAR KEYPSARD INTERRUET FWABLE ACTER
BI5S FLPA, RITPE F5ET PRINTER DNTERHUFE ENABLE T Ly T ;GUTEE A CRAR ,
PTESNT:  RPD S TURN TRRSUB[ :mm R;:Irti:i A ObaET
ITYsYCL  mMOVvBE (RE) + FITFR ;MOVE BYTE TRCH BUFFER TO PRINTER BUYF BED FIMIEH s M
CMF R2,RI LEENT ALL YLTY? Tl : YER
EqE TIPSRT . tNOT YET STOP:  HALY 1LREON PALT
RIT J10F. TR sULEAR PRINTER INTERRUFT ENABLE FINISH: RALT JOORRECT HALT
I8 BLTFLG $155T HALT FLAG NOW wrEER: §
ELTFLE: JHORD A
¥ERIFy LT R TBUFFER FOR 15§ £ HAFACTERSY
+EWD STANT

A- 3%

A-4p



AT

BACKG:

EERIET;

WSEEFVE

CLKETH:
5TOP:

;EXAMPLE OF INTERRUPT LEVEL 1/0
:TAFE DUFLICATOA PROGRMM IHSF/ASF]

Ry

=31

El=n2

EF=vé

PRE=1717550
PHI=pR5+ &
FES=pi5e ]
PREalF5+Y
TEE=117584d
T#A=TEE41

SR

wY I, 5P

NCY PAUTFER, AL
MoV Rl,R2

pEy 1 ZZAsRv LT
CLZ 8372

woY §RSPSRY. §ETH
LR JiTE

B pLlAL,UIPAE

ic RF

BME pACEO
508 AT
BEL CF

K=/ PT.RMTFR
BR BACEG

T5T FIFRS

BMI EOHM

MOV 3TN, (RL)+
i R IERS

KTI

wIc y1EA,.R4FEE
BI5 14N, EFTPE
RT1

Tst M4PPX
I STOR
rove (R114,VIFFR
CHP RI, AL
BEQ CLRTH

ET1
BIC ELpN.¥IPFR

KTT
HALT

THHOLR ¢

;SET UF BTRCK

;BUFFER ADDFESS POINTECR TO Rl {IHPUT)
JBUEFER ADUAESS POINTER Ty RZ IOUTPUT)
;%A HSA SERVICE ROWTINE TG VECTOR

:Hp WEED TD SPECIFY NrCHW FAlORITY LEVEL
1SA HSP SERVICE ROUEINE TG VECTOR

WO KEES TO IFECIFY HEW FRIQRITY LEVEL

RETLRMN:

FSET HEMOER EWADLE, JWIERAUFT ENABLE

I EXAMPLE BACKGRACAND PROGRAM TO TTARLES

OOt THUALSLT aIMG TTYP Bril

-

JERECE EWROR ®IT 115}

[EON EEANS INPUT QOWE

t STIRE CHARMCTER

1SET BEARFR CMMALE BIT

(RETURN TO BACKGROUND FROGAAM

) INPUT BOWE-=CLEMR HEM INTERRUPT
{SET INTERRLPT FHABLE FOR HEP
rRETUEN TO BWACKCROURD PROGRAM

TASKH:

TASK]

ICHECK ERROR BIT 115}

:FHYS ERRDA=-+ETOR PROGRAM

IPUNCE CHARACTER

fOCHE?

{YE5~-CLERR INTERRUPT AND RETURN
1¥O--XEEP INTERRUPT AND RETURM

TASK L,

JERROR COWTLT ION--HALT

IREST OF CORE IS BUFTER ARFA ——

A1

Bif mEdg17,2150)

oV RS, «[5F)
MOY R4,-{5F)
PoY R, -U5F]
Moy R -(5F}
Mow R ={&F)
o RP L -15F).
MCY J4(FE).RE
MOV -(RZ],R1
BIL #1770 2,EL
ASL AL

JMF FITABLE(RL]

bI% FAFE, LE{dP]

LEATLE

TRAF HMHDLLR

tELEAR USER FS CC BITS

PEAVE

phLL

1=

L1

yTHE

15TACK

JFICK Up CopY ©F MATH FROSRAM Pt
IUSE IT Tp GET TRAP 1KSTAUCT[CH
rPCTARCT USkER CoDE

17O PE ADCRESS VALUE--MAKEZ IT EVEN -
$G0 T INDICATED NCUTINE

14ET USER pd CC BITE TO REFLECT molnisi

MY (5P RS IRESTOAE
Moy {sp)s Rl TALL
oY {Ep)s,R3 16 PR
OV (S5F e R PFRCK
KoV (SF)s R4 1TRE
oV {58 RS tETACK
KTl REVURN TO AMIN MROSRAM
TA3KS :BISFATZH
TasKkl 1ITABLE
TASK] ICCHTAINI BG w
. 1ARLL
. TROUTINE
TASETT (ADDETESES
T e e e T i I
oFR '
JEP RETURM ’
OFL
JHMF AETUAM o
oFR ‘: s
JMP RETURA
(&,
JHP RETURM

L F4



INITa

MLl

MI:

RACKG:
[~ 4]

NERARV:

REFPSEY:

CLRTH:
STOPL

BIFFER

EXAMPLE OF INTERALFT LEVEL 1/0
1TAPE DUPLICATGR PROGRAM {HER/H5P)
rPOSITION TNDEPENDENT CGDE

PEanp

Rlav) .

Rian} f

SE=\E

FCun7T -

FrEa]1T1550

PPRJ4pPES+]

FPY+FEB+2

FrR=FES+1

TrE=17 864

TFPR=TPE+D

SIE

MOV, 5P PSET UP BTHOK i OR

TST ~-(57) iP1C FROGRAMN

WSV PO, ML ;CALCULATE BLTFER ADDRESS POINTER FOR
ADD rRUTFER=-ACE-1,R1 FIC PROGRAN

BOT plLR2 iS5k CF BUFFER TO R1 (IKPUT)--Rl [OUTFTH)
wov re HB iCALCULATE Sp OF

ADD JHSASRV-ACI=2 , mi [MHER SEHYICE ROUTINE

T 1 DY tLOAr IN VECTOR ADDRESS

CLm a¥7l TNO MEED TO SPECIFY WEW PRIGRITY LEVEL
v BC el ) ;EALCULATE &a oF

ADD FHSPERV=-MCY-J,.Rf HSEF SERYICE ROUTIME

WX RdL R (LOM IN VECTOR ADDRESS

CLE Jive WO WEER TG SFECIFY NEW FRIODRITY LEVEL
BIf 141, 00PRS 1SET REMDER ERABLE, INTERAUPT ENARLE
e A )

AL gACKG STAAMFPLE BACKGAGURTD FROGRAM
ISTD ANTPS JEORTIWUQUSLY RIKG TTYF BELL

Rl %

Ve 1T AITER

BR DACKG

TST EAPAX ;EHECK ERRGR BIT (1%}

BYT EOM 1ECd HMEMIS IneUT DOHE

nI:a NIPRE, (Rl)+ i1STORE CHARACTER

Tig 34PRS 15ET REEDEM EXNABLE BLT

k11 {RETUHN TO PACKGPOUHD PROGRMM
iz #1pd_ RIPPS 7INMUT DONE--CLEAR HWER IHTERACPT
BIS #1pp, 0IFEE IS5ET INTERRUPT EMARLE FOA HSp
RTI JRETURN TO BACKGROUND PROGHAM
TST dWrDS JCHECK, ERROR RIT (15}

BT ETOF JPHYS FREOR--5TOP PROGRAN

MOVRE (R2)*, #IPPR JPUHCR CHARACTER

cop R1.R1 jDGHE?

2La CLRTY IYES-=CLEAR INTCRAUPT AND RETURM
AT1 JHO--XEEF INTERRUFT ARD RETURN
M slfR 2irE]

Kty

RALT JERROR CONDITION--IMALT

’ JAEST OF CORE I5 BUFFER AREM
JEND

L}

POP=41 PAPER TMPE EOFTWHEE OwEFvIEW

UTILITY PreipAH PHOD-
VIOLNG D-LINE SOLELE
LUl TING END U'PDATLING

IDURCE PRIGRAM 15 ME-
SEHRPLED INTU OBJECT
FORSAT (HACHINE Lan-

CLAGE CODE}

at

FLOATING-POINT METH
FACKAGE FMOVIDLHG

/1 WORD ARITHMETLL
MO COWYTLRELON CA-

FMAILLITITS

SYSTER FMOGRAN
THAT ASSiSuS
S{RESDLVLDT
ALLRESSES, mmb
LIHKS MALH PRO-

GRAME TO EXTERNAL

SCAMUTINES

+

ERtT-11
SONIRCE
HORULE
PAL-115%
EEMILER
CRIECT
ALREMBLY
ML LISTING
FPeF-11
T
-_—-1 .
1 M
1
] -
1_ o
LiHK=115 e
LINKEP
n
LOAD I.:OMPB
L aT+1K]
A=



INPUT-OUTPUT KEALTLER
FROVIDING INTERRLFT
CRIVEN CATA XFERS AT
*READ-WAITE" LEVEL

—

EXECLTE
PRCCEAM

RLH
CORP=ILY
v

@_HG

UTILITY FAOCRAM FRO-
YIDING “TGTAANIC OM-
LINE DERUCIING™ CA-
PANILITIES

CORE MEHORY GLMP

PAOCHAHS ALLOWING .
“SNAFSHOT" DLMPS OF ﬁ‘gﬂ
SELECTER ARERS OF :

COAZ CNTO PERIPHE M- L—

AL DEVICES

A-43

LOASOLE DFERATION

TO_EXAMINT MCHORY :

1. HALT tha procwamscr.

i. Set ER for the desized addrans.
3. Ptreds the LOAD ADDRESS kay.

4. Fresid the EXAMINE kay.

TO DEFOSIT THM MeMORY:

1., HRALT +he procasecr.

7. ESek SR Fot the Jesiped addresn.
3. Fresd the LOAD ADDRLES kay.

4. Eat R for the detired concent.
5, HRalise the DEPOSTT key.

10 _PUN A PROLGEAN:

1. HALT the processor.

2. SHwot 68 for stactlng #ddrass of program.
3., Foede tha LOAD AODAESS key.

4. Zet PIMALESHALY switch to EARBLE.

5. FPramsa the STAAT key.

o



LN IXE

it

T

IilTi‘[TE‘I:1

L

1)

¥

SALI Iy WL LmE

lT’i11
FE T S i B e

RAELRY TUMINID

HEER

AVILFIA AALEITEN WivD

HEEENR

WHEEE

m]hofﬂ‘lﬂb t!mdt

L PRI T 0T

Ivt2aIg selF1sIY Sdmmoy

TS 11-4ad

LCADING Aty VENIFYING TME BOCTETRAR LCADER

(M Eyttr=—__High Speed Faper Tapw Kaadar}

Locstion Coriant
EdT744 1
#7705 Rirans
AITISE 212783
A177s2 EFpAsl
¥17154 FELFI B
P1ITSE 173711
PITTEM 188178
#1763 116167
17754 EE22E2
A T16R Tepg
PIT77P [FLEI
212 1117586
Fit17a AFATES
FI11171E 177558

Inltiallzn

@[s== 2 te P31 |
li'rﬂ! LCAD m,-_sq !
=
Loand ) Gt Vargdy

L : » e ——.r
‘E Press EXANINE j‘—[

L raloe CEPCSIT i Fains nEN‘FI’!‘j
=] i

L

sk 32 o

AT SR o newt m"t‘“] COFT#CE content

*
Llli:n DE:PO!I"I' -.:[




Are prowided in thie forts

LEADTNG WITH THE ROCTSTRAP LUADER

h LLADER ta

et EABLEARLT
o BEALT

!

LOAD ADORETS
T44

e

!

place tiza 1In
Tigh Epes] rasder

net EMABLESUALT
to FHARLE

!

l prass START

r B

mha ICTITRAP LOADIA progea= 1e designred b losd any fape ie boptatrae
format A1Cectly beneath 1tswlf (aee a)incoetion dlssram on £-13).  Fresently,

he AMSOLUTE LGADER program and the core dukp Progiamds IEUHPTT;"DL‘HPAI¥
t--np they are short encugh to fit in LTe sphce

l'.‘.m.r!l.lrp tha absclyute Formatted core dunp progracs ars uiel, and ¢y
A the ABBOLUTE LIMDER,

acatting addcwas of
EOCTETRAR LoALIN

sitian tape '
uring tapd Cesd Eytion
#o that the “apeciml
lrader” (351 code] 1o
over the geraord

C'h"h‘f'ﬂ.j e
algsy r@ 0Q
vamt

ABREOLUTE LOAOER will ba
read into wamary baginnlmg
st addrass XXAIPR.

LOaDiME WITH THE AE3ALLTE LOADTR

Tha ABSOLITE LOADER pregram bm dealgraed b loed any tapa in abaoluts
frraat == the palezibty of the &ystem safteare (FAL- 115, ED= 11, LiNK- 11K,
ooT- )1, IOE, PAL= V1A, wio.} and yeor aner proy-amt Which haer been aprenbled
shd piocented by FAL- 113 and LINT- LIS oF astrab)®d by the abaolubs assepblar
FAL- L1A.

5 wost casss, the Josd address is o the blasfy Taps.  Peslize.
Bowgrer. thit tha progras say be wrlttsn ism Papltion Indepandest Cods [FICY ©
b tPak [ thle case the usar may sxpemds mhy dealied losd sddcend ot Lo

time

Tst ERARLF/RALT tmp
waLT ,
Loy  ALDPESE frartlog address af
L3 Y ] MESLOTE LOADTE -
—— g
=1
e
Flacs taps in selested lank taps poaitipddl
readar ovar sanpofs
roT T
I [ sak 2k o retinct trpd B4 K W ¢ dnaral
I af jnad S0 v R # contineous
- ' X = H o load blas
—————n
Lot DUBLE/FALY to
THARLE
Fraan FTAET irary taps will ba resd
* inta core weaory beglnadsy

at: sddrass =h taps Irem—Fic)
- sddreas lm B2 (FHC)

at



USTHG THE TLAT EOiTOR

Tha test edivor t5 wind ty
§eneTite source Lapet of the poer’
The edltor i1 lzeced Wiirg the MESOLUTE LCADER and 13 :thst:r::grm'
Ta frput text, type:
Itk o TEXT LInr 2

EL1 = oot Tima mumbar
CIT = CONTROL Tam
J " BETURm

whary:

Te ¢k
& :ngi 4 Vire of pect, rebrpe the e €Orracliy uting the seme 11pa

To delety 2 1ing, type the 11ne nutiber, CONTROL TAB, thea RETUPN
Corandt havt the Tormat:

o
whers: L=l A, op

The A Eorrard rmads 4 taps from LSR or Hsa,

Tne R o It cleart the balfer befara

The P cormang he
clear thy bvﬂ:':r:c 1 Fh et dn the buffer to LSP or HS2. 1t doet mot

An [ cormand 11ty thy oncire bwffer on the TTY,
Ts clmar tha buffer, tywe & wigh no tapsr 1n thy reader. -

nt

. .
B reldQuUenct 3 progral, Funch Lhe progtim, clear the buffar, and then Read

th program Meck 1ntn the buffer,
Wreer use Time fasd or rybout.

-5

USING THE ASSEMBLER [PAL+]IM]

PAL=11A i¢ userd ta azsenble syrbolic €04 into kinAry Code—=to CCeate
from the pymbollc tape of your proqeam a blnary tape ol your preqjrar which
can svehagguently be loaded dnta core memory amd exscuted,

This [n normally accompliphmd in two pasedr, with an cptional third
paly for 8 listing of your program (the latest verslon of the BR asaembler
will give both blaary tape and llstipg on the second pass}.

After you bave loaded the FAL-11A program lyslng the ABSOLUTE LOMDERY,
it will meart ltasll automatically and bagin the TNITIAL DIALOGUE---

MAL-L1A types you_respond ‘this Indicates
B - Hlor L) Eymbolic tape to b
fend from H3SR or LER
*h B or L.d Binary taps to b4

. Gutput ©on HIF r LSP
L T Linting to be autput

on ITeleprlnter
bk o ) useT mymbol Table to

® certaln your sym-
bolic tape is In tha
propar reader kefors=
you fespand AT

;E be output on Telepcincer

u

AESEMBLY DIMLOGHE ,
Pitn 11  (symbolic tipe Ie#ad Iln and symbol tenls cutpot cn telepzinter}
Mz 1 over: put sym-

bolic taps back in g5X
and typa CR [ox paia 1

END? ]
{aymbollic tape read in snd binary cape outpat aon BSP)
ERDT o paze 1 over; put Sym-

bolic rapes batk in HSR
and type Ch for pass 1

pass_3)

Fase 1: (symholle tape Tead in and assembly Llating outpuk on twleprlnter)

FAL-1lh raady For

*a ignore
anothar atseably

Push the fmed button to genecate some TARTLER for the blpary tape of
your program, and remove it from the HSP.

Woly: They respotse to AOFT i EJ indicating & sisslng ¥HD statemeni.

B-7 M
w



PAL=11A EPECEAL CHARMCEERS

Characier Furction
Iarm fwad

fea Tremicatexs & 1ine of seypca coda.
ling fasd Tetminates a line of source coda.
carriage ratomm Terminates the Egucce siatemgnt.
1 Labal te.minatgr,

Direct as<lgnment indicator.

[ Reginter term lndicltﬂ1:+

tah Terminates an ltem or flald,
KpPace Terminates an btem or field,

) Imoedlate sxprassion Indicator (mde 27}
# Onfzzred addryssing indicator.

{ Tnitial rwgister inhi:atur-

1 Terminal :agf;ter indlirater.

' Operand flaid scparator.

¥ Comment field indicatar.

+ Arithmetic addleion operator.

- Arithmetic subtraction OpeTater.
& Logical AND rperator.

: Logleal INCLUSIVE OR aparator.

- Dooble ASCIT character indlcator.
‘ Eingle ASCIT character indlcator.
- Axaenbly current locatlon counter.

-3

PAL - 11k TRAR OODDFE

The error codes printed btealde tha octsl and sysbolle cods in the
snaembly limting have tha Ioilowing keanings:

JErLror Code

.9

!_"E_imng_

Addresslng #rrar. An address within the instruction
ITr incerzmct.

Bounding aregr, Inetructiony or word dats sre belng
azsembled at an odd address in cemary., The lacation
counlar im updated by +1.

pavbly~¢efired synbol refdrenced. Refwrence wan rnade
to a saymbal whilch ia defined roce than once.

Jllegal characier <otrcted. Illwpal characters which
#te almo non-printing aca replaced by & ¥ on Eke 1llat-
ing.

Llve bubfrf crefflow, Extrd chacters on & lipk (moce
Than 2390 wre lgnored.

Multiple dalfinition of a label. A labsl was sncoun-=-
Exrad whilch wvam eguivalent {in the firet six charac-
terp] tc & previouszly sncocuntered lakel.

Humber contsining & or % has no decimel polnt.

Fhatw errer. A label's definition er value vaties
From one pazs to anotker,

g:ettiannhla syntax. Thare sre mlasing scgumeants or

e Ilpakryction acan was not completed or & carciage
raturn wam mot lr.nedil.tzlr follewved by a linse [eed

or form Feed. -

Aegistar=-typ= error, An invalid vasy of or rafererca
To & register has besn mada.

§ 1 table overflaow. %hen Lhe quantity of user-
wEiped aymbole excends tha allocated space avallable
In thi uzer's 3ymbol table, the assambler ocutputs the
cUrrant sgarce line wlth the 5 #77or ood4, then raturne
te tha initlal dlalogue.

Truncatian «rror. A fumbesr genscated more than 16
Gats of significance ar &n expreasion genkrated mocw
than B bitm of significance during the uvie of the
NYTE dizestive.

cndafined aymbml. An undefined rymbol way 2ncountaf+d
Juring tha avaluation of an expreszion. BRalatlve to
the expre=sasion, the undefined symbol is assigned a -
valur of zexo. o

| B3 3 m
. (S



CHALLEMGE PRPOGREAM 1
LOADING YOUR BINLRY TARE

Two tables of nurerical data i3 greated in memory. Thr;!
The pApwr tape ourput of the PAL=114 Astumbler s Ln absalute tasks dce o be perioreed on this data. The results are to
birary tornst and i Lhersiose luaged by Lhe ABSOLUTE LOADER. by le?t i Gereral FPurpdas Ragikcare.
Reference the handout entitled pLasDisG WITH THE Ak -
SAUSE LOADER, Rl = the number of nygative valuey {18 bit, signed, twos
compliment) im both tablen,

RUNWING YOUR PROGCERM R = the number &f correspanding matches Between antries of
both Lablen,

After you have loaded your program intn memory uilng the ' B3 = the number of total matches betwesn all sntries of wach
ABSOLUTE LOADER, you are reddy to run it, The procedurs ia takle. ) .
ax followw:

I. Fet the ENABLE/AALT switch to RALT. THELE A TABLE B
2. Eet wwltch register to the starting address of 0333%] leneql
YOUT Drogras. 007418 0a7716

. 1E5004 A553E])

3. Freps LOAD ADDRESY, 1650405 100001
bY133% . G71312

{. Set the FHADBLE /HATT { . 176112 O5007%
£ Ewltch ba ENMARLE oDa24 Be00 18

5. Frwsm START. bloonl DROAIT
100001 o0l

1777532 171774

4 ha - P1111% DOGAT

WHERE OID I GO WHAN D353%} T 03153%1]

ongz DECOTE [y |

fopefully, you wlll have no need Lo teference this sestlan' - 1645%] 1845530
Byt occeslonally progiams do nor rum asx Intended--halting without .-’r
alving The Tediced resvlt or failing to halt ot all, If thim haw

happaned to you, take the following remedinl steps: Mote: wach btask should be coded swparataly.

L. Xepsat the abdve sgquence {try LOADING YOUR BIHANT
TAFE and RUNNIWG YOUR P ROCAAM agaln).

. EMANINE your program in memory; coapace 1t witk
the aszembly llscing.

3. Check your program THOROUGHLY; Jetermline whathot
or not the COrrect lesiructlons have basn used,

. 4. CALL PON RELF frow your instructor':'*

[ BT B_13
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CHALLEHIE FROCRRN 12

This progres will recogniae two ASCII characters within the

‘contadt of wimpls gperation Intmrastion.

The program whi]

roqusat tha opwrator te type s “¥' &n a2 "N, If "Y", the

progrem will print “Es", LIL “K", the program will Prlnt "O1"

if gthax than "¥° or "TI" the progoam will cespond “TRY AGAIW".

S5ANFLE RUN

PLEASE TYPE A "¥" OM *H~"
FLERCE TYFL A "¥" GR "N"
FLEMSE TYPE A "¥" DR "N"
TRY AGAIN

FLEAZE TYFE A "% QR N°

YES

L H

CHALLFUGE PRAOGRAM 1

Five lines of text are o be printed ouk on the console terminal.
Each Lir® of text is a diffesrant langth. The program dhould ume
a subroutine to da the data transfers, I onm line of text

excasds €4 characters, the sybroutine will inmgrt = "CH* CATCinge

roturn and “Lr" line [eed.

Each lice of text should be & Eentence, twa OF which sncesd &4
L]

charact#r¥ ta test the CF/LF specification,

=11

1€



REVIEK SHEET (hay 1)

BYHABY » LECIvAL POMYESSLION nEsAY SUNTHERTICH
1. B7A DA OO CZIOLPA 117 1. #3A comonaa Al g1a 0as
SCAR AAT fpp @ Ly ae |
B MRS g&R EFP BPQ 11P 114
. $. EFP pAA RCD O IPC AR Im)
DECIMmAL * RINARY CONVERE1ON “RAE AP fAQ ML 104 1t
Le IEE )
E- X%
OCTRL ADTITION (of-is=a)
OCTAL » DICIMAL CONVERSION b abaged 2. ERJI21
*1Jaal ATaARRT
1. BEPTazs AL gr-htLT-:
ke B@1E2Aw
OCTA. SUNTRRETION for -
DEGIMAL + DETAL CONUEAE)IN T 0 2. eil3ia
o) TR “RIFLAT
Le SKh=
. 1raR. .
, N
LOBICAL AMD
BINAGY » O0TAL CONVTRSION - i
— 1. rr0 #&A) PID 210 1R@ g}
1. ANE EER RAL BIR BRI 1&Es 4Rl PR P11 18A 1Al tLa
E. f38 app B I0] 1IL Iiﬂ; .
IWELUSIYE OR
ODCTA » EINAAT COMUTASIOM 1o M2 BLA £)) 128 193 Lia
TelE mil A 11 1A il
1. ERDTZ4
¥. A@SCQoas
ENrLUSIwE OA
T» #1808 1t ipam 18] 18 1))
BIt=ET ADDITIGN GALL 1am da] 1IN J1L Pag
L. ®0h wAR 1A LIA 211 Lew
SBAR ERE TIA TIM 111 #)]
B, Pod gua A1 TEL W 1aL
+hQE phA IR LI 130 LR
pr— —— e e e el et
£

Directionsa:

1)

1

3

LH

=1

[ %

T

Arocrwe e {Day 2]
Flaase scleCt the heat poanlble answar.

Given the anzembler coda CLR RY, the Gctal Code LT

A 1059402
B] Q0%G02
Lot 1) -

p]  Hond af the ghove

The starting address fur the Absclute Losdur _
System lc . wT on a 12X PoF-1l

Al X01744
B] ©37540
€} 0371744
o) o574

The Unibui is not capable of bidirecticnal trartfiors,

True 0y Falaw

The Instrucelon HOVE 192 will
The Instruct FILEEE w HOVE the low byte of = (o]
b

Trutt dr False

wd

Bod= &7 is called

Al ralativae

B} abaociuce

£) index

Pl ralative Aefarrad

TThe maximim amount af trus memory that can be used la eha

basic POP-11 {1/0 Page gacluded} ia

A 4% words

Bl NE words

€} IR words *
D}  2ax wopds

::'l 16 By word, bBit 1%, [the sost algnificent bich is galled

Al the pesitive bit
D} the leading pit
C) the negative bik
D) the sligned bit

{eontinuved on bhackl



given the assdcreBley cola MOV AR, k1 tha octal rcodae 1%

Al
-1
Ci
e}y

41 ae 19
&0 Id oOF
Bl o0 ol ’
ic oo 14

- ®F. Thw process of subiraction ls lr_Empll_.ihtd ia the PDP=~11 by

o)

cozplsrentary subiraction )
loading paper tapa software programs, tha Ediror Froduces

£¢ Se rend by the FAL 11A Assesblar.

4

Al amigned prithretic

B8] ccapleswstary addltion
€] smubiract and Carry

ok .

In

Al Blnazy Tape

B) _Obimct Tape

) Ragastlc Taps

D] ASCILI Sourca Taps

1= E}nllﬁ. CHISIDEA THCH I ASTHOCIIOY T3 AE Tl [TITIML DOSTRUCTIHG

REVIEM SHEET ([Day 1)

CLVESr ALL CONDITION CODE BITS = » kil ZaCd NSTAUCTL.H

£e

(HIS=IA3S  CIDEDI+TBN  CiBE)=13  118i=}-  {T41=|S834de
{AZI4P@3R  SPGAEI=EAG  CEADITPE  (ZRI=E  (17EivT4
{22038 ijozalk-a08 C£12d1=137 L)hted T s J003
{RWI+A003  CARRR1I=aR2E  C(4d3J=4@  radt=q  {FFIRF-aAD
IARI=EAAD C(RIDEI+BRA CBOMT=BA LARIe&  13TIEIeSR
fHTI=5T38 B LLELEY ) L3 Rl TaTter=a8%

ersu.Td
OCTm, EODE AMISENBLER LCQDE SL& DEX LOE&Y L) T v
1-] Lazax ¢
Azazed .

]| Brz2sR

3| masann *

] PELTTY

174772
L2 00N |
3] BELRAR
[ SUT P IRdG. FEEDE

1. ADD Kle-(AR]

a. SWAB - (A1)

%" oL #a373718

1. AILA TAES

C-¥



TVIEW SWEET Lfay 1)

Hazdware [arlce dows not occur wery aften,... Belore calling DEC
riald Service try the follaving., IF ewory actempk ta cun Faila =+
including:

1. Leave "ext aode and Loy command mode.

1, ALBORT or UTRLAC and zeskdrt proelFam.

3. Mpbootatrap the syatem, then TELLY.

4. Mount a fresh diszk and rebootStrap.
{boscver, never mount & HASTER (izsue} Jisk uskil the
drlve haw besn checked out.d

%, dtart from scrateh. Bulld ar SYSGEH onto a cleaan for-
aptted dltk,

ThHY THE FOLLOWING

t cahel you can #nter a few instructlons to find out
.ﬂ_t.h:h;r::‘::sui, r-z:-:,;rr, or the consale terminal are dead.

" toggle Into the last memdry jocation
mgy (AN, -{A7]
ghauld load 214747 everywhara in maoory.

teRO: cmp 1047, (ARl ) (RO)=10 )
NEG LETRD "
HALT

ahould detsct an obvious mamory falluce.

Chaa

* fogyle at location amro

of 9121700
3/ voNald
A wpanig
&F DO0ITE

should Ioad peroes avarywhere in mamary.

awpoy CAF HF, (RE1+ g RIA=LE
BEQ TERD
HALT

should detect an obrlous semory fallure. S

* Try this to sce L[ you'ra hoohed up.
BAB/12%717 .
Fl138ad
Jlo017s
Ao10037
F1175%66
FoQ51a0 '
f0noL3)

Ao0050d

»

FOF-11 ASSZMILY LANGUAGE PROGRANMING COMPRIAEMSIVE FiwAL EYAMIMAT ION

A Programmer had just recaived tha attached PAL-11A assembly
lisving for his wystem and [k attempting to analyze 1t, He has a
PDP-11/40 with 2 console teleprlnter and line fraguency clock am
stardard eguipment, '

1‘j'uu have bwan asked to halp him answer scme questlons about
this progrie ih order Yo demcnmbrake Your abllicy ko anslyze FOE-11
Progracy.  You may asd kny ulrltun reft"‘r!cu avallabla Lo answer
his guastions. 1f you zun into difflculey in the clatlrn&u, you .
may usg the FOP-11 laboratory computers to experiment u11h1thi|
prn-g::m.

¥You have one-half day and ar Dany attempts as nt¢||::ry [T

solve hls problems. Whan you have finlehed, pledass sok the inskrustor
-

to cartify your resylbs, You are gxpactad to answer YE of the 45

questions, correctly. FPleasa work indlvldulllf; disecting any

questlons to tha in;truutur. ,

Hote; "

This program has becn sasecbled with a special printout Format 1n‘
order to actomatlcally swquence nuaber wach wtatemsnt, The lipe
nunber to the left of sach statament will serve 48 &.reference for

all of the lollowing quwsticons.

Rl
[*=R
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RHSWEN SHEET!

10.
11.
11.
13.
.
1%,
1.
17.
ik
1%
a0,
1,

1.

—— .
—_—h s,
—————— 5.
—-. 7.
ABNCD 11,
ARCD 9.
— ' . 0
AaBRCD 11,
Tr 12,
hRcTB 3.
ABCD M.
. PR |

ABCD 3.
—_— a7,
M s IE,

ARCD 18,
—_ .,
ABCD al.
ABCOD .z,
ABCE 1.
ARCD 1",
L

FLP=1) AEEEHBLY LANGUAGE PHOGHAMMENG FINAL EXRHINATIO

ABCD
ABCD
ABCD

ABCLE *

ABCD

-]

BCD

L T R . B T
T m o

R r'..-"ff.

Tdantify the pusbker of the addrassing nor:ts of the lnatruckjons an
the follouwing lines:

<1, Line 1% {destinatinon) ] T = ufal":po "f
7. Llne 5%  [Gourcej F Fy Jenfle o, R
3. Linec El {destinatlon} L srpeadcm

4, Line £1 [source] L FL AT A%

.4, Line %3 (dextinsticn} I P,

~&. After llps 19 is sxeouted

“h.
Jm
C.

o,

1. The ilnstruction at location L0721 mov #-60., TICK placanm "“"f'
pambar ints memory Llocatloa 11027

L
B.
c.

D,

tha wimbol TICK = F77704p.
the contents af location 1107 =177704,.
overflow occurs since n negative numbar le crwated.

the contents of locatien 108 = =d)gp.

(1)

QOO052 . ! T
oflo2d - . ) o
p12767 L

1177104 . r
1

4. Por the inatructlon st lins 29, the OEA is calculated as followm:

R3] = 00lGM

X

W"‘qul.

[twee complimsnt form}
|beath must bd SOrTEct)

- AT

%, tha instruction st locatlon 1042 NO¥ 77, u wiil 4isplay uhlr.

1n

A.
B,
L
-2

tha front panel dats lighta? S=On O=0f

& Qe wO# O#D D9 feg
0 000 004 GO0 E0O 0RO
o 0G% 600 000 Wb R0A
¥ bR EER vk 000 000

&4



ol

.

11,

13.

Glven second = O0DDQ0 and OELAY = 10012, the neat sxecuted PLE

irstruction [after line 21, 4] s t2hen from Llee JQ.
(1/T) £

Given that tha cantengy of RFi=17600% bhefore lires 15 thru
Il ac# executwd. What arye the C~ntents of 2F after execution?

Ao ﬂ??ﬂﬂﬂl 17, -
n, J.T\Iﬂl'.'rﬂ.
40, 1r4Only
P. Tndeterpalnate, ad the consola data llghts acs Totating

eyclirally avery timw an aiynchzooous clock interrupt oooyrs.
.The *background” program will causs the hits pressntad in the
data lighta LG "move™, They will zppesr ta ' 11.
iA. mowm to tha left.
¥. npove to the rlght, .
€. flicker (randem on/off].
B. alternate [Bits on - then bits oft). 1.
-rar the instructien we line 12, the DEA 1# calculated an follows;

1y - oolioq
MEgREE 7 it (oo comiinent fory -
What purpess dioes 1ing 14 serve?

Fy-

A. An & HALT lnetrucrion (QOPCODE=BO0C0C0) aftmr the main Program

B. Cradtas a symbol gt geswnbly time and equates Lt to jarc

&. Dablnes a labal ap spwesbly tise and equates 1t ko lowstion
1197

TPe Initinllzes merory location 1102; te 000GR0 evecy tlme the

program is anecuted,

For thie progras, what is the uppar steck limit?

Piadele BT WIS {61.'-' RS |

Aftar the Jump to Subrputine lnetruction at line 15 ig
sancuked,

1. the contents of M5: [rs] =_sen .

tha contants of 1P,

[Re] =<7~ .

In the mubroutine to print ¢ pessage, after Kl rocelvas tha

number at mamacy location 1018,.R1 Lla then used am

A
a.
C.
x.

L mounktar,
an index.

4 polnter.

an nccumulator {tperand reglistach.

During promjram initislisacion, a menssga 18 printed out b:r.
the "MESACE® subroutlne (line I14%]. Ona argosant is passwd.
¥hat ls the walue of the arqumenty

21 50

In
up

A

AL
c.

b,

It thw contenta of Rl = ggliin

the meanags subroutine (line H9}, vhich imstroction picks

the argament?

TP = 177968

W (m5ye, 11
HOVE [(Al)+, 1 171
ATS 03

through 55 will

A
'H,

WD

gr the inatructions on lines 53

Chuse & teleprinter/punch Interrupt to pecyr.

output & catzriage return on the teleprinter/punch,

C. ' output & 4 digit dacimal rumber on the teieprintar/punch,
Dutput & CACCiEQ® Iwtuzrn, llne Fasd, and prompting mwssagw
on the twlsprinter/punch.

X
3



2l. fThe return from subroutine ipstruction on line 57 will
A, Ltrap through leocation 4,
¥. return to main progroam at Line 15,
C. fraturn to main program at 1lpe 16,

4 M, return to main pProgram at ilne 17,

2. Glven that linw €3 has just hesn ¢recuted and nothing has
bado typed om the tariing), which line wili be sxecuted naxt?

A, %1
T + ‘
C. &5

D, &k

23. ouslng program’initializacion, s dacimel numsber (v scceptad
by tha “INPUT" subroutisne. How many arguments are pauged
when the subroutine ia called? .

+

.. oong

. oOne

E. twa .
D. four '

¢

24, In tha mubroutine to Ingut s decimal nymber, GFR A1 im uxed am
A.  an acoumulator (Gperand reglater),
i: & countar, N
€. aa Lndex,

D, & painter,

5. In the subroutine to Lnput » decimal number, Rt 14 used as

{h.  en afcumalator,
B. & countar.
C. mn index,
D, a ptinter,
i€, Aftey the nunersl 1 has been typet on tha console keyboard

and lines 71 through 77 have been axacuted, whet will B3I
contaln?

A ouuaul.

", ﬂﬂﬂﬂﬁl'
C. 000261,
1 1'!".?'."51a .

Afrer the numaral 1 haw bewn typed on Lhe consale keyboard a
linax E}=7E have been cxecuted, what will be the ﬂﬂﬂ{lﬂtl ct":h-
following zegistars,

7. i { M
ik, Rl T x

Ll
FL TRET / 1 4

10, If A = OOQDOL and the Nusergl § haw bean typed, wh
ba the contents of R4 after lines §3-76 h-v:?;-;n -:::::::T

[ 13 @ ‘

Y. LKCER {lina §13) is tha 1§ bit peql
» option or CPU Functlon? plater for which davicu,

-y ‘.'II:'L" A f"*it, f".-'“\
[ *




red from the beginnlng ard

p::wided this Prﬂm- T s heyboard, indicate which of

; the conssln
crator typef DoldTen c
T;_’]lql ?Polluwln-] arem Telzue, or F-Faler.

irmed 1o
tur halts jataly at
10. Eh: L{t:_:.iﬁu 1.n11.'liucﬂnd] -

pdlaz axecutas onée PEI pecond,

13, Interiepls frem the devlce ar UNIEUS addrasa 177546 {line (1%}

tion lﬁ?i [(1mawdistely
will trap to what low menmcry sddress?

Ir‘l - a - "

41. £ Tha clock ha

13. Lip= 21 will L on 1076y atter . r“and’-

12. Y The computer hals at 1
' 4y, 1 The terminal berps WYETY EE
4/ Thm data lights (11/45-TCI ?ppelr to

cond for 10 peconds.

rotate laft aftar

+ A= wnable clock intercupt,

B, disable clock interrupt,

e = x cick.
e rapee the 1ine clock to cime 0000 avary <loc ;mﬁ L
‘ t - The &lapzad tima Lp printed whan soy hay Lm _
B, cauze s linw clock ko pecuz, ‘s, The elapaed ting

1f a clock intercupt swquast ip granted by the CU and an intermapt
sequehis 1s sxecuted after the lnseruction at 1irm 20, then whabt are
the contents of

., BC = TR o

1. 57 . g ) -

3. FoA = T th . ) e

37, "lst Ltem on the Wtack” pr ot ) - oy
~ {7 ' _

8. When sn interrupt sequance occurs, causing & vector to the .

LEINT [lina #41) interrupt wervice routips {I.5.R.}, & naw
PE¥ will ke supplled from absoluts memory Lovabtion 102, What -
level will ek processor priority be rylsed to during the I 8.N.7 ) .
p ] .
] . . "

3. The clock iotecrupt {llne #41) subroutine will output which
character cnce oach Becond?
o

A, TFB : | |
B. TICK |
C. b ‘ .
0. nIL \ . |
' '\ ‘ r
D=-10
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ESCRITURA DI TEXTOS

DT

A) GENERALIDADES

El progrima EIM permite la escritura y modificacion de textos en archive,
nosee dos modos de control:

1) modo de entrada
b} modo de comandos

El modo de entrada aparece al llamar a un programa que no EQt
archivado, junto con ¢l siguiente mensaje:

CREATING NEW FILES
INPUT
L (escribir texto)

S¢ pasa del modo de entrada al de comandos, dando dos veces (@R:?

lin el modo de comandes, DT sclicita cada erden impimiendo un as-
terisco; para regresar al modo de entrada, dar:

* §{ cr

El modo de comandos aparece automdticamente si el programa llama-
do va estaba en disco. R

Para llamar un texto a ser editado, dar:
:’THH especificacién del archivo

E1 resultade de invocar a EDI, es la c¢creacipn de un arvhive (de
salida), identificade por la especificaciéin asociado 2l llamade,

Si la especificaciﬁn ya existia (archive de entrada), &l ninero
de version del archiveo de sallda aumenta con ung <oen respecto al:
de entrada.

By} MODOS DE ACCESAR TEXTOS:

ED1 posec dos modos de accesar los textos: por lineas y por -
bilogues, 31 hien en ambos casos hace uso de un apuntador,
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El apuntador indica la posicin, dentro del texto, de la linea
resente; a partir de dicha linea, comandos de EDI mueven el apunta-
sor hacla una linea presente.

El modo por lineas, puede apuntarse cualquier linea posterior a la
linea presente, £s decir, hacia el fin del texto: cada 1{nea gque asg
sobrepasada por el apuntador es escrita en el archivo de salida. La
tnica linea forma de accesar una linea ya pasada, es moviendo el
apuntador hacia el principio del texto, lo gue causa balo este modo,
que el archiveo de salida pase a ser el de entrada y la creacifn de
un nuevo archivo de salida.

En el modo por blogques, un cierto nOGmero de lineas son leidas a un
buffer, El tamafo implicito del blogue es de 80 lineas, pero puede
alterarse por medic del comando SIZE

Con el comando FORM FEED (FF), puede delimitarse una pigina del texto
de forma que 5510 uno se lean al buffer, por blegues, las lineas
anterjores al punto donde se indicd FORM FEED.

pentro del buffer, el apuntador puede moverse libremente hacia adelan
te o hacia atris.

C) ALGUNOS COMANDGS DE EDI:

En lo que sigue se conviene lo siguiente;

1) Las letras minGsculas pueden suprimirse desde el f£in del comando.
Por ejemple, las formas gue el comando "Begin® puede tomar, son: -

Begin
Begl
Beg
Be
8
i
2] Lo gque guede entre corchetes es opeional
3) El valor implicito de "n" es 1. t
COMANDO " EPECTO
* Begin & Y0P Manda al apuntador a una posicidn
anterior a la primer linea del
texto
* TQF - Igual que TOP, pero después de

aplicarlo, EDJ siempre gquede en
el modo por blogues.

I %

Block ON/OFF Para pasar del mcdo por lineas
al modo por blogues ¥y viceversa
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FF Este es el ¢omando .FORM FEED
Donde sea inseartado comenzara una
nueva pigina

QUtput  ON/OFF Se usa finicamente en el modo por
- l{neas, la condicifn implicita es
QUtput ON: donde OFF se interrum-
pe la transferencia de texto al
archivoe de salida: On se restable-
ce automaticamente si se da "close"

archivo lineas restantes en el buffer vy
luego en el archivo de entrada, al
archivo de salida y cierra ambos
archivos. Con &1 se puede cambiar
la especificacifn del archivo de
salida. La terminal permanece baijo’
el control de EDI.Close no cierra
los archives secundaricos.

CLose {:ESPECifiCBCiﬁn detl Este comando transfiere todas las

KILL Igual gue CLose, pero el archivo de
salida es borrade. ftil cunado se
crean programas no deseados

EXit Igual que CLose. pero cierra los
: archivos secundarios y regresa el
gcontrol de la terminal al moniter

OPens especificacidn del - Abre ek archivo secundario, pero
archivo secundario sigue leyendo del archiveo primario
{es dacir, del archivo de ent-ada
inicial) N

55 Jalecciona 21 archive secundario
como archive de entrada, {Esto es
dtil para afiadir texto ya disco o
en tarjetas)

sp Restablece el archive primaric como
archivo de entrada

CLOSES Cierra el archivo secundaric, no
puede haber dos archives secundarias
abiertos simultaneamente

Shve [ﬁ] especificacifin de:] Copia la linea presente y las
archivo siguientes n-1 en el archive anotado

{51 no se indica dicho archivo, se

guardan en una linea de SAVE TMP)



} o

»

E

E

E

*  UNSave {Especificaciﬁ

Jdel archive

SIZE f'_n]

REAd [n]

Write

RiNew [n )

PAGe En]

Print En ]

TYpe Enl

NP 6 NP [+_n]

")

4
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Inserta las lineas del archivo
anotado en seguida de Ta linea
presente.

(El archivo usado cn ¢ste coman
do no necesariamente es creado

con SAve; puede ser cualquier -
archivo de texto; el archive im
plicito es nuevamente SAVE,TMP)

limita el tamafie de los bloques
Iefdos al huffer a n : lingas
(n 348)

Lee al buffer n bloques (si es
que caben) anteriores a un FORM
FEED.

Escribe el contenide total del
huffer en ¢l archivo de salida
y limpia ¢l buffer.

cquivale 1 la siguiente scluen-
cia de comandos:

RLA
W

REA 1

l
]

| % | * | =

* EDI pasa al modo por blogues si

aiin no ¢s5td en #1, v lee la pa-

" gina "n' al buffer (aplica suce

sivamente REXNew 1 hasta encon--
trar FF o ¢l fin del archive)

[mprime 1z linea presente ¥y las
siguientes n - 1 lineas: la Gl-
tima line¢a impresa es la nueve
linea presente.

Igual que Print, sdélec que el
apuntador no se mueve.

mueve el apuntader * n lineas:
n s¢ Cuenta como s¢ presenta ¢n
la figura,

-2
-

\  lhea @r‘ri;mhz
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*

E

| *

D En]

ERASE

[ﬁl C/seg 1 /seg 2
IL.C/scg 1 fseg 2

‘ DPAstefseg 1 fseg 2

I sep.

1 <CR/
Ltexto

Overlay

oy

]

L]
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P n equivale a la secuencia
* N n
* P

n o en modo por lincas.

Borra la 1inca presente y las
n - 1 l¥ncas siguicentes, e im-
prime 1a nueva linea presente.,

a) cn mode por lineas; borra la
1inea presente {n = 1)

b) en mode por bloques, bhorra el
bloque presente y los siguien
tes n - 1 blogues.

Cambia el segmento 1 por el seg-
mente 2, las premeras n veces
que aparezca el segmento T en Ia
linca presente,

Cambia el segmento 1 por el seg-
mento 2, todas las veces que el
segnento 1 aparezca en la linea
presente.

Cambia el sc¢pmento 1 por el scg-
mente 2 todns las veces gque apa-
rezca el segmento 1 desde la 1i-
nea presente hasta el fin ‘del
archive (por lineas) o hasta el
fin del bloque.

Inserta el segmento enseguida de
la linca presente,

Inserta el texto a ser escrito
enseguida de la 1inea presente,

Fquivale 2 la siguiente secuen-
¢cia de ¢comandos:

* Delete n

* N -3

* <@R>

Por lo tanto, sirve para borrar
n linens e insertar cn el cspa-

cio que ocupaban cualquier nume
10 de lineas,

EDITOR: FERNANDO LEPE C.



- m— LY

ANy () COMIU IV K
3{; 7 ﬂfj T Y- EJE T

45

Llamadas & subrutinas en MACRO-11 desde programas i FONTRAL

Un programa en FCRTRAM puede liamar subrutinas escritas povr 27 usuariy an
MACRO-11, con &l cansiguiente anorre de memoria ¥ Licopg b0 ejfooisids nia
implica el realizar una targa en ensauliador en luqar de FOLiRFAN.

En esta nota se wmencionan 1as instrucciones que cl uinario Jebe ingiuie -
en sus sgbrutinas para gque &stas sean accesibles ciesde FOITUNN,

(1) Punto e entrada:

lLa subrutina debe definir un punto de enirada que ol cister . ufravivie --
RSX-11H reconoce con cualguiera de estos 2 modos:

a) Usando la afirmacidn .GLOBL &1 principic d= ia rutinz.
La forma de lz afirmacidn es:
‘ .CLOBL ARG
dende ARG es la etiguets que sirve como phinio de antouds.

b} Usando la etiqueta diraciamente coinn punte <o mutracs,
Para ello, se acompaiia 1a etiqueta con 2 puntss, 2 vew2s:

LABEL ::

(2} USO DE REGISTROS.

La subrutina puede hacer uso de 103 registros RP a R4 con to7: libertadi-
RE apunta a una lista de argumentos de azcuerdo a 12 siguiente (abla:

RS | r-ﬁo definido # de arquicntos
Bir. de Dir. de hra, 1

Dir, de Dir. de Arg. ?

Dir. de Dir, de Arg. 3

! Dir. de Dir. de Arg. N
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R5 queda disponible despuls de que los argumientos heyan it ncorporades
a ta subrutina. Se recemienda no wtilizar RA ni R7, puns &olel Licnen fun
¢iones asignadas por el Sistema.

(3) REGRESD At PROGRAMA PRIVICTPAL

Al terminar las instiucciones e la sebruting, se roorens ) programa o
FORTRAN cen las fnstrucciones:

RTS PC
LEND

En los pregromas de HACRO-11 so termina con Gz instruocidn 880 ARG, don-
de ARG representa el punto de entrada del programa, Crande =0 wvata de --
i

cubrutinaz, no se especifica ol punto de cnbreda en in instedgeinon JERD.

(4) EJEMPLO:

Se escribié el programa EVFMBEL en FORTRAN que 1lams & Ya subwuling LHIVALE
en MACRO-11. |

INIARR da un valor inicial IVAL a Tos K elementes del arregly i3,

Se listan a continvacidn los programas EVFEEY, ensanwblar THIERR, sacade--
nar usandoc el "TASK BUILDER" sus mbdulcs objets para produciv vra tares -
ejecutable, y por ¢itimo, ordener.la ejecucidn de 1a torea.

. Se anexa un esjemplo.

"Para mayor informacidn, consultar la Secridn 2-4 del manual 158,/PS¥-1%
FORTRAN IV User's Guide.

-

EDITOR: EDUARDO VARGAS ORTEGA
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DIRECTORIO DE ASISTENTES AL CURSO DE INTRODUCCION A 1AS MINICOHPUTADORAS
. POP-11

NOMBRE Y DIRECCION EMPRESA Y DIRECCION
1. JUAN JOSE AGUILAR ZACARIAS INSTITUTO DE TNVESTIGACIONES CLECTRICAS
Lisboa 48-8 Dante 36-40. Piso
Col. Juirez Col. Anzures
C.P. 96600 Deleg, Miguel Hidalgo
México, U. F, Méxice, D. F,
591 09 .40 517 35 49
2. TSMAEL BARRERA JUNCAL CIMENTOS APASCO, 5. A, de C. V.
Av. 16 de Sept. No. 20 Av. Insurgentes s/n
Abrsco Edo. de México Apasco £dy. de México
8 00 96 8 00 17
3. RAMIRO BRAVD GARCIA CENTRO UNIVERSTARIG DE TECNOLOGIA
Av, Copilco No. 00 Presidente Cuarrarza Ko, |63
Copilco Universidad Coyoachn Col. Coyoacin
C.P, Q4360 C.P. 04000
MExico, I F. México, D. F.
. 5 54 85 13
4, ARTURO CASTRO OJEDA TRITURADQS Y PREMEZCIADOS D TAMPICO,S.A.
Bdificio 51-A-402 Tlaloc No. 90
Unidad Cuitlahuac Cel. Anzhuac
Delep. Azcapotzalco México, D. F.
C.P. 02500 5 35 6743
Méxica, O. F.
3 50 92 36
S. RICARDO JOSE (EVALLOS FERRIZ COORDINACION, PROYECTOS E INGENIERIA,S.A.
Fernando Villalpande No, 56-401 Encantada No. 46
Col, Guadalupe Inn Col. Coyoacén
Deleg. Alvaro Chregén C.P. 04000
México, . F. México, D. F.
S 48 74 06 554 1399
6, PREDRD COROWA BALLESTEROS SECRETARIA DE OOMUNICACTONES Y TRANSPORTES
Méxice, D, F_, Maxico, D. F.
7. ANTONTO DOVAL UGALDE INSTITUTC MEXICANG DEL PETROLEO

México, D. F. México, D. F.



10.

11,

12.

13.

DIRECTORIO DE ASISTENTES AL CURSO DE INTRODUCCION A LAS MINIDOMPUTADORAS

POP-11

NOMBRE ¥ DIRECCION

. GERARDO ESPINDOLA ARZATE

Privada de Orifn No. 12
Col, Tejalpa

Jiutepec, Mor!:

326 44

. FERNANDO JIMENEZ CERVANTES

Escobedo No, 222-7

Querétaro, Qro.
2 62 26

FILIBERTO LOPEZ CARDENAS
Rio Usumacinta No. 2600
La Pradera

Irapuate, Gto,

73302 -

MARIO ALBERTO LOPEZ MACIEL
Diana No, 18

thidad Independencia
Deleg., Magdalena Contreras
C.P. 10100

México, D. F.

5 95 21 B3

EFREN MARISCAL RODRIGUEZ
Av, Universidad 1870 L. 4
Col. Romero de Terreros
Peleg. Coycacdn

C.P. D4310

Méxlco, D. F,

6 56 317 932

ANDRES ISAIAS MARTIHEZ ¢OUTIRO
Ratorne 3 Ho. 25

Calz. Ignacioc Zapata

Col. Jardin Balbuena

Deleg,. Venustiano Carranza
Maxlco, D. F.

& 71 16 50

EMPRESA Y DIRECCION

CENTRO DE COMPUTO ULALE.M.
Chamilpa 1001
Chamilpa, Morelos

ECISA

Dr. Gustavo Baz No. 4881
Tlalnepantla, Edo. de MExico
5 65 35 99

COMISION FEDCRAL DF ELECTRICIDAD
Apasee s/n

Cd. Industrial

Irapuate, Gto.

7 27 27

U.H.AM.
Cd. Universitaria
México, D, F,

CONSULTORIA Y ANALISIS RADMVOS, S5. C.

Cerro del Otate No, &5
tol. Romgro de Terreros
Deley. Coyocacan

C.F. 04310

México, D. F.

6 56 45 23

PROGRAMA UUNIVERSITARID DE COMPUTO, IMAM

Ciudad Universitaria
Deleg. Coyoachn
MExico, b, F.

5 50 92 15 Ext. 3B&&



DIRECTORIC DE ASISTENTES RL CURSO CE INTRODUOCION A LAS MINICOMPUTADORAS
PLE- 11

HOMBRE ¥ DIRECCIOH EMPRESA ¥ DIRECCICH
14. DANIEL MORALES ZURIGA OOMISICOH FEDERAL. DE ELECTRICIDRD
Flanta Infiernillo No. 1216 Gerencla de LAPEM
Irapuato, Gta. Irapuato, Gto.

15. JORGE MORENO MARTIMEZ
Unidad La Hermosa
Edif. 52-A-33
Col. Irrigaci&n
Deleg. Miguel Hidalgo

C.P. 11200
México, D. F.
"5 57 30 72
6. JORGE ORNELAS TABARES PACULTAD DE IHNGENIERIA, UNAM
Calle E=54=3 . cd. Universitaria
Unidad Fovisste . } Deley. Coyoachn
peleg. Coyoachn C.P. 04510
C.P. 04800 ooy México, D. F. { D e
México, D. P, o 't ‘ 5 50 52 15 Ext. 2B%1
6 77 79 26 ‘ oo v T \
i L]
1T, JOAGUIH PALACIOS B. DIRFCCION DE EDUCACICH PRIH."H.RIL D.F. 4 (5FF)
Apartado Postal 9249 MéExive, D, F. )
Centro

C.B. 06000 |
MExieo, D. F.

j8. ANCEL PUJALTE PIREIRC
Plamcnte Ho. 22

- oa .

Col., hcoxpa-Miramontes - ¢ '
Daleg. Coyoachn ’ " I.

C.P. 14200 ol

Mixico, D. P. -

?1?4554? . . i
' - . t

19. VICENTE ADOLFQ QUINTANA GERNEL™ '”!  PROGRAMA UNIVERSITARIO DE CQMPUTO

Ret. 3 No. 25 Ciudad Universitarig

Calz. I. Zaragoza Deleg. Coyocachn

Col, Jardin Balbuena Méxlco, D. F. .
Daleg. Venustiano Carranza 5 71 16 50

Moxico, D, F.
5 50 22 15 Ext. 3866



DIRECTORTD DE ASISTENTES AL CURSQ DE INTRODUCCION A LAS MINICOMPUTADORAS

PCP~11

HOMBRE ¥ DIRECCION

20. BLSAE RAMIREZ GARCIA
Lago nmatitlan Sur Ho. 24
Cal, Torre Blanca
Deleg. Migue] Hidalgo
C.P. 11280°
Mixiea, D, F.
3 99 18 96

21. JORGE LUIg ROSALES PADILLA
AV. San Isidro 6%4-C-304
San Pedro Xalpa
Dexleq. Atzcapozalco
MBxico, D. P.

22. JOSE HMARTIN SANTOYO PEREZ

Av., Prol. Div. del HNorte Ho,731B-3-A

San Pedro

Deleg. Xochimilco
C.P, 16090
MExico, D. F.
762 07 85

23, VICTOR MANUEL SANCHEZ ESQUIVEL
Millet 254
Col. Ingsurgentes Extemadura
Deleg. Benito Juirez
Mé&xico, D. F.
S 58 01 QO

24. DAVID TAPIA GOMEZ
Cuauvhtémoc Ho, 1
Col. Tejalpa
Jiutepec, Morelos
5 0 00

EMPRESAE ¥ DIRECCICH

SELECCIONES DE BEADER™S DIGEST
Av. Lomas de Sotalo Ho. 1200
Lomas de Sotelo

Péxico, D, P,

3 58 91 55

INSTITUTO MEXTICANO DEL PETROLECG
Av., Lazaro Cardenas 152

S5an Bartoloa Atepehuacan

G. A. Maderco

MExico, D. F.

5 &7 66 00 .

CEMTRO UNIVERSITARIO DE TECHOLOGIA
EDUCACION PAEA LA SALUD '

Av. Preisdunts Carranza Ho. 162
Col, Coyoacan

C.F. 04000

México, DL P.

5 54 B& 55

FACULTAD DE IHGENIERIAR, UNAM
Ciudad Universitaria
Maxico, D. F.

CENTRO [OE COMPUTO U.A.E.M.
Chami 1pa 1003

Chami lpa, Mor.

326 44



