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" E1 problema del Software"

Estandares

Wuevas herramientss @ Automatizacion

Tode proyecto de Software tiene: (como todo proyecto].

TR . Costos de desarrollo.,_
. Confiabilijdad del preoducto
Seoporte

b
COSTO DE SOFTWARE.

En les E.U. en 1876 se gastan 80 hillones de délares on escri-
bir software, en 1980 en probable que 1la cifra llegue a 180 bi
llones de ddlares ( II-BE procedings sept. 1980).
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FRUDRES

T

\ Bug = 0.96-.BuG huevo

£l peor
cuesta 34,000 ¢l corregir una linea de cb6digo ¢n el

‘aeroespacio’-y cuenta $75 escribirla. -

POR QUE AUMENTAN LOS COSTOS DE SW. (Ademfis de la inflacibn},
- Resulta dificil disefiar, construir, y probar un programa de
computadora, que satisface totalmente al clienta ¢ al usua-

Tio.

- Muy frecuentamente el usuario y ¢l analista Subestiman la-

dificultad del problema.

- La mayoria de los errores ocurren antes de empezar a escri-
bir cBdigo, ¥ cs5to oCurre por aue Se tienen requerimientos-
muy pobres, ¥ se logran detectar muy pocos de esL0s errores
cuando ocurren,
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Como se ve en la figura anterior aproximadamente 72% de los --
errores se detectan en la construccidn o el marnteniniento, ¥y -

este error puede costar hasta 30 veces mas corregirlo, cue lo-
que hubiese costado si se corrige 'donde se orisna’.

Los errores y las omisicnes tienden a multiplicarse con €l avan
ce del proyecto.

Requisitos incompletos, el no entender el --
problema, decisiones vagas, pruebas pobres son las mayores cau
santes de los problemas cn dos palabras: PLANEACION PQERE.

L]
o QUE ES LA INGENIERTIA DE SOFTWARE?



Que

los

()
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()

soluciones & sugerencias tiene la industria para disminuir

costos de SW y mcjorar la calidad.

MOV ILIDAQD DE SOFTWARE.

Compiladores compatibles con les nueves sistemas,
Traductores para los Leng. ensambladores. )
Compatibilidad en el desarrollo de herramientas
CHY y SW.Y '
ESTANDARIZACION.
Nuevos lenguajes ADA, ACTOR, ACTOR, C, PASCAL.

o

REDUCCION DE COSTOS EN MANTENIMIENTO Y DESARROLLO.

- Mejores lenguajes de algo nivel

PASCAL

- L

ACTOR

ADA
FORTRAN 77
Maximizar la reutilizacidn de software.

Procurar cambiar el software de hoy por hadware mafiana
{ en PROM, PLA'ER).
"Desarrollo” de herramientas para el desarrello y mante

nimiento de SW,

MAYOR CONTROL DE DESARROLILO.

L

Programas verificadores de csténdares (i.e, CODE CHE --
CKER) .

Programas para seguir actividades (CPM PERT )

Uso de t&cnicas de "ingenieria de software"

Disefic ¥ programacidn estructurado.

Mejorar las técnicas de "MARAGEMENT'.



' SOFTWARE DE CALIDAD ' 7

Antes de continuar hablando de la preduccidn de SW, hay que

definir gque hace B UEND ' ‘

- 3

SW B ONITO
B ARATQO,

+

ebido a,que los humaneos no se_pueden’ comunicar a "per--
Debid ue Ios h e d a la "per

feccitn"” se reguieten técnicas y metodologias en al ‘'manage

ment' y el control de calidad en el SW a prnduﬁir.

CARACTERISTICAS DE SOFTWARE DE CALIDAD.

CONBIABLE, -

MANTENIMIENTO. -

PORTABLE. .

PROBARSE, -

EFICIENCIA, -

Los programas s¢ comportan tal y como fuergn-
disefiados o ¢ ncebidos?- como se comportan --
los programas cuando ocurren vi lacienes en -

ia entrada®?

Se puede leer 1los programas? existen manuales
y documentos en cristiano? se han aislado --
las funciones de un programa en mé&dulos dife-

renciables, de manera que un programador puc-

.da fdcilmente llevar a cabo el cambio o corre

gir el error.

Se los programas transportar f3cilmen-
te a otros sistemas? son independientes de un

HW o con 0.5, especificos.

Son los programas de estructura simple, de ma
nera que los algeritmos, 1 E/S puedan facil
mente PROBARSE. )

(Econem{a) - los programas utilizan en forma-
racional los recursos del sistema.
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EL PROCESO DE DESARROLLO DE 5W.

1.- ANALISIS DE LOS REQUERIMIENTOS Y DEFINICION.

Entender el problema desde el punte de vista del usuario-

)
y mercado.
) Documentarle ‘modular' y precisamente.
} Utilizar un lenguaje conln con el usuvario.
2. ESPECIFICACION FUNCIONAL
) Transformar las especificaciones del problema a DESCRIP -
CION DE FUNCIQNES IMPLEMENTABLES. '
) D¢ inir 'que' se va a hacer.
) Utilizar una lista (CHECKDOINT) con cl usuario.
) Utilizar la lista para el disefio y las pruebas, .
3. DISERO,
) Cargar una 'arquitectura del sistema’.
] Descomponer las funciones en médulos implerecutables.
) Documentar el resultade en términos de como vamos a imple
mentar, )
UTILIZAR.

Concepto de grupos.

Jefe de programadores.
BSP

Descomposicidn jerfrquica.
Disefic 'TOP-DOWN'.

Disefio estructurado,
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( J ANALISIS DL LOS REQUERIMIENTOS.

Identificar la necesidad.

Necesidad =//= concepto de sistema (informitico)
Definir requerimicntos,

{ ) IDENTIFICAR LA NECESIDAD.

Quien lo va hacer

Se ha satisfecho la necesidad.

Necesitamos "algln concepto técnico"

Tenemos los elementes para llevar a ¢abo la tarea.



)

CONCEPTO DE CAJA NEGRA.

EPADA > WOCELD > BALOR

———

US0 DE PROTOTIPOS O SIMULADORES. o

No se esta familiarizando con ei1pfnh1emﬁ.
. E£1 usuaric no "entiende" el problema.

HAY QUE REVISAR LOS REQUERIMIENTOS.

. .
. Maximizar eficiencia y confiabilidad a e¢linimizando
costo, memoria, equipe ER. (GUAL): !

No se entiende el objetivo.

T

Mo se cuantifican las metas. *
OBJETIVO DEL PRODUCTO. Y

( ) CONFIABILIDAD.

. Tiempo 1/2 de falla, " Tt ‘
¥ de fallas.
. Tolerancias, RN
( ) PROTECCION DE DATOS E &S ‘
{ ) DETECCION/ - ERRORES.
{ } TIEMPO DE RESPUESTA. '
( ) USO DE MEMORIA Y PERIFERICOS, S



CAaPITULDO 3

COSTO*,

TIEMPO*,

CONTROLES*
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METODOLOGIA UTILIZADA EN LA .ESTIMACION.
( } PRINCIPIOS. L

- Descomposicidn del problema en blogues peguefios.

- Estimar el costo y "dificultad de cada bloque".

- Desarrollar un plan del provecto en detalle.

- Imcluir M.0, Equipo, Costos, Admon, Varios, Asesores ER.

-

( } VENTAJAS,

- Hay que hacer un anfilisis detallada.

- Hay que estimar en detalle y con 'exactitud’.

- La estimacidn se torna en una parte del proyecto.

- Las faitas y errores tendrin repercuciones proventas,

( ) DESVENTAJAS.

A

- Hay que gasta tiempo ¥y dinero en estimar.
- La actualizacién requiere de técnicas automfiticas,
- & Proyectos pequefios 7 Vale la pena.

S5i en su plan,.

| 8T FALLA EN PLANEAR, UD. FLANEA FALLAR )

PLAN PARA EL CONTROL.

- {Jostos.

- (alendarios.

- Eficiencia.

- Estindares v C.C.
- Personal.

- Curseos, Asesarias, etc.



ELEMENTOS DEL PLAN DEL PROYECTO. - |
1. Descripcibn del proyecto,

+ Breve descripcién del mismo,
- Ohjetivo, metas, .
- Razbn del prevecto.
- Organizacién involucrada.
- Beneficios a obtener.

+ Breve resumen de los requerimientos,
- M.0.
- Duracidn.

- Costo.

+ Aspectos particulares de interfs.
- Nuevas tecnclogias. R
- $1tuacidn de competencia insumos.

- Nuevos métodos de implementar.-

+ Entregas.
- Documentes. -+
- SW.
- [IW.

+ Breve anilisis de los riesgos.

- -Tiempos.
- Costos,
- Insumos.

2. ESTRUCTURA DE TRABAJO - Descripcidn de cada bloque.
Proyvecto Cepto. Fase Nomenc la tura Descripcidn
ALFA PROG . DISERD DISEND 0.8, Disefiar el
05. del Sist

RT.

--0.5. Interna
- Manual Usuario



6. ESTIMACION DE PERSONAL, (Ver grifica) -

+ Por individuo, ' ’ al
+ Por actividad,
+ Par paquete

+

*Iia:er un c&lculo de Salarios + ascsores
Hrs hombre y perfil + gCursos {(hasta 30%) -

Vifiticos.

+

7.  ESTIMACION FINANCIERA.,
( ) PRESUPUESTO.

+ Afio anterior
+ Afio presente ot T
+ Afio futuro,

{ ] DESARROLLAR FORMATOS ESTANDARES PARA FACILITAR. ESTA
ACTIVIDAD. . Cod

+ Desgloce de partidas.
8. EQUIPOS. . ,

+ Rentas.
+ (Capital.
+ Desarrollo.
+ Cuando y donde se necesita.

+ Duracion de uso.



14,

15.

16.

17.

’ ELEMENTO CLAVE.

CONTROL DE CAMBIOS.

+ Por que el cambia.

+ Costo de cambio.

+ Cambio de calendario,

+ {Quien aprueba.

+ [nfeormacifén necesaria para llevar a cabo el cambio.
{(Ver procedimientos de la B.5.P.)

PLAN DE INTEGRACION Y PRUEBAS. s

{( ) PREPARAR EL PLAN DE ARFRIBA-HACIA-ABAJO.
{Implementar posiblemente mejor que Bottom-UP_
DESCRIPCION DEL PROCESQO.

SALIDAS (QUE DEBEMOS VER}. ,,. ____

INTERFAZ HOMBRE-MAQUTNA Acciones
etc,

A
L L R S

{ ) RESPONSABILIDADES
PROGRAMAS DE ENTRENAMIENTO

Seminarios, cursos (lugar, costo, tiempo)
Conferencias.

{ ) DEFINIR UN PROGRAMA DE ENTRENAMIENTO.
PLAN DE SOPORTE.

Una vez terminado un producto huy que soportarlo.

+ Mantenimientao
+ Cursos.
+ fGarantias, etc.



DISEROQ,

1. Aspectos directivos.
2. Elementos de disefio.
3. Consideracicnes especiales.

Aspectos Directivos.

Disefio.
. Organizacién.
Persconal.
Documentos.
Revisiones saobre el disefip.
Control en los cambios,.

1.1 Disefio.

El disefic se inicia una vez que fue aprobado 'lo que ne se -
va a preoducri' y el plan de implementacién. Se especifica -
como sc 'rompe' cada funcidn en partes, estas partes serén -
los mhdules a programar.

DISENO  t—f 1 AupLISIf

Deben 'direccionar' tedos les aspectos del sistema (sub--
sistema)
Algunas preguntas que nos tensmos que responder son:

Que tan grandes son los médulos.

Como dividir el disefio ¥ la inmplementacifin.

Como ¥ gue vamos a probar.

Limites en: Memoria
Disco
Tiempo CI'U

Hay que modelar é simular.
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+ Disefio funcional

+ Disefio de sistemas

DOCUMENTOS.
. REVISIONES.

Calendario de reovis
. En la revisiédn se d
a tevisar antes de

Orientade al producto.
Orientado al sistema.
- Programadores

- Consultores,

Con experiencia arcos,

Con experiencia en programacidn
Problemas Modelo
Sintesis
Anilisis

iones
eben tener los documentos (sistemas)

la s5esifén.

Ne transforme las sesiones de revisifin en sesiones

de disefio,
Anote los prohblemas
Asigne fechas y res

*

ponsables.



UTILTIZAR EN LA RESCRIPCION DEIl PROBLEMA,

1. DIAGRAMAS DE ESTRUCTURA.

2. HIPO'S.
DIAGRAMAS DE FLUJGO DE INFO.
{ Burbujas - Yourdon )

4. LENGUAJLE PARA DESCRIEIR PROGRAMAS
POL o PSEUDD (o Dino)

MO UTILIZAR. DIAGRAMAS DE FLUJOS

MIEJOR O EN LUGAR DE:

WARNITR Los veremos un poco mas adelante®

-

Q

NASSI SCUNEIDERMAN

* Tomado del curso 'Desarrollo do Sistemas' F.A. Roscnblucth.



EJEMPLO DE PDL ({CASI FDL)
SUBRUTINA SCIIA EBC

LEE Longitud del Buffer de entrada en Bufent
$ PTR+0

LIAMA e}l MGE del espacio libre para que de un

Buffer igqual a Longitud (BUF. Salida)
IF
51 no hay Buffer ENTONCES regresa con + no BUFF.

ELSE HAS HASTA todos los caracteres del buffer

de entrada se han convertido

READ

LEE-los caracteres ASCIL del buffer de entrada
un INBUFF $FRT + 1

Convierte a EBCIDIC (luego decidimes el algo-
ritmcz |

WRITE

ESCRIBE los caracteres EBCIDIC and buffer de

galida.

FINDO

CALL

LLAMA al MGR del espacio libre para gue 'deje'

el buffer de entrada

Regresg el estado = termine y OUTBUFFSPTR



CONSIDERACIONES ESPECIALES

® E1 SW debe escribirse para el FUTURO
¢ La transportabilidad requiere consideraciones especiales

®* Hay que disenar con la idea de MANTENER

Veamos esto



Costos de Desarrollo



En la implementacién de 'grandes proyectops., se reco-

mienda

° Organizacion Funcional por Suybsistema y tipo

{ } Lo gue mantiene modulos logiceos agrupados

{ ] Minimiza el 'SFPAN' de las comunicaciones

{ } Mejora el 'inventariof

i.e,
SISTEMA DIAGHOSTICO HERRAMIENTAS COMUNTICACTONES
{SW)
- 0S5 + COMPONENTES + TRADUCTORES + SDLC
- DRIVERS + PERIFERICOS + INTERPRETES + BISYWC
= UTILERIAS + EMULADORES + ASYRC
DEL SISTEMA
+ REVISQRES DE + AUTO
= CONTROL CODIGD ANSWER
ARCHIVOS PISTL
+ SIMULADORES
DATAE BASE
GENTE ( El mayor problema)

Fijese usted: No hay un tipo de programadores

+ Administradores + matematicos

+ Informaticos + Actuaricos

+ Ingenieros + Psicologos

+ Musicos

+ Artistas



META :

Construir un sistema que funcione
® Por pasos/Etapas

® En cada etapa "hay gue demostrar"

FILOSOFIA PARA JMPLEMENTAR

TAMARO DEL PROYECTO
+ Los proyectos pequencs se puaden imple-
mentar con mayor facilidad hay
que romper en modulos
+ Mejor control del personﬁl en proyectos

reguefios
SI PODEMOS ESCOGER

+ Tener el HW Corriendo
+ Tener el 5.0. Funcionando

+ Tener las utilerias y herramienta de desarrcllo

HAY QUE

Minimizar el tiempo/costo de degsarrclie
Minimizar utilizacion de HW

Maximizar el mantenimiento

CODIFICACION ESTRUCTURADA



1}

CCDIFICACION ESTRUCTURADA:

~ Genera moduleos gue

l.- 5on relativamente pequerics

* alrededor de 60 a 100 lIneas de codigo incluyendo

comentarios

®* Se puede 'pensar' en todo el algoritmo

2.- Relajadamente acoplados

° Una sola entrada, llamadas simples a rutinas

® una sola salida, pasar parametros en forma simple

i.e, MAL

PRINCIPE.]
=] v

BIEN —Aj




qﬂ

4.- Funcionalidad
*Los modulos deben ejecutar funciones simples y rela
cionadas
“Se deben poder definir en termines de una caja negra
fearacteristicas externas)

5.- Cedigo documentado

ENCABEZADO

Nombre del Programa

Fecha Revisi®bn
Frogramo Reviso
Fecha

% ‘Objetivo
o Entradai
® Salidas
*  Logicas

& Externas

PDL



"Desde el punto de wvista de SW la manera ideal de integrar

SW es hacerlo en HW totalmente operando (Versi&n a utilizar)

LE
LESARPOLLD

| I—

BIANCESTI]

1

CECARRDLIC

FASE DE INTEGRACION

CERTIFICA-
CIN CEL

HW

SISTEMA

A

CBTENCIMN
CEL HW
SISTEMA
B
SISTEMA

.

SW
HW

ZoHOrHar R EZH




TNTEGR&CII;E} S5TSTEMA A SISTEMA B SISTEMA

N

PRUEBA ) CONSTRUCCION A CONSTRUCCION B COMSTRUCCION

La integracidn Involucra 3 aspectos principales:

{ } El proceso de integracidn {(de acuerdo al plan)

— referenciamiento de la unidad probada a la libreria

~- hacer link' de los modulos para tener una nueva construccidn

- preparar la transmisi®n documentacidn de liberacidn

{ } El1 proceso de prueba
+ 'correr' la construccifin de acuerdo a la 'prueba’

+ hacer diagnostico y "atrapar" errores

+ Generar un reporte de laz construccidn

{ ] Procesoc de evaluacidn

+ Evaluar los resultados de la prueba

+ Decidir s1 se acepta, para llevar a cabo la siquiente construc-
cidn

Que pasa s5i hay errores de disefo o

la integracidn



+ Recuerde gque por razones de 'magia' los errores salen en
la demostracidn al cliente y estos son peores si se trabaja

en linca

Por lo que

( ) En las pruebas de disefo, para cada elemento se debe
utilizar una matriz de prueba correspondiente de prueba

indicande la fungién.

+ La operacidn de cada funcidn es calificada de "correcta"”

s{ cumple la prueba cuando se corre.

+ Los problemas se deben reportar en la forma adecuada.

{ } La matriz de correspondencia debe incluir

+ Operaciones as! c¢omo rangos
+ operacion c¢on entradas anormales © cursos extranos

+ operacidn por actividad



S¢ deben tener 3 modos {cuando menos)

MODC 1 FALLA El sistema va & tener probhlemas
MODO 2 PREDICCIDN El sistema puede tener problemas
MODO 3 OK El sistema deberi correr CK

Cuando falla sucede lo gque se conoge como

LOCURA DE CAMBIO

Hay gque justificar tedos los cambics
- no existe el cambio pogquefio

- cada cambic da lugar a una nueva construccibn

- los errores deben eliminarse hay gue harer

cambio

LOs CAMBIOQS SE HACEN A TRAVES DE LA BIBLICTECA DE SOPORTE

'DE PROGRAMAS

LEY DE BLOOK'S
Si su proyecto esta atrasado y contrata mas personal
para salir adelante, mas tiempo se atrasara ¥

esto s5e cumple como que 1+! = ¢ y llevamos 1



Mejor

grganizar por eguipos

4l

ROGRAMADRGR

l

JEFE
DE
PROGRAMADOFES
SECRETARIA ‘{ COPI LDTDJ
Y
L J l l
ABOGADO
DE PROBADOR BIBLIOTECARL EDITOR

LENGUAJE




HAY QUE

FAMILIA

Hay gue

‘ARTE

'Buscar

BUSCAR EDQUIPOS DEMOGRAFICOS O ADAPTIVOS ¢ una

DE PROGRAMADORES

buscar el cambio

PRIVADO EN PRACTICA PUBLICA'

un ambiente en el cual existan discuciones CONS-

TRUCTIVAS ¥y ne criticonas’

WALKTHROUGH'S o PLATICAS ESTRUCTURADAS

El lider natural

Diferencia entre el egquipo clasico y “"el otro”

- NADIE ESTA AL MANDO (lo cual pone nerviosas a muchs

personas

- no existen los superprogramadcres

- trabajo de grupo .

WALKTHROUGH 'S Libro de Yourdon

ESTRUCTURED WALKTHROUGHS PRENTICE HALL

YOURDON INC

VEAMOS

-‘:J



CCMD SE LLEVA A CABC UNA PLATICA

® Se deben sujetar a un calendario, y repartir a los asis-

tentes los documentos 2 & 3 dlas antes de la plitica.

®* LOS JEFES NO ESTAN INVITADOS

°Se nombra un coordinador-arbitro gue evite que se torne
la sesidn en una sesidn de box.

Se nombra a un 'escribano' quien toma notas, hace una
minuta y la distribuye entre los asistentes

° El autor puede o no presentar su trabajo

Cada revigador comenta en los bugs omisiones, debilida-

des, etc.

¢® Los problemas son encontrados perc NO resueltos duran

te los waklthroughs.
®* Debe durar entre 20 min, y 1 hora mdximo
® Se termina la sesifn con un voto de: .
° Se'aceptn el produétu
° Se acepta el producto con quuéﬁas revisiones

? Hay gque reunirse de nuevo.



My

DESARRQLLDO DE UN PLAN DE FRUEBAS

FPunto b&sico.- Sin un plan organizado nc se pueden tener

pruebas 'decentes' por lo gque

1.~ heépcnsabilizar a una ﬁersonafgrupo

de las pruebas

2.~ Establecer los procedimientos y 1os STD'S para llevar

a cabo las pruebas

J.~ Describkir los casos de prusha,

- phra aceptacisén

- y versibn de arriba hacia abajo

4.- Criterios de terminacifn de pruebas

5.=- Calendario de actividades y recursos regueridas,

llevar a cabe las pruebas

MANUDAL DE MANDAL DE
ESTANDARES ESTANDARES

VOL 21 VoL 32

COMD CONSTRUIR COMO DOCUMENTAR
CAS0S DE FRUEEA Y Us0 DE XXX

MANUAL DE
ESTANDARES

VOL, 312

CONVENCION
CE
NOMBRES

para

——

MANUAL DE
ESTANDARES

VOL 3

BASE DE |
DATOS i




GENERACION DE DATQS DE PRUEBA

- Para generar datos de prueba 'inteligentgm&nte' debemos
conslderar:
- gue aspectos del sistema {comportamiente) son los gue
vamos a preobar
- funciones externas
- eficiencia
- logica interna
- etc.

+

Esto nos determinard..los valores de los datos de prueba

-~ Que “combinacifn" de los componentes del sistema. estamos
probando.

- modulos

colecciones de modulos

modulos con E/SS [ :

modulos con acceso a B.D.
Esto nos determinari la complejidad de las pruebaa

+ zComo podemos utilizar herramientas automatizadas para
mejorar la eficiencia y productividad del proceso de

prueba?

=%



PRUEBAS DE ACEPTACION

ESFEC.

ESTRUC
TURADA

EL DSUDARIO

EL SISTEMA

- Hay que involuerar al usuario

- las pruebas deben salir solamente de las especificacicnes
{RPC)

- 51 al sistema no pasa las pruebas de aceptacifn, segqura-

mente hay upa falla en el Andlisis y no en la Codificacidn



UN PROYECTO DE'SW TIENE B FASES QUE SCN:

I INICIO

11 DEFINICION

III DISENO

1V PROGRAMACION

v PRUEBA SISTEMA

vI ACEPTACION ,

VI1I INSTALACION

VIILI OPERACION

OPERACION /;III

IT

[
f
W// DESARROLLO
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FASE DE INICIO.- En esta fase hay que contestar:

Cuales son los requerimientos

Que se debe producir

Quien es el usuario, cual es el mercado”
Cuales son las ventajas/desventajas

Que caracteristicas y efectos va a tener
Es factible

Se pueden hacer en tiempo/presupuesto

DOCUMENTO QUE FRESPNDA A LAS PREGUNTAS

ANTERIORES



IV FASE DE PROGRAMACION

!

En esta fase se toman las desiciones t&cnicas, asi como se
hace un diseno detallado de programas de computadora
La fase de programacifén produce modulos codificadeos gue se

pueden probar.
El control de calidad del producto empieza en esta fase

Programas fuentes, objets, notas bibliografia, papers,
reportes de'problemas, documentos etc. son.entregados a

la Biblicteca de soporte de programas.

' J.'l . ]
Esta fase ftermina con la programacidn {escriblr codigo)
de todo el sistema inteqrado y se tiene una ‘primera’ver-

si&n de manuales.

V FASE DE'PRUEBA )
Esta fase aseqgura que‘el produéto &ﬁmple con los regueri=-
mientos funqionalea, adem&s verifica gue no sé Eengan
errores 'significativos'. 1

Las pruebas las lleva a cabo un grupo diferente dgl grypo
que programa, y utiliza el deocumento de ‘disenic' y el

manual de usuario para llevar a cabo sus pruebas

Tedos los errores/solicitudes de cambio se hacen a traves

de la Biblioteca.



ACTIVIDADES

1.- LA ACTIVIDAD CE ANALISIS (iniclo y definicifn)

El proposito de esta actividad ea el desarrollo {(y bases)
para el diseho.

- Be debe entender g¢) problema

~ se deben conocer los requisitos

- tener en cuanta factores humancs, ingenieria, documentos

herramientas eguipos, eto.

Lista de Verificacibn

{ ! Libro de hitacora

{ ) befinir las necesidades del usuario (Hay que astar seguro)
( ) Comunicacidn con ¢] usuario

{ } Conccimeinto de HW existente

{ ) Analizar la: necesidad de simular/modelar

{ ) Investigar proyectos semejantes

{ ) Definir y evaluar alternativas

{ ' Revisar los documentos de definicidn con el cliente

2.-. PLANEACION,
Se deﬁe desarrollar-un documento base guersirva de punto de
partida entre el cliente y el disenador.

Calendario

Recursos
Flaicos

Humanos
Economicos
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CONTROL DE LA CONFIGURACION Definir responsabilidades y
) controles en cada fase y
actividad, asl como control
en los cambjios.

DOCUMENTACION Definir gue documentos se van
A elaborar (WP, Estilo, etc)

PLAR DE ENTRENAMIENTO Definir los requlsitos internos
¥y externos de un plan de entre-
namiento y los responsables de
1llevarlo a cabeo

REVISIONES, AUDITORIAS Definir revislones en los docu-

Y REPORTES - mentos v productog indicando un
avance

PLAN DE INSTALACION ¥ Deacribir la forma y requisitos

-OPERACION de instalacidn, asi como un plan

para llevarlos a cabo

L]

3.- ACTIVIDAD DE DISERO

DISERAR BIEN = BUEN PRODUCTO

° pigeno General

* Diseno Detallade



Al final de esta fase de deben tener:

- la produceidn {lo gue se va & producir)
- la descgipciﬁn detallada de vada unidad
- pruebas de integracién

- pruebas del sistema

- parametros de control de calidad

- calendaric de laticas -estructuradas

UN MANUAL DE LO QUE SE VA A PRODUCIR

ACTIVIDAD DE CODIFICACICN

Una vez que se ha disefiado en la forma correcta y apreopiada
se procede a codificar de arriba hacia abajo. Cada progra-~
mador debe tener una tarea hien definida del, disefic detalla

do y al terminarlo lo deberd prokar en forma unitaria.

~ S5e deberin tener encabezados detallados de Fada modulo
- platicas estruéturadas

- c.¢.

- un plan detallado de pruebas
- reportes de progreso

- reportes de cambic

~ reportes de control

- reportes de problemas

- mahuales cuando mencs enh ¢ada encabezade

Al final se tienen MODULOS CORRIENDO Y MANUALES

PP



LA NECEEBSIDAD DE LOS DOCUMENTGS ' e

Los documentes resuleven problemas de comunicacidn

1 tipons de documentos:

TECNICOS.-

USUARIOD. -

CONTROL. -

FASE

INICTO

DEFINICION

registros de informacifin-de como trabaja el
sistema y lo gue hace

registros de que hace el sistema y como usarlo

informacién acerca del desarrclle del proyvecto.

DOCUMENTOD TIPC

especilficacionaes de marcado

analisis de los requerimientos ' * - TECNICO
analisis de factibilidad

Reguerimientas funcionales

|-

- descripcibn de los requerimientos
del SW '

- marco de referencia para el diseno

- eficiencia vy restricciones

- calidad TECHICO



- reportes de cambios

- listados de programas

PRUEBAS + reporte de pruebas

+ reporte de aceptacion TECNICO

PRUEBA DEL SISTEMA
+ STD'S De prusbas

- descripcidn de las pruebas a
llevar a cabo en el sistema TECNICO

OPERACION + Reporte de fallas y problemas
+ Reporte de sugerencias y mejoras

+ Bitacora historica



T e

(? FUNDACION AITUIO FOIENSLUETE

Parp el Avance du Ia Clenclia, A. C..
EVALUACION DE REQUERIMIENTOS DE SOFTWARE.

TITULO DEL PROYECTO: . FECHA
NJMERQ DE PROYECTO: PROGRAMA SUBPROGRAMA
ELABORO: ' AUTCRIZQ: :
ILENGUAJE DE ESTIMACION OPTIMISTA : BAJO INCERTIDUMBRE EXTREMA
PROGRAMACION : ' - S
LENGUATE DE PROGRAMACION NMERG DE INSTRUCCIONES PARA ESTE LENGUAJE HAGA DOS PARA ESTE LENGUAJE
' RIEQUTABLES EN EL LEN-- ESTIMACIONES DEL MUMERO DE HAGA DOS ESTIMACIC-
GUAJE A SER USATO INSTRUCCIONES A UTILIZAR UNA NES ESTREMAS UNA EL
POR DEBAIQ DE.LA ESTIMACION MMERGQ DE INSTRUCCID
OPTIMISTA Y OTRA POR ARRIBA NES LJECUTABLES MINI

MO Y OTRA MAXIMO.

+ - -




PREPARADOS PARA EL TRABAJO

2

1" .
//fr- FACTORES

=

5Y

.”D

'PARCIALMENTE

NO

" APLICABLE

A

SE DEFINTERQON LGOS REQUISITOS NE HARDWARE

SE SELECCIONO EL PROVEEDOR

SE SABE DE RCSTRICCIQNES DE RECURS0S - -
HARDWARE/SOFTWARE

SE CONOCEN LAS RESTRICCTONES DE LOS --
PRC RESPECTO A HARDWARE/SOFTWARE

SE HA DISENADO LA FUNCION DE TNICIALIZA-
CION

SE HAN DESESADO PROCEDIMIENTOS DE ERROR/
RECUPERACION .

TIENE EL CLIENTE CONFIANZA EN EL DISERO-
DEL SISTEMA

SE TIENE CONTRATADOS A LOS SUBCONTRATIS-
TAS DE MANERA QUE SE CUMPLAN PLAZOS

SE HAN DEFINTHO METODOLOGIAS Y TECNICAS
( IC. PLAN DE DESARROLLO TECHICO)

EXISTE UN JEFE QUIEN ENTIEMDE:

EL PROBLEMA TECNICO

EL PROBLEMA ADMINTISTRATIVO/ORGANIZATIVO
EL AMBIENTE DE DESARROLLO DEL CLIENTE

LOS JEFES DE GRUPO ¢ JEFES TECNICOS ES-
TAN CONCIENTES BE LAS TARLEAS A DESARRCG-
LLAR Y SUS RESPONSABILIDADES

& :




TECNOLOGIA EXISTENTE HARDWARE/SOTWARE
mu? - mwm&u INTELIFENCIA o
TECNICA BASE DE DE ARTIFICIAL / COMUNICACIONES OTRA
ESTADO . SECURTDAD COMPUTANORA REC., FORMAS

DATOS

A

FAR NUNCA'‘A- DESARROLLADG UN
SISTEMA EXACTAMENTE COMO ES
TE, SIN IMBARGO SE HAN DESA
RROLIADO SISTEMAS SEMEJAN--
TES Y EXISTE AYUDA TECNICA

EN LA FAR

FAR MUNCAYA DESARROLLADD -
UN SISTIMA IXACTAMENTE CO-
MO ESTE, SIN DMBARGO EXIS
TEN SISTEMAS SEMEJANTES Y
SE PUEDE OBTENER ASESORIA
TECKICA FUFRA DE 1A FEAR

FAR NUNCA'A DESARROLLADO-
UN SISTEMA EXACTAMENTE €O
MO ESTE Y MO EXISTE ASESO
RIA TECHICA FUERA O DEN--
THO DE La FAR

SE CREE QUE EL SISTEMA PRO
RIESTO PURDE SER DESARRO-
LLADQ,SIN EIBARGO UN S5T5-
‘TPMA CON LOS REQUISITOS -
QUE PRESENTA ESTE MINCA -
HA SIDG DESARROLLADO

LA FACTIBI{,IDAD DEL DESA-
RROJLO DE ESTE SISTREMA DE
PENDE DE 1A SOLUCION TEC-
NICA DE PUNTOS CLAVES EN

ESTA ARJA

PARA CADA AREA TECNICA -
ESTIME CL PORCENTAIE ‘TO-
TAL DE ALGORTITMOS PIONE-
ROS

\




COMPLICACIONES INHERENTES DEL PROBLEMA

//fr_ FACTORES

b

51

NO'

PROBABLE "~
MENTE ~ S1

PROBABLE-
MENTE NO

PARNISO DEL

ANALTSTA

P

EXTSTEN CARGAS ASINCRONAS

HAY QUE NEGOCIAR HnRRHHAREf
SOFTWARE 7

DURANTE LA OPERACION EXISTEN
CAMBIOS DINAMICOS EN EL AM-
BIENTE O LA FUNCIONALIDAD

SE REQUIERE QUE EL SISTEMA- | ENTRADAS/SALIDAS
ESTE LIBRE DE FALLAS PARA: HHARDWARE
SOFTWARE

SE REQUIERE RECUPERACION --
DE ERROR PARA:

OPERACION BATCH

QPERACTON TIEMPQ-REAL]

REQUIERE EL SISTEMA NIVELES
DE SEGURIDAD

DEDICADD

HONo MIXTO

SE REQUIERE CLAVES ESPLCIA-
LES DE SERURIDAD

EXTSTEN RESTRICCIONES EN LO

TICMPO BE RESPUESTA

TAMAND CANT. INIQ

MA LLEVA ALAS SIGUTENTES RES
TRICCIONES DE RECURSOS

QUE RLSPECTA A: PRECTISION

( EFICIENCTA ) CONFTABILIDAR
¥ _ERRORES
OTRO

LA IMPLEMENTACION DEL SISTE-| CPU > 75%

_ITFILIE’.AC oW MM CORE

> 75%

IMILIZACION DE MBMORIA
NISCO 0 CINTA > 75%

P Bt

s e

L

APLICACIONES 1NDIVIDUA-

©LLES DITL 75% PERG EL SIS

MA TOTAL MAYOR DEI ?55




. PERSONAL

4

- . FACTOR DE CALIFICIACION : PARA US0O )

[ POCO . MUCHO DEL

. 1 2 3 4 5 - ANALISTA

-EXPERIENCIA EN LA APLI-
CACION ESPECIFICA DEL -
.PROBLEMA

EXPERIENCIA EM PROBLE--
MAS SIMILARES

EXPERIENCIA EN EL DESA-
RROLLO DE SOFTWARE

EXPERIENCIA CON EL S1§-
TEMA OPERATIVO/SOPORTE
SOFTWARE

EXPERIENCIA CON EL (LDS)
LENGUAJES UTILIZADO (S) . L

RESUMEN GENERAL DE LA -
CALIBAD DEL EQUIPO
(PERSONAL)

_ - | y
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ASPECTOS GENERALES

1.1.

The need for spftware Engineer
Mayers W. :Computer Feb. 1578,

Software Engineering: Process, Principles and Goals.

‘Ross T, Goodenough J,, Irvine C.

Computer Mayo 1975.

The Mythical Man-Month
Brooks Jr.
Datamation 1974,

Wiy Projects Fail
¥eider W,
Datamation December 1974,

ESTIMACION DE COSTOS

2.2

2.3

The cost of developing Large-Scale Software
Wolverton R, IEEE transactions on Computers.
June 1974,

Estimating Software Costs
Putnam L. Fitzsimmons
Datamation, Septiembre 197%,

Estimating Scoftware Costs,
Putnam L, Fitzsimmons A.
Datamation Qct. 1979,

Estimating Software Costs
Putnam L, Fitzsimmons A.
Datamation Hov. 1979,

Estimacién Costos de Desarrollo de Propramas.
Portilla Marcial ({Documentacibn Interna F.A.R.)



PROGRAMACION, DISERO ESTRUCTURADO PDL,
Convencifén uso de nombres y variables,

3.1 On the Composition of Well-Structured Programs
Wirth N. Computing' Surveys Dec, 1974.

3.2 Structure Design,
Stevens P., Myers G, Constantine L.
IBM System Journal 1974,

3.3 Convencifin en el uso de cuentas, nombres...,
Portilla Marcial, IIE
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3.4 PDL
Portilla Marcial Documento F.A.R,

3.5 Software Represention Composition Techniques
Peters L. Proceeding T1EEE Sept. 1980,

INGENIERIA DE SOFTWARE

4.1 Measurement and Experimentation in Software
Engineering

Curtis B, Proceedings of the IEEE Sept. 1980D.

4,2 Software Proyect Verification Validation
Deutsch M.
Computer IEEE, 1981.

4.3 Software Management. A Survey of the Practice in
1980, Distaso J,
Proceedings of the IEEE Sept. 1980,

4.4 Software Quality Assurance: Testing and Validation
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Procedecning IEEE Sept. 1980,
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4.6 Specifyng Software Requirements
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THE NEED FOR SOFTUARE ENGINEERING

A A AR s T i o
Ware Myery
Conltributing Editor
Introduction Accounting Offlice ia studying the use angd velue af

Early in this decade & sel of programming prectices
begzan Lo appear that seemed (o offer & way out of
the software dilficulties accampanying the develop-
ment of large ayaiems, These practicas. developed
by Brooks,' Paker,? Thijhatra,” Mills,'* and cthera,
intloded structured programming, top-down devel-
opmend, chiel programmer teame, HIPQG thierarchyf
input-procesy-oul put} docamentation, development
support library, and gtructured walk-Lhrongha, Hut
deapile the increasing amount of soflware develop-
ment and jts rising coal relativa Lo Lhe defenas
budget, corpurstion expenditures, and even the
groas natinnal product. the new programming tech:
nigues have not been adopted by acclamation.
McClure,* surveying the acene at COMPCON '75
Spring, saw “'Lhe great masses of pregrammers
conducting their husiness sxactly ay they did five
years agn.” Nor was there the slighlest aign in
McClure's 5year projection of “atrong winds ol
change.” Hin intuition was later supported by a
aurvey of majer L.os Angeles area corporations,’
which concluded that, for all the fanfare, "'the tech.
niques aré simply not widely csed

Why are modern programming practices propa-
gating so slowly? In the judgment of some seasoned
observers, the reason lies in the complesity of tha
techpigues and Lhe difficultiea munagement and
programmers face in implementing them. As with
modern munagement practices, modern pregram.
tning practices sre intangibles that have to be dis-
serninated by "w0ft” menans auch oy sducation and
Lraining.

Forcunately, Lhere are positive forces sl work —
the Department of Nelense, NASA, IBM, defense
and space contractiors, soflware houses, and univer-
sities. The prafessions] aocieties cover Lhe area in
thair conlarsnees, tutorials, and journaly. The Seneral

soflware development Lachriques. These influences,
togelher with the growing realization thal projycied
software develupment costs are becoming & gienter
faclor than hardware casts in deciding ta develop a
syslem, are literally forcing propress to be made,

The softwars pradicamant

The general character of che soflware predicament
can be aeen clearly, although consistent numbers
willi which Lo charscterize it more precisely ars
hard Lo come by. Decause less expensive hardwarse
is Lringing more applications within sconamic reach,
tha amount of safiware to be develpped is increas.
ing. Also. because more sofiware is already in
exislence, there 1s more of il Lo be maintained Myt
the prisductivily of progrummiers i improving ralher
slowly, especially by the standards of hardware
price/performance, with Lhe resalt that ohe ouerall
cost of acftware developmenl is Llending to licrease,
Gr, if this increase is being limited by budpewary
considerations. apporiunities o apply computer
technology more fully to bath old and acw spplica-
tiona are being pnvsed aver,

Software growth. Estirnates af the overall cost of
saft ware development and maintermnes in the United
Stales range froan 515 to $25 hillion® A DO o s
running in the 33 hillion-persear range 10 repoeswnts
45 percent of the Air Foree budget, & percent nf the
NASA budget.

According ta Watter A, Beam,' depuly lor ad-
vanced technology 1o the assinlant gecretary of Lhe
Atr Foree for rescearch, development, and logistics,
the number of funcliona —most of them new - being
done by software is growing st & prodigious rate
Besm, wha gave the saftware Lechnical keynute ul

COMPUIER

it



COMPCON 77 Fall in Washingion, TWC., last
Scptember, eslimatod this rale to be a factor of 2
vvery three years. The rate is probably greator In
defense than in industry, bcause DOD is moving
rapidly from nnalog Lo digital weapan aystems. For
eaample, recently purchased wircraft are heavily
software concrolled becapse these new systemy arn
more effective than the old hardware systems,

In anclher aren Gnostic Concepta'™ projects data’

processing spending, exclusive of affice automation,
Lo increase st about L5 percent per year, while infor-
mation systems business grows at betier Lhan
20 percent.

Operations-type aystems for steel milly, retail
stores, banks, ete., are growing sl about twice Lhe
rate of other wpplications, according to Joe M.
Henson, vice president for market planning at [BM's
Dats Processing Division. in another technleal
keynote address given at COMPCON 71 Fall"
Becnuse these systems are inhereatly complex, Lhey
require more programming manhours than skmploer
systems. Henson projected Lhe number of ondine
aystems Lo grow from 9500 in 1975 Lo 23,000 by
1280. Moge sy siems are coming in Lhe ares of monage
ment and technicsl plapning. such as ferecasting,
modeling. and design, and they will demand more
data, Meeting this need through large inlegrated
data bases will ugsin add to the valumea of soltware
development,

Last November the computer induatry was re-
minded that not only do business system manu-
laclurers not agree on standsrdized programs: users
aren’l seitling for Lhem anyway, “We're going the
nther way s custaowry demand sven more diversity,™
Jay R. Hoaler, romputer systems consuitant, told
Tnterface West.'* Small business systems sre only
a part of the total software picturs, but they sxem-
plify one of the waya the programming wockload
ETOwW3a,

Muinienance raiio, Becausa n grest deal of soft.
ware [ already in exiatence, scme of it of low quality,
more 2nd moce ¢ffort, of necessity, has to be devoted
to maintenance. Hensan, lor example, estimated
thal up te 80 percent of his company's epplication
development resources are devotesd ta maintenance.
Similar Figures were reported by Elshofl,' wha
noted that 75 pervent of General Motors' commercial
sofiware effurt was spent on maintenance. This
ratio, accordiag Lo Elahall, ia Tairly typical of large-
industry sofLware aclivities. As more softwere man-
power goes inlo maintenance, less iz available for
new development,

Producllvily. Ealimates of the long-term produc-
tivity improvenent eale of programmers range [rom
shoual 3 percemt te 7 percent, For sxample, 1F[P
'revidenl Richard | Tanaks ealirnoled Lhe currpnt
rate to be nhout 3 percont por year™ Henson gave
w 4 pereent Ln T opercenl rale, depending vn Lhe
wasumptions made, fnr 1the M-year period from 1956
Lo 18RS,

Fahrunry 1378

Wilhin [OM, on large programming projects,
“productlvity, measursd in Lerms of the number of
lines of codde produced per programmer, has improved
at about 20 percent over the years, dus in part Lo the
increasing une of higher Jovel languages.” according
to Ted Climis of IBM, addressing the keynots session
of COMI'SAC T17.%* Climis, a vice president of his
company's General Products Division, expected
this rate 1o continue, but noted that produclivity
dute on programs of under 20,000 lines of code ia
more variable and seerms to depend largely upon the
individuals invelved.

Indeed, ag Climis’ last statement suggests, meas-
urlng programmer productivity is & complicated
undertaking. For example, one investigator, linding
that reporled productivities ranged from one line of
code per hour ta 30 or mare, concluded that mors
precias definitions of & program, a manday. and
even a line nf code itzell were needed, Using his
own definitiona Johnson" found a productivity
range on 16 commercinl aystems-programining
producls ranging from obout % linea of code per
hour {average of five smaller projectal to about
3 lines of code per hour {average of §) larger proj-
ectal. Tn general, his resulta were close 10 those
published carlier by Fred Hrooka,!

Saftware/hardware esllo. Becauss the cost of
hardware s dropping rapldly —an arder-af-magnitude
impravement in the hardware price/performance
ratic every 10 years—while software productivity
improves only slowly, the coat of software relslive
to hardwaora Is increasing. Thia change lias besn
noted by many observers. Tanaka, for example, saw
informalion processing becoming the most Yabor-
intenaive of all induatries by LSB5, if better methods
were ot used. Beam cheracterizod it as » "cottags
induatry”—hardly an imsge compatible with the
notion of camputera as typifying modern Lochnalogy.

In NASA the softwarehardware ratio was about
2:1 five years &go. Writing for Datemation in 1973.*
Boehm projected the ratio for the Air Force s going
to 10:) by 1985, On one existing program, the World
Wide Military Command and Control System, the
ratio was already in thal vicinity—$722 imillion for
saftware to B50-5100 million for hardware. This
system, with 35 locations, tiea the President and the
Pentagon with commands in the United States,

Evrope, and the Pacific, using slrborme command
poats In part.'t

Reliahility, The enormous size of WWMCCS aifera
# dramativ invight into anolher dimenaion of the
software predicement—the need for correct oper-
ation. This need was highlizhted by a recent newa
reporl by [ireg Rushford, who wrllea on national
security suhjecla: *“The reeord af military communi.
cations 13 replete with failyres, slemming in no
amsll part fram Lhe syslam’s complexitiss.”"™ Ha
sitributed {0 communicatlnne difficultiss wt leanl
part of the bleme [or such serious incidenls s the

1-1-2
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Gulf of Tonkin crisia in Lhe Vielnam war, the bomb-

ing of 8 U.8, warship v! the Sinai peninsola by the
tarnelia, the Puchlo afisir off Morth Horea,- and
others. These brealidewna in communications oceur:
red belore the faew computer-centrolted system waa
inslafled, but Lhey underscore the critical imparlance
al ity correct operution.

Before modern programming came inlo use, pro-
grams were large, complex, neither modular nor
portable, almost unreadable, and expensive to

rmainlgin.

14

Program gquallty. ¥What were (ypical programs
Lke before medern programming praclices? Elsholf?
analyzed 120 PLIL progrums collected from General
Motors commercial computing inmtallutions in late
1973, e concluded that the individusl programs
wire ot madularized and were quile large—853 P141
siplemenls on the average. They were very com-
plex. not portable, mimost uorcsdable by olhers,
and expensive to mainlain* From interviewa with
+M programmera whe hed worked elsewhere, he
learnod thel this wiate of uilsirs seemed to be Lypical
of uwther instollations as well--vspecially  Cohal
installations. JPerhaps this was roughly the slapge
of the programming art when modern prograinming
practices appesred on Lhe scene,

Need lor disclpllne

The notion that &8 more disciplined spproach Lo
progremming would alleviate the software predica.
ment hay been currenl for at least 10 years. 1t was,
in fact, the belief Lhal systematic engnvering methods
coultt be applied 1o the anltware procese that led to
Lhe voining of the Lerm “software engineering™ in
1968,

The engineering way, The very term, engineering.
irmplies “'that Lhe enlire development of a product
[rom imtial conception through lealing and main-
Lenance is organized in an orderly, manageahle way.
The yuslity, performance, and rost of the product
must be prediciatle, vnd an appropriste compramise
bwt wern cost and reliability must be achieved.”™

Engineering development  generally  proceeds
through & series of stages, produet planning, specifi-
catinn, design, doeumentatian, fabiricetion, snd Lest,
with rngineering change contrn! running through
the sequence. The development ol any parlicular
privlucl may pasy through this <equence several
timea, o5 mode!, protolvpe, and finally produciian,

Engineers are Lrpined in thess siagea from school
onward.

*Elthol marred thpt Lhe tondileema were wv ol 1373 Simie (hen
1% b made myny oBpwos e menta

A aerien of “dragone’” enforce Lhe discipline —the
muachinist ar Lechnicisn wents an exact print he can
huild to, the dralting manager innists thai decaawn:
tation [Dilow Lhe rules, component enpineers Ly 10
standardize the huilding Blecks, and manafacturing
engineers pour over Lhe drawings Lo estahlish thal
they are tnmplete,

The seftware way. The soflware procrss differs
from the hardware process in many ways. For one
thimge the fubirication slep, in the sonse of reprisducing
the progrum Lapes, is insignilicanl. Alse, The hatil
u! going theough the stages several limes bas anl
raught on in spiLe af frocks’ advive: Mun v elirow
one awdy; you will, oy how ™

In addition, past practice hea fended o sLarg
with instroction writing and then work hack Lo the
varlier stepes of design and reguircments. This
method worked well enaugh an the relatively small
programs that characterized the eurly history af
programmiag, but il ran out of slam on large
developments. '

Ancther faclor in the programming way is the
huckgrounds of its pructilioners, They Lend Lo
come From mere vacied sources then do the hard-
ware engineers, who are uvsually the products af &
ayatematic 4- or Syear curricutum, Programmers
nuy have degrees in mathemstics, English, history,
jouirnglism, or whatever, Whatever Lhey have
lrarned —and it may be & great deal -it prohably
duen nat include engineering methoda, This lack of
common background imey be part of the cause Tor
Firooks’ complainl thal “techniques proven wsnd
souline in other engineering disciplines are con
gidered radical innovationa in soflware engineening. ™

A comperison. [t seems inluilively thal sys-
tematic development procedures would lead Lo
betler Tesults. Daly® ntlempled to messure the
ilifference jn the results ohilained by the disciplined
engineering appraach and the less disciplined pro-
gramaling approach |hefore modern programming
pravtices). For this purpose he studicd the recorded
stalistics of n large real-Lime syslem consisling af
1R, M0 instruclions and 170,000 logic guies (nol
counting gatea in duplicated circoitsy e fell the
mize and cmnplexity jn vach area were ahoul the
“HITE. )

Hure is what he found:

« twice ms murh effort had been required Lo
develop an instruclion as a logic gare:

s fuur tinws a8 meny design maintenance correce
tinns hid been made per instruction as per pgeke,
# [our Liines 85 much cost hed heen incurred for
design muintroance of software ax herdware.

[daly thoughl ke recogniacd  live underlying
FOBNOINYS,

*» manapgement lechniques and development pro-
cedures weee mors midvenced in hardware than in
snflware;

o hardware denignera were more eapericneed 8nd
emploved a more siructared design.”™’
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s the basic building blocks used in softwere de-
sign ji.e, different (ypes of source statements)
were more numerody and complex than the awp,
R, and NOT concepls used in hardwars;

* hardware got 8 double dose of Lesting and
evaluation, one by itself and the second as »
natural byproduct of software teating.

Saflware snginaering process
In recent years the stages of the software procnas

have been anulyzed by many researchers and prac-
titioners.” This work in summarired in Tahle 1,

Tabla 1. The sollwere development process.

1 AFGRIIREMENTS ANALYSIS AND DEFIMITIONT
2 ESPECIFICATIDNS ™ AS A

* CHECkPOIND FOR AGREEMENT BY USER AND CEVELDOPER
0N THE FUNETIGNS REQUIRED:

# REFERENCE POINT FORA DESIGN DEVELDPMENT

COMPARISON PLHNT FOR PROGRAM YERIFICATION,

» PLAWNING PCINT FOR PROGRAM TESTING.

3 DESIGN (IN THIS STAGE MANY OF THE KEW FROGRAMMING
PRACTICES ARE USEFUL)Y

» TEAM CONCEPT CHIEF PROGRAMMER. SUFPORT LIBRARMAN,
E1L .

+ TOP-DOWH DESIGN. OR STRUCTURED DESIGN, COMPOSITE
DESIGH. STEPWISE REFINEMENT, HiE RARCHICAL (R MOD-
LLAR DECOMPOSITION:

» PROGRAM DFSIGN LAMGUAGES, OR PSEUDO CODE, OR
PIDGIN FNGLISH (THESE ARE WOT PROGRAMMING L AM:
GUAGESI,

* PROJECT WORKBOOR, (R UMIT DEYELOPMENT FOLDER;

+ FORMAYL REVILW, PEER REVIEW, €TC ©

v DOCUMENTATION—F G . HIFD

[MAMY OF [HESE PRACTICES CARRY THROUGH TD OR HAVE
YHEIR COUSTERPART v THE NEXT STAGE |

4 PROGRAMMING

VARICUS LEVELS OF PACGRAMMING LANSUAGES.
STHUCTURED PROGRAMMIKG (DR CODIKGY:
INTERNAL OR SELF DOCHMESTATHN
STRUCTUARED WALK-THROUGH. OR CUDE AEVHEW,
DEBUGEIMG

5 VERIFICATION ANO TESTING

CORRECTHESS (70 SPH CIFICATIONSY,
AELIARILITY [IN USER ENVIRONMENT];
107 B3wn 1ESTING

AUTGMALED AIDS

& PIAFORMANGE T

= EFFICIENCY, TIME. MEMORY SI1ZE
 QUALITY
 AOAPTARLITY FLENBILITY. PORTARILITY

T OFERATION AND WALRIENRNCE

» DESIGH OR PADGRAMMING ERROR CORAECTION,
o MINDR UROATING OR [5HANCEMEN]T

B CONMWGURALMW MANAGE N1

* BASEIINING AT VARHILUS STAGES ARAINST FURTHER
CHARGES

= PHOBLTS HIEFIRING
= CHAKEL CUSTAM WAL AW DIHE [ 5

Fervgwry 1878

which presenta un ordering of the eight main
stages of sofiware development snd a second ocder
tisting of some of the mansgement and design
practices charactaristic of cach stage.

The concept of a design stage in softwere and its
separation from the programming stage is relalively
new. [n the deslgn stage the inteni iy to work out

Managers complain that ptogrammers resist the
new ideas, while programmers retort that man-

agers don’t undersiand the problem,

completely and unambigucusly the aoftware sysiem
necessary to meet Lhe apecifications, vsing English,
pidgin English, or & program design langusge. No
inatrgclions or code are wrilten in this stags,

The purpose ia ta create a logical structure which
can be checked Leck against the specifications and
internally within ils own structure before proceed-
ing to the additional labor of wriling instructions
in a high- or low lovel progreimming lunguage.

There may be exceptions, however, Lo the write-
ne-instructiona rule. One ia when some novel problem
muat bo solved at Lhe programming level to wsasure
that the designlevel struclure i3 worksble. Anolher
ia reiteralion, in which problems occurring in a
Jater slage have 1o be fed back and necessarily
cause changes in an earlivr nlage.

Modern programming praclices. Allthough these
practices have been widely discossed in the liter-
ature, Elollon® had to drop onethird of the rom-
paniea he started out to survey because they had
not even considered using them. At panel dis-
cussions, managera cormplain from the podium Lhat
programmers reaiat the new ideas, while program-
mers relort from the Moor that menagers are Loo
far from the nitty gritty 1o underatand the problem.
{Ine camn only conclude thst some people need
further inforimelion about modern programming
practicas,

Table 2 defines Lhe core practices briefly ithe
main purpose of this article, after all, ia to establish
the need lor and the velue of these techniques, not
Lo ¢lucidate them in detail). For Lhal purpose Lhe
prestices wre referenced. In addition, Freeman and
Wasserman have annotawd 1§ fulllength tewoks
on varipuy aspects of soliware design in their
tutorial.® They also reprinted 24 of the more useful
papers.

Several books ere Loo new Lo be Listad by Freeman
und Wuaserman, Tausworthe's" volume, produced
st the Jet Propulvion [abaratury under 8 NASA
vonlracl, covers the developinent sLages of Table 1
und the progremming practices of Table 2 jund

‘ohhers) an on systemalic eownner, 1Tughes ol
Michlom™ cover o minewhal macrower Ticld  yop-
down develapment, stoocLunesd proogimaning, step
wine tefiaeal, aml siruetoned walk thonghs Tl
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alao treat siructured programming in three common
langunges: Cabol, Foiean, and PLIL

The DOD view

The Thpartment of Thefence has taken steps to
encautage nore effective woftware engineering. For
exumple. & 1976 dirertive provided pguidelines
intended to create n discipline of saltware englneer-
ing.** Enrlier, in Maich 1974, the Army Computer
Systems Command and the Air Force Rome Air
Davelopment Center joinlly sponzarad a conlracl
with IBM Federal Systems Division Lo document
sverything thal was krown about struciored pro-
gramming technology. This effort resvlted In
L3-volume series.

4

Flowever, il is difficult for [KIFY 10 diclale jual
how contractors will go through the Jesipn and
development process. 1t dnea noL allewnpl Lo da s
for hurdware. Tts proper sphere ie (o estublish
endproduct requirementa,

Fortunately, # number of major soltware coan-
traclors have responded to the challenge of madern
programming practices and have creabed disciplined
dovilopment processes, tuking sdvantage of the
new practices in various ways Not many penple in
the defense community dissgree on Lhe general
value of those processes Liklay.

Prohlems remmip. ‘There in slill the probicm of
geiling contractors to progress fram where Lhey
are to lhe software enginvering system that each
ane thinks is hest or, perliapa, to the ayslem he

Table 2. Soma deflinlilons al modern programming praclices,

CHIEF PROGRAKMMER TEAMS' 4

sagpesieg the oo o 1eams  each headed Dy an especalty Capabes
crunl progiammer whe would be assisled by sperlalists i each
fun¢hion needed 10 Supporl hem Brooks characterized o at (he
Cswrcal tedm ' Caordination would ba the pioesance o the chel
programmer algne. 1hus reducing 1he nomber of Munds mvobved Wy
Progact Commune 21300 &y 2 lactar ol fve of .

0iYELQFWMENT SUPPORT LIBRARIAN

One cod Ihe tegm members 8 fhe bwanan He ix responsibla o
The programmeng pioduci hiwary, tonlanung bofh mpihorst and
human readabie malerdl Teus Tuncina helps o Iransform pdogram-
mung THGM @ prwdie 30t publ practics

TOR-DOWN DEVELOPMENT™

Once equeemenls are fomed op. (he deetiopmen]  ROCEYS
decomposes the papoced ay4lom snlo 3 ety of lavels in o § her-
#rihy. begnmng 4t Ihe top and wioking dewn The Highest level 15
Ihen desigoed coded  and subsequently festad finsl wsing siubs
willh durmimy Cooe *oosland in fod Tewer-level unity 1hat i invofued
L1 ]

WODULAR OLCOMPOSITION v ¥ A

Te molate (ha enlire SyRiem ang independenl pariisng. sach
module 15 Conyitucted 10 woik with olhers of (ool Tsgnals and
dyls translers bul %0 be unanvttved W (B2 delytenh witern SligClurs
ol other moduley Wit nlel module nierlaces cacelally spediheg,
the relalwily ingapencanl modules becme pA50 10 Code 18] and
kited £hanpe Ihan more dependen| modules

STRULTURED DESIGH

Structured desmgn o5 4 sel pb ledhnigues fod rsducing the com
irvity B large new prograims iy fwwding tham Inld ande pendnnl
modubey WO bing wilh Sepaate perns paeriuls I pegramimad 1o
vote debug Irdl and modily 3 tunctonal nesdube wilh menemd
tliecl on othar nvlules ol I roiee System  Cofceniraling ailon
IS wdy BARA RS elhoeendy and mudlity and estucrs gl
Moretver Ia INe £falenl that the sndepeidsn| modules a:x porlanie
Intthe Syslemy Can be developed wilh kss nard 1o new rode

l PROGAAM DESIGN LANGUAGEY 1 ™
Ta ieduce 1he coondidldan problens o gt peopecls, Wks |

Inended o be congarabie 1o the Bivepeund i hardwdie peigtsm
meng Sesan kanguages slie 1 COMMuracale e conceph of I
sollware design on gN RBCESSATy Getal wSing 3 Homdl o S1rol buned
versipn ol Enghsh womelomes cakien pidgin Taglish or psewrio code

PROJECT WORKBOOK !

Dwsgn eitorts mavilandy peactd moch wiollan maleil - nemg
rancda axplanatednd teparls THE trch i 18 CADMuiE SR MTparLEE A
50 2% 10 be Suee l raAChes 3l who nead I know and 5 audioh'e
101 Lsp Nale

HIPQ— HIERARCHY /IKPUT PROCESS DUTFUT ™ ¥

Thra parl documentandn  parl aralylwcal lechaue conssls of
ferarchy chans and the correspatding mpol process gulpul charts
The hberarchy chart 15 4 sel ol blocks, imilar lo ah erganizalion
chail . thawwig £ach Tuncl:on and (1% drosisn i ublunihons For
&ach funClon of SubluChan. an ol PrXCeSS Gl ST cdugily
sumdir [0 he Dotk Cugram in e desgn shows IB2 npuls and
outpuly and hE processes pumng them A 1he HIPd thar|s 1hem
selves are aranQed w2 hierarchy. [he techmiques ran o8 vied 1o

" graphecdtly document 160 down design oF Struciuied deuigr

STALCTURLD FROGRAMMING™ W

To snharcs readatliby And Manlond Dy, 3 pOogram s sirociesd
50 [hat the logic Mow proceads [rom beginmnyg 1o eadd wilfwl
arbaliaty Branchung Thes Jpfigach o Dased on [Re 1hroiem IR
ANy (OGram wilh ohe Enlry 2nd phe el Can be rentlisibed hren
Gly (et conirgd SDuClures SFORM MDY oF Prfw 1% Jred DO g
s anangous 1o khe lormgtion ol comples B8 Tund dns Irgam pwaty
AND and Neik Buitding Blecks

. STRUCTURED WAL K THADUGH M

The stiuCiured w3k Through  somelemes Caled] [ (Evita N
Mg ol design 1eweve wilh Lol am mioddCalons

o The revigewdd Libcs [Re nbalee 10 pLan e ton Ihe 5rasmn
WA WIAe] Gt ROE Attamt W eacopn e es] 0 A dalhnsne
AbR gy

* Han Apw (Hn GW EOraNEAl  PEWCTE P RO R
TS LR RTS, Py R P T PO R [ T T E s R [ BT T 11, L]
Ihrouwgh *

« The emphdsis o0 NP SESSINN 18 Of AU e (e IHE PRe =
EE 1 SOl TESPOND'E LOr Covreehians  wiuch he deoed i

— e — —— -
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thinka the government would like him Lo use. And
arsuming modern programming praclices as »
group are elfective, there is the lurther problem
of determining just which practicea sre most
aultable in particular apptications. And nasmuch
as modern programming praclices cost hbudgel
money, Lhere is the problem of finding out which
ones are most cost-effective, There is the problemn—
is soflware engineering sulficienlly mature to ba
eeady [ar standardizetion? Many observers Lhink
there iy a1l much to learn and organitstions shoukd
sonLinue lor some Lime yel Lo experinent with new
technigques.

Saftwmte mnalywin. One clear need §a for more
data un the soltware development pricess. To meet
thiz need, Lhe Air Force in sriting op Lhreugh Lhe
Home Air Developinent Center a software snalysis
center.* It is Lo gather program develapment
stalistica in order to determine the [actbra that
influence Lhe productivity of programmera and the
rast of suflware development end maeintenance, A
‘second Lask is to understand the nslure, cruses,
and effects of software lailures. To sccomplish
these purposes, it sppears thsat some delinitions
will! heve to be hammered out lo make dats from
wariouy orpunizalions comparable.

Coreclatione, (Jpe way (o estabfish Lhe value of
madern programming practices is to do correlation
studies. Such studies sltempt to correlale one or
more programming preclices ngeinst various mess-
area of the effeclivenesa of the soltware develop-
nwnl procesy, such as cost, errors, and progranuner
productivity, Tt would be interesting 1o know if
* some of Lthe practives are more effeciive than othees.
ln an attemnpt to answer Lhis kind of question, the
Rume Air Development Cenler commigsioned
number ol studies, Lthree of which were reported 1o
CRMPCON Fail 77.

Cusl relation. The first study, by Rschel Olack
of Beeing, measured the effects of modern pro-
granuning practices un soflwure develuprnrnt. couty
fur five projects of Hoeing Computer Services
However, two of the prajects were very smali, so
in view of the beliel that productivity on small
propects iy highly dependent on the individoals
invulved, the results from Lhese two projects have
Iwen eliminated Trom the deola avmmarized here,

The ey comparison waz made hetween man-
tnonths for the projects as lorecasied by Bosing's
Iraditiunal vstimoling procedure and menmonihs
wetuslly inwuired The traditivnsl procedures, waid
L pradicl comls wattun # 15 percent, had not assomed
the use of nwedera programming practices. How-
ever, the propects. o execoted, did comphay & vanely
il pew praciicves

The general £lecl of using roedern progremming
practicen was positive, &s shown in Figure 1. The

wvnra e el of Che Chiroe progecis, weighlisd
b sidees was B pwoecenl This hgoes pepresents (he
thillvaamin s bnstwren e Levast ooy s pngl
Uslirembr g H'LEH

Boeing found modern programming practices
reduced actunl costs over forecust casts by 773
percent. :

the sctusl manmonths, divided by the forecast
manmaontha,

The praclices employed an the three projects are
listed In Table 3 in the arder of Hlack's eslimule
of their impacL on cost. 1t dues appear Lhat some
praclices are more effective than othere on the cout
dimenaton

These Lhree projects, us well as Lhe Lwo sialler
projects previoualy discarded, also ulilized top-
down design techniques, struclured programming,
and programming  suppurl twols and lilcaries,
Because Lhe twu sinaller projecty bad shown lidtle
inprovement usging Lhess techniques, DBlack had
eliminated them as cuntribulors 1o the benefits Lhe
three targer projevts achivved — probably unwisely.

However, her interviews with projecl persunnel
31799
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Figwe 1. Impioveman! of actua! man monihy gver Macesl man montha
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Tab!s 3. Modern programming practices used on thras
Bosing projecls [ated la order of impact on costl.

PRACTICES ASSOCLATED WITH PROGARAM BMANACERS™ MAKALE-
MENT WETHODS (1SED BY ALL THHEE PROJECTS)
WHRITTEN TaSs ASSIGHMENTS
FORMAL CUOSTOMER REVIEWS
EARLY DOCUMERTATION
LUMIT DOVELOFWENT FOLDERS (PROGRAMMERS' WORKEBDOM)
DESIGN REWiEw PRIOA TO CODING (STRUCTURED walw-
THRCHIGH)
FORMAL TESTNG (USED By W8 LARGER PROJECTS DMLY
CONSTRUCTION PLANMING [INCLUDING PLANNING FOR INTE-
GRATION AND FUNCTIBHAL TESTING}
COOE VERFICATION [PELR CODE REVIEWS}
ACCEFTANTE TESTING 1FORMAL D MOKSTRATHON|
FUMCTIONAL TESTIRA
CONTROL OF TEST MATERIALS
CONFIGLAATION MANAGEMENT (USED BY TWO LARGER PROUECTS
DHLY)
AASELINING
PROBLEM AEFORTING
CHANGE CONTROL BOARD

tevesled universal pa.ait.i\ri feelings aboul the
elfecliveness of Lop down design techniques:

Prahably Lhe improved customer/project ond
intre project communicstion cited by our inter
vitwees us a consefuence of top-dawn design haa
ita pritmary hencfit in establishing & sound basjs
fat formal testing, [n particular, ¢wp of the pro-

ram menpger® interviewed felt that thelr tesl-
ng AcLivilies preceeded mors ameathly, and that
fower errary were discovered during testing ga s
dizect resylt of the Lop-down design techniques
they employed. For lack of aupporting data in
this study, we ran wunly conclude that the cost
benefits of top down design may not be evident
until & soflware syslem i3 in eperation and
MAIRLENATCE,

On the olher hand, Lhe nbsence of & posilive
cortelalion hetween modern progranumning preclices
snd coal on the Lwa smaller projecis wea more
likely the result of the idivsyncrecise of amall
projecta thusn il was of the employment of Lop-down
design practices. The pasitive correlations found
on the three larger projects. which also used Lop
down desigm and the other techniques, is more
persussive.

Blsck also silempiod Lo Messure the impaet of
modern progriinming practices on the percenluge
distribulion of cusia over the four main project
phases used by Hoeing:

s definition (essentially requirements und apeci-
licatiuny)

- dr!i.lg'n

« condlruction lincludes eoding, Inlegration, and
funtpnal Leslinggt

o glinemnelrulisn wrevprancn Lesting and insull
ulionl.

The results, summarized for the three profecis
in Figure 2, showed that costs were shilled into
rorlivr stages by Lhe use of modern programming

practices. Unforiunstely for the atudy design,
Noeing included both coding wnd testing in the
third stage, ronstruction. Cansequently, the shilt
to the left weas leas rnarked than it might heve been
if Lest coatg were broken out separslely,

Pragrammiog standarde. In the first ol Lwo
related mtudies, Brown® interviewed 2 cross section
of mana gement und performer personned an THW s
very large hallistic-missiledefense programming
projact, as well s key #tuff peraonnel outaide the
project. Thia survey covered the impact of 14 de
isiled programming slandards fe.g. strucigred
coding! on 30 characteristica of aoflware or Lhe
developmaent process (e, cost, schedule, or pro-
grammer preductivityl. That made & matrix of 540
reletionships. each af which was categorized vvor
some nine levels of combined influence wnd aawer:
tion atrangth from wvery atrong positive lo very
strong negative. However, 43 percenl of the 540
interseclions wers labeled Indilferent or inconclusive,
implying vither that there really wes very ligtle
relationahip belween these varisbles or thet the
interyviewees wore ignorant of tham,

As a briel summary of nume of Brown's [hulings,
four of the more significant rows [representing
various coding standards) and meven of the morse
menaningful celumng (reprresenting varioup noflwears
charucteristicat have been broughl together in
Tahl= 4. Brown's ratings (slrong pasilive, lor
wxample, means sirong asscrlion, positive influencel
werp converted Lo welghted intogers (strong posi
Live = +35), both for sinplicity and to permit the
values 10 be summed across the rowa. Thys, routine
size or modularity is releled to the seven anfiwere
characteristics to the dugree of 57 percent af the
meximum pasitive rating. 1t is related 1o all 30
software characletistics Inol shown in Tuble 4}
only to the degres of 28 percent, This drop is not
suprising, Since the seven columms, with une
eaceplion, were selected 1o show the slronger
relutiunshipa. Structured coding, which wuey not
strongly correbuted, was included 85 & matter of
interest, since it is one of Lhe core practices.

Structured coding eveked sirong feelingy on tha
part of the interviewees. Dverall i had 18 positive
ratinga laverage +5.7) wnd seven negitive ralings
taverage —2.856). As Brown puinted out. this was
seven out of & Lotal of enly |7 negative ralings in
the whole survey, He feft that it “'indicales » rels-
tively dim view ol atructured coding on the part of
|prajecl] personnel.”

“MHowever,” he wenl an, “thirg wre somwe good
reasons far 1hia Lo be the cuse. Firat, the standurd
was not explicitly defined and enforced wuntld plivast
two yvears sfter [Lhe projoct| begun, and the reguires
miat Lo restructurs exisbing il wax 10l w be
connterproductive, Mureover, wriling  struciuned
ovde in stundard Fortran is nwkword und iodedlucsd
mouma inelflciencies in core und exevulion tinu- mak-
ing it difficult 1 satisfy Jemeanding oqguoeinents
levied on the tealtime woltware. Finally, |the
project| hma not yei resched the phase duering
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Flgura 2 Forecasl cost distribulien shifts 1o earller phesas when modem programming praciican are employed (avarige of

thran pralacisl

Tabin 4 Ratallonship gl

solaciad programming slendards and

ncliwass charactaristics irsl TAW study).

SOFTWARE CHARACTERISTICS
COCE CODE TRIALS
A iver e COOE  |UNDERSTAND-| MANTA. | oo o tommanion| Somne ! pRoCRAMMEN
AURTABILITY ABHLNTYY ABILITY/ RELIABILITY FREQUENCY FRODUCTIVITY r ro
AEADABILITY | USABILITY FOR 7 | FOR 30
ROU TINE 517¢ 16 | +34
{MODULARITY) *+3 +3 +3 +3 +? *? 0 o 41% [ +28%
+1% | +37
IN LINE CEMMENTARY +1 +4 +4 +1 *1 +?2 ¢ YT B
+1 +4
S RUCTURED CODING +3 +3 o +1 +? o -3 $35% | +9%
WM IMG N +13 + 18
COMVENTION 1 - +3 +e +! . +? S RISy
which Lhe major benefils of slructured program-  Perhaps the rensons for the poor showing on these
rming lie, improved readability and mainlainabilily) characieristica are aimilar Lo those guoted above
were expecled Lo bi- reaped.”™ on structured coding.
':{:nl.;h': I:"JI““:_M.'I‘:P'" h;'lt'w':m c;:::;ﬁ Mun:liard- In aurnmation, the overall weighted ratings for
. @ charscienistics of cosl, schedule, an¢ Pro- g o5 ramming standards sgainst 3¢ software
sramtier productivity, Lhe study was iworthirdg _ e .
" . . N . characteristics were 59 percenl posilive, 35 percent
inconctusive and one Lhird negative. That is, sbout indilferent or inconclusive, and B percent negative
two Lhirds of the inlersectivny for Lhese colegorivs ' ] ' .
were Tuheled ineonclusive or indifferent. The re- In addition, Lwg hypolhesea woere toswsd, The
maininge une third ol Lhe intersections were maostly  first ix that poogranming G e, docunweniation wnd
negetive, mhowing the follawing net percentagen:  codingd stenderdn if rigarausly defined, syslcmat.
ically eodurced, wod supported by Lsly, help o
Cust Sehedul ::rzgr.?".'fr make pussible Lhe productivn of sofiwere of higher
H € rocurbivity ther ususl quelily, To this proposilion Lhose inter:
=33 percent =2% percenl +7 pervent viewed spreed 85 percent, disapresd 4 percent, and
February 1978 il
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didn’t know 11 percent. To the second hypothesia—
e, that these standords help to make possible
the production of software of Jower tham usual
cost—thaose interviewed sgreed only 28 percenl,
dinsgreed 50 percenl, and didn'l know 22 percent.

MPFPP impact. Tha second THW evaluntion survey
geotreled a matrix of 11 modern programming
practices mgainst 12 koltware problems, making
132 intersections in all. o this study personnel
were srked to respond on both an actual and »
theoretival hasis. The thearetical responses showed
a higher degree of relationship than the scteal by
a weighted margin of better ihan 3 to 2. Ip addi
tlon, the “indifferent™ or “inconclusjve' intersec-
tiona dropped from 40 to eight. Of the 40 indiffer-
ent ar inconclusive intorsections in the actosl com:
parison, 28 were involved in cost or schedule cver-
runs or inefficient use of resources, sgain wuggesting
the intarviewees were currently dubious in these
arpas. On n theoretical baajs, however, tha indiffer-
#nt and incenclusive interssctiona tg these three
sofiware problems dropped o five, implying that
with more eaperivhee, modern programming prac-
tices would have a inore favorable impact on these
problems. In fact, the ratinga fur thesa thres prob-
loma increased fram “inconclusive” to "medium”’
ar "'slrong poaitive.”

The average impact of each modern programming
practice on the twelve soltware problems in graphed

12,

in Figure 3. The thearetical ratings are considerably
better, this lime by about 2 to 1 in weighted Lerms,

In Brown's own words, ""There ia strong agree-
menl smong Iprojecl) personnel a8 to the four MP'P
of greatest importance and impacl and sirong
agreement on their relative ranking:

« Requirements analysiv snd velidstion

+ Rasalining of requirements speciflicalion
» Complete preliminary design

+ Process design

There in strong agreement on the purtance and
poaitive impoet of the next three most highly
ranktd M PP, hut the relative sanking among them
in lega clear:

* [ncremental dovelaprient
» Unit develapment Tolders
« Software developmenl Logls

There i strong agrerment on the importanee and
poaitive impact of the four lawer ranked MPP, but
the relative ranking among them is not at all clear:

« [ndvpendenl testing

= Enlurced programming standerds

» Sollware configuration manageient

» Formal inapection of ducumentation and code”

Ax to the general MPPP hypolhesis, the guery
and the results were ga follows: Hules governing
software development, evalustion. and documenta-

MOCERN PROGRAMBIING PRACTICE
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Oigurs ] The covrglatianehips btween the modern programming praclicas and the summalion of the twales »0liwars probisma
In strongar In 1ha theorsllcal cass than In 1he sttusl cave hy shayl iwa ta one,
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tion, if rigorously defined and spplied and support-
ed by modern programining practices {technigues
and tools;, make passible the production—

True  Falswe ?

= of bighet than usual B5 4 11
qualily roltware peereenl percent percenl

—ul luower than vaus) 49 15 38

Ide eyele cost percent percenl percent

Errur refation. Operativnal relinhility, Juocumen-
tation error Irequency, and coding error frequency
were Lheee of Lhe 30 sullware characleristics employ-
vd hy Brown in has firsl alody. The weighled positive
rankings were a5 folluws:

Operaticnal relizbility N percent
Documentation error frequeney: 14 percent
Coding error frequency: 31 percent

I'n hiz second study, he foynd a more posltive rels-
tionship belween eleven modern programming
prartices and reltability, as follaws:

Actuoal: 57 percenl
Thearetical: T3 percent
Betlord, Dunshoo, snd Heard™ used software

error m% Lhe unly criterion jn their study of 21 tech-
nical and five munagement sclftware engineering
tochnigues, |n Lhe sbsenee of Frm historical 1ecords,
data wos alduined by inlervigws with exjwerienced
peracanel, T'he basic Jdata was in Lwo categurics:

= the percentage o cotal errors eslimated La
nceur in vuch of seven phases of the software
lile cycle; however, anly the distribution af errora
in the vode and checkout phase was employed
in this siudy;

« the probwhilily of detection of each of Lha
twelve error types by each of the 26 software
engineering lechniques,

This intervicw dala was proceased to obtain index
rambers ranging from 0 o 15 These numbers
indicale Lhe elfictivensess of each soltware engineet-
ing technique in reducing errors, a9 summarited
in Table 5.

The suthors regard their present method wa the
prototype of a still wnproved process that “can
reduce Lhe identification and selection of optimum
sullware rnginecring lechniquen to a atraighlfor-
ward, well-defined proccdure

To carry the procedure [urther, better historical
data is needed, a2 well ps information on other
phuses of the life cycle.

The broader cammunily

Sor mwmbers af the defense indusiry sre making
hendway in Lthe effort Lo embrace software develop-
ment in engineering discipline. But what of the
browder dats processing community —the banks,
insurance companies, and commwrcial establish-
ments? Not lorg age. erlan Mills fell soll ehle

Feriuary 1978

Lo smy: ""The jdea of n rigorous rather than a
heuristic program fesign melthod is new, and is
atill largely unknowz in programming us pracliced
today."

The IBM approe:k Many of the improved pro-
gramming lechnei:Ziea were develuped by IBM
scientists —Mills {:¢ one. The big computer maker
has been & leader = their application, both witkin
the company and ¢3 its customers. One task Lhe
induslry fuCes, aceie Fing Lo one THM excculive, is
the need for a cozerted effort by sll clements—
the manufacturers, the service bureaua, soflware
huuses, schools, e2d universilies—to bring within
their own Lrainipng meogyoms or currivule instroction
in the improved pr- 2~ amming technolugies.

The increase—122 Telta—of programmers being
adidied Lo the indus-y can then be addiessed Lhrough
the classical educti- 3 channels. A higger problem,
wilh knowledge ir the field moving so rapidly, ia
recycling extablis! <2 professionals —bLringing their
shills up to the e levels af kpuwledpe. 1n this
area IHM haa i-cl_ded the new prograiuming
practices in its ed. s zional offerings Lo cuslumers.,
YL is al3o working t= inatill a knowledge of Lhese
preclices inta il coa= very extensive programming
populstion.

Table 5. Eifectsemase al saltwars anginearing
techniques in &v scing &rrois [based an code and
chechouw! phyge oaly,. Technlgues nia listed In arder
of sllaclirpgness w th managemeni lachnigues In
sarenthesis.

YERY EFFECTIVE ', OE: % _MBER 45 1D 75)
FROGRAM RE 4/ EWS
CHIEF PROGR &M EF
CHIEF PROGFAMEF TELM
BUILE LEADER & CL W= TER SCIENCE CORP 1ECHNIQUEY
SIAUCTURED wELK "m=SUGEHS

EFFECTIVE (78 33)
INDEPEMDERT TEST 182 EVALUATION
EXECUTIDN A4a| ¥5"3
PROGRESSIVE TESTING

LESS EFFECTIVE (1017
PROGRAMM Y S TEC-w 2 JES
STRUCTURED FA XG4 w Wikl
TOF DOWM FA0G9AKY W5
VEAIFICATHDY PROCEZLS ES
SUPPOAT PRICA LWE
ITOP-DOWN LovELDFWINT)

LEAST EFFECTIVE | [
[INSPECTION TEEMS
TOF-DOWH G5:6GN
STRUCTUREY GESICa
BUILDS 1A L5 TEC w S JE]
(THREADS MEwaZEm=y" SYSTEMY TA SO VECHNCWET
PROGRAMMINS CES I _ANGUAGE
AUTOMATED %ETWDE 1 HALYSIS
(PROJECT AE sy
IMANSGEMEST DETS CZ LECTION)
FROGRAMMING SuP:ce~ | IBRARY
SUFIWARE CUNFIGLA "IN WANAGEMENT
PROGREM MINEG LIBLIT LS
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JPL Improves Soltware
Development Process

Al Caltech's Jet Propulslon Laboralory, aboul
one-{ifth ol the budge! and oneslxih of Ihe man-
power ara devoléd 1o some sspecl of Computing.
All ihe sattware deveiopment orgamzations, Includ-
ing the Mission Control Cenlar, Desp Spaca Net-
wark, spacecrall an-board compuling, spacecrall
tesilng, and 1he centralized computing facilities,
hava shown a koen inferast In syslamalic design
methads ang, baginning early in the 1970's5, in
structured programming, 1op-down devalopment,
and olher modern programming praclices.

Management ol JPL dalibaraiely 100k & low-key
approach 1o the introduclion of these praciices.
Al [w$1 |here wis 8 minimum ol formal directives
anc & maximum of suggestlon and exampla. The
programming ‘brarlan 1dea wa$ Lransformed by
the Deap Space Net into a means ol asslstng
programmaers Caled the “programming secre
1arial.” In 1the 1331 sevaral years 1he Deep Space
Met has issusd & 58! of rigorous soliware devel-
opment slandards, &s listed in the accompanying
bow, tn aadiiren, a JPL siall mamber, Robert .
Tausworihe, prepared a 379 page monograph
which presenta thease practlces in a logieal,
1utorial torm *

JPL tock o low-key approach to introducing
the new techniques. .

Flight projects and the Mlsslen Sonligl Center,
which is sharad by 1he pro|ects, have nol specified
safiwaia devalopmeni meihods 10 the same leval
of datail as the Doep Bpace Net. The parncular
way In which thedg mathods are implemented is
adapted by each projact organlzation 10 1he 1ogis
avarlable on 1he computer used lor each task.
Hawever, Lhe uae of a proagram design language,
siruciurad programming, (Qp-gawn develapment,

_and relalad melhods are de facio slandards in

tha project areas. Since mucn ol the program-
ming 15 scienlific of engingenng in conlenl, an
earty task was the development o SFTRAN
Siruciuied Programmung-To-Fornan  Transrator.
Fecently a preprocesser 1o lagiliate shrucluied
progiamming in asiembly language has been
developed

S0, altheugh the laboralory Ooes not insisl
upon tomplefely 31andardized crganizabon-wide
programming prachicss, the undeflying phncrples
ara comrmon 1o &l sections The differing oetaited
procedures endorsed by vanous progiam othices
are 1he rasubl of ditferances in the kend of appli-
cationa. For pagmpla, the Desp Space Haiwork
devslops scitwars Lo De opeialed A1 overspas
sitas Dy parsonnal who are nol JPL amployes byt
are parmanant fesigdlanis al thd countles in

which the statlons are iocated. Conversaly, High
projects ullllze the same parsonnsl who develop
the s5ofiward 1o operate, malntain, anct modUiy H
durlng the mission. Moregver, flighl Boftware 14
muth mora Gubject to Irequent madilicatian in
rasponse 1o changes in the mission than s |he
solware in the Deep Space b A,

Patecnnel. By 1975 an informal cansus of B
cross secilon of programmers faund about 50
parcerd definlialy favarapia 10 tha rew praclices,
aboui 40 parcent ralthar neulfal, and shout 10 par-
cent hoslite ta Lhem. Howevar, |l was not only
lhe modarn programming PIAcHces I1hat ware
Important in farming these atlituLas, but aiso the
environment in which Iha work was dong—lhe
accessibility of text aditing, intaraclive computing,
and tools and facllilies 1hat enakied Ihe program-
mer 1o gal his job done with & minimum of running
around and slanding in Nna. Thay llke ihe pro-
gramming secratariat and support concapls. This
anvironment made their lives gasier and more
productive.

Stilt there i3 great varlapitity in the individual
productivity of programmars, perhaps by a factor
ol 10 to 1, or evan more sometimas The tach-
niques ol alruclured design do natl, o courss,
chang& dunces IRlo brithanl programmers. Thay
do make it possible 1o break vp a larga prolec
in such a way ihal the more competen persannal
can ba assigned to the olificult early stages and

Soflwars Slandard Praclices

CEEP SPACE NETWORK STANDARG MUALTICEN

D013 (AUGLST 13, 1975) SOFTWARE IMPLEMENTATION
GUIDELINES AND PRACTICES

0016 (DECEMBER 15, 1975 PREPARATION OF SOFTWARE
REQIMREMENTS DOCLUIMENTS

BIC-17 LJULY 15 19761 PREPARATION OF SOFTWARE DEFiNI-
TI0k DOCUMENTS

B10-19 (MARCH 1 1977 PREPARATION OF SO0F TWARE SPECH
FIGATION DOCUMERTS

$10-20 (FEBRUARY 1. 1977 PAEPARATION DF SOFTWARE
OPEAATOR & MANLUALS

Bi0-71 (WDVEMBER 15 1976} PREPARATION OF SOFTWARE
TEST aAND TAAWSFER DOCLMENTS

PROJECT DOCUMENTS
FDE1B-5B {hpvember 13, 1G74) MARINER JUPITERFSATURN
1477 S0F TWARE MANAGEMEN ) PLAM JREVISED SEFTEMBER
1. 1976}
POL2E 35 (SEPTEMBER 7. 1977) SEASAT-A ADF PAOGRAMMING
STAKDARDS

BEMERAL EOFTWANE DOCLIMENTS

HASA S0F Ty ARE MANAGEMENT GLHDELINES

JPL PUBLICATION 7724 [JULY 1, 1877 SOFTWARE DESIGW
AND DOTUMENTATION LAKOUAGE, BY HENAY nLEKE

(MIERDFFICE COMPUTING WEMORANDUM w3 I3 (JULY 2%,
1§71 SFTRAN USER BUIDC (STRUCTURED PROGRAMMING
10 FORTRAN TRAKSEATOR] AY JOHN & FLYRN

COMPUTING W MORANDUM 417 (NDYEMBER 1) 1577 PRO-
ORAMMING FOR PORTABIITY, BY FRED T KROUOH,
CHARLES | [ AWSOMN AND WICHAEL R WARKIR
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the less creatbwe people can be assigned 1o
implement tasks thal have been lainly well sliuc
turgd. Thie structuled mathods also enabie man.
agers to Wdentity the real (nComoeten!s Soonurl
than older methotls did

Adgvpniages. The payol! irom 1he adeption ol
modern programmuag  practices has come In
lerms ol sigmlicanlly improved Schedule per
Ioimance and manpower produclivily, Thare IS
na doybt Lhal 1hesg 1echnigues have rasulted In
dramat maprovements  In cost. guahly, and
athedule For gxample, one of Ihe programs for
1tha Voyager projeti—seévesal hundrad thousand
lines al mgh-level language—was recenlly com:-
Bleted wih labor expenditures within budgel and
computet time al apomething lke hall of budgal.
The rgdushon (A Compular IMé implies hal 1ha
programs were 0l petler quallty, because tha
programmets had to do much 1955 debugging and

tesung In the anlive Voyage: sollware develop-

ment program, Just fimshed, only one “liger
team” had 'o be set up. That was |n the dala
feCards area «mich had (o be done in assembly
langudage Decdu$e a hgharlével language was
nol avalable

A recent Deep Space Net projecl, ong that had
been budgeled lor |wg years, came n two weeks
Sver budget, bul this oyerage had been delecled
& year ahfad and appropriale readjusiments had
been made In this case, 100, debugging and {est-
ing togh hal! tha yme ongmally budgeted. The
reason «ery lew #rors In fact, thedse were 150
efrfors, INCludng thase o Jocomentation, in
300,000 hnes ot cude—a rala of only 2¢ percent
ol pieviaus expenence, Pearhaps ol equal impor-
fance o thos€ Ghly too adcusiomad Io narve-
widcking “uger leam” elloris 1o meel thghl
dales, this hme there was no Uger 1eam. Thars
wefe ng hassles and no one aggravated his
ulters I secmed thy saltwarg Managemenl was
coming ot age

Moredwel, 1he lull axtent el 1he savings fromn
the use af the new prachces will only becoma
apparent several yeursy Inlg the mianlgnance phase
This phase 18 cleatly going 10 ke mugh moie
eflicient. The olograms wiil Lt more relable, ihey
w11 be easer o change when necessafy. These
IMprayeMant s (ollbw from the expenence n the
inplamentation phase Vyhen this phase 15 com-
Pieled mare Jun kly gnd with fewer erors, there
1= mpre contiognde that the program tsell s
close 1p {ull comeciness

IBL 15 inding @ nealer percentage of 1he over-
2" Soltwa v develufrmenl #Hen beng concentrated
At the fidend BNQ LA the new plachices Coding
1% e 0t Mg A small lracnhon, even as

Fle reoooinen of tesources doveted to {esting
aind rpprd e naned deghnes T 40 70 40 peicsnl
Pk aar D ety o s s BEfwern debim
Vet AR ey qntipg, dind 1RSby arpenally
TR TN T A R LT M TR ] FT B LT P TRTT] T

e |

Fetlapay 19td

!

Sl there in an clement of munspement in the
problkm There is & need 101 disciplined Lthinking,
Nether than focus vn Lhe [act LhAL fuore money ja
being apen: on soltware development, the big users
hayp tonded to emphayize fine tuning. Lately thers
does spem 1o be an increasing awwreness by man.
agpment of Lhe dicholemy between the pricefper-
formance improvement of the hardware and the
Iack of that kind of improvement in soltwars devel-
opment. In the fina! analysis the usrrs themaelves
have got to be willing to devote «ifort and money
o jmproving their soliware development process.

Productivity relation. Although Brown [ound
littie relationship (47 porcent] briween his 18
coding pnd documentalion standards and program.
mer productivity, another approsch showed &
slpnificantly high correlacion. Walston and Feliz»
sat up & software megaurement praject in the 1BM
Federal Sysiema Division in 1972, One of ita
pirposes way Lo oasess Lhe eflects of siruciured
programming. then just beginning Lo be usmd, on
the aoftware development procesa [ata from 60
completed projects is now in their dats base, repre-
senling projects rapging from 4000 o 467,000
sealyce lines and 12 o 11,578 tnanmonths, Seurce
lines were delined as the inpul to & langusge pro-
cEssor,

Using this data base BB variables were analyzed
and 29 showed & high rorrelution with productivity.

The overnll judygrment is:
modern programming practices
are ready for use.

Tha data available ensbled 8 comparizon to be
made between delivered aource linea per manmonth
and 1he percentage of code developed using each
technique. Thew- relationships, visuslized in Figure 4.
ghowed & rate of productivity improvement sver-
aging 70 percent between "'hitle use’” of the new
tchniques and “much use ™

Reaklime dewign. The Advunced Technology
Center of the Army s Ballistic Missile Delense has
bueen engeged wince 1972 in identifyving pnd relining
techniques 1o improve the sollwere designer's
abibty to program large resl-lime processes o
which the Liming and order of vvenes are criticsl.
The result of its efforts. ralled process design
mirthodology, embruces siructured programming,
top duwn development, und other et hods

CGoublling snd Lawsun® analyzed 4 dale base
collecied during experiments] dovilopment wark
containing over 10000 latver and  pomoputer run

gl Two dishinel advanLages ol e new desigh
methecdisfopey e conee Lol e e enneen il
L R TN LV LN T T RRSPT SRV T PR TTT SO T SOy L] |
’,'l ol Lar Dlpes Ttk Ih‘l|'1-||l ||n||||l |||J||||I|-||u1| Ipllllll.
the pprpuerstle ol oy enl el e sers e, aod
= pewbuciv s ws b egeedbeme gaehine
shpgvbons et mbibvou s, soul Dol U copsleratils
21
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EXTENT OF USE OF IMPROVED
PROGRAMMIYG TECHNOLOGIES

wuLH USE

LITTLE USE

 —apam

] P . —— o ——— ————

OF 51069 AMD CODJ INSPEC 10N
FOP CAYWH DEVELOPMENT -
STRUCTURED PRUGRAMMING

T CHIEF PROGRAMMEA qu":r_"_'_'

1e] 200 [ L hil|
DELM'WERED SOURCE LINES/MAN MUATH

Figure & Production sppescs 1o Inclesss diamatically wilh the use al

Z

impraved program:ming jechnologlss.

better” Lhan the resulta on compurshle real-time
prujects programmed by conventional mechods,

[tata mansgement. Haing" reported the develop-
ment of & highly secure data menagement system
composed of B0 modudes with 40X words of code.
The total design and implementation wete com.
pleted in 3 manyears with sn elopsed Lime of less
than 11 monLhs. Using a chief programmet Leam,
struclured progremming, and the other concepia
ol modern programeming proclices, be fele that the
eMtort cuuld nol have lieen completed in such »
short peried of time without the use of these Lach.
nigues. In additwon, said Heiaw, exlension of thy
system “has been preatly facititawed by (e com-
plele develupment-support library, clear svstem
wlerface, high program modularity, and well-sirye.
tured code, ™

Japanesr findings The Mippon Elecire Company
haw modilied its date base munogenwnl asstem,
programmed in Cobul, o tuke adveniage ol the
vencepts ol strurturid programming ** ‘This experi.
ence. Hus some vaperiments in caing the new tech.
hiques, has convineed them thet Lhe methods can
be suceessfully spphed to the fartheaming dis elop-
ment al & sery large online banking sy stem  Their
rxperiments indicate the following:

= numbmr of sleps programmed per warking hour
doutled,

* numint of steps progremmed per e hine
haat uned tripled;

= pumber of dolalmse handling ercors dis reased
A0 percrnt,

* glher Lypes of programming errors decreased
&5 percent:

* overage length of 8 boy find-and-lix cyele han
been reduced to sbout onethird the canven
tinnal time.

These improvements were accompenied by small
degradations in program performance,

Farly nanesnment, Hack in 1974, alter only o few
years of experience with the group of techniques
Lhat were then ¢alled struciured pregramming. the
IEEE Computer Socieiy's Lake Arrowhead Work-
shop lound Lthal savings of “uver 50 percenl hed
been achieved, relative Lo previous perlormance on
similur projects.”™ Companies praviding data in-
cluded THM Federal Systems [Hyision (40 percent
average impruvenenl aver ¥ projecis, MeDonnel-
Dougles Automation Company 136 prrcenl improve
menl an Lhree projects; & percent on o fuarth), and
Hughes Airerall Compuny (50 percent improvement
on two real time projectsl,

New praclices judged atfective

Suftware is in a predicament: it is Loo costly, Loo
error-prong, lua complex, 1oo hard Lo mainlain.
This predicamenlt mey delay new applicativns of
compulera unless the effectivencsy of sofiware
development can be substantially impraved.

Modern programming practices are not the only
way, of courae. Higher-leve! programming languspes,
improved life cycle plunning and manugement,*
aytomated development Loals, beller personnel
selection and training. and. of cuurse, more sophis-
ticsbeel managementl will undoubtedly help.

The studies brought together hore indicate that
soltware eflecliveness can be achicved, Where the
resufts have been reduced to nunbers, they ranged
from akout 25 peccent to shout 75 (wercent on such
faclors Bs cnut, error reduction, and productivity

Tou much weight shauld nov be placed on any
one number. Kwudiea af this hind are diflicull to
make and are wsually not comparsble {rom one
organizelion 1o snother, because definitions of
terns vary, Moreover, averpging vurivus amounls
ol knowledge—or degrees of ignorsnce = from inter-
views diws not necessarily provide precise num!srs,
And summarizing detailed resalts sy hes been
done in Lhis article, sbmost inevilably ohscures Lhe
auences of the ariginal papers.

Hather, it s the overul. judement thal is iopres-
give; Whether frum lormal studies ur the impressions
ol eaperienced execotives, il seerms clear that
modern programiming  [ractices ate elffective in
improving the procesqes of sofiwan development,
They are resdy for use. W

A0 ek s e dvnle pleninng s slpxdobial e D sl
CIEILI ] al TUIN
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This paper stiempt to define the prnciples and gosk
that affect the practice of soflware engineering. lis
intenl is o orgenize these pepects of sofiware
" engineering into s Iramework that rutional-
izes and encourages their proper use,
while placing in perapective the
divenity of techniques, methods,
and tools thet presently comprise
the wubject of saltware
¢ngineering.
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SOFTWARE ENGINEERING:
PROCESS, PRINCIPLES, AND GOALS

Douwgas T. Rog, John B. Goodenongh, C A Inine
SofTech, Inc.

introduction

The conferences spansored by NATO in 1968 and 1969
gave popular impetus to the term “soflware engineering.”
Swnce thal 1yme the necd for & more disciphned and
integraied approach to soltware development has been
moeasngly recognized, Although useful definnlons of the
term reman elusbve, soltware englneering ciearly Jmphey &1
fcasl the disaphined and shitiful use of wwnable wwliware
development lools and methods, as well a5 v sound
undersianding of certmin basic principles. In Lth paper, we
alternpt 1o eapound what these pnncyples are, and how
they ae applied i the practice of sofiware enginesning.

It u perhaps best 1o view thi paper 15 an allempl 1o
Wentify the important undealywip issues of sollwere

engineering in & form 1hat permits the inceraciion of these
msuet 1o be beller undersiood. We will discuss chese niues
m Jerms of four Tundamental goals.  wodifobitiny,
efficiency, refohifity . and understandablicy ax well ;v s2ven
peinciples thay affext the provess of allaimog thess gouls:

® the modufariy principle, which delings how o
Elruclure o qullware wyslem spprophislely;

® the abrtraction ponople, which helps tu ideniidy
essenlal properbes cummion e seperlnoally different
enlibms,

#® the hdieg ponciple, shach highhights the importance
al nol merely absiracimg commen propeifics bul of
making messential information Jagccessrbie (hiding
deals with defining and cnforcing coniltainls on
accest 1o mfarmalion);

I-2--1
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® the localizenion principle, which highlhighis merthods
foy bringing relaied rhings iogether into physical
proaimity;

® Lhe vmfarmity principle, which ensures consistenty

® Lhe campletenerr pnnciple, which enturer 1hat
ncihing s left our;
® the confirmability principle, which ensutes thal

inflarmalion needed 10 weridy corfectness has been
txphciily sated,

These principles and goals are applizd 10 the practice of

witware engineenng. which deals with varnious sollwaie
development achivities:
Ihrermine teJuitemen)y - e process ol enliflying the
peguirements 1 R winlicd by o softwale tyabem; (he
ubpeclive 3 o deling Lhe nroblem Ly be solved (0 fetis of
ehre constranis & wlution must wnaly, induding cosl end
performan.ge,

Heogn gofiwgre Lhe plocess of considenng esch user
requuremenl and crealing the concepiust basis on which 1he
problem 1 10 be solved, dewgn 5 1he proccy of deoiding
how 1o sabisly  user requitemenis within Lhe allowed
consitanlis

Specify implementanion—1he process of dewnbing the
wnicractions between the depigned modules of & 3olulion;
the resull of thas sctivity s & delaided speciication of
conilzainis 1he seliware implementation must salialy, But
nal the software itsell,

{erde fidebug —the process of pctually producing the soflware
satisfying lhe specification, and venflying that the produced
woftware does sabis(y the user requiTemenls.

Furming - the process of modifying a logically cosrect sysiem
unil it meels performance goals

Despile 1the obviouws differsnces among thess activities, we
believe cach reflecin 8 common patrern which we call 1the
Juridgmentef proced Thin proceys cunsisg of live bane
stepi: (1) crystallize & purpese ot objestlve; {2} furmulale o
vieept Tor bow 1he purpose can be achisved; [3) devive n
picchanisar Thal implements the concepiual struciure; (4)
introduce 3 rodrion for exprewing the cepabilies ol the
mechanism and involung 11 use: |5} desceibe the wrage of
the nolation in a speoific problem conlext 1o inveke the
mechanism o the purpase is aclueved.

1-2-2
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This sequence of s1eps has 1 natusa] parallel 1o the process
of sofiware develapment.

prrpose - deline 1he requerements fon a syElem;

concep! - denive the archatecture of @ sollware system
to satisfly thewe requirements and specify the modulet
that constilule the system;

mechgmiimn + qmplement the software syslem {devising
the mechamsm 13 obvisusly the codefdebogitune
#clivilies in the developmeni process),

rarairen define the cammand languege or other means
2 user will employ to invoke the capabilities of the
solrware syslem,

wrage = descnbe how Lhe softwate sysiem i controlled

{this desenption may Lake the form of 4 user's manus

Tar the system)

Equally weil. the pattern defined by the fundamemal
procesk could be applied differently, 10 highlight & different
awpect ol saflware develupment. For example, we could
leave the descnipuion wf purpose and concepl as above, but
1eplaee mechannm, netatwn, and usape with the lollowing
descnptions: -

mechgmgm — the compuier on which the soliware runs;

aolanon - the programming language i which the

sof lware will be written!
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wrage = lhe manual describing how the langusge i3 used
1& control the compuler,

The interpretatiun of the fundamental process is clearly
highly context-dependent, [1 15 also mumately tied 1o the
notion of Merarchival decomputitinn—the widely recog-
nized phenomenon of psrtfwhele relationships. A purpose
is composed of sub-purposes; 3 mechanism has many parts
which are themselver sub-mechanizms, and in genergl, the
mechanigm itself is only 1 pant of some super-mechanism,
ric. The inleresting phenomenoen is Lhat evh the patern of
the fundamental process and  panfwhole  hierarghical
relationhips must be employed in 2!l aspecis of soflware
Engineering praclice.

Given that partfwhole hierarchical decomposition plays
3 pervaive role, the fundamental process interacis furiher
with the warious principles and  goah ol ofiware
engineering as depicied wn Figure |, Figure | o pur
framewark for discussing the natuse and 1ssues of wollware
engineering. Charly an exhaustive ticatment 15 noL possible,
but the remainder of this paper 15 nlended 10 show how
the siructure of Figure | does yield maight into the theory
and praciice of waltware engineering. 8y way ol llusiration,
consider the flallowing examples {Figures 1-7) of how
principles, goals, and process elemeanis nleract:
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Fogura &, Holstan Completanes.
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COMPLETENESS

These examples can only seove 1o illustrate the iyl of
approach (on 2 per<cube basit) used to make Lthe goals,
principtes, and perts of Lthe Tundamemal process useful in
deseribing and understanding aspects of saltwiare engineer-
ing. The lollowing sections discuss the hierarchy, goals, and
peinciples in more specific terms belore we npply them
jointly in an extended example,

Hserarchical Dacomposition

The process of developing hierarchical siruciure may be
viewed rop-dowm  as succriiively imposing incieasingly
specific cunsiratnts on the form of an ultimate solution, 1t
may a0 be viewed berfom-up as successively sxploiting
the constrants salishied by luwer levels. An undenstanding
ui saltware enginegring liey in undersianding the contraints
cach engireenmg activity places on the others—c g, haw the
desgn  constrains  the implementation, and how the
implementation  puossibilities constrain the design, The
process of huerarchucally and jteratively imposing con-
sitaints appropnale to the analysis, design, specification,
and coding phases is what wnifies the practice of sofiware
ENEIEETINE.

The process of hierarchical decomposition involves bath
amalysis and synthesis—both 1aking apant and putling
together. While ong decampuses a3 jubiect by recognizing
the differeni sub-parts of which it 3 compased, one must
also paust Lo examine the overall decompasitivn and louk
(ar sivepfarcries among The lower.level constiluents with an
exe toward recomposing collections of them Into larger
constiucts. For eaample, pure decomposilion wauld neves
tesali an lecognizing subroutines that are nesded in
sparaled parts of the decomposition,

For a gen problem there sr¢ many “correct”
Jdecompoutions, and given a large coliection of solutions 1o
primative sub-problems (eg, a st of CPU Instructions),
there a1¢ many conect compositiony which will solve &
given preblem. Thas, whethe) one s engaged in synthesn or
analysis, compoulion of gecumpasition, the selection of 8
“eorrecl”™ sulution must be bawd wpon ipme overriding
crlena. We must Iy to select the moul desitable solution
frenn the ser of correct soluleng, For this reason we begin
frst, an vur elaboration uf the thess of this paper. by
conssderang the guals ol sellware engmeening.
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LOCALIZATION

Tha Goals of Softwara Engin'eering

The skill with which we can tpply engineering methods

and tools will depend on the degree to which w= have 1.

clear and precise view of our objectives. In the realm af
sollware engineering our objectives will always be stated n
termns of desired properties of the resultant safiware. Four
properties Lhat are sufficienily general to be wecepied
guah foi the entisr discipline of sallware engunecring are
modifistility, efficiency, reliabifity, and understandabilizy.

The goal of modifialiéity s historically the most
diflfcult goal 1c master. Modifiability imphes controlled
change, in which yome parts or aspeces remain the me
while athers are aitered, all in such a way that a desiced new
result is obizined. The characterization of “sameness™ or
invariance may be very sublle, and the effects of chinge
may be hard to predict. This makes the achievemenl of
madifisbility difficull. Modillabiuy s alse difficult (o
achieve because changes occur for so many diffarenl types
of teasons. For example, in transfernng softwaie 10 1 pew
compuler or opetaling system, it it desired to keep
invariant the logical effects af the system, limiting changes
only to the pecessarily machinedependent aspecty. Changes
ae also required to remove errors (1om soltwne, 10 wdd
new capabilities, and 1o improve & syslem’s perfurmance, bn
peneral, different approaches are necessary to satisly thew
dillerent 1ypet of medfiabilily.

Modifiability requires not only the sbility 1o have an
adaplabile, evolutionary destgn, employ  standardized
sofiwate building blocks, tune for performance, £ic.. but
sho the more sublle shitity 10 maintain projeel schedules
and budgels by allowing dummy test modules to be used as
drivers before later parts of a system are prepared, e1c. The
variely of ways modifabitity affects sof* ware engineering i
one al the reasons for giving 11 3 primary role in our
discussion nf soflware €ngincening.

A much-abused gond is efficiency, usustly because in an
eacess of zeal it &5 prematurety permutied s high pronsy in
engineering  Iradenlfs, Blatanl  mefliciency cannot, of
cuurse, be 1olerated, bul uwivally efficiency questions are
best treaed within the context of other issues. For
crnample, achitving a high degree of modifiabibty can
provide (he bavis (o meelug efficiency gusls dunnog the
tuning phase of wiiware develipment. In addibion, msighils
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refleciing » mere unified undensianding of a problem have
far more impact en efficiency  (via abstrsenon and
unifortity) than any amount of Bl twiddhng within &
faulty swuetwe. In gencral, eacept for the highesi
conceptual Jevels of a dewgn, whese gross inefliciency
questions may play deminant rules, the efficency goal does
not dominate the practice of sellware enginecring.

Refiability is 1 pual much in vogue loday. Rehabiliny
must both prevend [aflure in conceplion, design, and
constiuction, 25 well as recover [rom {zilure in operition or
performance, Unhke efficiency, which frequently s
prematurely applied, relability 11 moie ofien consdered
o late, or not 2t sl in most soliware development
efivris. Rehabaliy can only be built i fiem the watl; it
cannut be added on @ the end. Hence, reliability has a
PETY3sive and l.'{l.li.'lil :ffl.'l:l‘. on sofiwaie ENFINEETINg
Plactl.es,

The Ninal goal which should exen a siung influtnce in
all aspects of sutiwaoe enpineenng 15 woderstandabidity, I
depends, vl course, un the wended audwence: technical,
managemenl, o uiet. Nole in particular thar undeistand-
abuluy s not merety a property of legitalny. Much more
imporiantly, the enine conceplual structure iy invelved.
Also. I any given circumsianct an accepiable bevel of
undersigndability either 15 or 5 rot mewent. There 15 no
iuddle ground. Although undeistandabilny is, in a stnse, a
prerequisite 1o ehability and modifiability, o n also
umpuriant at a goal intself because 1t draws atlenuion 1o an
impariant barrier lo understandability— comiplexity. Man-
ggement of compleany 15 2 crucial aspect of sofiwgre
empinsering methods, and the need 10 manage complexity
anses fram the goal of underpandability. The cnrly way 1o
achieve the poal of wnderstandability wih regard to an
wherently camples syslem iy (u jmpose §n apyropriale
tiructure and organizalion on the system. The steuciuse
must be represenied in & clear notatwen that permils
mechanical translalon-e g, complers, elc.—to brdge the
gip berween the aclual sysiem and an understandable
sepresentaiwon of b, Thus, achieving understandability
depends 2z much upun the saltwaie engineenng toelh a5 on
the methods, For example, when compilers do aat produce
acceplably efficient code, assembly language may have to
be wsed. al & ¢osl an program understandzbility,

The Principles of
Software Engineering

The pnncaiples of swftware engincening are, a1 we
mentioned tathier, mdularig, aMrractivn, localization,
hinding, anefornueiv, completencss, and confirmability. These
femreples apphed i variout combinatiung within the
Junduamental process will work 1o produce Ricrarchical
Jdeceagporiinons wihich achseve our gogls during all of the
saljous phases ol seliwaie development. The tuerarchical
decampasinon ol a syslem depicts the constituente of the
svalem wipamzed into s structwe by the relationshups
among  thase conshiiuents, The above 3even principles,
angly  ad w0 combanation, are uted o determine and
wontred ahose elanwnshups. They are wsed essenially as
dewision critgina o ensare thal the reseling decompuntion
At wur posls, and thus cach deals wath same aspect of
the relationships -1e., the mmierfaces among 1he constitu-
[211E]

I~ 25

Modularity Modularity deals with propeines of haer-
aichical software efructures. [I has been given vancus
definpions. Sometimes 1t has been defined in terms of
objectives:

“|0nt abjective of modular programming & (o be able

Lo convince oneself] af the correciness of & program

module, independently of Ihe context of s use in

building larger units af saltware."” (Relerence 2, p. 129)

“Sodularily denoles the abdity Lo combine arbiliary

program modules inlo lerger modules withoul kpnawl-

edge of the cunstruction of the modules.” (Refetence 9,

p. 54}

“Modulanly w nol ... imphy the srbitrary diviaien of &
barge program  into emalier parte o7 madules. The
primary goal ., . should be to decampase the prugram in

such & way thal the modules are highiy independent
frum one apother,™ [Reference 13, p, 100}

Madularity 15 more Trequently delfined an terms of
structural propertses possessed by “modelar” sysiems:

“& program is medular ol is wrollen i many relatvely
independent parts or modules which have well-defined
mlerfnces such that sach module mekes no sssumplions
about the operstion of olher modules gucepl what u
conlaingd in the inlerface specifications.”” (Heference 4,
p. 1)

“Modulanzalion copssnin of dviding 5 program inio
subprograms (modules) which can be compied sepa-
ralcly, but which have connections with ofher modujes.
... A defipition of “good” madularity mus! cinphasize
the requitement thal moduley be as disygoint as possible,™
(Reference 11, p. 152)

“A modular program 15 a program | having w hierarchical
struciure | . § Relerence |, p. 34)

“Muodular ptogramming 13 the organizing of 8 complele
prugram into 8 number of small unus. . . where Lhere 15
a s¢l of rules which contrals the characienisnics of those
units, {Cited in Reference 10, p. 19) .

In general, modularity b5 cited as helping 10 improve
sofiware reliability, helping 10 allow multiple use of
common designs and programa, and helging 1o make
easicr 10 modify programs. Most discussons of modulazity
focus on ene or another of these objectives and aliempl 10
explain why ceruin suuciural conshiamnis make the
atlainment of these objeclives easier.

Rather than wlect any one obyjeclive a1 the mosl
important one, we propose* 1 general umifying definivion:

Modularity deals with how the srrugiure 0 an vbject can

make (e aitanment of some purposr caser. Modulanty
i purpasefud jiruciuring

Hence, the principle of modularity s made cancrele by
explaining how fertain consraris on the siruciuee of
syslems can make 11 easier or hardes 1o achieve some
purpuURe.

For cxample, what “sart of struciural consiraints
facilnale modifablity? efficiency? ieliabhiluy? lmpoting
such comtramis on siructures is Lhe esence al applying the
modulamty  prnciple i toliware enpgineenng.®**’  For
example, goto-free programming forces programimers 1o
make eaphol the conditions under which 3 given statement
i executed, and 1his can help ensure understandability and
pl‘t'\-lﬂl Errurs.



The principle of madulariny can be fuether tllustrated by
considering modulanly ssues arising in deciding what
partfwhole relaticnthips showid be conudered i developing
tuetarchical decompagitiens:

Increasrng Mactune Depradence The lower the modyle
in Llhe syslem structure, the more the module 5
dependent on ithe hardware on whygh il runs. This helps
to make snliware more portable, by inolating machine-
dependengics. .
Refinemeni 6f dutron thgher level modules speady
objectives (o1 e action, 1c., wha! 15 10 be done,
Lawe) levels deseribe how Lhe objeclive 11 §0LRE LD be
tealized, 1e., Aow somethang 15 10 be done. For example,
within & higher level module, an engineer mighl specily
Ihat & temperdiure 13 to he adjusied untid 15 81 legut
145 A fower feiel module widl deline how thi
adjusiment is perlormed, ¢ g, by adjusting snd 1ampling
the emperalure jrend 81 five minule inlervals. Tha
tonsteant helps make a sysiermn mote ynderstandable and
exuer 1o modily
Scope of ronrrel Higher level modules call lower level
modules #nd supervise thew vetwvilies. This means thar if
fowe: level modules encounier some exception condition
ie g, & condition that prevenls the requesied cperation
frum being performedy, this must be reporied to Righer
level modules s Lhey cun lake appropriste actian,

It may be impossible for & given program to tatlsfy all
these chjzclives simultancously. A prograns may have one
structuse of madules yre ordered according to ore rule, and
a dulfecent struciure of o dilfecent rel b considered. The
miln pornt in identifying these relationships Is 1o highlight
pulsible criteriz thal can be consciously used in siruciuring
the madules. Many of these criterin are already uged
in-uncuvely; the advantage of making the criteria explicit i
thal any programmeé: produces befier resultn If he ia
conacrously sware of criterla for evalusting what he i3
dining.

Absiraction Like modulacity, absrracrion i » very
pervasve ponciple. The estence of sbiiractiion 13 10 exitact
esscntial properies while ominting imessential details. Dur
discussion of hueraichical decomposition in the form of
“levely” thowed abstracuon In perhaps its motl pristine
lotm Each level of the decomposicion presents an absicact
view of the lowar levels purely in the gense that details are
subordinaled to the lower levels,

The prnciple af abstracton when tombined with the

prneiple of compieleness entures thal » given level in .

decomposition 8 understandable a5 3 unit, withow
sequinng ®ither knuwledge of lower levels of detail, or
necessarily how 1l parnicipates i the syitem as viewed Trom
a tugher level, Thus this prnciple s employed on the one
hand 1o obtain & description of some leve] of the syslem
which could be realized by any of several implementations,
ard on 1he other hand to give a description of ont part of &
syulem which could be used in many other sysierm
reguinng the tame component o1 that fevel of absltaction,

The principic of sbslraction wmizraco very strongly with
the purpose undeilying any particular decompesition. The
prnciple s of Bide pracucal value unless combmed wilh
the principle of modularny (“purpeselul structuring™) o
ensure thal apprupriate sbsirachony are (ound Absirac-
tumy empluyed 1o achieve the gual of undestandabuliry
mean that each level of dbstisction, while prewnling moig
and maore detatled views of the apsiem, most do s icrend
which are understandable 1o the niended audicncr.

Localizgtion The principie of focalitation iy voncerned
with physical proximily. Things must be baoughi 1ugethe
all i one place. Thus, lacalizasion deals with physical
intecfaces, 1eatual wquence, memary, £1¢. Then the othet
principles can interrelate the localized things Lo serve
parlicular purposes. Consider carefully how wnlimate is the
connection between Jocalization of an sbstraction in &
muadule end cur ahility then to understand and deal with 1,

Subroutines, arays, ogical and physical records, 25 wel)
a5 paged memories, st cxampls of localizauen The
avoidance of goto’s in structueed programmang i an
eppllcation of locallzation 10 cantrol tisuctures which
enhances understandablliy and simplifies confirmability.

Hiding Another principle familiar 1o many readers i
hiding Pamas,'" lor example, uses it as the major criterion
for 1 decomposinion inte modules. 1t ix related ra the idey
of “posiponing binding decisions™ in top-down preblem-
solving, although it 1 not 1he same. The purpose of iding
{3 similar 1o that of abstraction in thar 1t requires making
vislble only thowe properiies of a medule needed
interface with other modules, Bul hiding differs from
absiraclion in that the purpost of hiding i3 re make
froccestibly certain details that showld not affect other
pasts of a system. Abstraction helps to idenndy delaily that
thould be hidden. Hiding {s concerned wlib defining and
enforcing grcess consfraingg that, without the hiding
puncipie, would otherwise cnly be implicn ;1 some
Purpoke, goncept, mechanim, rnotalion, or  usage
description,

Hiding, combined with sbatractlon and |ocalizsiion,
forces suppression of kow 1o emphasize what, Suppressng
how & constrainl is selisfied forces the constraint to be
made mote explicil, theteby gmplifying our unde rstanding
of the constraint iself, Deciding what constraints ure 10 be
eapressed {wn aspecl of modularity —purpase ful consizaint
selection) is a malter Independent of the hiding principle
iaelf. -

Uniformity Uniformity {the lack of inconssiencies end
uanccessary differencer) i3 alto an important princighe,
Yhen applied 10 notational matiers, uniformity yiclds »
notation [ree of confusing and perhaps costly inconsis
tencies. When also combined with the abstruction principle,
unifotmity implies & nowtion that permuts arbrirary
mechanization of the miernal detuling of a mechanizm-the
notation does nal censtram one’s cheice of implementa-
Lon, And when the ding principle is added, the resuli 15 3
nolaton thal does nul merely permmu severzl implementa-
hwh choices, bul also ensurey that no unnecesry details of
a specific implementanen are revealed by the notation. For
example, jf 1 subroutine parameter i 10 be 2 stack, the
representspion of the flack should wsuel'y b hidden from
the user of the subrouting, Thuy, the user should be able ta
aliccate morage for suachs and pass them to subroutinen
without having sccess 10 the individual components of »
stack. A notation for tepresenting such abatract data iy pes
i given in Referencas 7 and 12, Anvther example 13 given in
a tesent pape: on easeption handhng methods Y 1o which s
wnifirm notation 5 proposcd whose wmanies can be
iealieed wnng vaious Haditiond) methods of handling errr
eruins from subrouiines.

la ils essence, auiatesn satslymng 1he uniformily and
abstiacyiun concepls hay been Called eliewhere'® the
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Unsfirrm " Referent Prnaiple. This prinaple, spphed L the
congepl fermation step of the fundamental process, yields
conssteni angd well-defined sel ol semautic concepls tha
can be represented walth a vnifurm syftan, A unifDrEn
nulatwonal Symlax i§ nol pussible iIF thicre 15 no sEmantic
uniformity underlying the natatuon.

Completeness Completensss b3 obvinusly an imporiani
principle. The purpoie of this principle o to ensure lhal_:_ll
the essenuials of an abstraciion, for example, are explicit
and that nothing esscntis] has been amitled. This dues nol
requite thal every defail be shown—merely thal the szt af
dbstract concepis covers every delail. Appled o notational
matters, complereness requires thal a nolanon provides a
meam for saying everylhing that one wants 1o say,
Combzned with absiractionr, it implies that i actation
shuuld be concise, permitting the supprevien of invariant
detanls in fuvay of highlighting the potentially changeable.
Completeness cumbsned with uniformity and absiraction
snd  applied 1o the goal of efficency suggesls thul
programiuners should be sble (o select dfferent imple-
menLation mechanisms to tune 2 sysiem's perlormance, bug
withoul changwng the form of any subroutine call, for
example. A nolalion thal does not permil this pupose 1o
be achieved 15 incomplete.,

Confirmability Confirmabitity is 2 principle that directs
attention 10 methods fur finding out whathe) tated goals
have been achweved. Applied 1o detign istoes, confinnability
refers Lo the stpuclunng of b system g0 il i3 readily 1ested. [t
musl be possihle 1o wymutate the construciad sysiem in g
contrglled manner sa 14 responte can be evaluated for
corteciness. Apphed (o notauona) matten, confrmability
means (het @ notaton shoutd require explictt specrfication
of conatrants that aliect the corrécinews of a design or
inplementation (e p.. data declarations thy specily range
of values and wnns of wvalue a5 well a8 mode of
representalion]  Applied 10 the practice of tultware
engineening. confirmabilly refers 1o the use of such
methods a5 structured walkahreughs of designs, egoless
progmmung.'® and uither methods that help 1o ensurs
that nnthung has been vverlooked.,

The pnnciple of confirmabiliy can be realized in many
useful forms, buth at entirely manual procedures and
wrongly aided by the touls and data base of & software
ergincening facility. Cervain knds of type cheching and
consistendy cheching reflect the prnciple of confirmability
spplied 1w the design of prigramming languages and
cumpilers

Completenesy and counflomatulity are eanly confused.
Fai esample, yn the Introduction, we prosented examples
tHustiahing the iniciacoon between nolation, completencss,
and relabihty - In une of 1hese eaamphes, we noted that o
ensute compleleness of case slatement comml 3 pro-
pramuet shiuld be perenited by the syntaw 1o specefy what
shuold happen when a Case staement sanable nooul of
tampe. Conlumabilbty appled o the game ssue would
imply 3 proprannnet should be requiced 16 state whal
shuwuld happen, (0 courw. o he knows that out-of-range
values st¢ 0o possible, tha oo thuuld be cxpresable, to
peoud npkeinentston efticieney Do shwor, the evolution
al compltirtes 1o sainly otunubilily seguocs that
wthiere bt ol nplcitnns b aeide 4o s mcxplicn
Tnetan
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An Example of
the Framework s Utility

laving discussed the componenis of the process/gonl/
principle framework al grealer lengih, we nuw intend 1o
thow how the framework can'be used o gain and structure
insights Into aspects of sofiware engineenng. By giving an
eatended example, we hope 1o thow [hat the lramework is
not merely texonomic but ¢an actively assist m dealing with
the complenitics of toftware engineesing.

Our caample will show how the frTamewotk can help 10
organize pur underatanding of the notion of ¥ subroutine,
We choose this example becavse, although “aubroutine™
fundamenial to sofiware, and seems well-understood, il is
also one of the moy complex concepls when considered i
its 1o1ality. Figure 8 shows the patiern of the Jundamental
prucess applied 1o the subroutine ¢opcept. The notaticn
proposed s exsentially that of ALGOL &0, Qiher notalicns
could have been prapused equally well! The descriprinn of
the subrgutipe concepl 1n Figure B 15 chvivusly very
general. In particular, the description of "Mechanizsm™ is at
a high level of abstractinn.

Applying hicrarchical decomposition, the mechanism
aspect of subsoutines can be decomposed o Lwo
less-absiract mechanisms for implementing the subroutine
conctpt—one for inlme subroutines snd one for closed
subrcutines, Then, the fundamental process can be apphed
agaim with respect 1o these mechanisms, ss shown in Figures
9 and 10 We have mnserted parenthenical comments 1o show
how variaus principles andfor goals ate being served.

Consider now the closed subroutine, Figure 9. Qur
description holds no torpnses, for we are snll o1 o high
level. The notions of Figure % could be relined in several
ways, however, For example, there are st feasr two disilnet
kinds of suhroutine inkage mechanisma: 1) dirret linkage,
which is usually supporied by a machine msuuciion tha
saves the return address and transfers cuntiol to the
subreutine body, and 2) mdvectr ftokage, 8 mechanism
employed in AED implemenistions,'” sn which a
subroutine call is implemenied rot direcily by (ransferring
control to the subroutine, butl wdirectly, by wansferring
conirol 1o s “linkage ™ subroutine. The purpgse of this is o
save space on machines for which stagh mamipulalions are
expensive gnd to localize al run-time all subrouline calls 5o
different linkage roulines can be subsitaied-¢ g, 3 liming
Lnkage 1that gathers infurmation aboul how much time &
spent in each twbrouting, or & debugging linkage that
permils antercepbion and tracing of calls by 1 debugging
package. This sppheauen of the ocglizanon pinciple o
subnoutine linkage has the advantage of making i casier tu
sansfy the efficiency goul (by gathenng unung infurmation
imputlam 0 luning & system) and the cehabiting goal [by
making 1t ecader 1o track down bugs), Fortlesmore, when
complex calling sweguences are rzquired by the language
implemenauen, the shght run-oime cosy of enier and leave
maltg Gperations s iekds significanl stoqage savingt through
localization and shanng of the machine inseruchions needed
fon each gall.

The call-seturn o epr could alse be explicared funihe)
by dwucussing more speciflic examples of the cuncept, 1o the
sigle of Fipuie 9. Far esample, the we of stack Trames
e g, wee Heleroner b4 s, the maging of retuen addiesses
aind oher nbommatpe relaled G slirgutnee Invoedtion
cuch wbriouline's sluige spact wan he clanfed by



inuchad,

Purpass. To invoke a timitar patiern of action from many placEs in s program.

Concept: “Similsr "™ bt ot “ihe weme” implies that the “same™ paris must be collasted in one place, but com:
bined in sach case with tha “dilfarent™ parts. Tha "combinstion® must show how tha “differem™ and
s oy inleract, .

Machanism: The "tlml"'mrt iv & subroutine body, tacxted in one place and raterenced by name. Tha “diflerent™
parts # ¢ the actual parameter velues ssrocisted in each case with the subrouting name. The parsmeier-
passing mechanism and coding of the subroutine bedy implament the “combination™ o the parameters
with tha body at call time.

Noration: <procedurs statemans> 1= <Sprocedure identifiers [{|<sciual parameters>] 4]

<y nipg> )
RN presyicn
<actudl parameters = “Carvay Wantifiar>
<switch identifier>
<procadure identifiee>
<procedure declarstionss = [<typelr] procedure <Sidentitiors [|[<identitier>-1]; =
-+ |waluw <idantifier>=;| -
= |<specitinr> <idantifiefe:]~ =
= <gtatement>
Liage: The syntex pnd semantks of & programming lengusge defing the contexta in which proceduras can be

Frpurs . Top Level Explscstion al tha Bubroutine Call Congai

explicitly eapressing purpos, concept, mechanism, nocta-
uon, and usage,

I is ueful to note the difference in the “Purpose™
components of Figutes 9 and 10. Alihough the goal
wmherited by  decomposition from Figure & are the
same—improve efficiincy—note in Figure 10 that inline
subroutines can improve efficiency in two ways: 1) by
chimauting subroutine call overhead and 2) by performing
cerlain  computations at compiletime rather than a
Jun-lime, using aclual parameter values. For example, if all
parameters ar¢e constants, it may be pessible to compute the
value of the subroutine al compile lime with consequent

Porposs:
& To save spaca by executing the scame body of
codde with different parameter valum

Concepr:
& Caflreturn capability {tramiar control to the
subrautine's Ly, remembering whars the
call came from)

Mechanigm:
* Spacific calling sequences, 0.g.
» clirect link sge
« ndirect hinkage

Notaton,

& Moilation tar call showld not ba different fram
noTalion uied Lo invoke inling EUBToWLIAE,
(NoLa that this is sn applicstion of the wnitorm-
ity principhe, and servas 1o foster pragram
modifability .}

Ussge:
;

enofmovs svingy in runtime efficiency. Wegbreit'*
explores this possibiity and ielated ones in more detal,

For purposes of iliustrating the wse of our proposed
lramewark, however, it is worth noting how Figures 2 snd
10 help in comparing wnd contrasting (wo relaled but
differing interpretations (inline versur closed) of the hasic

Purposs;
# To iave time by sliminating call overhesd (the
efficiency gosll;
# Tp tave axecution time by parmitting compila.
tizrw timplitication of & subrouting body based
on sctual velues of parameiers

Concept:
® The subroutine body i substituted in place of
the call, with actusl parameter values substi-

uied for formal peramaer v urs

Machanizm: .

# Macro substitution, Tollowed by compile 1ims
opLimizZalian; or

# Syntsctic ubstilution, in 1he sense that locsl
varigbies declered within the subroutine will
not be found to conflict with similariy named
veriables in the contex1 of the call, as might
happen with macro substitution bwhich occurs
a1 the lexical level of a prugram tenth.

MNotation:

# Should not be different Irom call notation used
te invoke closed wwbrautines. {This s an apph.
cation of 1he uniformity princple, and 1erves (o
faster program moditubility |

LUsage:

{ J

Faura & Dmcriprion of 1ne Ciowmd Subrouting Cancept

Figury 10, Dweription ¢f the Indne Subroytine Concapt
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subrouline notion, Note also how we have apphed the

framework {using hierarchical decompusidion) to alietnalive

“Mechsnism” and 10 ahernative *Concepl” compunents af

the patterns in Figures 9 and 10, This iecursive spplication

of 1he pattern within componenti of the palicra is »

principal atitacticn of using the framework for undetstand.
- ing sufiware engincening 1opics in depth,

Our fllustration so [er appesrs to (mply that (he process
mspect of the lamework i of paramuounl imporiance,
because we have organized our examples pomarily i lerms
of this pattern. Hut each of the compunents of the
ltamework 11 of cqual impustance, W0 2P analyfi cn be
arganized squally well in 1erms of goals or principles.

Depending an which dimension is used, the emphats will
be different, bul using any of the three components as the
dommating organizing concept 11 valid in applying the
[ramework. Which of them should be used depends on Lhe
purpost of the discussion. '

To demonsirate the validity and value of using one of
the other components as the organizing principle, we
describe in Figure 11 the notation aspect of subroutings,
orgamized in terms of principles satiefied by varlows
subtoutine call noianons, We will discuse cach briefly
below.,

The purpose of confirmabiliny as apphied 10 notational
mailers it 10 ensure thal imperant properiies of 3

Confirmabiiy:

Purpose: Ta ensure sreors mn Torming » ol
are deteciable,

Loncept: Distinguih iInput and output
parame LEr:

Meohaniem:  Usa s colon or & Wwmicolon to
separate input and autpul parsT:
iars, wg., F(ABRCDIar
FiA B.CDI.

Loncepr: Provide indication of whsi excep
tank Can b reised.

Mecharisrn: See below, under Campleteness,

Uniformity:

Purposs: Swond unnecessary diffarencet in
torm of call,

Cancept: Ensure clased snd inline calls have

the sama notationsl form, (Thin
enhances modifiability daesctly,
and afticigncy indirectly .}

Complatanan:

Purposs: To ensur all properies of sub
routines are raflecteds in the

natation,

Parameters sthoutd by both resdatie
andd wriieable; Ao1ations far axpres-
Ling respome 1o seceplions thould
be available For uw,

Concepl;

Mechanm. & For resdfwrits parsmatens:

Liw puncioation 10 1eparste
Mpul and outpul paramerers.

Declare which paiameters are
iput and which are oulput,

lncorparate body of yubioutine
in prowgam whers o i odlere
enced wa globel anelysi can
determing which paramelerg are
UL gnd which are autpul
l6.g.. &1 w0 &LGOL

* Notstiom to deal with the vari-

Localizmtion:

Purpocs: To exprest anly once otherwisd (s
dundam information concerning

) SxXCEPLIONS,

Concepr! Associate handier with larger syn-
tactic unit than the call itwlf,

Machamism:  Use notation suggested in Reder-
ence B.

Hiding:

Porpose: To prohibit sceess 10 information
that 1thould ke svailvbla onty ta
the subroutine,

Concept: Uie abstract date type in declaring
an aclusl paramoter’s dats ype,
but & more detsilad declaration of
tha formal parameter’s type.

Abstraction:

Purposa; To preservs eysential properties of
call in tha notalion, leaving athar |
detsils to nther notational devica.

Concept. The method for handling sxcep-
tions thowdd ngt be clotely linked
to implementalion melhods; a
choice o & vty ol wmplementas-
tign technigues should not ke
foreclosed by the notlation,

Mechanipm:  Lhe gnoimplemantation neutisl
natation 1or excepticn handling

Modutarity:

Purpass To ensura that sy nlacts TrucLug
fosiers appropriate gaaty,

Concear. Examine impact of syntas on goal
achizvement,

Mechanin Choose the JOVIAL method of

distinguishing inputfoulput param-
etere ragther than a declarative
method since the JOVIAL nota:
lion improves understandability,

autl typal of sncaphian condi-
liong

1-2
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tubroutine’s interface wre stated explicitly In a cll, so It i
clear whether they have sll been dealt with correcily. Two
stpecls of a call deserve particular nsention a8 concepts lor
achieving this purpose. The fimt i1 to dislinguish in the
notstion of the call which parameiers wre readonly (ie.,
which are inputl parzmeten) end which wre wrlieable {ie.,
cutput parameiers). The woond b to distingush in 1he
form of Lhe call what excepilon conditions & lubreutine can
raue,

PL/ is deficiknt in thal ne indicatlon of oulput
puamelers 9 made. In this respect JOWIAL & superior,
since 3 call to 8 JOVIAL subroutine, eg., F{4,B:C.D),
showa explicitly thal & and B are inpul parameters end C
snd D are output parameters. In this case, the JOVIAL
synlex U o example of » notstionsl mechanism lor
wnplementing this conceptl, An tqually good mechanim
tconnidered solely fivm o conflirmability viewpoint) would
be merely 1o require thal in the declaration of & subioutine,
the inpulfoutput atiribuies of parameters be apecificd
explicitly a0 the requitement can be  checked ol
complle-tme. Also, uniformity with more medern program-
ming langusges, ns well ny crdinary English, might say that
the *:" of JOVIAL might better be s * to.fusther
impiove the undernangdabilily of 113 syniax.

The explicit indication of eaception condhiions s »
conflirmability issue in thst # permits overnghts with
respec! 1o eacephion condilons 0 be detected mare easlly.
We will discuss 1his congept further under Completeness.

As lor pniformity, we hst merely the concepl that inline
and glosed subrouting jnvocations should have the same
furm. This enhances muodifiabilily for tuning {eMciency)
purpasel, Bince changing a decision abowl whethei 10 treat s
suhruling ay closed of inline will nol then 1equire changing
every call.

Under completeness, we again Dist the concept that &
subroutine's invocalion nolalion should provide for dealing
with eaception conditions. The puipuse served here is nat
L #nsure that ali conditions are dealt with appiopnately {13
for confirmabiluy)} but tather 10 ensure that every
capabilily of the subrouting concept is mapped inlo a
sutlsble notation for invoking thal capability, The abilny 10
comitel the response to an exceplion is an importent aspecl
of whrouline invocatian, and notation should be provided
e deal with it. The conflirmabilty purpose perhaps
provides 3 stronger argumenl for sstocialing eacepiion
handling wih catls, bot we ¢ie i here becawe 1t abo
salufies the compleéteness prinaiple as well. Similarly,
itreducing the abiliny to assign lu parameters & s concepl
sugpesied by the comploieness principle, distinguithing
mput and culpul paramelers in the form of the call or in a
declaratzon 1s an applicanon ul the conflirmability principle,
because this make 1 easier 16 deteet errors 31 compile ume.

The purpose of kuxohzgtiun as applied w0 potalional
nultess fo1 dealing with eaceplion conditany might be
paled 23, *When the same rxceplion handle: i to be
awnciated  with seversl calhng pointy for the same
sutinutine, i aotaliun W enceplin®: handling shouwld
pennl 1he hinadler Lo be winien moge, rethet an requiimg
oo B owennten 83 part ol ench Gl One congcepl Tor
saslyIng thus purpme i e ssocdoe handlory wilh Laogee
witactic waits of texy then the (all dsell ey with
siutements, feop bodigy, 1w, This proprsel o explored
lurther 1n Relerence B pnd & speoitic synlas is propoied
there.

The kiding principle applied to subiouling call nolation
means allowing the subroutine uper wcoess omfy 1o the
abstract data type information needed for the semantics of
the call. Thus declsrations of formal paametens {i.e., on the
lnsids of the wbrouline) are broken inio two parti, wnd only
the abitrect part B made available 1o the user for hiy
declyrations {e ., sce Reference 12),

The principie of abymraciion combined wilh uniformity
uggests that the notation fo1 dealing wilh exception
ronditons should be neutral with respect to wvariows
implemenistion 1echniques for handling exceptions. In
Reference 8, # nowtion for exceplion handling is preposed
that can be implemented vsing soetus varables, retum
codes, subsoutines passed a3 panmetens, or PL/L ON
conditions as implementation methods for dealing with
exceplions, depending on the logicat constraniy awoclated
with the eaceplion. The point 5 that the netmion should
permul a programuner 10 deal with the absirac) coneepl of
an exception, without being tied down e implesnentation
detads untli he is ready to tune & system. This point i
explored (n greater derall in the cited reference.

Finally, applying the modularfty principle to notstional
matters means exploring how the structural constraints
Imposed by a syntax cun help 10 achieve some purpoie. For
exarnple, the gosl of understandubllity it enhanced by
JOVIAL's syntax for dissinguishing nput and outpul
Farameitry, i opposed to declaning which parameters are
input paramelers bul nol disiinguishing in the structere of
the call which parumerer is an input parameter, Of cowrse,
the JOVIAL notation degrades modiftabiliy, in that should
an mpul  parameler ever be changed 1o am oulput
parameter, all calls would have o be modifled, whereas the
localization inherent (n o separate declarntion af read/wrie
propertics would not  have this drawback, Human
judgement is wsed 10 make & tradeofT decision i this case.
The point i that by contdering the eflect of syntactic
structure on achieving some goal, we have shown how the
modularity principle pplics 10 notalional sues,

[n shon, Figuwie 11 shows that i is equally possible to
organize a discussion of atpects of the subroutine concept
in terms of principles as o terms of the [undumental
processfpatlern. {As &n exercise, the reader might consider
whal principles are 1atisfied or degraded by 1he notational
concept of oplianal arguments.}

The amalysis in Figures 8, 9, 10, and 11 is only the
beginning of 3 complete eaplication of the yubrouotine
concepl, bul we hope our discussion hay shawn thar by
recurpively applying the lramework, in conjunciion with
hitracchical decumpusition, erpanized and sightful exph-
calions can be developed i account for the virtues and
deficiencies of valious software enginesnng  purposes,
con{epts, mechanisms, nolations, and usages.

Conclusion

Our iment in thin paper has beep (0o contohdate and
structure snltware ongmeenng idess mto 3 cohercnl wnd
uselul ramewk 1or' undenstanding the sule these wdea
play. The prnciples, goals, and process sieps coanprising
thy Transewsik e mot oud ioventnws, they have been
recopnieed by caelul observers of wiliware engineenng lor
many years, We havt merely atiempied to prewent thess
weas s an prderly wnd well-defined way. We du not chim
1o have dentified all the important principles or goals

I--2-10



THICAL

HOW DOES A PROJECT GET YO
BE AYEAR LATE? . ... ..
ONE DAY AT A TIME,

NG SCENE FROM PREHISTORY is
quile 3o vivid as thal al the marial
strugples of greal heasis in the tar pils,
In the mind™ eye one sees Jinisanres,
matimahs, and saber-toothed tgers
strugghag agand the grip of the 1ar.
The fiercer the struggle, the more en-
tanghng the 1ar, and no beasl is
strapp or w0 shallfol bt thal he wlts
mualely sinks.

Large-svstem pragramming has over
the past decude been such a 1ar pit, snd
many greal and puowerful heasis have
thrashed winlenily 1. Most have
cmerged with rupning systems— few
huve mel poaly, schedules, and hudgets.
I arpe and sniall, massive or wiry, Wam
after teum has heeome enlangled in the
rar, Mo onpe thing secms o cavse (he
hiliculiy=-any paricular paw can he
pulled away. But the accomulalion al
siltanenus and  inleracing fachars
hrings slower and  slower  moliun,
Everyone seems 1o have heen surprised
by the stickinass ol the problem, and 1
iv hard o diseern the natire of it But
we st iry 1o understand o if we are
I svlve T,

Maore suliware piojecls have puone
awry jor lack ol calendar vime than (or
all wher categs combined Why is 1his
case of disaster s commaon?

Farst, wer lechnagoes of eshimating
are pooely descloped More seriondy,
they peflect an ansoiced  assumipnnm
which s goite vnirae, ice., that all will
g werl,

Secedud. our extodhing wchnigues
Pallacsngndy vumfose ¢llorl wilh prog.
tess, Jwdoig the assumplion that fcn
el anths are interchanpeakle,

Chird, hovaose wie ate wneerian of
aul eslimgids, wollware managers ofuen
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By Frederick P, Brooks, Jr,

« lach the courteous slubboraness re-

y guired 10 make peaple wail lar & good
product. ,

. Fournth, schedule progress 15 poorly
monitgeed.  Techoygues proven and
roting in other engineering disciplines
are considered radical innovations in
beofiware engincenng.

" Fifth, when sehedule shippage is rec-
agnized, the natural (and {radiltonaly
reaponne iy 10 add manpuwer. Lihe
dousing a lire wilth gasoline, this makes
maliers warse, much worse. More fire
ruquires mare gasokine and thus begins
a regenerative oycte which ends in dis-
Aster.

Schedule manitaring will be covered
later. Iel ws fiow consader other as-
pecls of the problem in more detail.

~Dptimigm
All programimers are oplimists Per-
haps this modern saicery especiatly -
tracty thuse wha helieve 1n happy ond-
ings and tary godmaothers Pechaps the
hundreds of micey  frusiralhions dove
away all bul those wha hahiivally lo-
cus o The end goal Perhaps 10y mere-
Iy thal virmputers are young, programs-
mers are younger, and the young are
always opunusis, Hot however Lthe se-
eclian piocess works, the rosull 1 in-
dispurable . "This time o will surely
i, o1 Y quet Tound the last hug.”
S the firsl Talse awumphion that
onderhes the scheduling of syslems
it amming s thal ot n o goowelf,
Pe, thal rach durk wetf tohe anfv aa
cliasege arp o oo g ke
Yhe  pervasivensss of  oplinsm
AMeeng  PIOEFaMimers Jdoidrves  maore
than a Mip analyos, Durathy Sayefy, 0
her eacollent book, The Mad of the



THE MYTHICAL MAN-MONTH Co

Makree, divides creanve sclivily aio
throe siages: she idoa, the mplementa.
ucn, and the intgraction. A buoh, Lhen,
Or & COMPuUler, OF & Progrem comes
mo existence firl sy en wical con-
struct, buill ouwside time and pace
but complete in the mind of the gu.
thor. It it realized in time and space
by pen, ank, and paper, or by wire,
silicon, and feerite. The creauon s
cormnplele when womeont reads the
hook, usts the compulet oF rund the
progrem, thereby interncting with Lhe
mind of the maker.

This descripuon, which Miss Sayers
uses 1o Hlluminate ool ooly human cre-
ative activily but alwn the Chritlian
docinine of the Trinny, will help uy in
out present lask. For the human mak-
en ol tings, the incompleensates pnd
imcensisiensies of our idens become
clear only during implemenintion.
Thus it s thet wriling, eapecrimenta.
lien, "working aut” are ensential disci-
plines for the theorelicinn.

In many crealive nelivities the med;-
um 0! eaccution is intractable. Lumber
splits: puials smear; elecirical circuits
rnng. These physica! limitalions of the

medium constrain the ideas that may
be expressed, and they alao creatr un. |

capecied difficulties in the implemen-
tation,

Implementation, then, lakes time
nd e eat hoth because of the phyucal
medhia 2nd becawse ol The inadequucies
uf the wnderlying ideas. We 1ead 1o
Slame the physical media Tor mos of
cur implementation difheutties, tor the
media are not Toun” o the way he
wdeaw wre, and our prde colums pur
Judgmenil

Cumputer programming, however,
creales wilh an cxycecdingly fractaple
medium The programmer huilds (rem
pute thoughisioil . concepls and verw
Aevble representalions thereol, He.
vduse The medium is iraclahle, we ex.
prel few dithiculney inormple mentation;
heoy e our peryasive opimism. Because
oul odeas are faully, we have bugy;
bence out apiimasm iy unushified

In a singhe rask _ the assumpiien thal
all wall g well has & prababdonnge elect
an the schedule 18 might ndeed g ay
platined, bar there woa probabiiiey od)s.
bt dor the delay thaty will be an.
wiuntered, and “no delay™ hav 3 finage
profhebiliny, A large programmung el-
torl, hovweve!, Comsisls of many Lk,
withe vhiined endioend. [he proh.
alubhiy that each will go well benmyges,
vanhanghy small

Tha mythlcal man-manth

The scvonnd Tallaswos Pumght nuyy
woarapnessed o e sery ol ol il g
el an vl bing amd achedubsg 1l
pran-miole f ol does adeed] s g e

the product of the number al men and
1the number of months. Progress dnes
nol, Mesce the man-rmonth a5 o snggp
for mraweing the site of a job ir a
dangrrons and decepiive myth, It im-
plies 1hat men and monthy are inler-
changeatle.

Men and months sre interchange-
able commodities only when a task can
be partilioned among many workers
with no commumcation among them
(Fig. 11. This is true of reaping wheai
or piching colion; it i nol £ven ap.
proaimutely true ol syslems program-
ming.

When a ik cannot be panitioned

Fig 1. The term “man-monlh™ implies
thal 1l one man takes 10 manths to oo a
Kb, 10 men can do it in one month, Thig
may be frue ol piching cofian.

becaviye of seyuential consirainis, the
apphication of mure eflurt hus no eflery
vn the sthedule. The bearing of a child
takex nine months, no matter bow
many wamen arc assigned. Many sol).
ware lashs have this characterislic be.
caune ol the sequeatial nature of de-
bugging.

In tasks that can be partitioned bur
which require communication amaong
the subiusks, the effort of communica-
tion muil be added o the amounl of
work 1o he done. Therelure the bes)
tha, can be done is yomewhat poorer
1han an even (rade of men Jor month,
(kg 2.

The wdded burden ol communica-
tion 15 Made up of twer parts, traning
and intercommunicdlion Fach worker
st he tramed in the Technology, the
grals of 1he eifory, the overall siralegy,
and rthe plan of work. Thin Iraiming
vannnl b partitnned, s This panl of
the added ¢ftert saries licarly walh the
mumbrr of warkers

YoON Viysaobsky ol Mell Telephongge
I wtrrmtvnies catomtes thal a0 Large
o] L sklan a ad s et bunkd
up ul WP per yewr Mare Than that
srans gud even anhphs 1he vwodubnop
il the esactiial llormal siro ire and
S ENE R LU L] rhtth“u}\ | K

T T n

Manthn

Moy

Corbald of MIT points out 1hel & lang
project muost anlicipale s lursover of
1% per year, and new people must be -
bath technicelly trained and integrated
inio the lormal structure.

Intercommunication i wane. [
ench pani of the lask must be separate-
Iy coordinured with ¢sch olther pan,
the efflan increases ax aln-1172. Three
workery require three limes 13 much
puirwise intercommunicstion sk 1wa;
lour require six times m3 much & Iwo,
[I, marcaver, there need 10 be confer-
ences among theee, four, ete., workers
to resglve things joontly, mallers gel
worse yel. The added eflort of com.
municating may fulty founteract the
division afl the priginal 1ask and bring
uy hack 1o the situation of Fig. 3.

Since sollwarc conlrucuon is inher-
enlly & sysieme effori—an exerciee in
zomplex  inerrefationshipp—<ommu.

nicalion effort is great, nnd il quickly

Fig 2. Even an tasks |hat can be nicely
pactilioned among peaple, the adddional
communicelion required adds to the 1o
tal work, increasing the schadule.
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Frg 3 Since soltware conslrutfion i
complnx, the communicationt avarheid
Wy yienl, AddIng more men Can lengthan,
ral s IRaN shorten, the sthedule.



domunates the decrease w andwidual
task ume hupught abaun by periion-
ing. Adding mufe men thes irngthem,
nol shorieny, the schedule

Systams tost
yNu parts of the schedule arr 50 thar-

oughly sffecied by seyquentl 00
strainty as componcnt debuggng and
syatem tesl, Furibermaose. \he hme Te-
quired depends on 1he number #nd
subllety of 1he erron corountered.
Thearetically this number should be
zera Because ol optimam, wc usvally
expect the number ol pugs 1» he small-
er (hah 1L lurds oul 10 be, Therelore
testing 13 wsually the most mn-ched-
uled pary of programming.

For sume yeaty | have bren setteit
tully using the Lullawing rale af thumk
for scheduling u wofiware (ask

i planning

Y conting

1, compunent tesl and early system
feyt”

L osyaiem lesl, all compopents Ln
hand. .

This  differn from  cansentinnal
scheduling in several imporiant WA
I. The fractnn devoled (o planning b

Yarger thap pormal. Even 3o, 115
bately enuugh e produce o de-

al the schedule.

In ¢vamimng consenhonally sched-
uled projecis, | have lound that Tew
atlowed  gne-hatt of  the projected
wwhedule for weating, but that meat did
indeed spend hall of 1he aciual sched-
ule lor thal purpose. Many of these
wort on schedute uniil and except id
s¥slem testing.

Fulute 10 sllow epough Lime for
BYsTCm lest, in particular, is peculiarly
duastirous. Stnce the delay comes a1 the
end of the schedule. no one i awarc of
schedule trouble unnl aimost the deliv-
ery date. Bad nows, fale and without
WArnmng, is uoeithing 1o customen and
1o Managers.

Funthermaore, delay al this point bas
unbsually wevere financial, as well as
mychalogical, repercussions. The praoj-
ect is [ully staffed, and cost.per-day is
makimum, More seriomly, the soft-
ware is 16 suppor other business £ffort
(shipping of compuiern, operation ot
new [acilivies, e1c.) and the sccondary
cosly of delaying these are very high,
for it is slmost time Jor soltware ship-
menl. [ndeed, ihese sccondary couls
may far outweigh alt athers. 11 jy there-
fore very important 10 allow epough
syslem lest time in the original sched-
ule.

[ § L
5 — _—T 1 1
|r g C . D
o |
! -
= { Training
c 3 —‘L complete
£
2 |-
5 programmers
for 7+ m/m
1 -
0 | i | ] 1 1 | I
1 2 3 q b 6 7 a
Months

Fig 4 Adding manpawe: |y ¢ prowect which is late may nol help. In 1hs case, suppose
thige men on a 12 man-monlh po FCT wee & month late it takes one of the Lhres
AN EElIa WEALN 10 tran teen oew —o Nl D0 o cl will be just 45 lale a3 o Do one was

adoed

tatled wpd wilid spogidfia sbion- $0d
Aol emough o i lude poastch oot
exploratuin ot todally new d6ch
MiLies

U The st o8 the sehedilg dorened 1o
divigping vl womplened o o
b berger than moannad

" lhe part ihal w gavy oot T
1e L emdig i poven anly o7 b

Gutless astimating

(rserve thatl lar the programmas. o
Inr the chef, the uigency of the patton
masy govern the weheduled complelmn
ol the 1ask, bul at cannnt gosvern the
sthial completion. An ometenc. prim.
ted aho 1N Minules, fmay wppear o be
PrOgrEssing nicely. Bul when it has nod
kot wh mmeles, the custemer has
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two chorces—walk ar cal 11 Jauw  Soll-
ware fuslvmners hase had the sume
chaices.

The cook has mnuther choige, be can
luro up the heat. The resull n wlicn an
omeletic nothing can save—burped in
one parl, raw in anather.

Mow | do not 1hink solfware man-
agers have less ioherent courage wnd
firmresy than chefs, nor than ather
engincering mansgers Buf labe soheds
uling to mulch the patron’s desoed
daie is much more commup in wal
dinciphing than chewhere in cogpmest-
g It wovery difhicult o mabe & vigie-
ouy, plausible, und job.risking delcrse
of an esbhimale thal iv derived by oo
quantiishive method, supported by Wt
tle data, and ceriifed chiefly by 1he
hunches of the manugers.

Clearly two solulians sre needed.
We need Lo develop and publicize pro-
ductvity figures, bug-incidence Rgures,
estimuating rules, and so on. The whole
professian cun only profil [rom shaning
wich data,

Until esnmating 1 on a sounder ba.
s, individual manugers will need 1o
viflen their backbones, apd deiend
their eshimales with 1he assurange jhat
their pogr hunches are belter than
wish-derived estimates

Rogoenarative disauter ]
What does ane du when an essentiial

software project i behind schadule?

Add manpower, nalurally. As Figs. 1

through 1 ssggest, this may of may bol

help.
L.el us consider an example. Suppose

# tark u estimated al 12 man monihs

and awvsigned to Ihice men for lout

manths, and that there are measurabie
mileposts AL H, C, D, which are whed:
aled vy [all a1 the end ol cach month

MNuw suppose the e molepaind i
teached untl fwn i hie have elapaed

What arc the abiernatives lacing Lhe

managee?

I Assiime that the 1ad mus be done
on . Assumie dhal only The Rs
parl ] 1he lash was meseslanaled
Then 9 man-punthy ol vHarl n
main. and w0 maanihs, w41 men
will e needed. Add X men wethy
dasigned, ’

= Avwimr that the task munsd he dobwe
no LmE. Asaurmy that the whol
eslimbdle Wis el ow  Then
16 man-munibs of ¢l emana,
and twak tionths, v 9 s wadl by
nceded  Add B onwn o the 1 s
signed

Vo Reschedule. In this case. | by the
adiice grren My oan crpencpood
hardware vnginger, * Labe o smiall
ships ™ Thal o alliw coough nimy
i the avw wohedule W epesie thal
the wotk van he carciully  ond



1h. iy done, and that 1esched.
whng wdl napl have 1o bhe done
LY

« Tonm athe tash. Ip pracice thi
tends 1o happen anyway, once the
leam observes schedule shppage.
Where 1he secondary costs of delay
irg very high, 1his i» the unly leds-
ibke action The manager's only al-
lernalives are o Innm i formally
und careiully, v reschedute, o
wutch the task get ulemily 1rimmed
by hatty despn and acomplele
testing

In the first (wo cases, inadsiing that
the unaltered 1ash be completed in Tour
monthy o doatrous Consides the re-
gencrative eflects, for example, far the
hist alternative (Fig. 4 preceding pageh.
I he 1uwg new men, however comperenl
and however quichly aecraeed, will rc-
quite irwining in The 1ask by ooe of the
exprrenced men. |1 this 1akey @ month,
d man.monihr will have been devared
wowark ngr in the angina! estimare,
Furtheimare, the Lusk, originally pani-
hened jhree wayy, musl B repsni-
tidamed iz1e five parts. hence same worh
already done will be lost wnd system
tesling must be lengthencd %0 at Ihe
end af ihe third moaih, tubstantislly
mare than 7 man-Mmonihs ol efort re-
man, snd 3 iraned prople and wne
month ate svailable As Fig 4 suggesls,

¢ product is pust 4s date s if no one

«d been added.

Tir hope 1 get done in Nour monihs,
w»if sidering only Lraining Lume and aol
feparpbnring and cxlea aystems 1ol
wiild reguire adding 4 men, not 2, at
the ¢nd of the wound momh Tu cover
feparnnanmg wod syslem rest efeciy,
one would have Leoadd still ather men
Murwe, however, une has at leasl o T-
man team, nol 2 Vianan one, thus such
MEC an LEam OTganration and latk
divisian wie diflcient i kind, not mese.
Iy 10 degree

Manice that by the end of 1he third
manlh thaings hwi very Blach. The
Murch 1 milaslune hae not  been
tewched wnospaie ol all the manaperial
cHurl The lempration s vary sicang o
repedt the cycle adding yet Mmuic man-
poser Theren hes Madness

The laregoing avsumed that aly the
first ryleslone was mcshimaled. oo
Marcth | pnr makey the conscrvanive
awsufphon thal the whide schedule
Wtk Oplmisd O woants Leosdd f men
pesd Ly the nognal Lask Calculaton of
the  leanmng,  Teparlitiomng,  sysiem
tosdate llenvts s Lot s an e tvine hin

e otpader Wabow o douhl, the g

wratter disasiel will yichl 2 poesre
prdyd bater, Wam wowld rescheduling
with 1thy wnginsl ahree men, wnaay.

e nlpg

Userimpliying  ownrageously, wp

sldte Hrooks' Law:

Adging mMmanpower 1o g late
scftwars progact mahes o, later.

Thiy 1hen v the demythelugizing ol
the  mun-monih,. The aumber of
manths of 4 projeel depends upon i
seyuenlial constraiels, The makimum
rumber of men depends upon the
number af mdependent sublaks. From
these twe quuntiies onc cun derive
schedules using lewer men and mare
months. (The only risk is product oh.
solexcence.) Oae cannol, however, get
warkabk schedules wming mote men
and  lewer months. More soliare
projects have pone awry Jor lack of
calendar (ime than for all oiher causes
cumbined,

Calling tha shot

How leng will & system program.
ming job lake? How muoch efort will
be required? How does one estimate?

I have earlicr suggested ratios thal
SEEM to apply 10 planning lime, cod.
ing, compunent 1es1, and system Lost
First, an¢ must say Ihat one docs no
esliMaic the entire 1ask by estimating
the tuding patiion unly and then wp-
Plying the ratics. The coding is only

B.00O

7.000

6,000

5,000

4.000

Man-months

3,000

2.000

1.000

ane-sindh or s of the piohlem, and
errors in i eslimale of n the ralo
could lead 10 fidiculous resulls.

Revund, onp must pay thal dete for
building isalated small programs are
nat applicatle b programming vysiems
producis. For & program averaging
ahoul 3,200 wiords, for cxaample, Sugh.
man, Erikien, and Grant repan an
average code-plus-debug time of aboul
178 hours lor » single programmes, a
figurc which would edlrapolale ta give
an annual productiviy of 33 4K slare.
menis per year. A program hall tha
size Iook Yess than onedourih an long,
and exlrapolated produciivnty iy slmol
0,000 statemenis per year 'l Plan-
ning, decumentalinn, 1esling, $yslem
integrulion, amd training limes must be
added. The lcar eavtepolation of
such spring figutes i meumnglews. Ea.
irapelanion ol Umes for the hundreg.
yard dash shows (hal & man can fun a
milc in uader three minuaics,

Before damissing them, howewer, Tex
us nede thar these numbers, al.hough
nol lar sirjctly comparsble problems,
sugperl 1hal efforl goet v a power ol
size ¢ver when o commonication s
involved cxcept that of w mun with his
memories,

Incomplete

200

300

400 500 600 700

Thausands of machine instructions
Fip & As & propct's complealty increases, 1he number of manmonlts tegquaes 1o

complete 1l gues up eaponentially,
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\

Fig. 5 1elh the 1ad stary. Juillustrates
resully reporied from a study done by
Manus and Farrl#l at Sysiem Develop.
ment Corp. This shows an expanent of
L.5; that is,
aftort = wconttanll » (aumber &f metructomslt ¥
Another soc siudy repored by Wein-
wurmidl alwn shows an eXpPOREnt Dear
1.5,

A [ew stuydies on Programmer pro-
ductivity have been made, and weveral

cslimating lechmiques have been pre-
posed. Mohin has prepared & survey of
the published data B Here 1 shall
give only » few diems thal ieem espe-
cially lurminating.

Portman's data

Charles Portman, rmanager of icL%
Soltware Div, Compuoler Equipmen
Qrganizalion {MNofthwes) a7 Man.
chester, offers another useful personal

Frog Nurmbar of Man- | Propram Waords/

units RrOgFMTmIErs Yaorn | yasy | words MEr-yr,
Cperaonal BO B3 4 {1iy] 52 .000 615
Mantensnce 36 B0 i | %1000 % 1}
Compiler 13 a 4 11 38,000 2230
Translao 15 13 A " 25,000 20
{Data aspembler]

Table 1. Dala from Bell Labs indicales productivity diferences belwsen Comples
problems [the first two Brs byiiﬂnllr conirel progiams with many medulas) and lass
comples ones. No ane is carlain how much of tha dibarence IS due to complexity, how

much Lo 1he number of people iNvolved.
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ipsightl.

He found his progismming LEams
missing schedules by about pne-hal[—
tach job wasi labwng wppronimalely
twice a8 fong ax evimated. The cati-
males wete very carelul, done by ex.
perienced 1eams numulm: man-haurk
{or severs! hundred subinsks 0n1 & PERT
chart. When Lhe shppage pallern ap-
peared, he asked them Lo keep careful
daily logs of time usage, There showed
thal the esrimating error could be en-
tirely accounted lor by 1he (a0t that b
teams were only realinng 30% of the
working wetk a1 aciuval programming
and debugging time. Muchine down.
time, higher-priority shernt unreland
jobs, meetings. paperwork, campany
business, sickness, perwonal dime, e,
accounted for the rest. In shory, the
estimates made an unrealistic RRUMp-
tion sbhowt the number of iechnical
wofk houn per man-year. My own
cxperience quite conhrms his conclu.
iOf.

An unpublished 1963 sudy by E. F,
Bardain thows programmen realizing
only $7% productive ume

Arch's Jata
Joel Aren, manager of Sysierm

Technology at em in Gaithershurg,
Maryland, hss atodicd programmer
productivity when working on bine
large sysiermns {brefly, larpe means
more 1han 25 programmers and 30,
000 deliverable instructions). He dj-
vides such sysiema according to inter-
actiony amang programmers (and sys-
tem parts) and Gnds produciivities oy
Tollows:
Yarr faw mlarecions
Tomu (rwryc lnpan
MaAy sRiminel i
The man-years do ool inclode swp-
port and aysem el aclivilies, only
detign and pregramming. When Lhese
fipures are diluted by a {agror of two 12
caver system lest, they closely mawch
Harr's dals.

10,000 iplayg biohd e EAR g pr
5.000
1,508

Harr's data

fohn Herr, manager of progtam.
ming for the Bell Telephone Labora.
lories’ Elecironic Swilching Sysiem,
reported hus and othen' ¢sperience in a
papez at the 19469 Spring Joint Com.
puler Conlerence Il Theie dara wre
shown in Table | and Fige. 6 and T,

LH these, Fig. 4 iy the most delasled
ind the moal uselul The fAra fwe pods
nfe haviCelty vanirol programs; the sec-
wird Tw ¢t 5o Basilally language Irensls.
tory Prosduiivity i slaled in termm of
debmgped words per man-year. This in-
Chdes progrenmiay, component e,
and systonn teat D1 oin mol clesr how
muich of 1the planning ¢fne, o 2fon
in machine wpport, writng, and the



like, iv incladed,

The produciivities Dhewise {al) into
two clessifications. thiae for concol
programi are sboul S wards per
man-year; thuve for ranslarors ace
about 1,203 words per man-year, Nede
thut wll Tour programy ere ol timilal
size—the wanauon is in size of Lhe
work groups, lengih of seme, and oum-
ber of madwles, Which ik cause and
which iy ¢ffeci™ Did the control pro-
gramu require more pecple because
they were moje complicated? Or did
they require more modules and more
man-months because they were an
signed more people? Did they take
lange!r because of the greater complex-
iy, or because mare prople wers a-
signed? One can’t be sure. The control
programi were surcly more comples.
lhese wncenginties aside, the nom-
bery describe the real productivities
achieved on & large syatem, wing pres-
ent-day programming lechnigues. Aax
auch they ere ¢ real contributipn,

Figs. 6 mod T show some inicresting
date on programming anit debugging
rales a3 compared 1o predicied rules.

COS1A80 data
mn o3/ M6 expenience, while oot

avatlable tn the detail of Harry daca,
confume 11 Producuvilies 1R renge of
BW-HEG debugged  instruchane  per
Anncyeat were eapernienced by coniral
plrgram groups. Productivilies in the
2000-3, 000 debugged insiruciions per
mean-year were achieved oy janguage
translator groaps. These include plan-
ning done by the group. coding com.
poncnl lest, systemn 1est, and wome wup.
port uctivities, They are comparable 10
Hars's duta, so far a3 1 can tell,

Aron’s daty, Harr's data, and the
os/ 316l dain all confirm ariking differ-
encey vy productivity  related 1o the
complexity ond dafculty ol the vask
mseli. My guideline in the morass of
cuumaling compleaity i thal compilen
nre three imes as had 13 narmal hatch
spplicalion programa, and ppernting
syslemy are three Umer s Bag a1 com-
prers.

Corbatd's date
Both Harr™ dam snd o8/ 360 dala

wre for ssiemhbly langusge prugram-
ming. Liltde dats scem o hyve been
publihed o0 syylom  progiamming
pricluctivity pung hghez-level lan-
guages. Corbard of wmiv's Propegt sar
repor i, howeser, & mean produchivily
ol 1,200 lineg: af dehugged F1 /) wiale-
mEnil pr man year on the s s
ayuein fhetwgen boand 2 matlion
wards 111

Thu number o very enciling. §ike
the ¢iher projecie, sl 1 e luder
wipltal prograne and lenguage lranla.

tory. Like the cithers, oL is producing u
pyiltm progiamiming producl, teiled
aod documenied. 7 he duta seem o be
comparable in terms of kind af effort
incloded. And Lhe producivity numbers
iy & goud avernge between the control
program and Lranslator produglivitits
of oiher projects.

Buw Corhatés number iv lines per
man-year, not werds! Each statement
in his syslem comesponds 1o ebout
theee-lo-five words of handwrillea
code! This suggests two imporiasol con-
clusipns:

+ Productivily weems consiant in lerms
of elementary statements, a conclu-
sion 1hat is reasonable in 1erms of
the thought m slalement requires and
the errors it may include.

s Programming producnvily may be
increased as much ws fve wmes
when a suitsble high-level lagnguage
is used. To back vp these conclu-
siont, W. M. Taliaffero alse reporta
& coratanl productivity of 2,404
stalements’ year ia Assembler, FOR-
Than, and copol M E. A, WNelon
has sthowp & J-10-} produclivity im-
provemenl {or high-devel language,
shibpugh his standard devirlions are
wide. 1"l

Hatching a catastro
When one hean of disestrous sched-

ule shppage sn x project, he imagines
that p series of major calamilies mu
have befallen Jt, Usually, however, the
disnsier iy due to termiles, Aed torma-
does: and the schedule has slipped im-
perceplibly bul  incaorably. Indeed,
major calamitiey are emier 1o handle;
one responds with major foice, radical
reorganization, the invenuen of new
approaches The whole 1cam rises 1o
the occnsion.

Bul the duy-by-day shippage »n hetd-
€r 1@ recognire, harder 1o prevenl,
harder 1o make up. Yesterday o key
man wa1 uchk, and & meeling coulda't
be held Today the mechines arc sl
down, because lighining sTruck Lhe
building's pawer transflormer. Tomor-
tow the dise toulineg won't $1arl tesl-
ing, beeause the Bl disc v m week lale
from the factory. Snow, jury duty,
family problcms, emergency meetings
with cuslomens, ereculive audits—ihe
list goes on and on. Fach nne only
noslpones some gclivity by » half-day
or » dsy. And the schedule slips, one
day a1 & lime,

Huw does one conirol & big project
rn s tghl wchedule The first 1iep is 10
bave a pchedule, Each of a lat of
everdn, called milesiones, hae & dale.
Ficking the dutes v an ¢1iimnling prob-
lem, docoaed slroady and crucialty
depeidentam ceperignt.

bur picking the milciiones there 1

1.2_F

only oo¢ felevant rule. Mileslones mus
be concrete, pecific. messurable
events, defined with &oife-cdge sharp:
news. Coding, Tor & counterenample, is
“0% Hhnished” for half of the wotal
coding time. Debugging s “$9% com.
plele” most of ke nme. “Planning
complele™ is &N £yeel oac Cab Procisim
simoat gt will.I'™

Concrele milssiones, on The other
hand, sre 100% eveniv. “Specifications
signed by wrchilecs end implement
e, Usource coding 100%  complere,
keypunched, entered into dise library,"
“debugged version  pssscy BN leat
cayer.” Thewe concrele mitestones de.
maik the vague phasex ol plinning,
coding. debugging.

1% i+ more impanaoi that milesiones
be sharp-edged and vnambiguous than
that they be easily verihable by Lhe
bow. Rasely will o man lie aboul mite.

MHonme love
the bearar of bad naws,
Fophociny

slone progress, if the milevlane i so

sharp that he can’l decoive himself.

But il the milestone 13 Tuzzy, \he ok

often understands o different repon

from that which the man gives. To
supplement Sephocles, no one chjoys
besring bad news, cilther, 30 il gels
snftened wilhoul mny real inteal 1o de-

Ceive

Twa intcresling siudies of estimating
behaviar by govermmenl coalracton
on lsrgeacale development Projecyy
show Lhat:

1. Estimates of the lenglth of ap sctiv-
ity made and revised cerefully
every 1wo weeky before the petivity
starts de not signuficantly change s
the saf lime draws near, ng mak-
ter how weong they ultimately tumm
oul [0 be.

2. Dunng the Bctivily, sveresiimatel
of duration come steadily down as
the aclivity proceeds.

Y. Linderestimater do not change sig-
nificantdy dunng 1he activity unul
aboul  three weeks belote  the
schedulcd completion. 131

Shurp miledones wre in facl » ser-
vice 1o the team, aof one they can
propery expect from & manager. The

fuzzy milestone is the harder burden 1o

live with. Buis im Fagy a millsione thay

grnds down marsle, for il deceiver one
aboul lost nme until o 45 irfemedi
sbic And chronie schedule slippuge

a marale-killer.

“The ather plece s late"

A whedule tlips 0 dey; w0 what?
Whes geta excited ahoul a ane day 2lip?
We van nake i v luten, Al the nihes
Imece aurs fiks iniw ix Iete anyway.



A bascball manueger Fecognipes 4
nonphysical (aien), huside, as an n-
sential gifl of grewt pluyees and gresl
teams, J1 s the characletbe of fun-
ning faster than pccesiary, maving
sooner than necowary, irping harder
than neceswary, 11 n exsential 1or great
programming Ieams, 100, Huslle pro-
vides the cushion, the resery & Capsciy,
thal cnablcs & lcam to copr with rou-
tine mishaps, o anacipate and Toriend
minor calamilies, The calcwlated re-
sporse, the meatured effort, are the
wel blunkets that dampen hustle, As
wi have seen, ane must gel oexcied
sboul « anc-day shp. Such are the tle-
menls of calastrophe,

Bt noy al] one-day Wlips are equally
disastious. S0 some calculation of re.
spumisg 1y necessary, though husile he
dampened. How does one tell which
ships mztier? There is no subsiitune For
a PERT chart or & concal-path sched-
ule, Such a8 povwork shows who wans
for whul. It shows who s on Lthe crin.
cal path, where any slip moaves the
end dJdate. 11 alw shows how mugh an
activity can shp helore il moves inta
the crincal path,

The pent lechnique, sincely ypeak.
ing, » an claboration of chncal pah
swhedibng o which one  estimales
three Limies lur every c+cnl. IMEy Cor-
resporsting w different probatulines of
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Fig B Areport showing mulestoney and status 5 2 hey dogu-
mtat b propett tontral, This ene yhows some protdems  n 0%
deveiopmenl- specrfications apifoval 5 (21E ON SMe dem

mecting the cshimated doiev. b d0 nol
find 1hit refinement 10 be worth Lhe
exira efert, bul Tor hrevity 1 will gall
any critical path neiwork w FIAT charl

The preparation of a peat char is
the mosi valuable pant of its use. Lay-
ing oul the netwark, identilying the
dependencics, and eslimating Lthe |ege
all Jorce a greal deal ol very specific
planning very eurly in a projecl. The
first charl is always Lerrible, and one
inveniy ol invenis in mahing the sec-
ond ane,

Ay the project procecds, the PERT
chart provides the answer 1o the de-
maralizing excuse, “The other piece i
Tate wnyhow.” 11 shows how husile is
needed lu heep one's own part ofl the
erdical path, and il suggests wiys (o
make ugp the losl time in the oiher
parl.

Under the rug

When 1 finl-line manager sees his
srmakl 1eum slipping behind, he i rarely
inclined 10 run 10 the boss wilh 1hiy
woe, The 12am might be sble L0 make
up. or ht should ke able w invend ar
reorgenize 1o sulve the problem:. Then
why worry the bows wilh i1? 5a lar, 4o
good. Solvieg such problems is exactly
whal 1he [rst-line mansger iy there
for. And the by does have enough
teal worties demanding his aclion 1har

ARy RyMeaAT Rlavujy wEFQR)
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sk OF FRRAUANF W) |0k
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he docyn'l seck oihery. S0 ufl the din
gels vwept under the rug.

Hut cvery hoss needs Iwo hindy ol
information, excepliony (or uclion and
a ualus piciure for education |2 For
that purpoe he aceds to hnow 1he
slatus of sl his weums. Getting & 1rue
picture of that sialus is hard,

The FErst-line Manager’s inicioat
and those al the b, .. have an inhelenl
conflict here. The finsl-hine marager
fears that il be repors his problem,
the boss will xc1 on n. Then his action
will preempl the managers fonction,
diminish b authorny, feul up his
other plans, S0 »4 long s the men-
ager thinky he can solve i alene, he
docsn'l el the bosy.

Two rug-hilting rechnues are open
iz the bow. Both musl be used. The
first is 10 redoce the role confiicl and
inupire shering af status. The oiher
w yank the rug back,

Reducing tha role conflict

The bow must first dislinguish he.
iween achion nformation and slalay
infurmation,. He musl discipline him-
sell ror 10 set on prohlems has mangg.
ety can solve, and asver o 2L on
problems when he i expliciily review.
ing datus. 1 ance hnew & bows who
invariably piched up the phone 10 give
arders befure the end of the find para.
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praph in 8 sfatus repor Thatl response
I guarantocd B sgquekch Tulk diselosuse.

Conversely, when  the  manager
Lnooks his buss will accepl status re-
oty withnu panic ar preemplion, he
COmiey b givw bangst apprainals.

Thiv whole process iy helped if the
brss juhch mechngy, reviews, coealer:
LMLy, dy Sfafry-revies ml‘t!lﬂs& L4 1TLY
prevhdearponen meckings, and conwols
bresgll accordingly  Obviowsly one
nay call 3 probiem-actian merting as a
womseguence Of 3 stalts mecting, if he
Pl ey w probiem s 0wt of hand. Bul
ut leawl crerybody bpows what the
e i, wid the hosy thinky 1wice be
hore grabbhing rhe ball

Yanking tha rug off

MNevertheless, it 18 necessary to have
review lechriques by which the troe
slaluy 1y made known, whether cooper-
ateely or nat, Fhe eeat chan with its
Trequent sharp milesiones is the basiy
for such revicw. On a large project poe
MaY want Lo review some parl of it
tach weeh, making 1the rounds once a
manth or $0.

A rcport showing mdestoney and ac-
iual completions i the key document.
Fig 8 ipreceding page) showy an £x-
cerpl from such & reponr Fhas eeport
shivws some Iroubles. Specifications ap-
rroval iy oeerdue on several compo-
nenty, Manwal [SaL} approval is pver-
due on anoiher, and ong is late getting
gl 0] Ihe Fry state (a1l rHn] of the
independently conducted product 125t
50 such a repor serves as an agenda
for the meeting of | Fehruary. Every-
one knows the questions, and the com-
ponenl manager should he prepared to
caplain why al's lalc, when 1 wilk be
Bnehed, what steps he's laking, and
whal help, it any, he¢ needs feom Lhe
by or collaieral proup

VY. Wysonky ol Bell Telephone
Laboralories adds the fallowing obser.
valivon:

f have found 0 haady 1 carey botk
“wheduled” and “rilnnated” datey 1n
the mulestpne report The scheduled
daitel ate the properly uf the projeci
sumager and repreietnl o consivens
murk plgn for Whr projecr ar a wihale.
wrrd cae whiCR 43 & PYIGH G reasanable
plur The crnosuied dutey are the prop-
eety of the bowetr Ieoed mianager who
Nus fopmizance iner the pirce of work
W ogaestin, ged reprewrnts Ria hetr
indprignr gt when o owfl achialls
huppen, gooen the telcurres he hai
availaple anf whent Ao recei rd 1ar ha
forosntreniy for delivers nf) ha pre-
regnisne inpuil. The progect nuonager
hots for kpep s fineees off the fitonaied
duted, and pinr the FrIphats on geihag
wrrisrgze  wnhimied  Frnales rather

thau palatahle pprmislic rilivier pr
seif-protectin r romaeriotive ones. Oncr
fhis 15 clearf esrablivhed in ruervpngh
pund, the propect waruger ©an ser
guitr ¢ wo¥l ttta the futurs where hr iz
going o he in crouble of he doesn’t do
sonnrthing.

The preparalion of the PERT chan i3
k funclion of the hoss amd Lhe manag-
er reporlng 1o im. 1 uwpdating, revi-
sion, and reporong requires the ailen.
tion wf a small {one-to-three-man})
itafl group which serves as an exien.
sion 0 the boss Such » “Plans and
Contrals™ team iy invaluable for a farge
progect. 1t has no authorily except to
ask all the line managets wher they
will have sel or changed milestenes,
and whether milestones have been mer
Since the Plany snd Cuonirols group
handles all the paperwork, the hurden
on the line managers is redoced lo the
exentials—making the decisions.

We had 2 skilled, enchusiastic, and
dipfomalic Plany and Controfs group
on the o8/ 360 project, run by A, M.
Pietrasanta, who devoled considerable
inventive salen) so devising effeciive
but unoblrusive control melhody Ay
a result, | found his group 1o be widely
ecipecled and more than toleraled, For
a group whose role is snherently that
of an imitanl, this is quile an &CCom-
plishmeni.

The investment of @ medesl amouni
of skilled effort in a Plars and Conirols
funcuen is very rewarding. 51 mabkes
far more diflerence in project sccom-
plshment than if 1hew peaple worked
direclly on building the aroduct pro-
grams. For the Plany and Conrols
group i the watchdog whn renders the
imperceplible delays visible and who
points up the crnical elemenis. il is 1he
early warhing sysiem agaimt Tosing &
year, ont day al a time.

Epilogua

The 1ar pit of witware enginccring
wifl continue 10 be sticky for a long
ume to come. One can expect the ha-
man race o Continue HICMPINE 5ys5-
lems just within or joul beyond our
reach: and soflware systems are per-
haps the masi iniricate ano comples ol
man's handiworks. The mansgement
ol this comples eeafll will demand our
best use of new languages and sysiems,
out hcyl adaplation of proven engi-
neering management methouds, Lheral
doses of common seme, and & God-
given humiliny 1o recagnize our Talhikil-
ity and hmanations.

Relerences

I o Sachman H. W § Fovan, and F E wsam,
Eapbusiory Erpreamcniaien Swgus Com
patenip Uil and (LA Frogoamming Fer
farmime e ™V ormsmumaateenn of the AL g
LIwRly, LI

1.2_.9

h

T Marmur B, and L. Farr, Bomg Do Lurinibs
AR e D agr Snle Proptamy ™ AP IFs Fre
rendimgy SACE 3T (1w, I 2al

1 Wranmgim, O F, Rruvrwerk a thr Wonage
mard of Cosnpiier Frarruininag Reporl YP-
03, 1end Systam Derelopmdns Corp , Sanin
Oy

A Morm. L, H. Filvmeiod ©f Aepmurers Jov
Compuirr Frugrasming Frapois M5 v,
Ly of Work Carcdiva. Chaprl Habh, 1974

Y Ducirg oy O B Meyer amd A W Sulaaber,
“Stbaciam and Evnhuaien of Compuwr Per-
wompell,” Froveddmgl J1 AT Camfetenss,
1wl g

B Fupstl pieqm o' 2 pamdl MYGON BAd WO m-
£ludrd i ihr A FIPE Frowerduag

T, Carbapp, F I, drmprtad Tuniepy im ihe Drangn
o Mabindor braremis LEicintd g0 Uer opramg
ml the Hompywel EDF Toimankogy Camwr,
190

B Tahaflyie, W M, “Modulénn I Krr
Spsrm Growih Fomaiel.” Jdjinare 3 11711,
143717,

¥ Nobwom B A, Aesdgrmeni Wamdfph joe ikt
Esridipnpy o Campaier Frogrammg L ac
Repedl TW-3IFY Syraemt Ditvgbopmens Corp .
Sams Momc s pp. W47

10 fpymodkde M, "WRs Wigap wik Com-
Puttl Progrsmeisky Motaprmdsi™™ b O W
Masagrmras o) { oeapiic: Fragrammint Ed
G F. Wimewrm Phasdiipig  Aurribech.,
9L, p 1542

WloKHE W, R, oasd T & Wilpe “hubpriig
Tume Exiimaits wn Croal Fark Flowmng—a
Frelimomiry Anglyus” Watddimpm Sruare.
1T (090, W30, aml wrment], W K Mg,
Lr b Weerrciprl, sk & v Hepl, "0
ther Apsiria of Cruw sl Fath Jome Esimanng
Babhruy,” MHanapron) Jowagey |4 (1],
™M

12 Provks, F F_oand K, E Ivvinoh, o wiemad
D Fracesvmy, Sris/ 0 Fduipn  baw
Tk Wy, (e, pp o 104N 0

|

'

|

1

i
O, Bropag & presently & profsssds

|8 the e, oF North Cerolne at
Cnapsl Hill, ang Charman &f the
COMBuUIar BREiwnCr daperimant
trmiE, e b Daest Wnown as T1he
fairr of itha 18 Byslem{3B0."
Rl pervid B8 DOCHECL MANEEET
o the nardwair Seviriopmanl and
M manager Of Ik QpaialAg Sy e
i35S oromct during e dasgn
phat®. Eprlsdr hig wiih B prefelwgl
of Lt JEM Buretch and HMecvael
COrTICAs e -

A Crpgyl =all e hEas geprtCDated

W ealvnhpring and guding the Tr-
ang's Urniverditiss Camputalion
Canter g the Norln Caplng Edu-
catns Computling GRfvce. HMa
L Butnor of Two sdili0fe of &t
malic Dals Processs " and “Tha
MplhiEgi rdan-hionts. Egssys Oon
Scfiware Engneenng” (kodeon
YWarwy), from wihuCh g gaCwrpl e
(7 L1 LB




Incontrast to Or. Broohks' presentation,
this portrant of failure is for those

st
N

whg learn best from Iooking at bad exarmples.

WHY

Reprinted with permisaion frow

DATAMATION, December 1974.

Copyright & 1974 by Technical

Puklishing.

PROJECTS

ONE OF THE PRIMARY vauses lor
the Ladure ol data procesbing projec!s
15 thal such projecls are oftch ol in-
tinlly defincd, and therctowe may lack
s begiaming snd an ene Once a project
has hegua, Ao one wwoms 10 know
* huow the projecl was staried;
® wha! the siafting iv, nf was, sl any
Onc puound I time;
* what achivitics have been per-
Insmed:
* when the project will end;
» whal the project will accomplish

Evsentisly, because projecis are rare-
ly formally defined. they are rarely
" tomplaed: Complction nocury usaally
upon  the death—or  1esigralinn—i
the met thr propeet scivices, of when
the vesteny i doe for conversion Come
pretion moalwr a prerequivle for s
o, hul 3 progect o comvdered sue-
tewdut only o compleied within the
anpinal time or hudgel edimales, and
fiy fuowe w ¢l sabdfies the waer’s nceds

An unsowcessfol progect, however,
can be wentdied during several phaswes
ol s big vagle, and | hall here Iry 40
peainl e 1hane wery indicalors

Yaupically, any proicer can be nme-
divided nto hive distiney phascs;

at Pre-inilimtion periocd  (usually

measared in weeks or month

h) Iniliabion perioad  micasured n

T Y
cl FrnjEc‘I_dluulinn {in monthy nr
yeatil .

d) Project_terminangn perind [in
wish v nr manths)
el Post-terminalion penod (occur-
1ing seveeal manthi afier projec
lermudlnoml
In cach nf e whove phasey, erron of
COMPSSGN OF OmILGn €an have ma-
poe imepact wpon the saceess af vhe botal

progect

Pranihation period
Ik NoTabaudandy evnd Loy e

Arahing Iiow g e proogpecd wadl ke
flnd ov, vk pioges Iy e ated @s w mew
ard el svueny with some bndoedisl
respunn il [t vslimatn Ao estumg iy
will he haod upeen b meen understand -
ing of the propst and iis tasks, and op
how guickly Ar can sccomplinh The
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subtasks, Daltle s px pade ol a histars
file ol siowlar poojects aod aclnab ser.
stes by estimigied G,

Tt [ stianatien »y ol chirne by
the prohable progect teaader, o tather,
by whows o happens o Be avinlahle at
cabimating hnw

n Phe progect i med geleguanely
delimed The degeest Tor am estinale
vty Lakes the Torm ol lahn, we're
plaaming 1o redo the payioll sysiem
What o vow thonh al wdll regooe ¥
“Payrall™ muny awan o aumber ol
dilfere gy T diflerent people
Dses an invalyv e Libor distpshuninn™ per.
wipnel wdermalmn?! fease aeconi g !
salary, forly and esevatine paynel?
Any o The abane can srcaanably gme
pact the estimare of the project,

4} Shorn fead o are albiveed
Lor eviimales, walh cortespondimg inac-
CUraCY av A bl

b Fersomnel avalduabidoy Lor the
piopedd i onbnown b alimgices e
iy prepated nespetcbing ol wl
wall pasrboseas e wanh, Bl s, g as

ety o Wiy eyt ol D
t"'llh LER YT (TEITL] 'Iq.'lull‘plll.] gy I
avntlalde |, thos il wiflage e aciingl
NS '*illlll'llllﬂl lhq.' H'\Illhrlu r”lkl‘- {1

Tornyane ey vl ey I et nl, ihe
wiceess o e progect s Faled i ferms
ol avtoal veraus sstynalod Ume, il an
that baws the prgecd may be 8 lailaie

[-t-]

i} S1alt Jdevres are unkmvwen A
project may be sery appealnp le one
T member, hul repugnanl e an-
othur. bn hoth cases the sctual e will
he affecicd. Cansequeently. the Syvem
Manages st uadersland safl dewres
and awipn projecis accordingfy where
pusaible,

nitintion of projsct )
N Tallle documcnialinn s
availade Tar eaisting, umilar, or inter-
faging systems 1o pruvade the projecl
teader with @ dala Base 10 boild wpon.
Ry | Praject leader responshiliny
in undefined. The leader hasy o wdea
what i eapecied of tm, in degard 1o
the project of the personnel awipncd e
wirk on it Shaold be recommend als
teppative wilibiems? Can ke recam-
mend ersinaag the prvect! Can he
remuvg personncd from ! Can he rec.
ammend dismissal?

n Paper flow i hundled poorly
{or v nonesisionty, Docnmentabivn
repanding  responsihidities, acerpiange
vrileria, syslem objrctivcs, clv, 1% Al
developed. ®ather, documenialion i
hmvited 1o the techmical aspecls ol the
project.

4) maowledpe of Tl 1o per-
form the project moe cfficienth is
lacking. Arc there nssdules, oF subroa-
b alrgady available which can he
vsed! Js rthere @ rest dals generalor
wvailabic? What about system desipn or
documentalion aids?

LT Mefirution of the projeet o
vagus, melcading, o1 wiadly wrong
i The projecl, heiween  the
lrig of the origial eslintale and its
imilation, by changed sihoul a cor-
revponding change i the edimale
T {iltle or po imc s spenl an
ptanneag the progeet Rather, analyve
devign andor cwding i brpon e -
diately wpens the progeet appaoeal Bl
propad eader v el peaimtied e
"hovin ™ ol glanang hes e will al
Lk the poeel, what Taky wyll do
doar Hrsd, seoord oo thied; what ap
prosch he owill o, b what simolae
prajects b wilt iavesligale or Icvaew,
.3} Prohlem avendance 1w mel
poderyisd  or  copsidered. Onddly



WHY PROJECTS FAIL

enough,” il projecls begin wih ihe
premine :thll everything will o
“smoothly. Temy such av lack ol 1esl
time due to year-end clpsing are it
considered ualil afler 1he problem has
occurred. By then, the project hay al-
ready lost several days, ar il is 100 lme
ta provide an allzrnaie source.

L Reuwnurce 1eguiremenls  are
awl sacheduled fo1 the progect. Trihgad
e, such &y keypunch est bme, vaer
manual Iyping, secretanal, and prini.
ing reguirenients hecome @ problem,
and are addrevsed anty after they have
aflezied the projec

1) The project igam's aclivitics
are not clearly presented 10 the end
wser Only 1oo oflen, the resll v
weniey of [ thaught . . " "1 sssumed
LT e he L P commenn,

1 Projgest  completion ele-
menis are nol defined. Thal it he
project Teader in not aware of whal
conslsutes complelion of 1he project,
What in The end product? What 1estd
acceplance crilerin will be wied? Wha
musl gn off on project turpover?
Whal conslilules turnover?

Curetlon of the project
N Fosting ot reporting of proj-
ect information is nol performed, re.

suling in the progect eader hoing
unawarg ul whal the compiclion per-
ceatage i, and the user bong wnaware
of tht lmpact ol changes upon the
vriginal vy sicm.

2 Profect revigws e (ypically
chpreingy i Iiivig, They coislifnic &
“How's i1 poing, Jack? Any probhenn?
No? Guinod! See you neu weeh.” The
wrabk wyslemy manager Jdors pot atk
pratang, detadled goestiions He doey
nut reguare thal s peesonaog] aidici-
pite probicas, bar v pooearily ven.
cetngd with identilying prakiems which
hiv progeen leader already has rocog-
nized.

3 Change of personned 5 one
of the majpr reasans «hy projects lail,
Personnel, including project leaders,
are remased from (he project, wilh no
adjpvments W dhe schedule for tme
iost due 1o Lthe changes. Whenever »
tcam member is added Lo 2 project,
there 1 a learning curve which impain
hix efficiency on the project. L may be
i day, or a monath, bul unionunalely,
peEDpPl: moveincnl is comidered lo be
transparent ta the project completion.
4} Adherence to stafdards and
specifications i3 either nol defined or, il
defined, ol followed, More clicn then
not, vandards do exisl, especially in
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larger installatiung They addreay doc-
wricnlalion techniques, labehing, fle
namey, it However, once an inilial
indoctrinalicn i grovided [of & pro-
grammer/ analysl, follew.up iy ignoted,
The moal expedient soletions are fol.
lawed, resulling in several steps {mod.
ules) in the same program swegquence
aditressing the Wenncal Ble with ditfer.
eal mnemotics. I resalts Jor evample,
in sheichy operalions documentalion
without consideration lor reslarl pro-
cedures. Maintenance then hecomes a
mejor part al project develepment,
5t Respurce fequiremenis Afg
pot anticipated. The major oflendety in
1hiy Lrdd Are:

s Data eplry. lnadequmie tme i
permitted ot lurpecound  of
saurce ¢code preparation andfor
test file operation. Worse, verifice.
tion may not be petlarmed, which
almapal inveriably addy a1 Yeanl one
day 1o the program developmenl
tycle

s Computer Tesl Time, The luck of
adeguale tesd lime hecomes ex.
teemely critical 1oward the end of
L project, when only pne or two
progtama sre being finahized 1
wrneround is avernighl, each mi-
nor change 10 a program sdds a
least ong full day to 1he daration,

* Driign Level Reviews, Wherens
masl of (he time Ihese nre consid.
cred tn project planming, il i rare
thal anylhing longer than &4 min.
ule iy aswwmed for duration be.
tween submustion ol design speel-
hications and spproval.

) “Brule Force™ Approach. In
this type ol thop, cverything i de.
uwgned and implemented iram acrsich
with no \hought given ta the wie of
pasl projects, towalh, or work simphfica.
tin methody available to shoren the
development cycle,

1 Lach of & project manager,
It sounds slrange, but many projecty
Aounder through to camplenen with.
ot & rudder, The "DP Manager”™ is
acrmalty lhe project leader and he
provides ;1 much alienlipn s he Can
considering hiv other dulies. In gener-
sl very Iew installaliony have one man
sccountable for an entite project, Bul
tather fragment the eesponsibilitics to
the pownl where A0 ong pervon g
sccounishle. Py
LY Lach of & Project Log A
project bog cap he an invaluahle 100l in
peeformang post-moriems. Funher, ia
companies which charge.back 10 the
tser the cosl pf rosources yaed, st Can
he the mainstsy in jusnlying such
thatge-backs.

9y Lack of v project audn trail
Duia wudis lesply wre tonudered the ey
to the development of any financially



sound ACCOunieng syuicne. Yol sory fow
pioject managuts enacern theanelves
wilh maintenance of o projuecd with
book te provide a samilar andi il for
project development,

10) Lach nf g skills invepiury.
Miny progcrs e pursued wah the
propcl nanages completely wnaware
of the shily avatahle In hin within his
own shap. A kills inveniory af paw
sccomplishmenis af each s1all member
simplifiey the wafMng af & projes and
ensukes thal experience is “recycishie "
1) Lack of projccl milestones.
Because project milesiones are nol de-
lermined at the onwel of a projecl,
percentage of completion it wsually
equated (o percenlage of hourt ex-
pended, For enample, 3 project for
which 100 hows bas Bren calimated is
0% complete when &0 hours have
been eapended; when 909 of the
bours have been exponded, i1 iy 90%
somplete. This can hkewise be extrapo-
lated o 130% complae when 140
houts have been expended.

12} S51af! members are convid-
eied “universafly expert ™ During the
Eslimation stage, and again during im.
plermentation, 12l membess are con.
sidered to De equally competenl ana.
bw, designers, programmers, khoar-
ians, documentation specialisis, +1c.
They are aysigned any of these func-
tons with little consideration given 10
their abiuny. lnvariably, this resuits in
projeci delay,

13) Lulization Phitmaahy., A
moul  {undamenial probjem  which
aflects many large companies is sne
which demands maximizing the wiikiza.
tion of persanpel, ay apposcd Loy Proj-
ectonenlcd approsach. When o lull

OCCUFs ir 2 particulsr project, siall
members are reassigned, bDecause il it

‘anathema 10 have peaplc not perform.
'Ing “useful” (that is, desipn or pro-
gramming} work. Coumeguently, when
the prugect sestarts, Lthe same people
may nel be availahle, or worwe vel, sre
svitabde part 1ime This 15 a disasitom
spproach, because while i1 assurces that
Peuple are always assigned o a project
and unhzanon iy high, it places an
emphasia upon effan, nol resulls. #

Tarminatian of the project
In the fitst plage, it is my opinion

thel prigecis feser 1erminale. Kather,
they hecome like Mowes, condemned
to wander tll the end ol rher aaws
wiltheul teomg  the promeed  lann
Howesver, for thise projects thar dn
“ternunate.™ the following are key
defuiencies

n Hivtors s <iutistive are ne gle-
termincd of nol npdaield For easmple,
M projed! erminacon, The  project
leader shontd make some anempt 1o

deté tmne perluntumas s dight ol gy
Ly obpoelives, or g dseitable ¢ryeprg:
hua mamy propranes wore woitien?
b many lives af vsde peneraied?
average lincs of code per day? average
wures sralomienis poE programmer?
cpu fted Oime reyguire-l pr program-
met? per program? Alb of 1he ghove
can he imvaluable kol in the evimgl
wng wnd cvsbuating of fatuee projecn. 1
becames the first siep in the dewvelnp-
menl af a ool revource accounting
sysiem”™ (or dp projects.

2] Cualuy Control - Typically,
when a peoject is comploted, 1t is neves
evalusied for quakily, The o critapja is
“does Ihe program run? There are ng
grader {ie, &, n, . D, #) Of programs,
They are cither “As™ or “Fu.”

The manaper may evaluale penon-
pel baved upan quantity of code, pro-
grams or documentation produced, bul
in faet he never even comsiders evalua.
tion hasert upen the quatity of cading
1echoiques nsed.

n Knowtedge pained i rarely
tramsferabile, Once a project s cam.
pleted, it goos thiough & procedure
vinular 1o “de-Stalinigation,” whereln
all vestipes of association with a project
are forpellen dest ano be slnck with
programs mainlenunce. [nadequare
time iy sllowed as 1he conclusion of the
pragect for safl memben o "dump*
the knowledge gained or even pravide

meaningful insight inls  1echniques
used. ]
4) Penonnel are nnt evaluaged,.

There iv an ideal time, and anly one, 1o
evaluate perfarmance of an indisidy sl
on g praject, and that is immediarcly a1
the conchition of 2 project. Yet, anly
toa often. personnel evaluation is vyed
inte empluvmenrl annivensary  dares
Berwten the time an individual hay
compleicd & progect and his ney ap.
praisol. 2 year may hawve Lapsed. Mhor-
ing that yeur he has had the 1 parng.
£y (o perpolvate misiakes imioolly made
I2 monihs 2po.
N Lack of (ormal turnmer,
Typically, o project wermination s firy
known by the apprarance ol 3 new
reparl, Mare realistically, a formal
presentation shoudd ke plave addre.
ing:

a) ainvial ohjeetives o the projest

b} poricrmance againsg these vhyyc-

Lives
e review of the omd produet
d) designation of proopal conpae
Ior mamicnance, cic,

Al Kecommeindatnun fiv pp.
Roanwenent ate ol dewunenied. Al he
conchivwm of a project O nedt carlues |
the propest 1eam mwomoan wleal (LT
1n reconmend cnhancerwrinv 1o e
shiem. I theae are pot ynaniifield om.
mediately, they wilf be Inst Torever,

I-4-%
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Fost termination
The key ingrediens here is the ¢on-
ducting of iser satislachon siirveys yin
o pine monhs alier the complenon of
a praject. The survey shnuld address:
a) rewulis versoy objecrive
b} ialegrity of daia
&) freedom from bugs
d) quanbfication of changes re-
quired
£) usefulpess of informastion {ie.,
should the system be tontinoed?)

Summary o
Al x resolt of reviewing the devel.

apment uf & number of major sysiems,

the above faults caist more oflen than

nol. However, the key problems ap.-
pear in tailing 10 undersiand the char-
aciernticy of & project.

# It has a beginning.

1 hay wn end,

It uses multiple, fnite retources.

It bas an abjective,

Ly success can be messured in termg

of lime or dallars.

I requires s leader.

It requires » ataff,

It musi be planned.

Performance aguinsl plan must be

reviewed.

* L coexisly with other projecis bul iy
distingt from them,

® ltis measurable {quanifiable).

* [ may be o bad projest [from the
standpoint of vselulness). 11 it iy, u
mut be aliered, or irminated.

* Jnicrnal and external forces wilt
aflect & project; they must be identi-
fied.

* A project is o group of wb-prajects,

® Mo projeci is unigue.

Ualew full attenbon iy paid 10 eych
of theie wipects of a progect, 1he his-
tary of project failure will be played
oul Doce Ngain,

I
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The Cost of Developing Large-Scale Software

BEAY W. WOLYERTON, wErunen, 1EEE

Abstrac-=The work of softwars cost forecasting fulls Ints fwo
party. Firat wo make what e call siructarel forecanty, wod then we
talculaln the absnlute dollar-volume forecasts. Structura! forscasts
desrribe the technolpfy and Juncticn of & coftware project, byt nel
itk aize. Wa allogute resourcay (costa} ovar the project's e cycle
from the styructural forccasts. Judgraent, technical knowledgs, and
scosamnatric research ahould comblor in making the piructural fore-
it A methodology based om & 23 X 7 structursl dorecan] mabiz
that ks bean waed by TRW with good rexgliy ovar the past few
Faare in preawared in thie paper. With the siructural forscast o hand,
wr g of G0 calcwlate the absolule dollar-volame foretasias. The
kxoezal logic Followad in "nbrolute" cost extimpting can ha baped
on slther 2 menta] process of an azplicit algorithm, & cost matimating
algarithe is presented and Gve tradition methode of software cont
forecanting are described: top-down estimating, slmilarities and
difersaces estimuting, ratio sstmating, standards sstimaring, aad
battom-up estmavng. All foracastiop matheds pulfer frosn e sared
for & welid cost data buse for many esticiabing ritustinan. Sofrwars
Iofermaton wlements that siptrience bas shown te be uselul in
extablishung suzh p dets bdse are fiveo in the body of the paper.
Major priclag pitfalls are ideatifed. Two case studics are presacted

W jNuatrate the softwars coul forsgnsting methadology apd his-

cal rusubts. Topica far further wosk and atudy ars syggasted.

tndes Fermau-Compuler programmer code produckivity raten, cost
dats bare used in cost entimation michasism, cost of davaloping
custom yoltwase, indentive fee strucivrs influence on computer soff-
wars drvelopment, principles of prcing computes softwurt preposals,
ranguriw uligeation in computer progium developmast, woltwars
tont eatmating mechods and genwral Jogic, acftware cost wstimabion
algorithm, software development and test 1ife cpcle—gont impact,
‘wymems approsch to pricig Inrge-ncale noftwara projscts.

INTRODUCTION

STIMATING the et ol 8 large-scale romgputer

program hes traditionslly Lern a risky underiaking.
Now that software has been with us for nearly Lwo
decaides, W ois reasolable to hope that we have legroed
something thet would wwbke o predictions less un-
reliable. At THRW we have bien mutivated (0 inske s
sefivus effurt loward improving onr softwaee tinating
mwthods for large seale a0l ware wistems, fur » et of very
coinfdling remsons.

1/ Out custutiers have shown s growing unwillingnesa to
eccepl coal and schedule overruns unless the prnalties
wers inereeaingly Lo by (he software developer.

21 Pardy s ow consevquenee of 11 we hayve qnteeed inte

ware developaient romttarts where buth wdbetence to
rrodiried costa and -t delivery wenr jperntiviznd,

Slanwm gt receiemd Apnl 20, 192 revind Algy 1, Uty
The aullow 1wt the THOW S0drite Giranp, ({eduiids el

Undif ' TH 2 _l.. I

Thet means we made more money if we eould prediet
aceuratrly the cost and the time it would take to do the
jals.

A1 W found that we could improve our estiniales only
by impraving our understanding of rxactly what sieps and
procresses were involved in scfiware develipment, and this
understanding enshled us to manage the effort better. The
hetler management, in turn, improved our eslimates.

This paper prescnts the sssential results of our efforts
to improve our soflware conl eslimating technigues, 1t
should L understood that the spreifie contracts that are
usid here were governinient rontracls whose particular
provisions aliajusd those ¢fuorls 10 sme degree. NeverLhe-
lesa, we firl that moeh of what we legrned 3y of general
intenat and can be apphied or adapled to nearly any enft-
ware develnprent progeam of gny sie.

We can atart with 8 review of sume of the wayas in which
software dlevelnpment differs from hardware developiment,
arud which have traditionally conttiboted to the problem
of estimating software costs. fine of these ways ia the
problem of menaging the yp-uphe, The nsture of program-
mwers is such that interesting work gets done at the ex-
proer of dull work, and dicumentation 15 dull waork,
Doing the jobs in a elever way tends to be a mon: impurtant
consideration than getling it dune adequetely, on timme, and
ut reasonsble cost, Programmem tend o0 be oplimistic,
not realintic, end their time sstimates fog Lask completion
reflect this wendeney. The siftware engineer, the mathe-
malictan, snd the programmer have trouble communi-
caling. Vieble s1gns of programming prognsa are slnust
Lutelly larking.

Another set of difbicultiw arises frome the nature of the
produet, There sne virtually ue objeetivee standands or
wensures by which to evaluale the progres of computer
program develupmeent, Soltweee chareetertstics are often
in cunflict, pyuinng (reuent tradesffs smoeng  such
Factirs as cor slotage rguirement versus tighl code, Tast
exceution tinw, calemsal storage to minimize ) time,
maiptainability by the eventual user, fexibolity or adupt-
ability 1o new needs, secureey and reliability, and sell-
check and ieil-sale modes of uperation. The applications
softwere developer linds hinasell in o dynanacally rvolving
did constanlly fhanging environment.

Seftware planning has probtems steouming from the
naturwl desite 19 go) going, which means taking sharicuts.
What mare Liae atepus thot shengld preevide the start of roding,
gad lusw diwew the knosdleenlile mensger slbicnle bos
limited resouree? Planning alsa daomwle diflicult by the



grrealdo v ol teansdaning e eysionoee’s funetional oeguire-
Maende il sollwane pegiinenunts, and lwter defning the
phwe s v which vome determine that thoss uriginal
cneponner reguifetents heve Loy pect. 11 e pot nlwaye
vaey Aeotheto e wleen vomt ape thegh amd w bether yveou
e el rcel sl v sl o woere going G deliver,

To el approneb e De deselogesd for dealing
witl e probletee aml prolpeing meesonshily relisbihe
verd u =i bes Dop largessenle sofiwnre <4 =lops ronsists of
the e Teesie olemeent=, which will b gliseuseed in
ot in the vemaduder ol Vhis parpuer,

I Uneder=tamdiog exacthy what the soltwape dievelop-
Ul s Snetals ob aver ils life eaele,

*o berngging e el Tt in e pricing of =oftware,

A Leaabhehing el nintuimng o grod  date luase
rolhaning one ostory ol petigal saltsare cevelopmems
e

Voo g e et ol =elTie e glhwention of
CemcatFres oa P e cntare prefal ol thaee oxpoaeted eotdrael,

THE, Sl T A/ DY Kol Yy L E

Ihwrdg=r sl i 0= 1|llrll|-4_: LT Bt 1|4'1|.‘1'|1|p|1|l'lll
v be vl even sdterwind s Lasieal by sndingible prroedoet,

ioas even lenhir 1o ssentbed thpn o compdes, hanluars

=t he W Lve et Tee ppnad sl ereor ehatl o gam
fuli il the yperhandsme Top
NETAE I Il walven] e aslvirgee, Wi have
Y LR IR TR RN AR LR that  appis
e loat The attware devolapm-nt el 1o nadoee e
[ eshilodnn o cnmbend e puensagea b sz

I Uroalib e =ofrwaee downmentatinng that etz vl

i~ o e Ll thiram
ol Fral I

hivee i ipiles

bl paregraominmge ~tarudnrd-, e aerurale, i produes]
artenhing e the il ol the pusdienee who will wee il.
atnl s et sl Sl am et rment by whaek pugtingenueng
veprgnbs Vhe et

St opdiet Aeehiniead Bevien s mgainst prediclemminged

v Pt o Elee el Plads gpeell cgstinnee me

(LI | prnl--‘lvrmlnnl | FPRNT [1[TRSY SIS P N [N
A Lot pha mend vhajaes,  ilishe,
b et el e ol a0 hieen o o mehguran Lo i Lt

sultwane i din
b =Tt coptibeat v sl deliven,

VooApph sdluare combigatuten isnsgenaent conteds
il i e lires (o gaslipe 1l r|-||1|irm| chpngges to g
s ane ooplnenteld, Bestigl, iwlly dhiwegnoenned, sl
bt plewn |

a ol w o deta peperting, nepestton, and conloul
svetrin Do assdbe Lhal all problems, detripnenss, change
prpasals, atdd solwere cunliguration dsta are wnalyzed,
Boperteal. recaverababe, siul avalebde 1ooull progeer snd
ecp o=l wlea g wbeere paaslel,

oYl pevisa= are moqoieed Jdurimg (e solbw are
desilop al e sveled levies < eneare that e pesulting
sellngine prieslut = gt the respuirenents eetaldi=hesld for
ot hved ol colpleleiene wid urkder-tamding A Do
1T EEN 1) B [EY PIOT [PV O PO NN 1 pusdbt= in e during the
silbnurne aleveligment exeble whon the Pregyirend nts §or
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drsight hawe Twen defmd, documented, foviewndl, aml
approved. Veom that time (orward, that hacline s o
ws the relepeness point fop evolunting pod msuaging g
chengis in seope, prive, e schislule,

I 1t aperifie emmes 100 bee disrassdl, ecrinin of - ead
prineiples were ineorporated in geverninent sfiaene
procuacemeat polcies applied oo e contreet. e
et of o large =oftware dieveloqune ot =Ll g
them whelber thes mee perpuinsd by his ca-deime r Se o,
For esatple, withott softwabe conhgursebem anage
hunt - I'u'nﬁgurufiun ilentifiention, configaratiot vl
ronfignralion slatu= meecunling. and  verbicetion  the
saftware develepoent masager will spend mueh o his
Hime =olving problems thar meel oot have ari= Salt-
ware 15 ennlrolhad thregg vonted of  deciine o
\\'ilhill i Ffruriuﬂ'fl Hl““llrl' -:|+-v--h:pnu-m JHR

There ane =everal way~ of apalvziog the wdiwan (e
velupaien prrseese, bul e onne woe B vhosen beaals 1
the definition of seven plucsas, oF stees, v e rudigg in s
diserctis cyent o leeiient vae Fug T Thae slops e
Basieatls waquential, bur g proetioe chepe ane ierationes
bt pedpesnt <l paal even betwesn any of 1l
.hl|'|l--. Tl arwem LN LT (R I'n"uu.'-.

Bl S TR
ot =tablisbe= (e gapuirensat- fof periomanee,
design, tont, won hopua e in o chealtw e al the oy ot

Percformae ot Plonign Kegioermads . Tl

limwert,

SFI'EJ 2 fwgdementation UCencegd @ Tood Mo s
ducruaenl provile, ol an entls date, e peelingisare:
tsigty cutiesqits Uil st the cegiitemente. atud dentitee
the- peelirped approaecbies. desfgn trackndis, gl aliey -
tives, and leaves o bogherisk tochnology wres unrsalyved,

Siegr A= Lubeeface and fiala Reguoirmenis Spoctficadpm
T theupient dehies The futeefsees berwesn sl stiyne
ard mpor clements within subsvstomes, ieluling prees-
ciatinn of adde pid file stpgerure, deoe origm, det-
palioie. nid upulats fharmeteriag s,

step 4 feladed Resigns Specifeainoss This ibeweannenl
peovidies i previse detail, the souplens desighe ad e
AL FLET Y Hl]'.'l'if'il'.HJi-lllln‘ o e sofbwgre ol Ve Foglone
hevel, wlnel i ladi= shtailed How clirts, ool on-, nl
lagie, 11ir e =omiree mghenial feom sl tlo- P i

vesled,

stegr b Coufioy ead Bebiinpgrog Ui disign reviesw
and apprioval o tle ST 1 ot nlion ke,
whirh sy b ~teggend o Gow and orgenied inlo
volumes dealing with b single compoter program module,
the cading of the saltware can begin. Thin step is devated
to ding and delwigging vond amending dowumernt&lion -
uweing debugging sids and disd rlock ol the Brst sanigie-
lutinps. The- prhuc= Lot [or s Ei‘h’l'h powdales Wiy 1t
has passcd the levebgpent-level verfeetion test -
||nal'd I - di=igtoer, snd he turas the poebole over par
sanetil]y nto the minsler tape for the Iw guniug of
diprtident seyetem validation esting.

Slep B Mpsdemi Valufatror Teatings A the suoliware
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Fig. 1.

mudules are released by the design group for sasembly
unto the master tepe, the bulldup of the software package
into suctessively more complex interfaces and capalilitiea
can comence . When twn or more medules are assemtded,
the frs1 stages of “system testing” can get underway
accurding 1o the test plun started st Step 2 snd upgraded
i Jevel of detall al Step 4 10 include test procedures and
yuantitative aeceplance crileria. The phase terminates
when all modules have bren successfully tested agringt the
predetermined aceeplance criterin al ithe syatem level

Step T—Cerlvieation and  Acceptance Demonatration:
Thin Ainsl step iv devaied to TorhiaMaereplance of thesolt-
ware avslem by subjecting it o previously defined ae-
ceptance and 1#81 epecification procedures, which are
szecutrd in ax near an operativnel enviennment and hoat
computer configuratinn &s poneibile, The phase terminstes
with aurcessfy! “operetione] demonatration,” wilnessd
by the rustoraer s b quehitly assurences 1cam. The
Wil lw s |'.I'.Lll.ﬂ'1 wr 1hen I'l'.l.l.!} fur i||_“'|l"‘|.i_,|_|||r i-"'-"ﬂl'l"
toon, s choehoul e The ageerstionel enviconment,

The Anal step 18 the soltware devedupment Lifs eyele in
the furcrunner of Lhe uperalions wnd maintensnee phase,
strictly speaking, Step 8 This phase ia concerned with
installation, integration, and checkout in the full oper-
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Typical custom saftwars development snd tewt slops, showing seven unique documents.

stional configuration. The soflware tontractor aasists in
any way required to integrate the software products of the
development, or acqusition, phase inty B operationsl
software pachage that meels the onging iand updsted)
perfonnance wnd design requirements, the product of
Btep 1 snd subsequent updates, The uctivities of Lhis
phase will slan include training, rehearsal aupport, softwsre
problem reporting, fault isolation and correction, formsl
problem closure end dorumentation update, and finally,
firsl mission operations support, Because this is nil part
of the software development #fort, we cost it diferentiv—
ususlly ss & level of «fort.

I'MRICING PITFALLS

I'ricing is this complete process by which we arrive al s
price that we guate to the customer. Cunt Fabimnating = »
mujor part of thal proceow, afthoegh il freuently bas w
be dome meversl Lo befare o lins] priee s l.!l'i'll'l'l-l ul.
The geowral principls iovobval m preing large (IFA R
efurta of anx kind huve besn defined by Heverudge |1
and apply to large suftware devilopmenis wa wrll.
Heveridge's dimunsion centers around the proparation of
s proposal in response to a guvernment Hequest for
Froposa! (HF?¥), but hia cuommon-scnse principles are

3
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applirable tn anv complex pricing exerciac where many
individuals nre involved,

Thezre in & generel tendency on the part of designera to
gold-plate their individusl parta of any system, hut in ithe
case of mftware the tendeney is both strnger and maore
difficult 10 control than in the casc of hardware. A major
task of management is to mske certain that the design
being projscd tand priced) does meet the cuslumer's
need, anc that each individual compenent design can be
traced to a apecific need, while st the same time it doey not
provide more (more epivd, more pocuraty, less need for
core, ¢tc.) than the customer needs or wants. Anyvthing
beitg offered a customer heyond what he has weked for
should b clearly identified (and priced) ‘as an option.
That i» what ia mesant hy ithe "fixed-price attilude:
whai is th sbeclute minimum | can do to satisly the
reeds statrd in the RFP?

SOFTWARE COST ESTIMATING METHODS

The woftware induktry iv young, growing, and marked
by rapid change in technology end application. 1t 18 not
surprising. then, thal the ability to ealimale coats is atill
relatively undeveloped. Even though many organizations
are trving to devise more scientific and objective niwenns
for estimnting coatd of Jarge saftware nystems, the present
atate of the art 18 lergely judgmental. We will, how-
ever, discoss certain importanl exeeptions shortly, A
review uf nther hrms and agencies confirm that we are
facing & problem common te all {23057

Estimating the cost of prodocing computer sollwsre
relies heavily on the judgment of experienced performers.
The saftwnre analyat, or estimator, nermally breaks the
total job inlg elemenis that are estimated separately and
then summarized inlo an estimatce for the totad job. The
estymating analysis snd synthesis may apprar as £ mental
prucess o5 may involve an cxplicin algorithin (6],

In either case, an empinica] deta hese is ysed s 80 ob.
jective reference, and the estimator vses hi. Judgment to
prcount for differrners. Pieces of information used in the
comparisont and sdiustments for diflerences include:
a) anslyamn of initia! requirements; b1 alipeation of -
quirements to software modules; o) entitneles of number
of objecl inmtrurtions per wwdule; di cotyplexity gnd
LC hllﬂlﬂgifh! rigk oY wwer cnvironment and charaeteristjes
of the rustoiner; 1Y computir of chgice and interrhange
abiluy smiong other umer sites; g1 higher order laugusge
ol rhoiee of eriteris (uof use of Rl latiguage; h} tepe
of software 1o be deviclped: 00 whether soltwape is ™ b
deliyered oo wn aperalional weer, 11 terbnnend FXp e
on that bope of Job, K eaqudadioes of e veegnlaer of 1l
terhinival siufl whe pradsaliy il ot work | Doy e of
fee wnd 18 1ncentive <tructare, ans bwgth of developunent
time; n) single-model muttiplen lase viorsus nultiple
mode] single-retenss development concept o) perlormanes
record of other large-scale evstena (AWALU, SAGE, etc.)
in the number of instructions and development man-

LLLE TRARMACTIOND DN cOWPUTE RS, JUNE LR74

montha; and p) management factors tn dn with prg-
ductivity rates, error cates, wiork Friviranment, aveilability
of computer time, and many other variables.

Mpat ertimators us & lngical sequence in eatablishing
their eatimsies. The logic uses exchange coefficienia be-
tween sume messurahle parameter and ita cost and
adiusiment [actors denived from experience. One of the
pitfalie is that estimating ratios should be direetly trace
shle 10 recorded comi fapta (not bhegrmny), and even Lhe
factua) data ean contain varying and unsiated atlowances
for risk {we may have soumed 8 0% work week, our
reenrds show we charged that rate, but nur records do
nol show that most persnnel worked 4550 hfweek or
more}. Cur long-term oljective sl TIHW has breen 10
create B myslematic software developmenl  estimalion
systemn that can significanily reduce ststistical varianres
between estimated roeis and actua) cusly, mnd is nnt only
accurale in lhat setise but alsn simple, fant, aand ron-
venient. We will briefly look at sstimation methods in
general, and two in particular that have twrn develuped
and reduced to practice a1 TRW,

freneral Laogic Falliwed tn Eeiimaling

Traditivnal cist  estimuting  procedures atart  with
fixing the size of vach activity, its start dute, und duratinm,
When neevssary, ndjustments ase inade 40 secount lor Uhe
ealiber of perlormuer perwmnel 10 lne swigruad, risk, Ffom-
plexity, uncertainlies in requiremends, and me o Finally,
the amount aod 1ype ol manpwer (AR-mettha pey
menth) and computing resourees (houzs et monthl are
converted] to doller fontn by applying Lid rates. Uther
direct vhargrs (documentation vosle, Lravel, ele) are
added, nnd summaries an- made through the pricing
syslem. Traditional methinds can be rlpasified as one or
more af the teehnigus deseribaed 1elow,

1 Top-Doewen Eatrmating: The cstimator relies on the
totel cost or the cost of lrrge portions of previous projects
that hevr been coanpleled (0 catimate the vont of all or
large portions of thee project 1o b potimeted. History
coupled with infozined ppinian Jor intuilion) is used 1o
allorate costs betwern pachages Apnomg 15 many pitialla
i the substantiad ek of overkeking mpoelal op difhralt
technicsl probleme thet yoas he Doried o the peogeel
taske, wnd the Juck of dirtaibs nevded Gor vost ustibestion,

£y Nimitlaridiea nind .f.iufru‘nn,\ Estimnaling: The rati.
malor breaks down the pabis Lo s gcamgplsbuad loos bevel
of derail where the simgloitios 1o anl diffepemees from
PRt prrogee s mne oo eyilont Woark ot tht et
L voimipnrtt e cestangnol separptely By peane vl lher
?I-I-l'llpui

U fbeo Dspemuting b e caliitea sl on senmitivilsy
ecllicwente of xclinnge ppteem Hlad e mvnnmet §wat bin
Ii"lltHI e o 1,!1-1““11 ul II|'h|ﬁ“ 'l hdJII“..rI' ﬁlilii_'-'ll
estimnten 1l size of & poslubs by e netaleer of nliject
instruetions, classifies it by type, and evaluates s relative
complesity. An apprupriate Cuat Inalnx is constructed
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from a ot dadn base in tepne of cosl per struclion, for
that typue of soflware, a1 thal relative conpdexity leve],
Cither ration, rmpitieally denyved, can b used in the totsl
estimialion prewess, for inatapee, rompuler nsage rate
basel on rentesl procesing uwnit (CPUY tinie per in-
strurtion, eripheral usage to CPU wage, enginecrs per
reeretary, and ko forth, The method s simple, tast, ron-
virnent, amd wseiw! in 1he proposal enviremment and
bevond, It suffers, R do all methods, from (b need Tor e
valid romt datn hese Tor many eetimating  situations
(Luzinese voersus seientifc, rral-time veraus nonreal-time,
operational versus nonoprrationald,

41 Standards Estitmeting: The estimator relies on
standards of periormance that Lave been systematieally
develuped, These standsrds then become slable reference
paints from which new tasks can be calilirated. Many
mature indusieies, such as metyfacturing and constiue-
tion, use this mithod routinely, The metbod is aecurate
oniv wlhen 1he same operstions have been performed
repeatediy end good reeorde wre available, The pitfell i
that custom software develiptuent v oot “performed
repeatedly ™

5y Rottom-1p Estimaiing: This is the technique moat
rommonly wwd in eatileting goverament reseateh and
development rontracts. Th- 10ta) jub is broken down into
relatively small work packages and work unite The work
breskdown i rontinued until il is reasonebly elear what
olepn end talenis are involyed in doing eneh 1ask. Each
tusk is then estimated and the costs are pyramided o
form the Lotsl project cost, An sdvaniage ol this technigue
io that the job of estimating ¢an Le distributed to the
people who will do the woerk, A difficully i Lhe lack of
immediate perspeetive of the most important parameter
of all: the Lotal cost of the preject, In doing detailed
estimates, the estimator is Bol snsilive tu the reesonahle-
oess of the totad cust of the sollware parkage. Therefure,
top-down eslimetion is used a0 2 cheek on the bottom-up
met hud

The e#timation prucess o nearly always & combination
of 1w iir miore of the bawie classifications givin above,
We will bricAy discuss 1wo methods thal have been uaed
in estimating the cost of developing large-srale sollwere
at TIEW. & method we used in June 1966 »hich we will
call “smuothing snd extrapulstion,” and the cuwrrent
methud we ueed brginning in Cetober 19790, which we will
cell g suliware cost enlimution algarithm,"

4 Syatemis A pprogeh te Softcare Cost Exiimation

Tu be as [rew s porsible to deal with the fomt vétimeling
etliod, we wall vse hypotheniesl or tonoalized nunders
where  nunilnres TR LA G moflwnre
developent wnd test life ey cle cunsdste of hee zeven sleps
provicusly  debiud, caeeyt thal (e srariing peant al
rostract greuhead bs imnudintely on eemmpletion of Step 2,
We nivd o undessiand this seumpdion clearly, sinee il
eetabilishes the remaining-milelone svients which are in-

AT RETITIE

G

eludidd in e ot which was negatiabed with 1the rastomer.
In rdher wards, The properal was ol o bovel of detail soeh
thatl il was, by iteedl, the impdeientation eonery |
text plan, Step 2 The HEP preknuge, togetiee wilh th
bidders lrisfing. was very ditaibiad, techoieslly romplete,
and war, by iadl. the perlormanes and dexign niyguise
miende, Riep 1.

Our rifercnee progeel fur the most feeent past maeeesslol
software projert was identified, i e ense Lisdory was
Iwid out in terns sl the setial evends, eosis, siprt dules,
and durations. The normalized fontract cost ax & function
af the normalized prerind of performenee s shwnoin g 2
We will eall thir care history A, The oost distribation by
development activity, that i, the actions that chararterize
the intervels batwien diserete milentone events, iy ahown
in Fig. 3. Using cas: hislory (1 wo ennidentifs gsimilanities
and diferenen with respiel to our rost rstimatimg for
viae new projeet, The asic ol method . smecthiog smd
extrapclation, ik n rombination of carlier methods plus
wime new ideas Tor thie pews projeet, We will eall the new
et cren hiwtory J1,

A major develaginent evele differenee way thot rase 4
bay 8 basclin- design speeifieation deliverable ander
cnntract, whirh gevognted for abwodd 172 FHTTME afl the
1otal rt gs shown by “analves” sl Al bad the
implementation coneept and test plan didiversble undor
contract, which ecounteat fur another B perceot s shrsn
by “disign® (s Fig, 30 Fyen though the softww -
vidupment evelr was different, we had cxael idatw on the
nanpuwer ssigied o the badroee of the wilessone
evints, wlich are similnr. We nuw Aoe in n pastion Looex-
trapelate from ease A to rase B Furthermme, sinee eane
A had been produced on time pnd dnder enst, we were in
a atrong position for proving demeonstrited coel per-
[hrmance Gnoa previous poojeet,

A major functional difference wae that caxr § repee-
sented B ounified fomnunicsatien, eommand, snd rantrol
rflware svstem, wherear case 3 did ol have the com-
mand fupetion, Trneediately, greater atiention was given
to the Bnalvein nbd design of thet nes technobogy erea
snd its interfeces Even here, impottanl simidaritus wen
identibed in 1he histary Ble boraume in case d Uhe sinilar”
command funrtion was the pspesibilite of  another
assucinte rontracior. We roneentrated on imprvong Lhe
infurmeation transher by having full contred of the inter-
lace, and by appronching the =oluting from an entieely new
direetinn. We drriled the technival risk was sonwwhat
higher Tor et~ # baivausc our cost daln buee was in-
complete, ad hevanse s entoesom! algorithm deagn,
coding, mal G=ting were imevatine, Wi abevebiqual thae
overitl sttt Lloel, slingroon, manl ahbocitesd stntetient of
worh Tashe G s wre Fans o, W were g0 a0 postiion
(e w Diest el cul farged ol

The whabe wlen m this vase was o b price e 1oind
roltware sy<lems Thmo the top dows wsing The aspern e
of the system comeept group, Bl e poce cach work
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pachuge Trond thee Lot upr usimg the exprerience of cacly
of 1has bBve work packpge managers, and ¢ o combuel
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condract dades for satisfacton desonstration uof imnilslone
atepe 4, 3, anmd the () Tlewe penaltics are aoesessad
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The nurmalized contract cost as A function of the
notimliznd period of performance is shown in Fig 5 for
case histkory B, The normalized cost distribution by de-
velopmenl activity over the soltware life cyele, for both
JOC wnd 1FOC, ie shown in Fig, 8 In estimating the cost
uf large softuware systenia, we Lreat "operations and main-
tonance’ (O& M) as a level of efort commencing im-
mesliately after sellefl of the =v=tem in its operational
vovireament o the maltineald weftwers development,
VA M of the Airst nuadel sacedlaps the purddy divelepment
achivilive of the sscond neadel To o gvoid any mitsliter-
vtelation of the developroent ot the (8 A wimsanied

Ly pereent of the total vamlract walue Compscison of
come hisloey 3wl Mo e sl oet tianenonthsa,
ceelndmg CREM ix given baeluw

istribution exciode

Mumbser af (3iject

Inatrgrtiuna Men-Muiiha Faia
. (5 M) /M)
Cane Hixtury A LI 0 &Tu L&Q
Coane Bintory B
10 140 XN~ A 170
FOT 215 OO L 0

OO0 wetivitum i luded desigh and prodaction of « prolotype
mlilware parkage ol en oaldhibinel 20 :hJ!rI. ine rucl ooy, A
niighily mudlﬁ:ig wermbon ben mode during FLAC .

& Learrung curve phenometah has been venfed Ly smpincal
deta wnd sunlbdied tems in wiher uwlusteos 8], byl ned Byste-
matirally fur the sall ware industry,

A Neftware Cost Estimative Algordhm

THW has developid & coat estimation slgorithm based
un the assamption that cosls vary propurtionally with the
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nuamber of instrnetions, Par cach (dentifed patine, 1he
procedure combine an estimate of the pumber of olijeey
instructime, cutegory, redalivee degree of difficully, and
hiktoric datn in dillars per indreuction from the cont data
base 10 give & trind eotimate of she total cost, The design
grougs sntitmali= the first three selwane parametern The
syrlem eonrcept gragh ;l:rlwidnt 1he ljlpﬂlpri-ll'll‘ rusl data
b oeird 1y all ahmigners, e well se the alloeation of
rwonrers bo parh phase al the sofllware develigimunl
evele, the sehaddule for cach milestone event, and the laiue
miix. Tl progedure then spreads the om] cost over (e
period of perfomianer wevarding to thise input paras.
itirm givew the mun-months goer month by latwe calegary,
the roet assmovinted with epely deveopiorat activity, and
thi- compoter usage by month for rhekout and 1ewl
ariivitiva, The culpan mes Tee ponxidend g "irial pstima
in 1hr sense that 1he propossl tesin st be salisfied with
the rerulling entinate when testid sgainsl any conven-
tional muelbodd of cost estinaling,

The firet ategr in the maethual i to rategorize the soltware
reulinee 1hat sre being vonddered in the preliminary
design. The raltwan calegorics have been selected bamed
on experienee, and wre thoes funetionally different kinds
of sdiwar eatitie fur which n signibeant st per -
Ftructivg (111 s eaperiad, Catogoris thet have st
the wewt of wwage in several proposel and prelingnerey
design oenvitios are: ob conleol routine, which eontrols
exieeution low and i~ ontiu=eritioul, C; b input fuutpu
rentine, whieh transfers doty Sito or wat of the computer,
£; cb pree or postalgurithin prosessor, which wanipuluti
data for suleisqueni prigessing ue v pat, 125l slgorit o,
which  peerforme legival v pwtlemalicsl  operativim,
A: e dede msnegenent rgutine, which mangges dats
tranaler withiv the computer, £, and [1 time-critical
prowensnr, which ie s highly aptimised mechine dependeg
cuhi-, T

The next sep is size wid conplexity estimates Ly
routinme, or subiprogran, by thi- designer. Fo hatance cost
and rizk, the designer ey dyvide 1o use suftw are cleseniy
that arr avaitalile to hiw T w softwere by sod weed
only some degose ol pwadstication ve adaptation. AL the
ather extrenn, » tew terhinigue muy b rsquined and b
extimisted w8 high technologual risk. Tu werount fer
the degree of ditheulty of w gives kind of feutine, the
desgner edlitiates 8 rsk or complexily faetor, This js
the tiosd crurial siep o the erlilmsling prwers, Tur il
rstahilinhyn Ui cont of the routione with sl dinel wnd in-
ircet charges aartioed agninst 0 Ve olhuer T T
Tra=te mlly abe Bepntene oo 1l Paorlmt sl wil) Jue -.In.n-:u!. v

Hue s cbopanne g en k-

Two ol liries bave diflerent voomes of lom sfluone
perariiebers sbuad Yo ostegg b, pencenl Hooanbag sy
o=l nhvedual Sloald eerablsh o vomgpdeaily miting
el LIS R F sl ke a0 stundand estiooe
Eor vauch poeds bamad on, ws AR raling o 1ach jnh.

(]

Ly mschine wsd; e) luryguage uasd; and ) ontimated
numler of instraitions, Brandoun uses eoustions fittid 16
historicsl data to gt standards, and then  iyegsaees
performance wgainst the standard {07,

Tacht beliewes - estimatur <hogld  interview  ghe
member of 1he technical ~tafl whe will do the jub, and
wegotiate personal agrvmend on offurl, Hinuriesl st
date reinfuree the estimatar's julgneat when- similar
jobw can be found, The istimate is Lasad an: &) similerity
with previous mdulis; b1 person daing 1he jols; e
machine used: d) leaguage wsed; and e estimated
number of instruetions. Leeht dois pol lelieve incaninglol
perfurmance standards can 1o st loe wftwan [H0]

The simplest 1echbiyue e narrowing dawn the many
subijretive choites eatly in the eslilslivn pracess is to nsk
ia the routine oew of old, and is il rasy, medivm, or hard?
A enmplexity rating coefivient ean e wpplird eontin-
uously frure | te 20 asw s mubliptver, if preflerred. The
importiant consideration i aillowing sullicient digres of
frivdom o geewmmuslate a lenrning experienee and in-
dividual differences in perfornmance iy the offort tg chigin
n tislistic rmt, For our frevsent purpeews of rarly pre
liminary design. we will allow the Jesigner Tire chieis
tu acenun? for mx levels of dithealty fue cacl reutine, They
arv:

s L J U ——

Foaey e linzn ilwrd
11| CIE AR 4IH
New NI M k||
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The only paranuder that chunges an o function of degres
uf difficulty (0K through XH s st por ilsteuction,
Chvernide control i gvaitabli 10 the didgner, Sampsle dals
arts will bwe given in The sl Saliwere Cost Patn
Huwe,

Phe pext ktep i teidentify tlae varicus develspingent and
test phitises fur prisdueing the sedvware feom o coleepluel
elge Lo delivery of the opserstional wdlwern- Lo Lhe wlii
s te waer, Por our present purpuesss., The seyen steps given
in the section entithal The Softwere Dievelopmeny Uyvele
will I mdupted, Tt they coald b any olber steps taitored
U e miseds o thee particular application Ver caeh phias-
an cslimste i reguised fop the fenctiog of the toatal giount
Lo b alloeated vt T e rase ol ianpeser wllocation
for distribution of KK puan-meonths over the develupeent
exele, it wes functionalls slbented a5 424 psnsnonths o
dimipte and snslysie, 210 man-anmiths (o vmle and delug,
and A pagp-petths Lo b ot sgped teal e Fig
Thes shi=irdwanme v 12 20 A7 gwerrent ot Uhin leve] of
:ll'lnll ha- tawin leslie ol i prnlpe b e pw Find vl bt
tosrntn hier e, gem ol B hetiion deatoal aluort s

The Aol step e Lodeduee the webienes e viel e
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ARtivities may Yw sinaned 100 “huper aelivity™ levils,
and the ahvup ey vary from phase to pphase, A tvpiral
activity array nnd post matrix will be preseoled in the
seetion entitled Remonree Allneatinn,

The final «tep in seiting op the initisl conditions fuz the
st mtimation algonthin is 1o prgvide seledule data
haxed o Ve ¢ ustoing's statement oF work, of uthet an-
agement  copsiderntions, Schedule dala are input gs
rustithe frem go-nheg! for vach of the midestone peerinds,
Wurden rutes are input for projeeted overhead rates,
grneral and adminetentive, and =0 forth, 1abor mix is de-
finrd and wnliwrdeswd Hid retes for the Yabwer grades
dimired fur 1hee phisse an- defined. Selective eont cuts mre
under mabagrment control hy the override capability,
Other dirert charges ape input, which for sollwan. is
tvpically travel as o puereentage of diceet labor cosls, such
g2 3 prreent and docurmentation at 10 percent.

Computer usage data for & nischine in the CDC 6300
class with timmeshared central processor wnit hased on

sampled datn from a programmiog department by month -

have been (1]

N e Tind Bygiber Numilser o Pﬂ'iﬂhﬁ'ﬂ
ol of Prosermr Prucemsair Hunrs Huure per
ATH 1Tite 1T med per Man-Month  Man-Munth
BB A% R 2.0 1.8
i3 o |47 4.4
o Mo 1.3 4.4
a1 L - I 2. T.0

Allowing for shghtly less puwer in a 370/15% eomputer,
for mstance. a figure of 1 h/month/programmer man-
morth would be rewsonatde. At an mverage productivily
of 1 ohjeet instruction‘h. this is syuivalent to 158 in-
struclinns /man-month, or 1.2 minginstruction. The data
i the third eolumn pre basd sn 142 processor units
curbe=panding to Yth of computing thae. A conputer
hours maleix in fefs of wsage mle pee inatruction by
phese = given in the madion entithd Hesourore Alleestion
hsard un the slawr data.

The summary nuiput frimn the et estimation -
gaorthm, SPREAD, includres: 81 cort per routine based oo
vither histuric burden rates of proposmd bunden rates;
Ly wyerage coxt gt dustraction, nuisber ol Istractiong,
Aand category; o) ttak number of dovebpnoest comguater
huars per routine; d1 simiple graphic dizplay of schiduls
il events; ) coet bremhdowsn by developaeenl plase
per routine in toelal dullars and gereent: §r fost brogk-
dmn by sviivity, by eontine. and sansed  over sl
rottinezs n e sodbwarte, suth as momageronent, feview,
divtmentation fpwaibeations, design, oouling, and  Lost-
g, und tinally, g tandeadiog and coet snnary by
reptend showing e pach nomh e Iatowr heeokdos g
for wenior stafl, =tut, toehnicol, cleneal, le, CunpuLer
huurs by month, other diecet chatges, vost by monthy, and
cummlative ceml,

TLEE THANgACTIONE 0N VOMPITERS, JONE 1974

The oulputs frem the rosl eelimation slgorithm are
conmdered & “trisl =0t" [or the cost estimation group.
The trinl 4 i used i combinatinn with sll aiher sources
of dats ta 1%t thel coat posilion against Lhe project ob-
jretivea, The appravid tria) wet, which containg the best
judgmental and quantitative measurrs of cost per soft-
were olelnent and per activity, Iweomrs the input to the
uficinl pricing computer run, Necessary translation of the
data el to vxaetly mateh the custoeer’s work breakdown
slructure {WBS) or other approprinle eosl elementns ia
made for the final pricing run. The uficial cost figures are
prduced by copt guidelines, spproved rales, and pro-
eedures that have been esiablished by the in-house
pricing group and approved by the government auditor.
The tsalis of the soltwrre ruat célitnation slgorithm are
retnined an cost hackup deta snd for possible use in later
eost justification. The official cost Hgures Trom the priving
compuler run show manloading and eoste callerted and
aggrigntied against the custinmer's WBHS (see Fig. 109,

Thix tost stimation approsch hes the following ad.
vaniagie, o} The amount of date requiced to obtain &
coat eplimate s minimal, b} The roltware designer im-
mediately soes the st cossequences of hix preliminary
design. £) To the extent that the zoutine 1s directly 1race-
abile 10w eequiremient, the reguirenient is directly trace-
able to o total eost. &1 Cinnparisung of sliernate schedules
oit fesouree allocstion cen be msde rapidly. ) A coet
justification is produced that can aleod the test of goveen-
meni audit.

SO0FTWAHE CUST DATA BASE

Sepsitivity voefRicients ur exchange ratica used by the
cosl estimation slgosithm reside in the data base, The
nbjretive in cost estimaling is to renlize greater acruracy
ahd precigion while anticipating risk and its impect on
profil. The greater the risk, Tor s given confidence Tevel,
the greater Tthe gllawance on the part of the cstimator Tare
this unceetainty, The mure uneertain the esrimate, the
less runymtitive 1s the cist proposal. Further, a0 rstimalte
of erm? hacked by relevant cosl cxpeficnes facts gives
confidvties 1o negotiator, muanagement, and the customier,
Cost juslitication is demandel by the customer, and s
usunlly provided in the forn of Jewer level back-up date,

Valid duta Based oo ptuven experiener are eeguered Tor
any cosl estimalion provess, Produring good operationsl
safiware ia dependent un the oany activities of good
people properly dirrctied spd nolivated. The process is
dithrult 1u puasure and wpply widely bryund the tech-
nolugs conter for which tlee perfomance rarores were
ditivid, There e oo univemal woadel Applving “aversge
productivity retes’ without knosledge of the developanent
shepes thot were wsetd e deriving e rppes Is wrong.
Averages based on Large sjauplhes are vl in comparison
of B luew! varialhe sgeinsl g global variable, if O estis
malor is Fra~mably cortain b i= compating truly myuiv-
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Fig- 11. Cusl estimating graph, showing industry-wide averagos

plent measurca. Muolzelasr hes studied the problem of
industry-wide produciivity rates in terms of program site
and romplexity, a8 shown in Fig. 11 [12].

The ectivitica thut productively occupy the analyst's
time, along with the plant overhead and other direct
charges, largely determine the price to the customer. 1t is
in the company’s best Interest to agree on measurable
activilica that should be avaitable in the software cost
duta basze for cost justificstion and estimation of new work,
Briel definitione of petivities that have been dentified
in this rrgard are given below [2].

I learuwing and Orientation (L) :; Those uctions necca-
eary to gain undersiapding of the hardware snd soflware
4 be applied 1n the project, and to liarn the operating re-
guircnnepts, specifications, and const raints 10 be salisfed
iy the suftware packsge bring produced.

#) Analyais and Pesign (A1 All actiona neccsaary 1o
generate teehnieal eclutions, which are expreted to satisfy
requiremnents and specifientions within the Lmposed con-
straints. It includes ditermining and evaluating technicsl
approaches, determining and evaluating the cffeets of
spreifie Tequirements and constraints on potential teeh-
nickl splutions, selecting the Lest sulution, and describing
that solution wo il can be coded. Thia activity includes the
rough documientation that ja normelly produced in gen-
vrating & teehinica! solution, but not the efforts of finslizing
the derumentation parkage.

8) Coding (C1: The translation of the drtailed steps
of the technieal solution into machinereadablis linguage,
the ordered list, in eonputer eode ur pseadecode, of the
succeasive rutppiler wperations for solving & specific
prablem, It dines not indud e petual input 1o the rommputar
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(exeept for time-share inputel, compiling. nor leating the
adiruacy or validity of the ineructions.

1y Test awd Cheekout {Th: All actbns necenmary to
assure that 1he instructipne coded by the programmer
ruuse thi- machine 1o do what the programmer intended
it tn do. T1 covers preparing the texl data, rompiling the
progran. runbing tie test dats, reviewing The eompiler
and fur machine cutput, Wenliying erfond, correeting the
errors, and making vhanges (o the progrom that improve
ite reliability and officirney, [1 does pot inelude verifving
that the software product salisfies the renuirements und
specificalions stated by the customer of aprmsor,

51 Verify/Gueldy {177 Thoae actions necessary to
arsure that the software product salinfirs the require-
mendis and sprcifications provided by the customer or
sponsol. 11 includes preparativn of yualifying test dals,
yerification runs, evaluation of computer run rrsults, end
adjustments to the program 1o cureec! any deficiencies,

&) System Jutegration anid Test (F): Al actions necessary
1o sasure that the subsyvetem or module e programmed
will interface with other subsy atems or modulea to pravide
a untislactory aystem. 1t ncludes preparing dats for
evaluating the jaint functioning of two of mure sub-
AyRtemIE Or modules, muking the evnluntion runs, evelusl-
ing the juint opermtion, and making neecagary mnodifics-
tiony to the software in accordance with prevailing con-
figuratiun control procedures,

7Y Documeniotion (0): Thowse aclions that require
t. rhnical editing, technical typing, aH wurk, and reprn-
duction of deliverable docutients to tlhe customer or
spunsor.

An example of the cost per instruction for the sig-
nificant categories of software previpusly defined versus
degree of difficulty is given in Fig. 12 The cust figures,
in principle, inctude all seven divelspoent steps deseribed
inn the seriion un software development and &5t manage-
ment, Activilies thut are difined fmmadiately preceding
are inhurently included in 1he cust figuns as are 8ll other
ilireet rharges up to and including general and sadminis-
Lralive cusia,

[n lute 1971, TRW compiled indhouse date on a wide
vuriety of roftware developinent eharbcbleristicn, which in
turn wrre independently anslyzed by Lulvjinn nnd Associ-
sty under contract 1o the U.S. Air Force [13], [14]
The variables of particular interest fur our present pur-
praes were analvzed by Lulejian and Associsles for a
package of 5% routines developed by TRW. A brief
interprelation of four of 1he annbyees 1hat laar on Lthe
vounl ol sleveloping softwaee iz prosental ek,

Conmider Figo 83 Th's s a phit af et wrooam number
of instructions fur the S5 nmlines, Twa ranelpsions can
wodrawn, either by slireet eleervntion or by regression
analvex, &Y There ix a0 genceal brend 0 the dates luger
riontines enst muore, b A Moear $i1 to the Jdrta 3 fol vory
gonwl, 1T whe attemnpts la predirl costa I routine size

PELE TRANELCTIONE ON COMPOTERE, JUNT 1974
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Fig. 12. Cost per object instruclion verens relative degree of
difticulty,

!{ . I

MELATIVE
LOst Fgn
AOUTINE

b
Mgl L OF st AYCTIONS
Fig. 11. Helslive rust per routine veeeus number of instroctions,

alone, one can eXpect errork ol abemit 50 pereent in the
predicted roat, The prediction is better than nothing, but
not murh Letter, Fig Vb Mliowes the same data ploited
ancther way—rost per 1000 insf ructions versua number of
instructions. [T the cost of the roatine ean be estimated hy
a fixed cost per 1000 instructione, one would expect thia
data 10 show constant eost. 11 mppesrs to be constant,
with a large error, reperially for small routines, Again,
une concludes 1hat eost can be predieted [rom number of
instrurtiong firovided that one iy willing to accept fairly
large errnm.

Coxt deprnds on a numlae of other faetors, and one
might hepw 10 g1 bwetier el entimnalen by meleding dif-
ficulty, progremmer exgenience, cte. A considerable
number of Afa were 1ried. The anewers, unlcctunately,
werr negatlive, Ineluding other variables did nat result in
an equation 1hat given ppy significantly better fit 1o the
data, Fig. 13 fhowr nn exeniple of one of the variables—
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experience of programmer. A glance at the curve suggests
that & knowledge of this +ariable does not help one predict
cost. The regression ar “yais reeults support this sug-
gration. Teble I shows tha reaults of & muliveriets linesr
regresgion analyveis, Adding the remaining varables gives
t better fit, but not much betier.

The conclusion is that there are np simple universal
rutes for costing software accurstely. Tt in necesaary to
understand the nature of the individual program and the
individual routines within the program.

RESQURCE ALLOCATION

Various rescarchers have separstely discovered by
rmpincal methnde a nile of thumb, nemely, that analyeis
and design account for 40 percent, coding and debugging
secount for 00 pereent, and checkout and test aceount fur
40 pervent of the tal resvsree [costd spent for sftware
development, the 40-20-40 rule, 11 the cont of “modeling”
+f physical aysieme 14 10 be borne by the sofiw are devilop-

arnt greup, 88 conrusted Lo mopdeling anglvels from raw
data by technology cenlets within the cumpany {such ua
thermsl, attitude conirol and  pointing, propulsion,
electrical power, and sa forth) an extra 30 pereent typi-

429
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eally would be required in addition 10 the software develap-
ment hy itsell. In other words, the deriving of equations of
motion or physical hehavior of ather phygicsl systems from
rew dats in not included in the software development
rescurce allorxtion, Similarly, the eomt of computing time
is ot covered in the resouree alleestion, Eaperience hes
consistently shown that camputer costs add an sdditional
20 to 25 percent of the 1014l cost of the project; that is, &
$5 millien/year software development tontract will cost
the government an additicnal 31 million for GFE com-
puting time io the develuper. Roehm discurses his views
on resource alloestion in [15]; his Andings are presented
in Table II, The findings of an in-house survey by
Metzelsar are presented in Table 111 Independently
derived rescurce allocation for the 1000 man-month
costing example wak given in Fige, 4 and 5.

The hmaie resouree alloration data that are pequired for
applhicstiva of Lhe eoal eslimatien algurithng are s1own
explicit fiem for purpuess of lustrutinon oaly in this
raragraph. Table IV shows n sinpfified version of huw
“complexity” might be handled in s preliminary design.
For example, if we are designing one mutine in s large
wyetoein Lhgt we relimali 1o heve 100X pxiculeble, or
object, instructivne {nnt Fortrsn IV spurce inslructions},
and that has aa ita primary funetion setling up the input
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Fig. 16. Typieal alpestion of resourcen [n custom anflware de-
wehupmant weid test,

to the main algorithm, we first categorize it aa a “'pre-
processur,” or category P, It s pew and scemns to be of
medium diffienlty {compared to athers we have seen),
therefore it s furlher categorized s new-medium, or
XAl We enler on the workeheet [or this routine ita name,
wy PHOG its eategory PYNM, snd & number of ex-
ecutable instructions equal to 1000. The consequence of
this action in that PROG, st $34.00/instruction, will rost
the rgavotier (Lo, direetiy timegble 10 PTHG) 334 000,
This rovers the vowt of all aetivitien, inclixling analyais,
Yaign, dwnmenting, voding, cheekout, sd teat. These
ativitien ate spread o The developmuent silases geeord -
ing 1o 1he typiesl gllention of pewnarem slown in Fig.
1. Summting the liest faur platsen peior Lo cocde and debug
“hown we wlleate 40 prercenl of s tolal (kidlse Liere,

ending takes 20 pereent, und thr 1wo major phases after
coding take the remaining 34 percent. This distribution
has heen testrd ngainat st least two uther comipuler pro-
gram development cyries, provides & guod fit 1o present
design lechniques, and will be sdupted ps 1he nominal.

The rescuzee distribution in the seven phaaes [steps
1)-7) previously defised correspond ta the geven phasea
A1) will vary s & lunction of “calegury,” ard may be
interpreted as u perturhation shout the neminal. 1n sl
ensen M, the 0&X phase, will 1 trasted differentty
since il is nut ehiwrscterized by the ranie ahijeclives or
activitica a8 the development phinss. Tl peroenl veria-
tum ol total pesouger sllivstion ss o aseism of eategory
in given in Talide ¥,

ARer Vlaswilying (b sdtware pochage 1at the noutine
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Lrveld by rategory and degree of difficulty, and defining
the development phasea for producing the softwere, we
define the “activities” to be performed during each
development phase. The software statement of work is
the source suthority for defining activitiea againet which
cosis will be enllecied at an appropriate level in the work
breakdown wtrurture. The 25 aclivities {or taske} that
comprise the 7 development phases, which in tumn lead
to preparation of the debiverables for our hypotheticul
project, are thown in Table V],

The arsignement of resousers to each of the 25 ectivitiey
for eath nf the 7 development phases is shown in Tahle
V11, Histuriea) dats from the cost deta bese combined
with engimering judgmient gained from work on previcus
rimilar projects are vsed in making the assignment.

The remaining step is 10 assign a properly titme-phased

ampuler resouree 1n be used for the development and

st of the suftware. The rationsle for such & computer
nours matrix was given earlier. The numenical results are
given in Toable VIIT, tngeiher with &n explenstory note
on interpreting the date array.

An example in the wpplication of the entire procesa
would be useful. Within the apace of thia prper it ia not
practical; however, preliminary design of 2 Jarge command
and control poftware systern wan carried oyt in late 1971
that pravides two useful insights for our present purposes.
The first is that the eommand and eontrol portion of the
soflware syulem consisted of two major subsysiems, the
first rontaining A9 subprograma which were ronsidered
quanitral-time, and the second containing 20 subprograms
which were considered real-time. In [fset, some of the
former rontained real-time gubpregrams and the latter
some nunreal-dime subprograms. Thus, if a casua!l ob-
borver wiere to charselerize the software gs solely real-time
(ot nonresl-time), in hopes of deriving useful cost dats
bose paremeiers, he would Le rertain to feil in precise
interpretalion of the performance data. The resource allo-
cation in terma of burdened man-maonths and computer
hourn fir the ¢fyret ia given in Table 1X a1 the madule
Tevel, where Fntines make up modulee, snd modules make
up the sxetemi. of this syulem bad been earried out inoa

nplete developent eaele, & new dats st would be

derd into the vorl dute bhase and varianern between
setua! snd prdicied resaurces would be available to sid
1 the st walinating ¢ Kore,

2-1-

A serond insight that spems useful iv Lthe cust estimating
relationships 1hal emerge when the softwere elementy are
separated into meaningful groupinga of, in this case, real.
time, real-time plua ita supparting environment (pre-
and postproceescre programmed in higher order language,
far rxample), and command and control elements that
are not time-critieal {see Fig. 17), Thr data are now
highly correlaled, wnd the differences # productiviiy
rates between the groupings would be rxpecied 1o range
nearly 3 1o b, The obaerved differences should not be
ntiributed to lack of correlstion Letween dependent
variables thel are scen to be mrmbers of different sels.

TOPICS YOR FURTHER WOHIK

The topice that were onginally identified fur discussion
will be summarized, together with key icsues that influence
cost estimating of large soflware aystemna and that ned
further work and study.

1Y 1What 1a the typical code production role per program-
mer man-month? A working standard mnay be inferred from
the data given of ] sbject instruction/man-hour, which ia
equivalent 10 156 instructions/man-inonth, or 1870 in-
structiona/man-year, or 6.4 man-montha/1000 cbject in-
structions for nontime.critical software,

If a burdened man-month varies hetween $4300 and
§4000 in 972 dollars for & iypical programming depart-
ment's tabar mix, on 1he average 1his warking standard
transiates to $27.50-331.50 as ihe coal per instruction.
Both ease history A and B corrclate slrongly with these
standards, They are charactrrized ae large software Joha
whose development js firmly siructured end conteollad,
But what about the R& D work, not well atruclured and
controlled, snd which therefore does not lend jteell to
estimation by exirapelation from s hislorical coal duts
Lase?

The undetlying question in whether we have identified
all the right parameters to caplure and yusntify in our
coet data bare. Do we underatand the cawsal relationships,
and can they be isolated from their effects or aymptome?
For rxample, is the SAGE duta point where it inin Fig. 11
Lecause it in "extremely complex” ur bresune the Fueguine
nisnta weee poorly defined?

2} Mow duea rode pruduction rofe rary with problem
romplerity? With more sophisticated physical aysiemu
being brought under suftware command snd cuntrol, »
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have slrcidy uboarved in twn riwen That 1he cost of pro-
plexity et an terense mop respnsibibe comt catial e,

g renlaunes Tor Gipesepilical) softwans i< (lites Limes
st eostly (hne wontesl-linee soflware (e Figs, 12 snd
L3y, Sl 1l ddeyeligroment loliae Yue sguent e highly
aplimized e hipe-depradent code by he wpplivalions
pegrinttner or onnoee cieicedl eoipilees neml nee-mblesat

Cost rnudon s arc s betwesn ¢l croeinl parsm-

IE s amlinn s |I'||||'1' s Ierenses M vosd [iuhl o
froan 4 o 000 s 1he avermge of onte Bistiaiesd eonl Juls
tavea, Fher bemiog v of Ghese greeadivcted fnen s ed
serious stienlion snd stady, wwd eMective ansgenent
m-thicla todetect and deal with 1 For exanphy, we
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sters thet define the problemn eomplexity and the eost
benefita, A marginel wtility theory in needed for the
seotsoriee of )oltware developiarnt, Yaranueters that e
crucial i defining problim romplexity inelude dogres
uricl tirar phasing of simulation, extenn of protolepe code,
parellel develipmient of different formulations of key
slgorithms, new compater hardware software, assenibly
lengunge ewting, mullisite gperations and intetchange-
ability. growth requirements, eritical timing and through-
pul, hardwarr wdivware interfaces, fnult-toberanl com-
juting, fure orcupaney  cotstraints, eelislility, wnd
aalvty [163[18]

Iy Huir odea this rale rEry ar a flmﬁ'llau af enmputer
ratalaling? Aecesarbility® Cenpyuration® The President's
Blue Ribbess Delonse Paned reported e June 1970 90 1
otafl peport on aulomatiec data proces-ing, that In-caume
ul the guvernment's method of selestionanud procurement of
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Eraotple: The vufumn sum of rstegory € vuntre] routine, i
217 % 10~ A bnstruetion, or 14 minginstroetion. The tatal resaures
required in then distributel vver phases Be@, s chown sbuve, € g,
U 42 minstrgetion for phinse £ meling ond mditing.

comnputer systems, multiple computers in the same geo-
graphiral nrea can resull in coxts thel mee as much as
fiwe tims larger than would e neeossary if & few large
computers were wsed in 8 shared operating mode. The
undiedyving prollem here §a that of deta privecy and
protweetion  taccurity) for enabling the uae of remote
terininals by guvernment ugenciss for Luth elussified and
unclaxgifid work. An independent cvalustion by B C
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Fig. 17. Cosl etimating relntionahips, showing wids verislion
within sirg'e commund end condrol suliware ayslom.

Nelson of TIW i that & dedicated computer installation
coats Lhree tu five times 83 much to operate as if it were n
time-shared installution with proper remote terminala,
Tf private industry ¢an rrjoy these benehts of coat ef-
feclivencas iy use of remote teeminala (thres 10 five times
iesa expense), it would seem that some, il not & Inrge
part, of government installations could enjoy the same
benefila if the problems of data privacy wnd protection
wete solved ta evervbody's satiafaction.

A management gon! i3 to do the difficoli parts of the
sofiwure twice—ance to produce prototype code early in
the development cycle using perhapa 8-10 percent of the
resources and an impruved version with the tachnological
risk eliminnted for the operalional version, One pitfall iy
that the risk ia highest in procurements where & new
corputer wnd its operating system are beirg developed
cuncuriently with advanced spplicationa aoflware, so just
when computer time is needed the most, it is svailable the
lesst, Moree planning to reduce the computer «lection and
procurement time is needed.

Furthermore, in some operational aystems, the com-
puter configuention available to the user is sgnificantly
diffesent from the computer cunfiguration avelable to the
compuler program associale runtyscior. Bach & working
envizonment reyuirea an integrating contriciar 10 mains
tain ayslem-level configurstion contegl. This may add 10
percent (o the tatal cost nud i viewoed & an insurance
policy. Tu elimingte such wecurrences, standards for
compater cunfiguratinne wre neded, and configuration
evitrol in needed Ly the wssorisle contractor sml, squally
impurtantly, by the uwr.

§y Whatare the piecea of  Jormation regui rd is make @

realistic prediclion of sofiware developmend coal? We have
identified the activitics that oceupy the analyst’s time in a
25 % 7 matrix {Table ¥1) and elsewhere. However it ia
one thing Lo identify significant sclivities for allocation
of resources, snd it is another thing to hold the right set of
individuale secouniable for the expediture of those re
sources for those thinga over the life cycle of the soltware
development, which spans 12-24 months or longer. The
purpose of a cost estimsting aystem i to reduce the
variance between cstimates of what a software develop-
ment should cast and what it actually Joes cost. The coat
history data file is & key element in an impruved cost
eslimeting system. Further work is needed in capturing
and maintaining historical estimates, eosts, and quanti-
tative facts to provide more effective data for estimating
fulure costa and sikes. Further work ia needed in main-
laining cost conlrul over the actual perfurmance period
considering the fillowing.

8} Recording and displaying of both individual and
aggregate programimer activities, such sa previously de-
fined by L,4,C,T,V',I, and D, by easy-to-use automatied
project control and prediction tools.

b) Fam ¢omputstion of preject cost- and time-to-
complete predictions Ly current nnd look-shend mctivity
slalistics, including uncompensated overlime, as in pow
fensible through sutomated cost control tucts,

v} VProvision for storivg, retrieving, ond tracing of
project utatement of work deliverables Lo their cosi
rstimate and cost catimate to uctual coat, by sclivity,
uyer the useful lilv of the sufiwarn: through cosl control
touls.

8} How tloen cnle production vale rory oa o function of
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programmet quoalily? Quality reguircments on the final
product? The point o be moade here 39 that we lisve seen
convineitng evidiuee of the validity of 1he 40-%3-40 rule.
For a 5 millicen project, $2 million witl be apent on elieck-
out pnd teal to Lhe calent the rale applies, A manegement
olijertive is 1o chieek out every logic path in the software
tn deliver sn error-free progoam, This is & high-quality
final product insofar s being ervor-free ia & meaaure of
qualilty. Achirving this objective may wdd significantly
ta 1he develiqurent cost but reduce even more significantly
the aperations snd maintenance coal, Witk improved test
toodn and Aow measurcinent 1ools, considerahle mprove-
ment in ooffirieney of more branchea chiched per eomputer
howur Ywromes reslizelde, From the nnalyeis given for one
Aullware svstem, the quality of the prograounee in yoenra
vxperienee wnrl supervisor's ating secmed o meke oo
differenee in the rosl in terms af the goodness of A1, the
pdjusted index of diternination {#*) given in Table 1
and Fig. 15 As 1. ). Hatter says, some of the signs exhibit
counter intuilive behavior,

Technieal stendards and criteria are
necdid in the sultware development process. & wrong
Btandard is lwtler than no slandend because wt Jeast i1
Kivew a sense of direction to Lhe effort. A technical poer-
formuner measutement system 8 nesied for spplying to
the soliwere develepment proeess, and which ia under-
stood nod applicd ot 8!l managetncut 8ol porformer Liovela
war the life eycle, Since soflware divelupaent ja more
process oriented than product oriented, soeh standards
becarne measares of group productivity if oot individual
productivity, In somi orgenizations it mey be interproted
tu be against compsny policy to measure and report on a
productivity indez of an individusl member of the pro-
fessional s1afl, such pa eode production rete, o vrror rales
{ne measured, for instance, by software problem reporta),
Produring quality custam software ia & profit-motivated
Liusinesa, and more businesslihe procedures sre being
applird pa 1he product lines mature (197

performanes

€) Mow does cust vary with completenens of problem
Jersmuiation? Using the 40-20-40 rule agrin, but 1his time
dealing with the “unalysis and design' 40 pereent (whicl
flar our example of Lig, 16 was 46 percent), we have
evidenre that annlyasis snd design tekes the lion's share ol
the softwsr developoent dollur. A mupsgement goal that
hus proven effeelive in the past is to produce wuperior
documentation which is reviewed with a knowledgenhle
technical slwfl in the eustomer's complex. Thorough and
conlinuous involvernent of the customer in the develop-
ment process has been a reality of severad large sultware
developrirnts, Nuthing 1skes the place of curnputence
wrd coonmunication wlen it comes oo uadverstanding the

uatolier’ e of apminsaz's regquirefents. ‘Transtating toiad
ayatem tequitemenly, which sy not Le well understond
even by the custuier, Lo the suftware system tequirements
in & grucinl first step. In the requirements definition and

LY .-"

s

preliminary design phase, there is typically o lack of
data but Tots of leversge (inflluebee on the ultineatle draign
cutcome), in cotitraat Lo the operational phase where
Lhere are lots of data but little, if any, leverage, Thir
rignificant area for cost- and perlormanceeflective wa-
provenient.

7Y What tf the rale of *'design-to-coat™ in the development
of large-scale softuare? The M3 joint logistics com-
manders have recenily entered inko an agrerment con-
rerning 1he acgusitiun and ownership of major weapon
svelems based on Lhe concepd of “design-to-cont” [20)
The teem "desigh-te-roat’ s dofined as 8 process utitizing
unit cost goals as threslulds fur momagers and sy design
paramelers for engineers. Cosl paroinelers (ginds) are to
Le established that tromalete te “heign o reguine
ments, [n the past, the order ol priopities for najor
wrapon system seguisition and  ownership has been:
8) performance, by availahility, wwl o} cost. Todny,
under the design-to-cost shoctrine, the nrder is: a) cost,
b)Y perfurmance, wud €] availslility., The applicability
of the design-to—cost conrept Lo lardware is now beginning
to tmerge and is being redduced 1o praclice. The relation-
ship of the design-te-rest concept to suftware is nul now
understood.

In the 1975-1950 cra, this reordering of pricrities for
major wenposi systema, of which software is generally an
integral part, is eapecied to have & sizeable infoenee un
bath hardware and software life eycle acquisition amd
ownership, prrticularly in e sense thet the unit -
reguirernent will hveome v deiving paratueicr in the deu. ..
of large-seale software. System levelopment will be
continuously rvalueted sgaingt the unit cosl oeguincmela
with the samic rigur aa now applied to Leehnical cequire-
ments, Practical tradeofs must be made biween system
capability, cost, snd schedule, Traceability of estimatbes
tnd costing factors, including thase for vevnotnie cacala-
tiun, will have 10 be mainiained,
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Managers need an understanding of how application software
behaves, what factors can be controlled and vrhat
factors are fimited by the process itself.

Reprinted with permission fronm

DATAMATION, September 1979,

© 1974 by Technical Publiahing.

SO T
COSTS

by Lawrence H. Putnam
and Ann Filzsimmons

Fow managers are able 1o preda, 1he time
and resources necded 1o develop Large-
sedle sufiwyre systems. Progress is ofien
mewsured by the rate of expenditure of
resources ralher than by sume coum of
sccomplishments. Unrealistic talimates
alien resule in tatt minule ¢ffufts to geot
code writen quickly, resulling ir <ol
ueziruny and poor Jualiy soflware,

Sofiware devciopment can be
broughl under Coniral. It reguirés an un-
derstanding of how applicalion soltwars
behaves, what faciors managemenl can
conirs] and whal Tactors are limilzd by
the process itsell,

The basis of eMMective management
is the Fagt That the sofiware development
process cahibits 2 charecieristic behavios,
whech can be cxploiied, so that the expen-
sive revul of unrealistic approaches can
b avoided.

Traditionally, managers make two
incorrect assumplions aboul sofiware de-
velnpmeni: thal people and time are inter-
changeable and thal prodyctivily devels
are relauvely <concan for ald sultware
projects within the same organizalion

The firsl assumprion i thal devel-
opment £forl is simply the product of
pecopls and 1ime and that the 1ime can be
apecificd arbilrarily by management.
Thus, the manning lewel i 1he derclop-
meni effart {in men-yeary) divided by the
predetermined  develupment 1ime (e
Fig. 1.

Fur gxample, suppone that the or
Eanns i has By work ymder consll ainls
I by mpypweser avalahle weie luoited 1o
2 pwaple, the T womld by deicrmuncd
s IR b e St s it e By M uple
Fant scars Hlowever al 1he svstem had o
b hmshed in twa years, the rchahun
wonhkl becomec: Manpower oqual 100
man-seafsf1 yLars, which equals % pei-
ple.

Manapers derve al The swovond a-
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sumplion by laking same ovecal] produc-
tivity Nigures from previovs projects Lhat
they think are similar. However, they do
not eraming closcly the piecise characier-
istics of That similarily. An estimate of
tona} suurce stalemends derived lram Lhe
wpectlicalions is divided by 1he productivie
Iy figures o give a man-yesr cslimale,
Far etxample, assume thal we have 10
build & system of 100 000 source state-
menls |55 = 100,000) and our produstiv-
iy is | OO0 source slaiements per man-
yeat, by snalogy with 2 previous prajecl.
The development cffort Lhus equals
[0,000 5571000, which equals 100
Midn yoars.

Linforiunutely, vur ewpcrience
shuyws That These relationships are loa sim-
mde, except in the casc of very small pro-
grams, such as those af less than 7,500
wou et vlalemenls, of thal employ & Tew
pcaple for 2 few manths.

For Larper programs we now bnow
that peuple snd vime are pol inicrchange-
abte. Fred Byooks, manager uf the 1Hm
160 vperaling sysiem project, haw de
seribed 1his phenamepon so graphically
that @ variant of it hay become baown ay
Brooht' law: "Adding people 10 2 law
prapect oy makes it favee " The reasen
clcar As the aumbes af pevple vn 3 prog-
vt Msreases arnithmnetcally, the number
ol WUMaAR IALEFa¢Lians (M T Cdiy PEInel Fie
cully. More und mare 1inc Mo be spem
an human communication and less and
less o productive work, The only way 10
avind This ingevgtabidiny i 1o reduie the
numbcr of people wha musd inlerac by
sirelching aud 1he img

W sl aow Laow Tha pridecivge
Iy s bl v gl B oalles, i o a womples
Ty oonn af Ul el b, e wd o bt
g veels B appdeed v the dies chepanem
fask Yo van’t pprasy prodie oy
wat b changing these Lo 10 s o
wnusial Ty 3 group ol programoen ta
avhere o praducieay ol say, S
~HIPRE stalvmonls peof MaR o yraf of o
sl rglanegls simple business appla-
pign while dinpg onfy 3D waufe siane

SEFTE RHE M7 4 A

Copyright



~enls per mun-year on a large real-lime
yalemm.

With this kind of variation in pro-
Zuctivity, it is litlle wonder thal estimates
v acd on the constapt productivity as-
- mplion arc nat reliabte.

" WTNARE  ©Over the last five yeary we
FE have studied 1he manpow-
E "CLE &f v, lime pallcra of sev-

eeal hundred mediuvm- 10
la-ge-seate soltware developmeni projects
of 2ilferent classes. These projecis all ex-
hib ted the same tife cycle patlern—a rise
i nappower, & peaking and a 1ailing ofT
{ser Fig. 1) Use of 1he manpawet Curve
and the corrcsponding equalion wilows us
Lo d=lermine 1he number of peaple peeded
a1 ny time ¢ The time of peak cllort
dos sed by g this Liine 15 very clode Lo she
dev ‘opmenl lime for Lthe tysiem, which s
also *he vime when the sysiem reaches full
of .ational capability. The lalling part of
the curve corresponds 1o the operations
and mainterance phase of 1he syrlem life
cyclc During this phase the principal
work 15 modificakion, minor cahance-

mer  and remedinl repair Hizing bugs),
The dula points shown on the man-
pow. diagram indicate that there ia scat-

f2r ar noisc +n the dala onderlying the
proce o Empirical cvidence suggests that
1he £« compontrl may be vp 0 t 23
percer.: of the expecied manpower value
during the rising part of the corve. This
porie hecurve corresponds 1a the devel-
o, ment effort.
The form of Lhe equation is:

Kt o

- here:

¥ isth Tnanpowera any lime 1.

K in1h “urea under | 2 curve and cocres
sporss 16 the tota!l life cycle efTort in
MET-yEars,

fof is = +e devclopment lime (iime of peak

man_ werh.

wrge soflware syatems and some
smali =z seemn 1o folluw 1his general pat-
tern, ciled the Rayleigh curve. Qther

im='l sysicms, hawever, seem 1o have o

=== :reclangular manpower paticrn (see

P+, probably becausc ihe manpawer

£ odis determined py mAnAgemEnt of

L Aractual agreements. Many small

= 15 are esiablished as level-al-effon

weis, leading 1o rectanguler
wding.
Rectangular manlaxding patierns
zidom found in lar-: projecis, appar-
y because manages. have 0 Liile in-
v¢ [eel Tor the reron oo preded Lo do
1ob that they hesuvie 1o tpecify the
ting pattzrn. Rathe hey lend o re-
tshe accds ol the o *em This resc-
el apunach cosulin i 44 lugs end on

o oawon I uselerapplicay noelelfrt, bul
wecrall eflect v a res  mable npprom
on to Rayleigh munhading,

As we have wzen. the manpowct
m allows ws 1o determing our
tr ing——il we know the total efforl
§] he develapmer ame {ig). We

-

- = T

MANFOWER
(PECIPLE -8 Y0

}

[PEDPLE-MYFIYA)

0

ai ¥

L

FoR 100 R

1]

2 ' * e s
1 ? 3 L] 5
TIME {YEARS]

MANFOWER

A

w $

0 F womy

TIME (YEAHS)

Fig 1. The assumphon that 50 people for bwo yearsis equivalent to 33 peopie foe
ltwee years twneg oul nel Lo be valid lor large-scale soflware devetopmend.

MANPOWER
(PEQPLE-MYTIJR)

|

CUMULATIVE EFFORT

{MY})

i

I

1
1d TIME

dala points (ieflhand curve)

Fig 2.T acurves dalined by Lhis equation, originally applied by Lord Rayleigh to
1pscribe other scisntfic phenomsena, heve beean lound to fil raasonably wall the
manpower pattern ol solwata development, Bt lsasi wilhin he 'noisa’ of the

can find X and ¢4 once we know Lhe ex-
pecied size of the sysiem, bul firsl we
must obinin 1he beal eslimale of the sys-
svem vize, and do it belore development be-
gins.

Bfore we begin ta size the sysiem,
we thould decide what we really want
fram 3 uring lechnique. Chviously we
need an esti nale of the eapecied number
of source slalemenis. We use sourge stale-
ments rather than machine language in-
siructions Ercavse they are whal poople
+ rile aod w uat people can masl easil re-
Latc 1o, Peozle have some intuition for Lhe
si7e in w4 e latements, whereas 1o gel
machine 1¢ ruage eslimates requires an
wrcorlain necrsion which introdu. o
a liwonal pogsibilities For erenr,

| con vbvivus in the meed Lor an esii-
mate of (he upcerlainss loe tanged uf the
wi g il vl number. T’Il.' UWET s
I3 timmie  lrwa ws o progect Lhe rnk
we wialgd v b our ourue slulciment esli-
maie - 4ome nung every manager shauld
he € M ulso permils v- 10 generite rsh
& males for cost, schec e, and manpow

A

er—information we never had belore.

A1 least three differenl eslimales
should be made belore development of the
system beging, They should be mede once
during the systeras definilion phase nnd at
least twice during the funclionnl design
and specificalions phase,

More than one eslimate should be
made becausc belter and beiter dala wic
availablc as we go from carly systems def-
inition inlo the functional desigs phase. A
ook 31 1he system Lile cycle {Fig 3% helps
vt decide when these eslimale can be
made.

FEASIBULITY  Dwring the early sysicms

deflinition pk e ¢ need
SIZING brosd estim. v theu)

timale aypatel size, Jevek-
wpatienl Himg and ceml oo (ha) we o N
labita® basle ev-spmnin Towar ity * th
pednt we have po Burd dule oot 1+ 1
lem we ase vui wdering beoause il .0 oo

<atly - nu desip n has been done. There-

loc,onll we reul. omndo s viahe anonicl
hy = guess us b he runge of size of the



aysiem, based an whal we've done in the
past and what litle we do bnow abowl i,
If we lel a cqual the lowest pousible
numbesr of swwrce stalements and let b
equal 1he highest possible number of
suyrce slatgmenlts, wc can delermine she
cupecicd vire and its slandard deviation
(ur unccatainty] by wing the laws of 1a-
tistics und probability.

Ler we assume Thal we Jre (wo
woeks inie the systems definition ¢f &
barge-scule rnventory contrgl system vall-
ed save, Based on past experience and
whil we hnuw abaal this system at this
tomanl, we migh broodly estimane il 1o be
twiwren 30,000 and 140,000 source wiale-
ments Lhing our staliviical equalions, we
ks thal the capecied number af spurce
MARTE T TS

L% = (a4 A2 = 190000/] &
w5000
The wiandard devidlion is!

nhis o= b = glfh = GO{KIA -
| 5000
The capecied e ta

A0 & 15,000

Hy “cwvpecied” sLalisuiciang mean
that there are b8 chances ool of 100 thal
the Irut w2¢ hes within ong sandard
devenviun of 1he mgan. 1., beiwecn
KELOMMY gk D IIANNE wore e slalvmgnis
Ihere aee "M chomcs ot of TIKN bt The
b e Ll wopt o o shomd it alesi
Tmes ol Ty o, v o Icitsween SLIKK
and FHUAHKY soaroe siateiments il 1os.,
than ome chane e that ot les gutsade these
[uminly

While this necthod results in what
sworms 1o be 4 disconcertingly large range,
i omiptant 10 understand that oon oa

184 CaTAMATION

Funition Smalled Moul Likely  targest Faprcied  Sad D
File Handiers 25000, 40004, 0000, 42300 1500
Litilivies 3000. 1 5000, 26000.  131e7 1500
System Procs 12000 16004, 50000. 14313 6131,
Taocal 92000, 10MI1.

Table 1. A polng of the project leam lor Save at the eatly luncional design
phase prowded lha smaliast, mosl bkely, and largest estimates [average of
leam) ol the number ol source slalemenls o gach subsyslem From each
range the expacled valua and s slandard devialion was calculated

guod a3 we can do al this Ume, consider-
ing thai ¢ have almust no solid informa-
vion abaul the syslem we want to build.
Wranagers who insist an gelving betier et-
limglcs (meaning smaller ranges of even
d volule numbersk must learn innead 1o
work with averages of Lhe quaninies and a
measure of the variabiliny of the quanii-
nes, e, the standard devintion,

This is &n imperriant philosophical
puint because it means thal only & certain
level of accuracy and precision js possiblc
al thissiape and allelfortirodobencrare
Turile. As Aristatle = rawe, "L is 1he mark
ul an imerucied mind Lorest satisfied wuh
she depree of precision which the naure
ol the subyeet sdmils and ot 1o wek er-
aclicn w hen enly an approzimation of
o Druth iy pusaabde ™

Ay owe comtmug g e bile cypele
amd tcarn soare abuwt the fingd syslemy, the
st s amprise od uneerlainy nore
duced Thus, av we approach the siart of
dotailed design, we can feduce aur risk 1o
ramges Thap are considered 19 be within
the lumws of cngineering accuracy in och-
¢r bramches of the enpncering an, Wi
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achieve thiv result by breaking 1he aysiem
inle picses and estimating 1he pieces sepa-
ralely. Then we combine the picces by
means of our equations, lesting the siativ-
ticy of aggregaiwan reduce our unceriain-
ey,

Townrd 1he beginning of fungtion-
aldeaign, we shauld koos what the magor
subsyglerns will be. AL this poini, The
members of the project team who have
worked on the wystems definition should
eslimale the wize of each of the major wb-
systems 23 fullows:

Let ¢ be the smallest possible size
{in source siiemenis).

L et m be the muat hikely size

1 et b b the Larges] pussible sise

L he v orages af these cxnmancs far
“axl o eleny, a Delphe pudling of €2
peets eesudied i Ve Tost theee adnmoms
ol Lale |

Parenthetwally, we noght naie
vhat we wend throwgh this procedure with
several groups of syslems engrneery and
they are uite comfurtable with it. Mos
Jnalysis or engineces ure reluclanl Lo give
4 single extimare of cire. When 1key are



forced 1o do 10, they will Bias il on the
high side. They prefer 1o give a range of
stzes, because they conmake this range as
Large of av small uv 1hey need 10, depend-
ing an what Lhey bnow about the aysiem
b the ume. Pachologically, giving
raRge & not a Lhredlening cummitmenl.

The estimaites [ur the three subsy s
tems in SAvE resubicd in 4 broad range of
possible sizes. Mare that the divribution
is shewed on the high side in rach case.
This bias is 1ypical of the beia distriby-
tian, The characieriaticas of which arc used
in PERT eslimating The PERT icchniyue
huy been used sucoessfully inm other Nelds
For mure than 15 years and we adopled it
hese in oider 10 find the overall sysiem
sire range and distribulion.

1 Fapeoled cofue An estimate of
the evpected vatue of u bera distribunion
it

E, =g+ 4m + b)je
This farmula simply Biases the result so
thal the expecied value Talls un the side
aboul which we are more uncertain, The
expecied value Tor coch subsystem i3
listed inthe Tourth column. Then the over-
all expecied value i just the sum of 1he
individual expecicd values

1. Srandard devigtion. An gsti-
maic of the siandard deviation of any dis-
ihbution {including the betal may be
found by dividing the range within which
S9E of the valucw are hikely 10 occur by
sine

oi =1p - n],!b
The standard deviation of each subsysiem
is shown in the filth eoluman. The overslt
slandard deviation is Lhe square root of
Lhe sum of Lhe squares of the individual
slandard deviations. This value turns out
12 be much smallet than one would guess
by jusi looding a1 the individun! ranges.
The reason is that some sciual values will
B¢ bvaecr Lhan expecied and others will be
higher Such variatians cancel each other
14 wome cuicni,

At This phase the resuly for SavE
were:

Ecpecied «.lue. 55 = 91,000
Standard deviation: & = (0,417
&8 range. 81,576 10 102,417
99F range. 60,735 10 111,264
The charnces arg fifiy-Nify that the
actual walue will wrn oul 10 e either
greaiee than or less than 92,000 source
salemenis. En each case the chance 1hal
the ultimate size will be in 1the range
shown is yualificd by the proviso 1thei 1he
inpui estimales do nol change. Note that

we have reduced the uncerainty signifi--

canily--from 15,000 10 10,421 —timply
by knowing enough sbaul the aystem to
divide it into three major subsypiems,

FURCTIOMAL When the lunctionsl
DESIGM desipn is & litle more
PHASE than hall complete, a fi-

nal invcuimenl decision
musl be made. us well a5 w manning plan,
i hfe-cycle cost andd o milestone #chedule.
Al this time 1he prefiminary specificatjon
and »ystem design is nearly completed or
at least reasungbly well defined. Syuem
analysis and engineers shoyld now be able
wr break the system down inle ils maejor
functions and have & fairly good idep of
the sire range of cach ong.

MNow we simply repeat the statisti-
cal procesd we have described, usipg the
Tavger number af differcnt funciicns. In
effect, breaking the syutem down jnip
mate functions ensbles un 10 reduce the
uncereainly in our satimaie and 12 obtain
a beuer estimaie of the cxpoeted size,

The results with Lhe greaser
number of funtlions now availuble ere
shown in Table 2. Avthe Lime of chis anal-
yeit the project Leurm Fad been working on
the aystem about t2 weeks, and the key
resulls were:

Expecied value; 55 = 98,475

Swandard deviation: s = 7,084

613 range: 9,394 10 105,556

97 range: 17,131 10 119,712

Several properiice af the wicces-
sive sets of dana may be noled. The ens
pecied wvalue of 1he size has remained

Fart Sring
' _Fiab: Saag (¥ wnctiomad (herign Phase Daiet 15 Feb-T%
i Function Seufiens Mo Libey  largrud Faptcind  Sid Des
v Aaniained X615 13375, 15625, 131447, I83E.
: Scarch 5577, ISR, 13125, 0109, 125K
Kaulc Yis0, 1592, E1DG. 4548 240
{ Statun 850, 1425, 2928 1879, Mas.
! Bruwse - 1K75. 4057, K230, 4389 106].
1 Po 1417, 2454, 4125, 28937, TR,
v bsen s sETA, 10435, §a230. 106N, 158,
. Inconumg Mg Mg Konl, 17730, 6908, 9%,
LT L BT girs, E R4S pTL L] 13979 M4
| s Mgt £ 00 11700 W3S 16228 4942,
v oo AKT L LY 14624, LE e ] 1444
w0 e YNSTS. K
Table 2 Mulwry o M fune onal design phase ot savi . Ihe ol team
( 1Ad enoughoalonnalen o beeak sl 11 Lonchons Al s level of delad [t
’ unc et lamly [Standard dewalion] was rerucd 1o less than hall thal wl thy fus)
set ol eshmates Moreower al aboul ¢ 7 percent Ihe wiCe ldnily 15 1o wil wy
i tnan thal of many ubhee engneeong vilues

wilhtn one standard deviation of the pre-
viows Eulimalcs. The sire of 1he slandard
devialion has sicadily declined —from
13,000 1a ¥€.421, and on the third itcra-
sion ta T.OKL. In additiva, whal may be
cafled vor wnccriainty ralio (siandard
deviahon divided by source stalemenis, or
e55/55) has dropped lrom 16T to 2R,

Mureover, the reaudiy of applying
this sizing vechniyue to SavE—[from early
syutems delimtion through funciional de-
sign phate -were simdar 10 pur eape-
tiences with groups of analysts on erther
projecly, o
(TRiviv1he firnd in a seriet of Lheer arli-
cles, Part X will uppear in the Dctober
iRvue. |
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How to convert an estimate
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Lact menth we ooscnced how Lo
cblamn gogd e smares ol the sz of the
SesleM—DElOr8 QEvalonmen| Gogins
Ths menth we Snow bow [D conwert

thes estrmate ol Size mio cslamales ol
tig, 2ol and Cost

There 1 g lesdaisenial el
s sy e lupenn berscen fhe nuniber
el suuree sl ity i the syateme ind the
cHnrt, e etiprieat uine, and the staie ul
wohnobwy buny applicd 1s the proect
T telatsnbip » as dicosercd b | ares
Mutnam ganily 1rom theors and erlh
Bom anempirgal 68 of 1 substant ] by
o prsfucints dara. The equanon that
dosorbes thie relatiaaship s

L A S |

of system size into reasonahle

estimates of time, effort, and cost.

ES I

MEING

5" = c-l. ﬂ'l.ﬂ r;ﬂ- Cwhere

5, v the aumber of cnd product wvree
lines of code detivgred
b wothe life cucle vifart in man-vears.
1, the deselupmom v sl
Lo slile of wohashogy cinnaanl _
Frg | shaaws g paranerfw craphoaf
this equaliom W e subsiiuied Jesel-
apment vilore 1o g P Wife v le gilonn
(Y im ki geaph sy This iy wawads 1he
inlurmation that managors meed Theree
Litiwshapas J ppravimatels B = Lk 1ae
Lirge sdatenns.
In Tag b the darker hing habeled
R f il FEpresents the Mnunun Ak

(LTARES ~27w wwd



cost estimaling and produce reasenable engir.zering answers,

i w Rick 1 svaem can be ceveloped. The
arca bolaw 1 hine represenes Lhe region
s hich i m aol weanble e atiempt devel-
arment al g soffware ssaten, P exam-
plecin Lhis gragh we ¢ansee Lhat il is not
feanibie 1o develup g svstem of 200,000
lvmes wf v wde an Jeas than 2t years There
Jre othet corsiraing condilians, depend-
e un the Ivpe 2F svstem This parucular
coMalrai apehes to 1 pew standalone
aaslem thal must Be deigned and coded
trdm wopalch.

Wohile this graph shows the Tung-
trofal szlanunshap Between size fume, and
crlurn Lor all sysicms, the absolule values
will differ 1o musl orgdmzanons and
coen far diiferent projecis within 4 single
argant o, The © value in the egqua-
twdf derermunes ahal these absoluie val-
uey will Bedland aorually represents Lhe

state of technology an organization is ap-
plying 102 sysiem), This value will be de-
rermined by the use of modern programe
ming practices. the language used. Lhe
desclopment epvironment (on-line, inier-
active develupment versus balchl and the
availabaliiy of the development machine,
among other factors. While €, is difficyl
w determane fram its individual compe-
nenls bezavse identification of thes= com-
ponenis and thed celarive impostance it
non wcll wndersiood. ncveribzless this
value can be calibrated easily for an or-
gamzatipn be looking a1 past projects.
The conslant should remain quile consis-
tent far similar projecis within an organi-
ravwh The &, value used in Fig. |

LIQ0A3) represents an average siate of (he
art development enviranmend wsing on-
line. interaclise development.
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A FEASIBLE

Last monikh  we
deseribed a real worla

RECIONFOR  described a real worle
OEVELOPMENT far a syslem called

savE. In this example, analysis were 12
weekd ine the Tuncional design of 1he
sisiem and had estimated the size 1o be
98,415, plus ¢ minuy 7081 source stane-
menth. We will now usc this estimate and
the praph shown in Fig, 1 10 calablish a
feasible regron for our development effon
aad development 1ime For 1his s¥dtem. Ta-
blg | presents three scenano for live dil.
ferent points of Lthe size distribution curve,

From this 1able, we can sce 1hat
the mirsimum time N development of The
sulem al the ewpecied wize (98,473
sOMFEE Slatements) it approaimaicly 1.8
yeafry, with 3 correaponding development
clior ol about 15 man-years. Hawever
we Lake 1m0 years 1g do the job. we cap
reduce aur ¢ffor o 25 man-xears We call
this the urade-off taw in safltware deselop-
mcnt. Bavicaily, this taw srates that of we
can relax gur schedule, 1Izhing more Lme,
we Can e & coaidaable amoun of
mongy Canversely. if we compress the
schedule, 1he ool will zo wp dramaneally,

To many managers this ttade-off
law may not make sense, Hawever, these
is 3 Iogical reavon far i, Arrvin® rewber-ed
Prbapltir csvdetr T YT mpreraret Ry B
Al i e -p RIS I T,
il il o SR ORI Wy g
amwirvtattyel his resulty (o more and more
tine being ipent on human communicl-
tign and less and lesy being spenl on pro-
duciive wark, One way 10 handle thin
proklern 15 10 limn 1he number of people
working un 1 project wany 2nc Lime, aed
the enls way 10 do this in s0liwsre devel.
opmenl ik sireich oyl the e sohedule,

From Tatle | we can alwsec what
the nufimum Lime schedule (and maxis
mum development ¢ffuri) would be for 4
broad ranye of sites. Usinp the probybaly-
(v laws, we hnow there os less than o |77
prababdis that the size will Be léwy than
TYA0 sourve stvementa L lumd as our
il inpul extimaies do nol change! Al
thes srre, The tnifotiwim nirse wouhd be 161
sears with o deselopment elfurt of 35§
man-yeass Simulazly, a1 the 9% leve) Iur
si2e, IR UMMM ke 1a Daa sears with
4 required offort of 45 7 man-sears.

We apw hawe cstiptdles of The &x-
peCled time and effart as o well a3 2 997
tange va these paramerets o do we
detcriming Lhe vimin }

Wand wl e vy Ivamaated warh
sl bwate detehaunent are poople vosls
YRY Calia wnnla, s I s SaMIPLLET webuk,
sufplwes. v, can L Tacvmt g o the e
crage calnnd pipe il we asveine this (g o
be 4 Tully bayggdencd rumber, v loding
onefhead Frery hingnal depariment has



-’

-"1"'—""“? i
\""‘h '\| &',

i

ll.-T‘-'_'T_ ry {) .."."-'"J"";""" ]
o =R O \*J gt "‘ ol f""';
3
> L T
™ Prigu Gy thak 48 114
7 ek o e

Sinkh 2 AR

s,

iwer
v
3T

]

Vi

L
i

f".., Qc%w

FPE &
ARG
A,
tJ Ak "J'h

ou ' ELEN
7:." "l"!l

E..‘ﬁe‘-

;\':mp e n‘ﬁ

‘-." 1r|puu lnht.aull:l incmdnl--: 'tL f‘r,“\-{'*

il a3 (e pmhabuht]raf.“
m{.ur:uﬂu of arr,- vu"u-l
il ¢t 1 anq.

a, g am

Jﬁ-g:.ti

t ' ‘,«"q,"l-" '5-"—;-“".4

gt ,amnnufpussnbrﬂ :.I!zrs;llr-%ﬁrg*w- i

B3
i O
L ' W [ 1T
PN ~-ur:-a? %
AT M

Al T e T

\..r'_ -u
J;f’ Wﬂz

Wnuu it npecled ey ulvuprnml COSE I E 1‘:5
A ...\:Iti-ilﬁ-!‘ip[abahlrilym.liltwmheliﬂmﬂlmm,hbuhm ST,
vy end Hﬁmilﬂonﬂ!hwur‘lhulhnrmm: managhs ot [
" ;ﬂun'lc.ﬂ MWiurhlrslhﬂiutﬂlmllbehtthm&1! 257

*a - B2 -Q-‘w-'h‘ lhr‘-nlintﬂ"\ }“f

Jq—-——-
Y
Irmn 1h|eu-.+
=y l.,:! Y

f'a, -r*

Nl Ao Ty -J‘H *'l”-'*.-

“'t!‘*_

avely poud Wed uf whal this will be for g
pariicylar wegamisation; in fack. this is the
uaby reafly gowd taisicled number we have
i solie gre devebupment. I mans indus-
(gl govpunments, thia will be around
550,000 va $60.000 per man-ycar; povern-
ment Lot rales topecaliy cun abdut 105
W 305 less Because of dinferent methods
of dceounning lor averhead, For Savi, we
axauricd g aveluge Labor raie of $50.000
per mJI‘I-‘:fJ.I‘.

“ultiphang this value by the £51is
Males of MAR-seurs. we gel 3a evpecied
oAb ot of 517 milhan, with the range
goung Iram §1 ) mithian 12 5.3 million.
Wohile thiy may weem ke a disconcezling-
Is latge range. ol 15 the best we can da a1
thry Lune, geeen she gncertainiies in our
calimates of wze. Slaccover, 11 15 very ime
fortant to know thay ths urceraimy
range eniyla and how big ooy, Berter (0 be
sppiovimatels fght than evacily wrang!

SIMULATION  Whie Table | gnves a
AND AISK If:urlp br::d ranye of o
uheni thar 3ndwer many
ANALYSES "what ™ guestions they
aee Pased gh the sssumpron thal we brow
b tnpun anlarma e eaacily, OF course,
we dun't, Exch o npul inip 1he soitware
squdtisn €. "the exvpecied size of the
naal oaden oy YR ATE sourge alate.
ments” ] intulves its own degree——giien a
high Jdegree—at uncertainty. Thin is
where e clement of rak eniers the prob-
bem and it s the evatuaoen of Thiy nisk
thir the sullwdte mansger his been yblc
o pet hithe help feam currenily avadable
fomiby amd pechanues,
Lt ws bowk, then, a1 what the safis
Aate Mg eer realls noeds 1 kivw belure
B moahey B DAL o,
SUPR e s oy s cotsalenng
buddinre om0 Lipc sdlaaee progint The
Tl ettt o the conpans 'y desel-
opefinl wond s 81Ty gl Towgser,
there ol v Lamed Gl e that e sl

[— P T

" ad
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will be as high a5 $2.3 mithion, and 2 14in-
Jchance that the cost will be as jlow 3u 51
million. Suppose this were a small sofi
w3re houte and iof the acival cost came in
a1 52.5 millign il would put 1the compass
aul of buiness. Managemenl would be
taking a l-in-+ chance of going bankrup
il only the “beal estimate” Leapecied
vafue) were used, If & risk amalva had
beert periorimed, management might hate
chasen a safer approach,

How. then, does one determine thi
risk? Since almou every facior emiering
inlo owr estimate ¢f cost and schedule i
subject e some degree of uncertainn, (he
maniger needs 10 puiitay the elfccty o
the wncerainty aswacisled wilth each of
these Ficlors. Our ubjective is Lo get 3 re-
alislic picture af the relanive risk and the
probable odds of comeng oul gredier or
less than ithe capecied solutian,

This is geuerslly not feasible 10 da
sndlyically bwt n mcely handled by
Monie Carlg simulation. Fo carry out 1he
analysy for Save, we performed the ol
bawing s1eps.

I. Esvimare the range of values 1or
each of the key wput Nactars—waze of the
wysiem, JiMicult s of the whsdemmy (handled
by the consirann conditiun described gar
bier), dverage soltware develupinem |abar
rate, and the probalivs distoibunon of
ke oucurrenge of each value.

2. Belece 21 ramdom Srom the div
wnibutren of values for £ach factar a unpte
value, Combine cach of these saluey Inr
i Tactors and cumpuwie the time. ctfan.
4nd cosi for 1his combination of fagiart
For eadmple, une combnatin might be a
sralem side of | IULLO0 saurce sisieneni,
4 gradiens cansiraind of 18, and o aver-
age babur rate of 334000 man-sear,
150ae Lintrs wan be cplered . depw nding
s dhe sl probflem Being  ond:
I reed 3

1 Hun thi problem on the comne
Peieh swveral s limes e defing 1he

r L gy -

outcome probabilay disurtbutian Inasiher
words, we want 1 find out not only by
the experied (averagel muaimurm deel
opment Lime i 1.3 sears we pbho wan 1o
know Lhe probabdns of being a0t to com-
pletc the ssslem by J corig ) dosdling o
1wk 32274

The pesulis 2 1he wmulinga syeld
2 M h berier extimare Than just 3 single
Rumber amwer Nole That 1he c1pecied
development elforn is the same 25 1he an.
gle pomn deretanmistic value The ex
pecied davelopiment limeg iv gl the vame
This 1y g it zhould be. The sinielstan pro-
dures the night evpecied Laserage) vijues
The real value of the simytanon soan cpe
mate of The varisbilis of the wuicome vaj
uti—j feqture hereioture aon wed in soli-
ware vost estimaring, bur goc thar b,
been badly nveded inovew of the paer 1
CUFICy we hdVe cvpericnced.

The resulis of 1he &k siemubaiegn
far Jeselogment time, dovelorment -
fort, and desclopment cost can e shawn
in the faren ol probabilay plos 12 gengs.
Jie the projections ul risk asthawnn b
2 We cansee ltomahewe phars that there s
mure thar a B9 probabilus tha the cga
witl potenceed 52 24 aultin. There poan
Iy 2 1% probubilus (une chaave o 10y
that the coit «iH be as low a8 31 25 mp
Drom—c g g ERE URCETILIAEL 10wl TP
nfarmation As we learh mare 3hd moiy
abont the final axalem and declepment
CRuirgament, 48 can fedude 1he uncer-
Latathes 1n gul iRpuls, therebs 1oduoing
the risky i the {Thal esfimales

The result Fur the deselapmmgn
LIMe I enIFeME s ApIranl e g s
veptual poine ol view The smialb o arobal
1 i bath g oure and o blevang Haavvug
wan deteemine the levclaparent b vens
dvnufage ]y, Bul 21 e «oome o Wit ns
wr b Ll Talstude s mlpuanim the
seboputient e B maep v o taal o
T T

Paor evnple, the stamdard devgy
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non 14 OCbY rears or 328 weeks: this
modans thal dur 9975 range on nme is
3. 28) - 20 werks,

This means Lhzl there is less thana
1'% 3 rnes 1ha) Cesclopment can be dune
' o thap L veads or g ltle over £9
moathy |4 sears — 19 sears = |6
seary b Therefore, of the ume schedule has
Been arbirrartdy +21 by m3aagemen or the
CLabwimnet at, sy, b5 vears, there of Tess
than | chapce v 100 of mecting this
whedule Simiarhv, we can be 997% cer-
Ty that the mMimemum Lane schedule wal]
W Evcced LMD Lears.

Thes duet not mean Lhat if require-
ey chanee ur delivery of 2 compuler is
e, the yorew e wall shift come in at plus
o gy H weeky of the sapecied Lime.
Thewe are gviernal ficiors thar will
Hange 1+, wdavompment lime) and must
be speetticsdy accounted for

This 1 the curse, The 1ysem iy
very schsin g 1 eviernal perturhation.
Revwirementy chanies and external dis-
Irbany s ousy, 3 Hi-day delay in Lest bed
compuier deiersy sl generally czuse
Jorglupment LM incremenls gredier
than taad - sRice stamdard devigipons.,

Hawever, manyzement can use the
sponledte OF Lhs gredt me sepsilbvly
cilfecns el o panming and conuracLIig 52
thattak s = avtaccepiable, The crincal
Jwbfi s LRIL LRE b4 NGl 3 Tree pood Drevel-
apment Hme Sannel be specificd by man-
wemend, (s determaned By the yvstem.
Sutbe JrE seclcMa afe enherently nafforw
Siad proweses with sharp cutaflf charae-
toininte g Jdedisidns need 1o be made
with the Mwhumem development oime
iaowd Beteeshand. Land this Taco s ree-
ogmeed arg wved . wftwdre profects will
conifue e and “averrun

LIHLAR The sclutians Jutl
FROGRAMMING  Pretented are bused
'Eﬁ}mluu[ phmanis on harae-

terisies of 1he £f0-
e wesrea anell Thowewrer, most mana-

vels Mual thad deal wiith suerrday
SO L TRTTN I FRSTY 1Y (T TP 2 Y] P |
doadtings hoany peacthwes, and capalui-
lofn

Foamgorr phygunnng v 5 lech
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nique that produces Lhe best possible solu.
tion ta a prablem bounded by an array of
canziraints. Typically, 1t 1y uscd on very
large problems. such as oplimizing ‘he
ocutpul af an oil refinery which is subjs¢i
1o such consirainls as market demands
and varying fredsiock miaes. In che case
of the safiware apphication, the mathe.
malics is trivial, bul all the power of the
linear programming concepl is kraughl lo
bear. Maore important. the manager hag,
for the Tirst ime, an opporlynity 10 apply
s gwn mapagemenl consirainly (@ the
problem of developing large scalc sefhi-
wUTE Syslemsy.

The linear pregramming al-
gurithm allows us 10 enler 23 many of
thess manigement SOnSIrLIns 15 we Nedd
it the problem, Then we can salve The
prablem o cither minimize of mavmize
sHne phyettive funciion {yuch 15 cost) In
wuk vasc, we hive 1wo objeclive lundlions
—<ost and ime —ardd wsudlly & managet
wa7ls 16 mnimize one or the other. For
5w, wt will salve Lthe lincar program
verce. firsl mimmn2ing 1ime and then coal.

Taktic 2 shows Lhe conirainis en-
1ered by the manager and The two wobu-
tians provided by the linear program,

Our feanible development re kian i
nuw identned in Betecen these 1w sobu-
fns. In besng able ta invoke thiy puwer:
lul technwue. we produce two con-
sitned uptimal solutpony, the beal thaa
Can Bednne wathin e consieangs aad all
atber leantle etlfarr-me chowes. Thre
simphiiis af this statement shoanbd e
wAsE Uy (o dver lowk s impsrtange W
have progrgaed (ravm an onabubiny 4o guar-

-1

antee even one leasible salution 1o Lhe
abdlity 10 ger all featible choices and 10
selecy the besl pondible one from among
shote «dentilicd

Lers examne the range of fean-
bie, umeelfati-cost combinauom (o
sant identified 10 Table 3. Thit will let us
ideatily eacellent oppertunities to sase
maney an Lhe [rojrcl,

MNotc (hat we can save almost
£300.000 by 1aking 1he mEimum Lime
and minimum tost seluan. However. in
doing this we 1ACTEa4¢ OUF Tisk caposure
Ifwe plan the job aty, = 1B veaes and 33
man-years (31.77 million), the protakili-
ty that it will not take ws mare than twa
years 1o do ik very high, Butif we clect 1o
lake advantage of 1the rade-off law by
planning 1he jub al two years with 14
man-yeare (31.2 millien), we have re-
duced (ke probatality thar it will nat take
us more than the caniracy delivery 1ime 1o
505

These odds arg 10 law [or most
sitwatmny. However, a 90T probataline
may be very acceplable. This vccurs aL a
prnnm:d deveiopment limg af 1, = 1,82
yeary with 38 man-vears of effornor 314
million. So iy is possible 19 heep rish rea-
sonable (< 10% chance of cxeccding de-
livery ime} and save $300.000 compared
widh the miniinum Lime wlulon.

The managcrial questams—"Can
t do u? How much? Huow long? How
many people” What's the risk? What's
the trade-off?"—can be aniwered with
Aumbcry,

With 1he applicauan cchnigues
described we have been able o quanuta-
tively come 10 grips with the suliware cost
eslimating problam and praduce reascn-
able cnpnecefing amwert. We accd anly
knuw the nase of 1cchaotogy we are pong
10 2pply io the develapment (C|). &5t
maics of the numbes of lines of code, 4nd
the woliware equavion whiih we salve
alang with 3 canstraint relationship to Fet
1he management paramelers K. 1) of the
RaslaghfNorden equavien. Simulanan
prosdes suitdble statistics for risk cslima-
tan. The inedr programming aliernalive
provides consirzined opumal solutlans
and the range 3F 2ll Teasible satuLions.

The econamics of 1he sofiware de-
velopment process is starthng, The tndi
cationy are clear than appargaily innoge m
Managemenl chores can be made that al
lect cond by muluplesof S g b0 With thag
ind ul vaniation on inulnullion della
Prujects, mJoagers need 1o baow  1he
whum g, sensilivities, And nllienoes they
can hrng o bede, el the whule Iiie va-
cleo md o il o

Ehrn oy b weaamd of theee arni fer Pan
Jwrll upprar an che Novesrbee poonre |
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Understanding the software life cycle helps managers avoid inefficient use of manpower.
Reprinted with permigsion from

DATAMATION, Hovecher 1979.

Copyright & 1379 by Technical

Publishing,

by Lawrence H. Putnam
and Ann Fitzsimmans

Thes 15 the final vecrion of a three-part
arricle that brpan in Seprerber and con-
niaued in Oriober,

Mot large-icale sofiware 1akes one to
three years to develop and has an opers-
tional life af siz 1o & years, This ia adife
cycle. We have siudied 1he behzvior of
thes Nife cycle, just as ather busincuss
study the life cycle of 2 new product, We
have developed a modcl of the solftware
life cy<le tha can be used by management
to lergcast and manage uhe schedubes and
manloading requirementy afl safiware
prajects, Liaderstanding she life cyele can
help prevenl managens from mivapplica-
ton or incificient management af Lhe
available manpawer.

Large scale software development
can be thaughd al 25 a 1eres of inlerrelat-
ed tasks. At the beginning of the project
thers may be only ong or two masor tasks,
for cxample, defining the major sysiem
moduler and the inieractions ameng
them, Each of these major 1a3ky s bioken
into mare and more sublasks. Thore must
evenually come a time whes the humber
of sublasks remaimng reaches a peak,
levels off, and Minally beging 1o decline.

At the begianing of develupment,
when only & few mapor taaks have becn
defined, only a few Loy neople can acual-
ly do preducuve work on the progeci.
These key praple must become intimately
famaliar with the overall funcuion and de-
tign al the wystem. They are responsibig

For breaking the problem down imo man-
ngeable pieces—a Lask that becomes vir-
wzlly impossible a1 more and mare peo-
ple are wpplied 10 . However, as the
problem becomes betler defined, addi-
tional people can be applicd successfully.

If people are applied as useful
wark becomes available for them we be-
gin o see 1 manloading patern like the
one shown in Fig. |,

We have looked alL data from hun-

dredn of past soltwars systems and no-
uced that almos all large sofiware devel-
opmenl eflorty show s pattern aof
manlcading very sinndar wo Fig, 1. More-
over, for all large systems, the peak af the
Eurve OCCuTE at approsimalely the same
ume the system teaches full operatonal
capability. {We will call this the devetop-
menllime [or the syriem, and denote 1L g
t}
‘ There 13 a logical reason far this,
Just before the system reaches full spera-
tianal capability, the ttal developmeni
tash has been sybdivided inte many sub-
tasks—lesung and final inlcgration, in-
stallalion, writing documentanon, Nzing
remaining bugs, cie, [t i3 potsibie to have
many types of personnel—pragrammers,
aralyis, qualily asserence penonnel,
¢lencal, administrative 2and 1raining syp-
poft—all uselully employed. This was noy
Itue earher 1 the devclopment phase.

Al 1he ime the system o accepred
and becomes fully operavional we move
inta the gperanons and mamienance
phase of the saftware bfe oycle. This car-
respondy to the Fafhng part af the carve,

2-1]=1

The pringipal work dunng this phase is
modification, minor cnhanccmeniy, and
remedial repaie [(Aung bugs).

The form of the curve and the ac-
companying equation illow us 12 project
whal the manpower requirements and
cashflow for system development will be
at any given time, The equabion repec-
senling Lhis curve is:

n
Y=k, 1 e P27 whese

K 15 Lhe lile cycle elforl n
MZNYEaTE,

t, it the development time far the
systerz, and

t 13 Lthe independent variable repre
senling any pont o the life cucle —cur
rent elapied Lume,

Obvigualy, K and ¢, can 1ahe on .
range of walues, A change w K ot 2
change in by Lo horh] will sesult 1n 2
change in the shape and magnoude of the
turve. Lei’s ook 2t what this means o
manager [aged wirh the real problem o
applsing manpower in the mant effecine
way. '

We will 3saume that K~ 100 man.
veary for 3 gven ayvien. Fip. 1 shows
what happens 10 the distribuion of thiy
cifart sumply by varying the nme 19 reach
pezk manpowet. [ 1he develapmeni of the
L3 40EM 13 vet 3L two yoars, Lhen ihe wilem
would requue 3 retitvely gradual apph-
cavion of manpaecr, peaking 31 3 peaple
1 months inta the project. How eset, no-
nce what happent wlhen we reduce the de-
veloprment HIME W one sEaf (2% dmIng 1h
were feasible ) —thg would require hining

WL TSI BT e



and rugimelaing 61 peoplein 12 months.
While this may be possuible in some lar per
corparaans, smrad ofpanizalions would
find the pracial problems avsoCaied
«iih hiring —snd productively applying
—itws manr prople w this shory Hme
neadly impessibie.

Fhis 15 & pond exzmple of whal
pia)eet managemenit st contend with
aherthe deiehapme ne Lime for asysiem s
arbieeaply et by ALnor Marage ment

There 1s anoiher [16t0f 1n safiwaie
development ahi makes it unreasopa bl
1oAY (0 corhpre st development (ime. The
135y in g sofimare propgtl must internct
a1th exch oiher: for exvample, 1he iniva-
tran of one 15:k 1y dapend on the sug
westiu] compienan of a precading 1ask,
Thus 1he sofpware wohedule can be com-
pressed only 50 much, Jlemply +0 reduce
o mnbre il e sult i wanied efTart, at besl,
el enay even resull sn aegative effor-—=
£ork that =1l hae 1g be 1edant.

PETERMMNING  Pan 1Y of this aructe
THE, BEST dnrnbedn?uf!lwmrt -
Henating problem fur o
MANLOADING sualgih ui:lutd Savg. Wi
shued that there gvnls 3 fundamentnl
relilistinvine Seiwetn ch size of 1he syd
iem, ahe cilors ko, 1he development firme
(4,1 4nd ahe v wi lechaalogy an organt
piion arphes 1o the pregeer. Using this
(und ymentzl se_ oy ip, we dergrmined
ihdl the mimmuth leawbla sehedule Tot
develupment ot 435 E w13 | B| years with
i orresponding decelopment elfon of
MU manivears and g Lile eycle #flan 1K)
wf 1%} manosears Becawse there wan b
fime teniltanl an (he s bem, Manigt:
et giccied to desehap ihie system ip the
iR e beme o1 %) vears|
Lamne wur munpowdr equaiion, we
san determine 1he bew maplaading for
thid vvaiem ower Lhe | R vears, and evén
Brajeel akead throwghoul the life cycle
W wybutilule oui matIgrment paramit.
sy g the Basleigh eyuasian,

fuvy o !u'-..,‘-.'f!q.l.ln‘

Fra 3 shaws  plot of the expecied
SIFLINSLILT TS Y 3

The range of values o enther vide
GiAEewuiseon Fig Yyepresents ihe wncer
Linfly oo cur pvacisie ol hos mang prople
Can Tt eapecicd b be wolhan g of the prog
N1 0 ans tpne P gaamphe, awr besl £1
vewing 1% Yhat there wall b 12 prople
dorking b the pragect one vedr e e
welopmeni: but bhele o a TA7T chanee thiy
g ayminer w1 Loy, amd Y oy
lnher- - sonpdy sy 3 ervuli wb 1he yroon
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CASHFLOY/ PROJECTIONS

< v L PEOPLE

e liong in business are data 1thal are not so0
precise. The wofiware deveiopment field T
cortainly nat eaclyded from vhis situation s
in fach, the daia in sofiware development &
aie nalonouly impreciee® In this exam-
ple. we had estimated that the life cycle
cffor) way 3% manycars with a slatistical
ungertainty afl + or — nine manyears.
Similarly, the minenum developmens was
| 81 sears + ur — ObY years.

Bv sclving 1he manfaading equa-
non several thousand nmes ar each ume
inberval, and s arving vur inpull (K nnd.l‘]
according 10 thay LIS unceriainly,
we £3n gol & mare reahitic picture of the
odds of having mare or less people gn
taard than the eapected number a1 any
Lme

“ow that we have 3 poxsd cstimate
of the manpgwer requirements each
manth we can determing what pur cash-
flow requirements will be throughaut the
project AH we need o5 Lhe 2verage bur.
dened labor rae yincluding overhead’ far
sofiw are develapmeni. For 1his argamiza-
lian, we khew Jrem paal évpenience that
thes Newre was 5500007 uy_ Auluplung
this figure by the manpower €ach menth.
wr ubtaim the wslantsneous and cumula-
LivE Cdals cequire ments shown e Table |,

Anomcrshing patlern in fhe og-
SHFFEREE S0 Majer mulestanes dunng de-
sclopment can be seen. Dala Irom sevara ¥
Rusdred systems repoesenting AN 1rpes oOF
donslope Ml EAviroAments heve 1howiy
that tha rylncive ocey renty of viaer mfke-
shais W L L =L vt oprr s tiw L em
Waiely s1abis i mosOrpot B ina
Spanment® Thi patlern has been nol-
£ v En Wb crgamzatoens where the mile-
stoned husve been srbrards tand often
enrcatinticatlvh st by mansgement g .
“Ctnead Design Revicw woll gccur Uhiree

TAQ TATINT Oy
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months afier project stare.” 1n aimost al]
these suuations, Lhe actual milestone acg,
complishment has shipped 1o the u:m:nd;.,
af 1he system iuself

Table 2 showi the lime from prog-
et alar that thess major milestones
shoutd oocur,

Thiv anzlysiz should be vied aol
anly 15 3 planning 100t but can be very
Letpiul 1o measuring aciuad accomplishe
ment vnce Lhe project has begun. Pa da-
W have shown that of 2 single milesiane
slips. there i1 liutle hope of calching up
later on

Forunstance, inthe Table 2 plan. il
we successfully accomplnh 1he Crnincal
Design Review 11 11 months, rather than
al ming months, we should 1£work dur pro-
pased schedule rather Than 12y ing 10« pecd
wp development. One ul the brat mu!hod:.
of prevenung screec slippages and m:m
mizing the impact of any thﬁp:g: 1
recognize them carly, Sitr the byllet right?

then, and immediarely revisg pfﬂjtir';

pl:m

En the gast. application software
deselupment has been unrnecessanis char.
acienced by cpyy_me . rG b
shortages, and venedule sThpaggs. How
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much will it cast® How long will ir 12ke?
Whai are the chances of the system rot
being operational on 1ime? How many
people will be required® Withaut reliable
answers 10 1hese questans, 3 Manlger
canmat cipect 1a effectively manage Lhe
sofliware development procest.

A praven model ol she soltuare de-
velopment process has been devclopes
ard uscd w tbis seres of ansclet 10 peo-
vide numerical answers 1o the manager’s
gquestions. Same of the most powerful
problem-tolong 12 hriguea known wadays
~the rEAT algoriihm. hncar prosram-
ming and smulavon —have been ompls
applied 0 provide sccuraze sige. cowl
time, people, and milestone estimanes for
compuler soflware syuems devclopment.
Limating rensiramis and vable slterns.
trvew are dennfied. permating real de-
sign-ta-coul ard desiga-wo-schedule cp-
nons. Probabils vk profiles can be
calculated 1o provde vhe decnion-maker
with the hard numbers required ta maie
sound decisions sbow saftware projecs.
LiLe ships upon Lhe sea, sofliware people
nced sume Aumbers 13 Zuide Lhemn the
right direciiun at the sightl Lime L e
un sChedule Jt cost a



THE FOLLCWING ERRORS WERE PRINTED IN THE OCTOBER 1979
DATAMATICN ARTICLE “ESTIMATING SOFTWARE COSTS,”

LCCATICN AS PRINTED - SHOULD READ

. 1/3 : 1/3 473
Tep aof p. 171 55 = Ck R / td Es,= Ck ¥ / tdf
Figure 1,
p. 172 CH = 10040 ck = 10040
$ MT 5 MY (manyears)
25 M7 25 MY
100 MT 100 MY
2500 MT 2500 MY {manyears)
The cunstraint relation is'K/tg = 14.7 for the example given.

Solutions are a function of system size. This complicating
issue was not presented in the DATAMATION articles,
The fcllowing observations will help to clarify this situation

For large svstems (S_ 3» 70,000) "

Mangpwer '
) v I Fie) yit) = K/ti.t.exp{-t;/ztg)
TR K CR(t) = (S/ME).¥(t)
— r -oti
td me

Fdr smpld syngcan- (g s pRIFNR

Mangcwer
7 (k) = K/tg.t.exp(-Etzx’tg)
¥, it) 2
' 1 =,6E1/:d.t,exp(-3t2Xt§J
'MAX "/\ CFit) = {$XHY]-}'"1EH
+ ; —_ K K/6B; ¢ = ¢t B
En td time 17 ' o d/f—*
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77

Far avestems In the size rangm 168,000 ﬁ'rﬁr'ﬁﬁ, {'-',3‘ sqQurce Etﬁ' uﬂtf

In this range the analysis is considerably more complicated
because of the rapid growth in overhead or support effort
{docurentation, testing, integration, hierarchical management,
etc.). This requires another parameter to be introduced into
the solution process, This in turn makes the sclution too

complicated to do by hand or graphically without considerable
specific training. .

The solution has therefore been auvtomated and is entlrely
consistent with larger and smaller systems. tompted snmtmrg

is known as SLIM and is_available rfg‘m;g_m ”ﬁhﬁ}f:’j WE
from a number of dverseas 1ocatlcna "8 time L. xiRy HelviTe

If you work in this Ble re ime rrequ +. Ltrongly
récommended tl-m:]& % ; J'xﬂt}j'l‘ ?_‘p*::ﬁhﬂu%« l'lgs .
change very 5%1 3=), ,ni'** “-}’ AeE ARG sy the
probability a bei.n L.Gng y:,x,? u.j,uu."}.:_,...;\d s The traditional

proquetivity rules of thumh arg. almost totally worthiess in thisg
SJ.ZE reglmE.
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On the Composition
of Well-Structured Programs

wrn | 3

Iniroduction

In the first decade of computers, say up to the early
sixlies, computers were quite limiled in Lheir powetr. The
tusk of the programmer was to formulate aigorithms in
the specific order codes of these machines so that they
were utilized as effectively 8s possible. Primarily because
of their limilations, this task was achieved by collecling
sets of clever techniques and stariling tricks, and by
finding applications for them as frequenily as possible.
Exgmples of such techniques were the programmed self-
modification of parts of the program, such as, for in-
slance, the conversion of conditional jumps into dummy
instructions and vice versz, or the sharing of siore for
functionally independant, but never simultanecusly used
auxiliary variables.

Tricks were ‘necessary at this time, simpiy because
machines were buill wilh limilations imposed by a tech-
nology in its early development stage, and because even
problems that would be termed *'simple’’ nowadays could
not be handted in & straighiforward way. 11 was the pro-
grammers’ very 1ask to push computers to their limiis by
whatever means svailable, We should recall that the ab-
sence of index registers {and indirect addressing), for ex-
ample, made aulomatic code modification & mere necessi-
ty (see also [1, 2]).

132
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The essence of programming was undersipod to be the opiimization of the
efficiency of particular machines executing particular algorithms. As compulers
grew more powerful, the problems posed to the programmers grew proporiion-
ally. and as a resuft, the growing power of hardware did not esse, but rether in-
creased the burden, The elimination of deficiencies, errors and blunders —
called debugging — became the overwhelming problem.

Understandably, the remedy was sought in the deveiopment and use of
better 100ls in the form of programming languages. The amount of resistance
and prejudices which the fersighted originators of FORTRAN had to overcome
1o gain acceplance of their product is & memoreble indication of the degree 10
which programmers were preoccupied with efficiency, end to which trickology
had already become an addiction. However, once these adversities and fears
had been overcome, FORTRAN had a tremendous impact — an impact 1hat is
still felt today. ALGOL 60 followed several years later; it went beyond FOR-
TRAN in severa! significant respects, bul essentizlly shared the same purpose
and intention. In particular, il extended Lo the level of statements what FOR-
TRAN had introduced on the level of {arithmetic) expressions: structre. But
ALGOL 60 was not very successful when measured by its frequency of use in
technical and commercial applications. There are many reasons for this, one
being that it sppeared on the scene when the relevance of structure had not yel
been widely recognized, and its restricliveness against the use of clever tricks
was considered to be o handicap and a deficiency. The law of the **Wild West
of Programming’’ was slill held in 100 high esteem! The same inertia that kept
many assembly code programmers from advancing to use FORTRAN is now
the principal obstacle against moving from & “FORTRAN style" to a struciured
style,

As the power of computers on the one side, and the complexity and size
of the programmer's task on the other continued 10 grow with a spted un-
metched by any other technological venlure, it was gradually recognized that
the true challenge does not consisi in pushing computers o their Limits by sav-
ing bits and microseconds, but in being capable of organizing large and complex
programs, and assuring that they specify a process thal for all admilted inputs
produces the desired resufts. In shart, it became clear that sny amount of
efMiciency is worthless if we cannol provide refiobifity [4). Bul how can this reli-
ability be provided? Here structure enters the scene as the one essentizl tool
for mastering complexity, the effective means of converting s seemingly sense-
fess mass of bits of characters into meaningful and intelligible information. We
must recognize the strong and undeniable influence thatl cur language exerts on
our ways of thinking, and in fact defines and delimits the abstract space in
which we can formulate — give form 1o — our thoughts.

But now the term strucnired programiming has been coined, and it seems
finally to be achieving what the term “'structured language’ was unable to sug-
gest. It was first used by E.W. Dijkstra 13], and has spread with varipus in-
terpretations and connolstions since then. It is the expression of a conviclion
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that the programmera’ knowledge must not consist of a bag of tricks and trade
secrets, but of & general intellectual ebility to tackle problems systematically,
and that particuler techniques should be replaced (or augmented) by a method.
Al its hearl lies an atirude rather than a recipe: the admission of the limitations
of our minds. The recognition of Lhese limitations can be used to our advan-
1age, if we carcfully restrict ourselves to writing programs which we can manege
intellectually, where we fully undersiand the totality of their implications.

1. intellectus] manageability of programs

Our most impartant mental ivol for coping with complexity i$ absiracion.
Therefore, 8 complex problem should not be regarded immediately in terms of
compuier instruclions, bits, and *'logical words," but rather in terms end enti-
ties natural o the problem iself, abstracted in some suitable sense. In this
process, an absirari program emerges, performing specific operations on
abstract data, and formulated in some suitable nolation — quite possibly natural
language. The operations are then considersd as the constiluents of the pro-
gram which are further subjected to decomposition to the next “lower’” fevel of
abstraction. This process of refinemens continues until 8 level is reached that
can be undersiood by a compuler, be it a high-level programming language,
FORTRAN, or some machine code {5, 6).

For the intellectual manageability, it
is crucial that the constituent operations at
cach level of abstraction are connected ag-
cording to sufficiently simple, well under-
stood program  schemas, and that  each
operation is described as & piece of program
with one starting point and a single terminai-
ing point This allows defining states of the
computation {P, (), i.e., relalions among
the involved variables, and atiaching them
10 Lhe starting and terminaling points of
each operalion {(5). [t is immaterial, at this Example
poini, whether these slaies are defined by
rigorous mathematical formulas {i.e., by
predicales of logical calculus) or hy L b |
sufficiently clear and informative sen-
tences, of by a combipation of both, The
important point is that the programmer has
the means io gain clarity about the inter-
face conditions between the individual
building blocks out of which he composes
his program [7].
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An exumple may clenfy the issucs at this point. The rcuder should te
aware thet uny cxample that i sufliciently short 1o 1l oalo v single pege cannol
be much mare than & metaphor, probubly unconvincing to hubitual skeptics.
The imporilant thing is 1o absiract from the exemple and Lo imagine the same
method being applied 10 latge programming prohlems.

Example I: Sequential merging

Given a set of » = 2" integer variables a, - - - o, find e recipe 1o permute
their values such that ¢y & o, = . . . % o, using the principle of sequential
merging. Thus, we are 10 sorl under the sssumplion of strictly sequential ac-
cess. Briefly told, we shall use the following algorithm:

1} Pick individual components o and merge them into ordered
pairs, depositing them in & variable o',

2} Pick the ordered pairs from a”' and merge them pairwise into
ordered quadruples, depositing them in a variable o™,

3}  Continue this game, each time doubling the size of the merged
subsequences, until a single sequence of length o = 2% is pen-
erated.

Al the outset, we natice that two
variables a'" and & suffice, if the
items are aliernalely shutiled berwean

I ]
them. We shall inlroduce a single array CI I 1 ] 1 | ] I‘)

i i {2

variable A4 with 2# componunts, such
that @'’ is represenied by A{11. . . AlA]

and o' is represented by Aln+1] - . .

AlZn). Each of these two concepiually
independent parts has 1wo poinis of (| ] 1 ! I l [ ])
) i

sequential access, or read/write heads.
These are to be denoted by pairs of in-
dex variables i, fand k, ! respectively. ¥ !
We may now visualize the sorl process

as & repeated transfer under mesging of

tuples up and down Lhe array A.

The first versian of our program is evidently a repetilion of the merge
shullle of piuples, where cach time arcund p is doubled and (he direction of
the shutlle is changed. As a consequence, we need Iwo variables, cne to
denote the wuple size, one 1o denote the direction. We will call them pand up.
Notc that each repetilive operation must contein & change of its (contral) vari-
ables within the loop, an initialization in front of the leop, and a termination
condition. We casily convince ourselves of 1he correciness of the following pro-
gram:
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WIRTH 151

up: = grwe: pi = I (1)
repent 1: “initialize indices 4 4 &, and {7
2: **‘merge p-luples from /- and
Jsequences inlo k- snd
lsequences’;
tp: = =~up; p: = 2up
until p = »

Stalement-1 s easily expressed in terms of simple assignments dapending
on the direction of the merge pass:

1: If up then . (4)
begin /2= 1: j: = o
k:= ptl,f:= Dep
end
else
begln k: = 1, /:= n
Fr= b i den
end

Statement-2 describes the repeated merging of p-tuples; we shall control
the repelition by counting the number m of jlems mergad, The sources are
designated by the indices 5 and j the dastinalion alternaies berween indices &
and / Instead of introducing @ new variable standing aflernately for & and £ we
use the simple solulion of interchanging & and [ after each p-tuple mesge, and
latting % denote Lthe destination index al all 1imes. Clearly, the increment of &
has then 1o aliernate belween the values +1 and —t; ta denote the increment,
we iniroduce the auxiliary variable & We can easily convince ourselves that
the following refinemeni is correct:

2. beginm: =g p: =1 . (5)
repesl m: = m—21+p;
3: "'merge one piuple rom
each of and jto A, in-
crement k alier each
move by &' A=
4: *¢xchange kand 1"

undll m =~ 0
end

Whereas statement-4 is easily expressed 25 a sequence of simple assign-
menls. slatement-3 involves more careful planning. !t describes the actuai
merge operation, i.e., the repeaed compariscn of 1he twoe incoming items, 1he
seleclion of the lesser one, and the stepping up of the corresponding index. [In
nrder to keep track of the number of items taken from the two sources, we in-
troduce the two counter variubles ¢ and . Tt musi be noled thal the merge al-
wuys txvhuausts only ene of 1he two sources, and leaves the olther one nonemply.
Therelore, the leftover tail must subscequenily be copicd omo the oulput se-
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quence. These deliberations quickly lead to the following description of slate-

menl-1:
}: beglng:=prr: = p: (5)
repeat fszlect the smaller jlem|
if A1) < Ali] then
begin Alk]: = A4 [i);
k.= k+hi:= i+l
g = ¢l
end
else
begln Alk] : = A7 ):
k:= k+h )= i1
rio= =1
end
until {g = 0} V {r = 0);
5: “"copy tail of isequence’™;
6: *‘copy tail ol jsequence™
end

The manner in which the 1ail copying operatiors are siaied demands thai
they be designed 10 have no effect, if initially their counter is zero. Use of a
repelilive construct testing for lermination bdefore the first execulion of the ¢on-
tralled statement is therefore mandaiory.

8 while g ¥+ 0 do {7}
begin Ak ) = Al ]
k:= k+h
icm 4] g1 = g—1
end
& while r % D do
begln Alk]: = Aljl;
K:= k+h _
i j=lyrt = =1
end

This concludes the development and presentation of this program, il a
compuler is available to accept statements of this form, i.e., if a suitable com.
piler is available.

!n passing, | should like to stress that we should not be led 16 infer thal
actual program concepucn procecds in such a well organized, straightforward,
“top-down’’ manner. Later refinement steps may often show thail earfier deci-
sipns afe inappropriale and must be reconsidered. Bul this neal, nesied fociori-
:ation of a program serves admirably welt 10 keep the individual building blocks
inicllectually manageable, to explain the program [o an audience and 10 oneself,
10 ruise the level of confidence in the program. and 10 conduct informal, and
even formal proofs of correctness. The emerging modutarily is particularly wel-
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come il programs have 10 be adjusted 10 changed or extended specificalions.
This is a most essential advaniage, since in praclice few programs remain con-
stani for a leng time. The reader is urged 1o rediscover this advantage by gen-
eralizing this merge-sort program by allowing n to be any inicger greater than 1.

Exampie 2: Sguares und palindromes

List all integers between 1 and N whose squares have a decimal represen-
1ation which is a patindrome. {A palindrome is a sequence of characters that
reads the same from both ends.)

The problem consists in finding sequences of digits thai satisfy two condi-
tions: they must be palindromes, and they must represent squares, Conse-
qucml}y. there are 1wo ways 1o proceed: eilther generate all palindromes {with
log N° digits) and select those which represent squares, or generate all squares
and then select those whase representations are palindromes. We shall pursue
the second method, because squares are simplar 1o generate (wilth conventional
programming facilities), and because for a given N there are fewer squares than
palindromes. The first program draft then consisis of essemially a single repeti-
live statement.

.n:=AF (R)
repeal A = g+ generate square;
if decimel representation of sguare
is a palindrome
then wrile n
unill # = N

The next step és the decomposition of the complicaied, verbally described state-
ments inie simpler parts. Obvicusty, before testing for the palindrome proper-
ty, the decimal representation of Lhe square must have been compuied. As an
interface between the individual parts we introduce auxiliary variables. They
represent the resul of one step and lunclion as the argumeni of the successive
step.

A1) ... AL) an array of decimal digits
L Lhe number of digils compuied
P a Hoolean variable

(note that L = enteed2 g M + 1)
The refined version of (8) becomes

o= Q. {9}
repeat n ! = a4l 5 = pep

d : = decimal representation of s

p: = dis a palindrome;

if pthen wrae (n)
unill p = ¥
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and we can proceed to specify the three component statements in even greater
detail. The computation of 8 decimal representation is naterally formulated as
the repealed computation of individual digits slarting **at the right.”

L., =0 411}]
frpeal L2 = L4+1;
wcparate Lhe rightmost digin of s,
cali it 1)
unill s = Q

The separation of the teast significani digit is now easiy cxpressed in
terms of clementary srithmetic operations as shown in {12). Hence, the next
1ask is lhe decompaosition of the computalion ef the palindrome property pof &
Il is plain 1hat jI also consists of the repeated, sequential comparison of
corresponding digits. We siart by picking the first and the last digits, and then
proceed inwards, Let fand j be the indices of the compared digils.

i N g = L (10
repeat compare the digils;

I D R o |
wuthl (¢ 2= ) or digils are unequal

A lavt refinement leads 10 & complele solution entively expressed in lerms
of 8 conventionat programming language with adequate siruciuring facilities.

= {12
trpeal ;. = n+lis: = nen; L: =1k
repeat [ = L+],
roo= sdlvy 10; AL = 5= ey
§y:"=r
untll 5 = &;
i ] = L
repeat p: = il = d; ],
T S B |
wathl {j = j} or ~p;
if pthen write {n}
uptll n o=

This ends the presentation of Example 2.

1. Simplicity of composition schemes

In urder 10 achieve intellectual manageability, the elementary composition
schemes ymust be simple. We have encountered most of the ruty fundamenial
ones in s second example, They encompass sequencing. cond:tioning, and rep-
ennon of constituent statements. | should like 10 elaborale on what is meant by
simplicity of composilion scheme. To this end, let us select as exampie the re.
pelilive scheme capressed as : "

while Bdo 5 (13}
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1t specifies the repcated exccution of the constituent statement S, while — &l
the outsel of each repetition — condition 8 is satisfied. The simplicity consisis
in the ease with which we can infer properiies about the while statgment from
known properties of the constituent staiement. ln particular, assume that we
know thal §leaves a propeny Pon ils variables unchanged of srvariant whenev-
er Bis true initially; this may he expressed formally as

PABIS)P (14a)

according 10 the notation introduced by Hoare 18], Then we may infer that the
while stalement also leaves P invariani, regardiess of the number of times §
was repeated. Since the repetition process terminates only after condition B has
become false, we may infer thal in addition 10 P, also =B holds sfter the execu-
tion of the while stalement. This inference may be expressed formally as

P [whlle Bdo S| PN -B {14p)

This formula contains the essence of the entire while-construct, N
teaches us to loock for an inwvariant preperty P, and to consider 1the result of the
repciition to be the logical combination of P and the negation of the contipua-
tion condition 8 A similar paitern of ipference governs the repeat-construct
used in the preceding examples. Assuming that we can prove

OV I(PA-BISIP {15a)
about S, then we may conclude that
O lrepear Sonill B] PAS {150}

holds fer the repeat-construct.

There remains the question, whether atl programs can be expressed in
terms of hierarchical nestings of the few elemenlary composilion schemes men-
tioned. Although in principle this is possible, the question is rather, whether
they can be expressed conveniently, and whether they shou!d be expressed in
such a manner. The answer must necessarily be sebjective, a matler of tasie,
bul | 1end to answer affirmatively. At least an allempt should be made 1o stick
to elementary schemes before using more elaboraie anes. Yet, the (=mptation
to rescind this rule is real, and the chance 10 succumb is pariicularly great in
languages offering e facility like the goto statement, which allows the instan-
1aneous invention of any form of composition,”and-which is the key 1o any kind
of structural ircegutarity.

The fallowing shorl example illustrates a8 1ypical situation, and the issues
involved.
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Example 3: Selecying distines numbers

Given is a scquence of (not nccessarily different) numbers r,. r. 1. - < - .
Select Lthe first » distinct numbers and assign them sequentially 10 an array var-
able a with n ¢lements, skipping any number v, that had already cccurted. (The
sequence r may, for instance, be obained from a pseudo-random number gen-
erator, and we can rest assured that the sequence r contains at feast a different
numbers.)

An obvious formutation of & program performing this task is the {ollow-
ing:

fori: = 1 to nda ) (16)
begin L : getlr);

for j: = 113 ~1] do

if alj] = rthen goto L;

als]: =«

end

. Il cannol be denied thal this *‘obvious® sglution has been suggesied by

the tradition of expressing a repealed action by a for statement {or 8 DO loap).
The task of compuling 8 value for 7 is decomposed into a identical steps of
compuling a single number ali for i = 1 ... #n Anmher influence leading 10
this formulation 15 the tacl assumption thay the probability of twa elements of
the sequence being equal is reasonably small. Hence, the case of a candidate r
being equal 10 some gl ] is considered as Lhe exception: il leads to a breuk in
the orderly course of operations and is expressed by a jump. The elimination
of this break is the subject of our further deliberations,

(4 course, the gote slaiement may be easily — almaost mechanically — re-
placed in a transcriplion process leading to the following goto-less version.

for i: ™= | to ndo 17
bezin
repeut getir; ok = rue;
Jr=1:
while {j<i) Aok do
begln ok . = aljim r i = j+1
end
uniil ok’
alil: = r
end

The transcription consists of the replacement of the for siaiement wilh a
fised 1ermination condition depending on the running index f ty a more flexi-
ble while statemenl allowing for more ¢complicated, composile lermination {or
rather conlynuation} conditions. But this solution appears quite unatiractive. 1t
is admiltedly less transparent thap the program using a jump, in spile of Lhe
faci thati the most ltequently heard objection 1o the use of jumps is thal they
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obscure the program. The other objeclion is that the goto-less version (17) re-
guires more comparisons and 1ests, and hence is less efficient.

The crux of the matter is that well-siruciured programs should not be ob-
wined merely through the formalistic process ef eliminating gote sielemenis
from programs that were conceived with thal facility in mind, but thal they
must emerge from a proper design process, Two alicraalive solutions are
presented here as illusirations.

In the first case, we abandon Lhe notion thal the program musl necessarily
be based on the slalement

for +: = | 1n nda (18}
als ] = the next suitsble number

and consider the basic ileration slep to consist of the generation of the next ¢le-
ment ol the sequence r, followed by the 1est for its ucceplabilily.

io= k (L)
while | = ndo
begin generale nexi r;
assign it lg gli }:
check wheiher ail oli ) are differemt from afi s
if s, proceed by ingrementing o
end

This form makes i{ ghvious thal we ate in trouble, if the sequence r should be
such that / cannol be incremenled any longer. Written in terms of our pro-
gramming language, (19) becomes

T {20]
while i == 5 do
begln getls);
alsfz= o g:my;
while adi] = rdoj: = j+1:
= jtheni: = i+1
cnd

The second approach te this problem relzins the basic concept of the solu-
tion as shown in {(1B}. From there, its development is charecterized by the fol-
lowing two snapshots: )

forv: = 1to ndo (20
repeat generale the nexl r,
check its acceptability
until acceplable

for ;% 1 jo ndea (22}
repeat gei{s);
alil:m prf: = |
while alj| # rdo f: = j+]1,
until i =
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In contrast 1u (20), Lhis solution consists of three nested repetilions in-
sigud of only two, and therefore seems inferior at first sight. In fuct, however,
solution (22) turns out 1o be even more economical. The reason is that in (20)
the 1est for continuation § %= n is aclually unnccessary whenever § # J, since
= jin this case implies i < j, and because ¢ has not been allered since the last
evaluation of i = n. Of course, program (22) is considerzbly more efficient
than the original form with a jump (16},

This terminates our consideration of Example 3.

The guestion remains open, of course, whether jumps con afways be
avoided without disadvantage. I shall not veniure o answer this question, par-
ticularly because the lerm “‘disadvantage’ is sufficienily vague (o admit many
interpretations, But there is evidence of the exisience of some characternslic
and reasonably frequent sivuations which are expressed only with difficully in
terms of the language construct introduced above. A particular case is the loop
with exirls) In the middle. Lately it has led language designers ta introduce
specific constructs mirroring this case [12]. 1t wwrns out, however, that it is
most difficult to find a satisfaciory and linguistically suggestive formulation, and
thatl sometimes solutions are invented that seem 10 merely replace the symbot
gote by another word, such as exit of jump. For exampie, the construct

ioop 51; (21}
exit If £,
n
end

with the parametric staternents S1, 52, and Lhe termination condition P might
be adopted to express the program

L1: begln S1; {24)
il Pthen goto L2;
52; goto L1

L2 end

in a more concise and goto-free form.

Expressing (24) in terms of the basic 1zpclilive statement forms does,
indeed, often lead 1o undesirable complications, such as unnecessary reevalua-
tion of conditions, or duplication of parts of the program, as is shown by the
two proposals (25) and (26},

repeat 51 (25)
if ~Pthep 52

unill P

£1- {lo}

while ~Fdo
begin 52; 51 #nd
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Loop structures

The following, and last two, examples of problems are added 10 show thal
ofien the necd for an exit in the middie construct is based on a preconctived no-
lion rather than on & real necessity, and that sometimes an even better solution
is found when sticking 1o the fundamenital canstructs.

Example 4. A scanner

The 18sk is o construct a 127

piece of program which, each time
it 15 activaled, scans an inpui se-
quence of characters, delivering as a
result the next characler, bul skip- nexl
ping over blanks and over so-called
comments. A comment is defined
as any sequence of characlers start-
ing wilh a left brackel and ending
with a right brackel.

This scanner could typically
occur as part of a compiler. A com-
mon solulior is indicaled by Lhe fol-
lowing flowchart (aexr denotes the
operation of reading the nexi char-
acter and assigning it to the resuit
variable x).

ncat

This program clearly exhibils the loop structitre with exit in the middle,
salisfying the onc-cntry-one-exil prerequisite. Instead of proposing e Suggestive
form for this construct in sequential language, howevee, let me 1ackle the posed
problem in a different manner, Recognizing the main purpose of the program
as being the reading of the next character, wilh the additional request for skip-
ping over blanks and commenis, | propose a first version as follows:

nexs; (28!
while xIn [u, '] do
"“ekip blanks and comments®

The correciness of this program is easily established, assuming Lhat the
statemenl in quotes performs whal it says, and nothing more. The definition of
the while statement guaraniees that the resulting vaiue of x is neither 4 blank
not & commentl, no matier in what way blanks and comments are skippad.,
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Fhe refinement of the stalement in quotes is guided by the lact that upon
its initsalion x is either a blank or an opening brackel.

if x = "." then nezrelse

'skip commenl"

where the lasl slalement is expressed, with obvious reasoning, as

begin repeat acarungll x = *J"

Héxt
end

(29

t30)

Only knowledge aboutl the expecied freguencies of pccurrence of individual
characlers can be a reason to choose another lform of this pregram on the
grounds of efficiency. For the sake of argument, let ps assume that short se-
quences of blanks are particularly frequent and that, on the other hand, im-
mediately adjacenl comments are extremely rare. This leads us 1o an equally
correct aliernative form of (29}, namely

“skip consecutive blanks, if any'";

*skip commenl, if any™

The first of the 1wo stalements is readily expressed as

while x = " do pexr

whereas 1he second is atready elaboraled in (30). l

Example 5: Integer multiplication

Assume tha! we are 1o
design a program o mulliply
two non-négalive integers o
and & with the use of addi-
lion, doubling, and halving
only. Let the resull be
represenied by a variable z
A well-known and efficient
method s shown by 1the
flowchart at right:

a
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This program, once again, clearly exhibits the Joop siruciure with exil in
the middle, and therefore cannol be expressed as a single while slatement. N
is usually squeezed inlo the simple loop form by displacing the loop terminasion
test, positioning it in front of statement 51. The program then oblains the
well-known form

Xx:m gry:m b2 e {14}
while y = U do
begin i oddy} then
begin p: ™ y—b.z7: = 1+x
end,
yio=yidivd] x:m= Jey
end

This clearly does not change 1the effect of the program, because if y = 0 at
ealry 1o 51, then 51 has no effect and, in particular, Jeaves y unchanged; and if
¥ # 0, then the only additicnal effact incurred by the modified version is on
the auxiliary variables x and yin the case of » = |, But this additional eflect is
quile undesirable, not 50 much because of Lthe additionat, superfluous, and use.
less compuiation, bul because Lhis operaticn may be harmful by causing
overflow of the arithmetic unit. Sheuld we therefore resort to the exil-in-the-
middle version?

A differenl solution was shown 1o me by E.W, Dhjksira. He proposed to
tackle the problem at its roots, mstead of trying 10 remedy a preconceived pro-
posal, The most obvious multiplicalion algorithm under the stated constrainis
is the following:

XD aryie bz ) (35)
while y # 0 do
begin | > 0 snd amp+1 = a-d}
yi=yliri=z+s
end

Before we start out trying 10 improve this version, we observe that ai the
outset of each repetition 1wo condilions are satisfied.

1. » > 0 {ollows from the facl that yis a non-negative inleger and
nol egual o Zero.

2 xep+2z = g+bis invariant under the two repeated assignments.
(To verily this claim, substiluie -1 for y and 2+ x for z: this
vields x+{p=1)+(z+2) = *p+; = o"b, ic., the original equa-
lion.} At entry the equation is satisfied, since s = 0, x = a, ¥
= b
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Note that the invarianl equation combined with 1he negation of the conlinua-
tion condition yields {y = 0) end {¥*y+2 = &"d), i.e., the desired resull z =
asb

I we now inserl any statemeni a1 (he place of the invarianl which leaves
the producl x»p unchanged, the result of the program will evidenily remain Lhe
same. Such a siatement is, £.g., 1he pair of assignmenits

¥i= ydiv ] x: = 2ex {16}

under the condition that y is even. But if a relation is invariant over a stale-
ment, il remains so regardless of how aften the staiement is executed. This
suggests the following, guite evidently correct, efficient, and eiegant solulion.
I1 conlains no exit-in-the-middle loop.

Al gy owm b= {37}
while ¥y # 0 do
begin {v > O and xp+z = g+b)
while #ven(}) do
begin y: = ydlv 2, x: =~ 2ex
end,
=yl z: = z+x
end

Soe much for examples, whose purpose was to sketch 2nd elucidale the
basic ideas behind the methods of sitruclured programming angd stepwise
refinement.

Conclusions

Skeptics will, of caurse, doubt thal these methods represenl any progress
aver the techniques of the old days — in fact, that they are merhods a1 alt. 1 can
merely say that in my own experience, the new approach has improved my aiti-
tudes and abililies 1owards programming very considerably, and the experiences
of othets confirm this impression [10, 11). A systematic, orderly, and Lrans-
parent approach 15 mandatory in any sizable groject nowadays, not only to make
it work properly, but also 10 keep Lhe programming cosl wilhin reasonable
bounds. 1t is the very fact that compulation has bacome very cheap in contrast
with salsries of programmers, that squeezing the machines 10 yield Lheir utmost
in speed has become much less importanl than relizbility, correciness, and or-
gunizational clarily. 11 is not only more urgent, bul also much more costly Lo
corsect an efficient, but erroneous program, than 10 speed up a relatively slaw,
but correct program. In the pasl, the debugging phase has taken a ridiculously
large percentage of the devetopment cost tn mast larpe projects. The aim now
is o eliminate the peacessity of debugping by creating bug-free products in the
first place. Daesn’ this bring 10 mind the medical slogan “‘prevention is better
than healing™"!
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The criticism has been voiced that 1he method of structured programming
is in essence nothing more than programming by painsiakingly avciding the use
of jumps (gota statements). One may, indeed, come 1o 1his conclusion by look-
ing et the enlire issue in the reverse direclion. But in fac1, the method of siep-
wise decomposilion and refinement of the programming task automalically leads
to goto-free programs; the absence of jumps is not the inilisl aim, but the final
outcorne of the exercise. The claim thel siructured programming was invenied
by proving thal all programs can be formulaled without goto statements is
therefore based on a fundamental misunderstanding.

The question of whether jumps enler the picture or not is basically a
matier of the ievel of decomposition or refinement 10 which the programming
process is cafried. Ultimately = that is in machine code — there can be no
doubl aboul the presence of jump instruclions. The mera) of the story is that
jumps must not be vsed in the inilial canception of a general algorithmic stra-
tegy, and in fact should be delayed 85 !ong as possible, With today’s simie of
technelogy, the intreduction of jump instructions can be lefi to compilers of
languages that offer adequale, judiciously chosen, disciplined structuring facili-
ties.

One of the essentiat Tacilities for this purpose, besides conditional and re-
petitive stalemenis, is the recursive procedure. In many cases il emerges as the
natural formulation of a sotution, such as, for instance, in most cases of back-
tracking elgorithms, Hardly anywhere else can 8 natural, concise, and ofilen
sell-explanatory selution be made more obscure and mystifying than by replac-
ing its recursive formulation by one in lerms of Tepetition and — well — jumps.
This process should definitely be left to a compiler, as 11 concerns what is catled
coding rather than programming {code = system of symbols used in ciphers,
secrel messages, etc. [Websier]). Modern programming syslems, however,
offer efficient implementations of recursion, and thereby make *‘programming
around recursion’' g largely unnecessary exercise,

Whereas a teacher should not and musl not- pay sitention to ‘‘percent is-
sues”” as to efliciency while explaining and exemplifying methods of composing
well-structured programs, a professional programmer may well be forced to do
50. He may sometimes find a dogma of sticking exclusively to 2 restricied set
of program strucluring schemas too much of a straight-jacket, and the templa-
tion to break cutl 1po powerful. This will be the case ss long as compilers are
insufficiently sophisticaled to take full advaniage of disciplined slructuring.
Naturally, there will abways be situations where & compiler is cither denied Lhe
full information needed for successful code optimization, or where it would be
unable 10 infer the necessary condilions. It is therefore entirgly possible thal in
the future a more imeractive mode of operalion between compiler and pro-
gramme? will emerge, at least for the very sophisticated professional. The pur-
pose of this interaction would not, however, be the development of an algo-
rithm or the debugging of & program, but rather its improvement under invariance
of correciness
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. The foregoing discussion also implics an answer 1o the question of wheth:
er structured programming in an unstructured language (such as FORTRAN)
is possible, It 15 nol. Whal is possible, however, is structured programming in
g “higher lzvel'” language and subsequenl hand-iranslation inlo the unstruc-
tured language. The corollary is that whercas 1his approach may be practicabie
with the almosl superhuman discipline of & compiter. it is highly unsuited for
teaching programming. Recognizing thal there may be valid cconomic reasons
for learning eoding in, suy, FORTRAN, the use of an unsiructured language 10
teach programeming — as the arl of systemalically developing algorithms — can
no longer be defended in 1he conlext of compuier science education. The lack
of an adequale modern tool on the available computing facility is the only
remaining excuse.

The last remark concerns an aspect of *'siruciured programming'” thal has
nol been illuminaied by the foregoing examples: structuring considerations of
progrem and data are ofien closely relaied. Hence, it is only natural 1o subject
also the specification of dala 10 a process of siepwise refinement. Moreover,
this process is naturally carried out simultaneously with the refinement of Lhe
program. A language must, therefore, not only offer program siructuring facili-
lies, butl an adequate sel of systematic dala structuring fzcilities as well. An ex-
ample of this direction of Jlanguage development is the programming language
PASCAL [12, 13]. The importance of this aspect of programming is particular-
Iy evident, as we recognize the data as the vltimale object ol our inlerest: 1hey
represent Lthe arguments and tesults of all compuung processes, Only siructure
enables the programmer 10 recognize meaning in Lthe computed information.
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musdubes e CCompate Sguaie Rogl™  {inpul sl return
parameiers | “Eddain Randum Mumber™ tng aapul paiameer ).
and “Wrile Record (o Qutput Fike™ (aa retarn paramelers.

A wprful technigue in delesmemng whether & mandule 1 func:
tionally bound s writng e nience descnbing (hE funcnon
vourpoae ) of 1he muodule, mead then examining the sentence. The
follow ing lesls oan be made

t Il the sonience fe (o D u compound sENIERcE, COMlan &
COMma, of Conlan mae than one verb. Lthe maodule i proba-
biy performmang mure than nne funciion . therelore. & probebly
hat sequeni sl of Commune ataonal binding

I A7 the sentence conlaint woords relabing Lo Lme. such as
"R, et Tthen”, Calter”, “when”, “slan”. £, ihen
the madule probably has seaueniwl or tempsral binding

11t ibe predwate of the sentence duesn'l cunlain 1 vngle spe
cifw phprct Fdlaw ing the st the musdule i poohatdr logcad-
Iy toyrd For eample. Ban o) Data has hogial bdmg
Fddl Sumrce Szarement ey has e funciwmnil ading

4 Words such as
brd g

“mlhde T, Cokan-up”. @ plty 1Empond

Functionally bound muslules ras always e Jesenbed by way of
their elements uning o« compoond sentence Fuat o (he abave lan
FUREE v Dnasoesd abde w Rk snll cownpherely dew bt Lhe mod
wt’s fumcion then the masdule o probaby nor Tunc osaily
ol

T warradsed probiem s decndng baw far 1o divde fung

Bl Pwind subtefg ieens The disisnn ko probabhly gane far
g M 1D Each musdale o omt g o bl of elements That could
b gl alang, amd F fach moslule = sPl engsegh Fhal ois En

Ny wmpleme it o on be gracped all al o g, 18, o8B long

e tham g of Lwek e ol e Code

serer That & masdube yan e bgoty st than e 1pee ol band -
g The budinig fglween Imu clemenls o the g tweag that cas b

3 -2-4

appled The bnding of w modyle b1 fowered By cvery tiement
pair thal dees nal gxhibn [wnghonsl bsdiag

Pradictabls modulay

A pred;Lable, of weR-betaved. module o ont thal when piven
Ibe ideniics) npull, operated wdenically esch Lme o by Called
Also, g wellbthaved module operaies independentiy of L eavi-
ronmenl.

To show thal dependablx (fren from erors! modules oo olifl be
unprediciable, consader an Osgillaior module thal relums fend
and one allematcly and dependably when ol i culted 91 michi be
wied 10 facinmte double bulfenng. Should it have maluple Jwen.
each would be requared Lo call # an even somber of Lmey before
relinguishing controd, Should sny of the uters have an o, on thal
prevenisd an even nomber of cally, afi oeher waer sl tad The
gperylion of the module given the same zals w Aol consiant,
rawulting :n the module noi being predictable even though ermur-
fri. Moduies that keep track of their awn sl me diuslly s
predic lable, even when ermor free.

This charmcicristic of predaciabulity that can be designed imto
modules i whal we might Joosely call " black-bonnesn ™ That is,
the waer can undeniand what the moduke docs and wse i wilh-
oyt ko ing whal i3 imaudr 1. Moduke “bisgk-bozneu” Lon £ven
be enhanced By merely adding commeniy thal make the mod-
ule's funciion kmnd uke clear. Alue, n descripiive Rame and o weil-
defined and vitble interface enhances p mondule's ussb lity and
Thus makes i1 mure of g BIsch boa,

Tradeots 10 strucivind dekign

The averhesd involved in Whling many mmple modules 11 W Ihe
C1ECwinh 585 and mEmuory IPACE uild by p partacular Te npoagr
%0 effect the call The dengner should realize the advorse efect
on Marsierance and debuggrny Thal may resull from sloving sl
for mmimum ciecuiwn Gme wnd for memany  He should sl
remesnber thal proyramimer €a%l, 15, oF 13 rapudly becoming. 1he
magaor oot of a programovng sydlem mnd thgn much of the
maintenamve will e 1a the fulure when the Irend well be cven
more prominent However, gepending on (ke aclaal verrhead of
Ihe language bemng wied, n rs very postible that p structured de-
tign cun cesull o feds Execuleon and for memary overbead ruih-
o Lhan more due 16 the {ofkewing consde ratcon

Fur memirs overhrad

I, Crptional {erot) modules aay never be called nto memory

Y Svruciored dewgn reaucts dupldcaie code and 1he couding nec-
esenty fur implementng cohirod swiiches. thus reducing the
aftwunt of programmer. penecated code

3 Overlay vtracturing can bt based o0 a0 hua b oprrgng ©hamc-
1efang y phtaned by ruanong ind abse vy (he program

4 Having many unphe Junglion musdukes slhws oo fAeaibie
and precnd. pruuping, powvubly reselliog o ket memory
needed a4l any oo Lme under averfay e virtyel sloreye oo
alrumnils

Farr e trr ariier ro) rfad

I S masdule s @y anly ERECUIE 8 Tew UM

Y Chpuonal (omor )t lunghons mar never be called rewhing a
zrriv ovcrheat .

1 [ tmbe Tur conhol yenigbes iy seduced or clovunated, reducing
the 1dal smumnt uf ¢l b0 be coecuted

4 Heavily used bk, e caf b recompuled and cails replaced by
brumy b s

Yo tlachidesT o Uperforms” o wal B owaed o plwe o cills
iHuwe e the vomplenity of the sysiem will o reor by wl
feand the gaifa s uRsRiErabas RECEY ST [0 prrechl duphicaling
Uala numes end by the iy ol crealing e Tyurivabens of
cull parameicrs b o well defined intertae 1



& 1InE wap b pe? lasd E1Es ulmem s 10 Jrie pment mhch paris of
e spviem will g Mumk ustd wr gl sphimizifg Ieine Can
Ul e e Pty Implemenimg an suilly sbuclured
A napn alhes s (he (esning ol o s kg peogram Tor those cnmg
Cal Mrsdiiies 1amd y W a0 wolhng progiam s Lo any Lime
spemt ophinudangd Thowe modoles con then be opumazed
weparaiely and renlepraied swithoal mroducing muluiudés
of ercars amig e e Of the program

Strutiured design lechniques

H o poroshle 1o divsde The dEupn plusess inio peneral program
devign und detatled desipt as fodlow s Leeaeral program desipn
decrding v hed [unc iy of aeeded o (he progfam o po-
prammang sysieme Dholaded devign v e e mplement fhe
fumctons Yhe coaaderatiny abore amd oechnigues thal foliow
rexwil an an wlealhsion of the luc s, (alling paromelers,
ared the Call pelatnsnshor® Tor o shigg lwie 431 P Lioradly Bound .
umply (unney ied modules The infurmatien  thes  penetated
Mk ey (b Bt Do £ b Moundule W0 then b weparaicly designed.
inpiemenicd amd 10sicd

The vbpri live al general Progia® SEugn v 19 JEICIING whal
fum e, L alling pacamieisrs. ol cal¥ reliinsnhps are needed
e Bomchariy depi ! thes Linow byl wader and onder w b
comdilniny g bBlog ks are ereeuted. o charty unnecessanly Com-
Pl ate the peneral program degn phase. & moed 0sclul nole-
fom 1% D siticbarg chatl, as descnbed eather and oy shown
Figure &

To coniresl  situcture chart and & Agwchan, consder the Tl
bowing for the same three madules in Fagurs 7 A whch calls B
which calle © (coding has been sdded 10 1he wuclure chan 1o
enable the proper Sow chan o be delczmaned . Bs code wib) be
exgculed Aol dhea (7. then Ay To dewgn A's srerfaces
Froperiy, it 1 Aecevary e biavw hat & v cesponaibie for o ob-
g B but thin s hord o determne fram the Bowchart |n wdds
Tt the sirvciyie char! cafl show Lhe module connechons end
vathng parametery thut afe central to the consderut i and lech-
My uts being fresenied here.

The uiher mupor difference 1hat diasilly wtnpldfics 1he note.
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fon and analyui durng peaeral pHogiam detgn o W abicno e oy
siruciure chans of the decioan biock £ ondmional talls can be
o oded, bl “decion deugning” can by defrved ual detaked
module devgn This i3 wn enample of where (he J#lign procea
i made simpder by havmg o consider only pant of the devign
probiem Siruciure charie are also small enough (o be worked on
all 1t once by (he designers, helping Lo prévent subofilimiting
parly of Ihe program at the expense of ihe enirg probem

A shoticul Tof arriving &b Bimpie AIPUCIUrES i 1o know the gen-
el form of the reyult, Mr. Conswntine observed thal programs
of ibe gemerad pirudlure in Figure § reswdtod o Use boweat-cosl
implemenlalens. I8 smphemenls the saput-proe ta-ouipul Cype of
pragam, which apphes 1o mosl programs, even o 1t “wmpad™ or
TaUIpUt” 11 L0 MCOndEry JEOTIEY OF $O SREOTY .

In practice, the nink leg is often sharter than tht source anc
Aleg, source emodulel may produce oulpul I£§, ETOF
messages b ond sink modulel may requert inpul |& 8, EXECULION
me formet commands |
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Anather st ture ustfu) for Wiphementing parts of & dengn
the renmacton ytruciure depicied in Figure 9. A "'frackadlion
here o mny €vepl, record, of input, etc. (o which Yanouws sctuons
should resull For eanmple, a command procewsol has this swue-
turt The druciure SAAY weCul Blone o & ond OF mare of the
vouite lof e ven pmk ) musduies of ut UPUL IS ERI-CWIPHI SLNuE-
urt. Analyus of the imunsacison modubes [ollows Lhal of » eran.
Torm moduie, whch is €2planed wier,

The fallawing procedurt can be yaed 10 arrive ol tw Bpaul-pro-
Crid-0utpul generad itruciure shown previously,

Ltrp Oar. The Frwl sicp in W0 skech (of mentally consider) &
lunclional prcture of We problem As an esample, consder »
smulntien tyiem T rowugh sinacture of this problem is thown
wi Fugure 10

Fawrn TN gl it 8 ket g

Illul lll-- -l-i u-u-
Camiel. it 1 o

Siep Two Mentily Lhe pxternal comcepiugl sireams of daw. An
raiern! siremm of dags is onE that 13 exiarnal to e syslem A
euad rprwal dipeam af dae is v piream of related dews that i inde-
pendent Gf kny physcal 100 device, For inslance, we miy have
seviryl conceptiusl sLreams coming from ome 140 devicr of one
wleam coming rom severnl O devices. |a our omulelot sy
1M, Lt c3iemal contepiunl Mrams sry Lhe BBput PRIRRELEN,
wied jhe formaned simulation the reputl,

Vrep Theer, Idenlify the mglor eatemal coacepipal sireas, of
duin {buth mput snd ouipul] w Lhe problem. Thes, uhng the
Jiugram of Lhe probicm suructurt, Seteomine, for this siream, Lhe
poanie of “hoghest absgractian” anin Figure 11,

The prownt of highest ubstialon™ Tof an inpul stream ol date
I fumid 10 the probdem slluciure where [hal dada o furthest e
meued from g phy Sical snped form vl cam SOl B v ued o
CinTing w1 Hepce. i e Smulelsom sy slem. Ohe ol S et
T M of v snput Lramsaction wiigam might be the bailt matns
Safrilanly, wenidy the puinl where the duls siream cun el b
viewed b giuty ot —m 1he example. possibly e resoll muins

Admuiedly, this o5 & subyechive wich Howeler, expericnge has
shown Thal denigners 1rwned n the iechmque seldom difer by
Mai | hah on or 1w Blas by o6 Lhent anvia en 10 The whowe

Meep o Prenph the wfuclure e Figure 12 frpm I fresspus
i malwn w b & srce muslube (0 pech Concepiugd mput
strgam which exty & (b poIsn ol Mg abyiract inpod daa, de
sk mumlules simalarly  UMlen wnly sungle Source wnd wink
Bratuhes air newesaay The parameton, payied air dependen
un the prthlem, tul the general paigen o shownon Fgure 12

T st pibe A func it of gan b mexdule wih 1 Shofl. cOMINE , and
spe it phtase [nte whas srpnsformatems oceul =hen tha
mendule o Calted a0l b (0 ewdulbe 13 inplemenied  Easlualy
the Fhtasd FElaiine 10 furs Dbl hinding

When Mundule A o alied  the progam of dpuem Eaecyic
Thene e the dup ik ol aewdube A v oquivalen 1o Ve probiem
Pemny welad IF Bhe problem e Cwnle g BORY W v compuler,”
thep 1fe Wby tein ol rusdule % s “eurmipHe BN g Ak piugram "

Woadule My furc tnen invsdspy obtamng 1he maps siream of
Wila AR cagmpis of o "tppagd meddult W & “pel mryg rald
waniny £ wla1Cmeenr in Podish lorgy ™

Minjulr 1 peirpmis ps e drdiinkorm e muge? [LTL TR FU TR LY
UL TRV TR L A TCT R LT SRRV DR (Y7 S VT R A L AT e PP (PPN |

descripten af thg Inenaformaten Faamples are “cofvert Poliah
furth siaiement 1o machine lndguege slatement” oF “uung heyp-
weard 1w, wearc R abatract Ale for marching abyiracts

Modult D' purposr i disposing of the magar vulpual sifcam
Evumples ant “product repdnt™ or “dupley el of wmul -
Tom =

Siep Fivp, For ench source module, dennly the bl ireasfofms.
Lon neceuiary B0 produce the form bemg returned By ihel dod -
ule Then wenify Uve form of The mpat pust pred G0 Lhe laar
trantfurmation. For ik modules, senuly 1he Bral process nec
esdiry 1o pet cloder o The desired outpul and the TesulURg ol
pul form Thit resubin in the portions of the sinuclune shown n
Figure 13,

meClciolelcie

-I--'ln
[T

Repen! Step Five on e pew wourte and sink madubey uniL the
erigine] source wnd final ink modutey sre reached. The module
may be anulyzed in ooy order, bur esch module should be done
compteiely before doing any of lts subordinetes There are, un-
lontunmiely, ne drludled guidelingy svwilable for diviling rhe
trunslorm modules. Use bindung and couphing <ansidertions,
size {abpul oot pags of source |, and wsefuiness (8re there b
Tunc o 1341 fould be wseful clewhere now of 16 the fuzure ) as
pusdepnes on bow far 10 divale

Durning Ihis phasc, &7 en the sde of divding v Snely. 11 i
alwuyh gaty 10 recombing Isierin the detign. bur duplcsie func.
tens may 1l be Wentified of the dividing s too mnunntuu at
This pennd
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Duuign guidakines

The lullowing cotcepds are waelul Fr achieving simphe deuge
and for impraving ihe * st pa™ slieiores.

ine ol the mosi uselul techmiguet Tor redecung the efect of
chunges wn Ihe progrem dk b Mmake the siruciure of the design
malch the siraclure wl the problem, thel i, fomm should Tobkow
lurction For example, conader » module That dils & itlephone
o] w mufule thal recerves data 1§ recerving immed wiely (ol
hm s duling, one mighl siove ul Selgh A as shown 1n I—.;u"
14 Convder, howeser, whelhe! recoisng o pan of duling
e Ao n0C dusiaily 1, el LR s caMer mvohe BECEIVE B
w Sriign B

H. oot eaample. deagn A ware used, consder the effect of 1
hew fequilement (i irmnsmil wnmedialely wlier dialing The mal
mundide receives il and vananl be wied, o & awilch muL be
passad ar ancibher 1080 masdole hew 1o e sdded.

T the esceni that the dewigh strugiure does maich Ihe probiem
sruciore. changts 1o wnpbe parts of the problem retuh
changes 50 Wngle modules

The wvipr v avaietvind of 3 meodule s thal moduic plus A modules
(hat pre ulismelzly suburdisnaie to Vhal module [n e 2asmple of
Fugure 15, the swupe of control ol Bis 8. 0. and E The wupr
w) effenn of 4 decision i the el ol sll modules that contain teme
cundc whose eaeculion 13 based upon the ouicame of the deci-
wun The pyS$icm 14 sunpied when the sope of efect of o de
cikion 1o the scope of Contrel ol the module conwinmg Lhe
decivion The following evample ilustrates why.

if Ihe caécubon of somid Coadé 1 A 1 dependent an e culcome
of Jeoiweont X % munduke H. 1hen gither 3 will have to rewm s
fAng 1o A oor 1he decrmmt soll Rave Lo be repraied in A The lormaer
dpprowc s results m wduied oding Ioimplement the fag. and the
Eanped revudin o oo oW s (i tned idecisnm X0 mosde A
Juplwater of drcnwn X resuli i difficulives courdmanng
chamges o both copies mhemever decion X st be changed .

The seope of efect can be g withon the scupe of conlrd
either by mosing the degwssn elemant “up™ m the sirudlure, o5
by Lakany thase modules that e an the soepe of et bul fol i
the wupe of conimd and mueong tem uo that ey Tall wiho Lthe
m e 0F ol

Sade cam b used o o uignal 1 ook e et il probltems ] ook
watchully al musdule s with bess than fsg of sode than 10U ruecul-
whbe worce siatérnenis Aomdules with o shwll pumber of tair
s My Ml oo Mo sn Enine fafuion, b fee . My a0t e
Tpow Eowst Fandig S ery winall modules can he #lhimunatled by
placing theear stazemenis b the cllimg mawdules | arge moduies
may e lade mre than one baiciun A cecomd probigm with
[ange musdules v paderamlduliny and readabiliy There v v
deng b e Lol bl o gromip il sl WE stalemaenls du the wp
per lemal of whal can be masiered on the firs reoad g of w maodule

Iang " .-

LHign, pan of & mesdule « lunciken i o mdily s cafber when W
vantme perloim iy funindr This v dcoomplished wilh o felumn
S parame ler iprelerabdy tanary aonly 1 A maosdule thy handies
shrrams o data mast b ke [ sepial emd of bbe crik s prelerably
dlsar walh o Bfiary pataimeier Thess prardMeters shoubd ok, hos
ver Il ihe calles w Rl e di bl The gt or 1 Nes#iihe
less the sostem can by ade seenpled of pasdudes o an be desgned
wotbnt the need B eror f g

LYTITIRTE L YW AR TTTLA PFI LA STRTT TR T T A [ T1 PO PR DT T PL O o Y 1 T
At anrlaher mmslube wall sulied Doun s lundopg bal same emes

thw sompde sl wilulnem [ M b eser e sl b0 climd

i the merd b ity = bl gommptarus g " Fdag b boa
Acan bl e INpuls afe e s ptandon g T st wulpulsd b on
anampk 4 read muedubr thal Jdelen iy o fetueh #0rar W Mile na-
opxned (b (b e Cen M kst amd tEoosely By opttusg (R hik
atmd percading rlimingics The aecd Tur inplsalifabon e ihodl man-
bampmy an vhiErial slale

ooy b G g et e st Nk

- T =T

Fogrey 13 mayer il vl

—
N

Elminsie duplcale funclions but mot duphcale code When a
funciog changes, K 10 o greal sdvaninge 1o vnly have 1o change
iL it bne pluce Bt of 8 modale’s need for its owe copy of & ran-
doen collecuon of code chanper dhightly, o will por be geceiaary
10 chinge o veral oiher moduies 2t well

IT & modubr szems stmost, bt not quane, osefl fram  secosd
place in the system, iry 10 ienify snd iselaie the uselul b
funchiom The remainder of the module might be g urponaed in
ny uriginad vallar '

Theck modules that have many caliers of thel coll aany othe
woedules. While nol wtwayy & problem, it may indaate mhaky
levels or module s

Laaliie s deporchond oty b & particular duly A ype. reunnd by ool
mdex-sruciuig, £ic o oo O 2 mioemum of sentules This ms-
nrizes the ferodang meccisary shoukd thal perulst ypecifica
o Chunge

Luok for wiys 1o reduce ing aumber of parumelen pued be.
twren mudules Count every Aem pibatd we & sEpslelt palfume .
ter for lhee uhyective nndepesdent of how o will e imple
mented 1, Dot pasy whole recerds froin modube (o module.
Bur pawe only the held of Aohds nrecueary b £40h module 1o
sccompiinh i function Orhersse, all modules will have 1o
change if one bewl rapends. Zuther than oniy Those wbu b diect-
Iy used (hal fithd Pawvng only the dals Bewng prosessed by the
PrOTEm Ayt wilh Aecessaly £Mof and Eixr I eI,
ulimane obpcive (hecl bary ssilches for odwaton of
e -l et 7 3l upet 00 -Conired s e rsums

Have the designers work together and wilh the complels wifuc-
lure churt A7 Brunches of (he cherl wie worked on sepaitly,
commun muules may be muased wnd e patiabies el
Fivm dewign g weepens made whale anly CoRsedibing oo Flanch

Ah sEpmply
The lollo=myg tLample iBuareies tee use of siegctured devgn,

A patscnl-montona; program o required Tod 1 bospilal Exch
patrent o munioied by an analog dévwr whh meatere  Tazion
wch wh pulet. tempereture. Moud pressure, mnd shen reuvance
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Thy progeam Jeads e e s oon o pelnads Base Guopevifed

o gag b patienn boaml shoers T o oy 012 dala e Eym

Con b palienl. valg Latigrs bt o B Lt are s hed te g, pa-

ed =Xt wald wapetadie ange s VB B WYY degrees

Vadwenhett 1 Gacrot Lalby amilswde ol o patiend s sile e, or
it an,uln# dEvn e Euls P muntse s sbaluen i aathed

h
In u eeal-dE vase. the problem stajemenl soubl coAlng moch
muirr detad Huwesel, this one s of sl st Jeladl o gow us
A g i slruciure ol (b pouggtam

Ihefrst steg is du wiline the stroy e of the problem s shown
n b ogure 16 10 Ihe second wep. we wlently e sulernal con-
wPiual dreams Of Jate 0 Thiy vate, Tea sit€ums bre present,
fan lors Irgm e chhig Jes wr and wammngs 1D ihe nurt Thest
alvin repiesenl 1 Mued npul and cutpul sieams

Figure 17 indicates (he povimd of haghest absimcion of 1he mput
sligam, whwh (1 Lhe paunt ot which a patient’s [eciors mee wn the
Tufam fur 1or e 1 the daks byt The point of fghest absitaciion of
LOE wurlpud sircam s @ Iial of wunsale Tuctors (i wny b We gun now
Fegn W Je wgn Lhe proprsin’s siruciure k4 o Figure (1

(n ynaly g the madube “"DRTATN & FATIERT S FACTIRE,™ wt
caf deduce [rom the problem statemenl thal he luncion has
thrge parts 4 11 Doerermine whah palenl 10 Monto neat | based
wn then apecified perodic iniervalyd (21 Resd (b dnalog Ox-
wig L3 Revord the Laciort in the datw base Hence, we wmvr
ai 1t strugiore in Figoie 19 (el ag oonecof & vild vl of fag-
I g was P s ailable

Turdver arady b of “ReaD waLIL SE1 OF FACTGRES, “AND
Vwsalt P ACTORE . amd TeirTitY STARNH. OF UrBAFE |l
fums” yuekdy the mauliy thown m the vomplele strscoere chan
Wi ke 20

. oow that The rradule e aly Fac TORS FRE TERMING] " ¢
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ENSTITUTO DBE INVESTIGACIQNES ELECTRICAS’
BEFARTAMENTC DE ANALIS1S DE REDES

CONTROL OE CALIDAD

CONVENCIONW EN EL USQ DE CUENTAS: NOMBRES DE ARCHIVOS,
VARIABLES ¥ SUBRRUTINAS: ¥ POLITICA DE RESPALDO PARA
LA PROGRAMALION DEL DEPARTAMENTO DE ANALESLES DE REDES

EN LA COMPUTADORA HARRIS.

FOR: MARCIAL PORTILLA R.

¥ VICTOR M. VALADREZ €,
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OBJETIVD

EL PROPOSITO DE ESTE DOCUMENTO ES EL PRESENTAR AL PERSONAL DEL

DEPARTAMENTO DE AMNALISIS DE REDES {DAR), DEL INSTITUTO DE IN---
VESTIGACIONES ELECTRICAS (J1E), YNA CONVENCION PARA NOMBRAR AR-
CHIVOS Y VARJIABLES EXTERNAS, OE ACUERDO A LOS PROCEDIMIENTOS -
SUGERIDOS POR LA BIBLIGTECA OFE SGPORTE DE PROGRAMAS DEL DEPAR--
TAMENTO, AS| COMO EL DAR A CONOCER LA ASIGNACION DE CLAVYES PARA
USUARIOS BE LA COMFUTADGDRA HARRIS DEL CENTRO NALIONAL DE CON---
TROL- (CENACE)} ¥ LA POLtTICA PARA EL RESPALDO DE ARCHIVOS DEL -

DEPARTAMENTO EN ESTA COMPUTADORA.

2=-2.72
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INTRODUCC IDN

PERIDO A LA GRAN CANTIDAD DE PROGRAMACION QUE EL }IE DESARROLLA
Y DESARROLtLARA EN COMPUTADDRA Y TOMANDO EN CONSIDERACION LA DR-
GANIZACICN DEL DEPARTAHENTOD, SE HA ACORDADO AOGPTAR MEDIDAS QUE
PEAMITITAN LLEVAR UN CONTROL DE TAL PROGRAMACION ¥ EN ESPECIAL

DE QQUELLA QUE 5E EFECTUARA EN tA COMPUTADORA HARRIS.

LAS CONVEMCIDMES AQU? PRESEMTADAS TIEMEN TAMBIEN COMO FIN
EL ASEGURAR QUE LOS PROGRAMAS Y VARIABLES EXTERNAS SEAN UNICAS
ERTRE LOS PROGRAMAS ¥ FACYLES DE IDENTIFICAR, CORREGIR O

AGREGAR,



ESQueMA DE ORGANIZACION

A CONTINUACION SE DESCAIBE LA FORMA EN LA CUAL ESTA ORGANIZADD

EL DAR Y LAS CONVENCIONES ANTES MENCIQONADAS,

EN EL SIGUIENTE ESQUEMA, SE MUESTRA LA ORGANIZACION DEL DAR.

TIST ERS
AURLISIY
bE ReDES
SUBSIGTITAA" A
T AT T At COSTED L DR AMA Linis DeSAREDLLO
CeHWEMT A Y LMD b OAD oL SISTEMAS %
i 'qut.'-‘-..'dﬂcmu
SR ItTEMA B’
DS5 PR CALEULD Teovstl COOTTNNA,
€4 DPE Pe # IDLOTE
WITE RLAH S | eAmgh

EN ESTA SE DISTINGUEN CUATRO GRUPOS A NIVEL DE SUBSISTEHA A
¥ CUATRO A NIVEL SUBSISTEHA B,

31:3-5



3.1 CUENTAS PARA USUARIODS DE LA CUOMFUTADORA HARRIS

APROVECHANOO LAS CARACTERISTFICAS DE LAS CUENTAS EN LA COMPUTA-
DORA HARRIS COMPUESTAS DE LA SIGUIENTE FORMA:

CALIFICADQR USUARID °

S5E HA ASIGMADO UM CALJFICADOR A CADA GRUPO DEL NWiVEL DE SUBSI5-
TEMA A DE LA SIGUIENTE FORMA:

SUBSISTEMA A: CALIFICADOR
DEKMODSTRACION GCHENTA ¥ UKD 001 0DEMD
CONTROL BE CALIDAD 0020CO0CA
ANALISLS DE SISTEMAS [{WER *)
DESARROLLO DE PROGRAMACION 00WODEPD

(*) AL GRUPO DEL S5UBSISTEMA DE ANALISIS DE SISTEMA SE LE HAN -
ASICNADO CUATRO CALIFICADORES DE ACUERDO A CADA GRUFO DEL NIVEL
DE SUBSISTEHMA B, DE LA SIGUIENTE FORMA:

SUBSISTEMA B CALIFICADOR
DESPACHO ECONQMICO D031 DEAS
CALLULDO OE INTERCAMBIDS GD32C1AS
PRONOSTI1CO DE CARGA DO3IPLAS
COORDINACION HIDRDTERMICA QO03LCHAS

A CADA USUARIO SE LE HA ASIGNADO UN WUMERO SEGUNM EL CALIFICADDR
OEL SUBSISTEHA EN EL QUE COLABORA, ESTE LE DARA EXCLUSIVIDAD DE
ACCESD A SUS ARCHIVOS S1 AS| LO DESEA (SECCION 3.2)..EL NUMERD
DE CADA USUARID SE LE DARA & CONOCER EM FORMA PERSONAL,

NOTA: DADO LAS CARACTERISTICAS DEL SESTEMA OPERATIVD DE LA COH-
PUTADGRA HARRIS, LDS USUAR!O0S QUE TENMGAN EL MiSMO CALIFICA--
DOR KO PUEDEM GENERAR ARCHIVOS DIFERENTES CON EL HMISHO NOMBRE
ESTA RESTRICC{ON SE SALVARA, INCLUYENDO EN EL NOMBRE OEf LOS

ARCHIVOS, DOS IHICYALES DEL NOMBRE DEL USUARID A DUIEN PER --
TENMECE (VER SECCION 3.2).

3-3-6
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3.2 NOMBRAHIENTD DE ARCRHRIVOS

CON €L DBJETO OE QUE LOS5 NOKBRES OE 195 ARVHIVOS GENERADDS EN -
LA COMPUTADORA HARRIS SEAN UNICOS, |DENTIFIQUEN A SU PROFIETA--

RIO Y DEN IDEA DE SU CONTENIDO, SE HA CONVENIDO EL USAR EL §1--
GUIENTE FDRMATO: i ,

TIPO INIECIALES CONTENIDD
REAE = m = === AtAdxk kA k

DONDE, EL TIPO CONSISTE EN UM CARACTER QUE DESCRIBE EL TIPO DE
ARCHIVO DE QUE SE TRATA SEGUN LD5 SIGUIENTES POSIBLES:

PROGRAMA FUENTE (LENGUAJE FORTAN, COBOL, ETC.}
HMODULO RELOCALIZABLE (RESULTANTE DE UNA EUHFILHEIDN)
MODULD EJECUTABLE (RESULTADO DE UN ERCADENAMIENTO)
_ARCHAVOD DE COMANDOS {HOIRECTOS

PROGRAMA EN LEKGUAJE ENSAMBLADOR

PROGRAMA MACRO-ENSAMBLADOR

ARCHIVO CON UN TEXTO [DOCUMENTO)

ARCHIVO COH DATOS

ARCHIVO CON RESULTADOS

Ao~ T mMN XTI
TS N

tAS INICIALES CONSISTEN EN DOS CARACTERES QUE SON LA PRIMERA -
LETRA DEL PRIMEA MNOMBRE ¥ DEL APELLIDOD PATERNO DREL USUARID QUE
GENERA EL AACHIVO {AREA).

EL CONTENIDO CONSISTE EN HASTA CINCO CARECTERES ALFARUMERICQS

QUE DAN I(DEA DE LA FUNCEION, OBRJETD O PROPOSITO DEL CONTERIDD DE
EL ARCHIVOD

EJEWPLO:
NOHBRL DESCRIPCION
THPLCOPRE ARCHIVD QUE COMTIENE UN TEXT® (DOCUKENTO)
LARR R AL : FPERTENECE A MARC!AL PORTILLA ROBERTSOHN

¥ CONTIENE UH CONTROL DE PRESTAMDS

i-1-7



3.3 MOMBRAMIENTD DE VARIABLES EXTERMNAS

CON EL CBJETO DE PODER IDENTIFICAR ENK FORMA UNICA Y A LA VEZ,
EL QUE SEA REPRESENTATIVOD EL NOMBRE DE LAS VARIABLES EJ TERNAS
QUE SE USEN EN LA PROGRAMACION DEL DAR, SE EMPLEARA LA S5~
GUIENTE CONVENWCION EM SU FORMATO:

FUENTE.HMNEMDNICO.DESITIKO

DONDE, LA FUENTE Y DESTINO CONSISTEN DE DD5 CARACTEZ=ES LOS -
CUALES REPRESEWTAN EL SUBSISTEMA QUE GEMNERA LA VARIABLE Y EL -

QUE LA RECIBE RESPECTIVAMENTE, DENTRD DE LOS SIGUIEKTES JDENTI-
FICADOS:

PE = DESPACHQ ECONOHMICO

CH = COORDINWACIDN HIDROTERMILA
PC = PRONOSTICO DE CARGA

€y = CALCULO DE INTERCAMBIQS
ON = QPERADCGR NAL)ONAL

0OA = OPERADOR DE AREA

ElL  MNEMON!CO ES UN CONWJUNTO DE HASTA ODIEZ CARECTERES -~ LFANUMERI-
CO%, QUE IDENTIFICAN L0 QUE REPRESENTA LA VARIABLE.

LO5 PUNTOS 50N SEPARADORES DE LA FUENTE Y EL DESTINO DEL MNEMO--
HICOD.

EJEMPLO;

CH.THVFIA.ON = VARIABLE GENERADA POR EL SUBS|ISTEMA LCH Y
RECIBIDA POR EL OPERADOR HACIQNAL Y JUE AE-
PRESENTA UN 'TIEMFO DE VIAJE!;

3-3-8



3.4 POLITICA DE RESPALDO DE SRCHIVDS EN LA COMPUTADORA HARAIS

CON EL OBJETO DE CONTAR CON RESPALDO 0€ [0S ARCHIVODS DEL I1E -
EXISTENTES EN LA COMPUTADORA MARRIS, SE EFECTUARAN EN FORMA FE-
RIODICA EL COPIADO A CINTA DE ESTOS, DE'LA SIGUIENTE FORMA:

SE EFECTUARA RESFALDG OIARIO COM CENCO CINTAS, RESPALDD SEHANAL
CON TRES CINTAS ¥ RESPALOD HENSUAL CON DOS CLNTAS.

ESYO0 PERMITIRA, EN EL MEJOR DE LOS CASOS TERER UNA HISTORIA DE
VERSIONES DE UK ARCHIVO (OMN CINCO VERSIONES DE CINCO DYAS LABO-
RABLES ATRAS, TRES VERSIONES CON ESPACIO DE UNA SEMANA DE TRES
SEMANAS ATRAS ¥ DOS VERSIQHES CON ESPACIO DE UN MES DE DDS  --
HESES ATRAS.

ESTOS RESPALDDS PERMITIRAN RECUPERAR ARCHIYOS CON VERSIONFS AN-
TERIORES. 3-3- 9

3.5 POLITICA DE PURGA Y CONTROL DE ARCHIVOS EN DISCQ

DEBIDO A QUE EL DISCO (NSTALADG EN LA COMPUTADORA HARRIS TIENE

CAPACIDAD LIMITADA, SE SEGUERA LA SIGUIENTE POLITICA SODBRE EL
USD DEL ESPACIO EN OISCO:

TODA NUEVA AREA GENERADA PDR LDS USUARIDS DEBERA SER REPORTADA
AL ENCARGADD DEL S1STEMA POR PARTE DEL VIE, LLENANDD LA FORHKA
QUE PARA EL EFECTO SE HA DISPUESTO: LAS AREAS NO HEPORTADAS S5E-
RAN ELIMINADAS PERIDOICAMENTE {PURGA DEL DtscO).

SE COPYARAN EN CINTA CON CARACTER PERMANENTE AQUELLODS ARCHIVOS
QUE EL USUARIO DESEE CONSERVAR PERO NO USE EN T{EMPO INMEDIATO
Y POR TANTO NO E5 NECESARID QUE ESTEN EN PISCO, DE TAL QUE EL
ESPACIO EN DISCO QUE GCUPE NO REPASE DE DIEZ MIL SECTORES --
(1120000 PALABARAS) DENTRO DE LG POSTHRLE) .

ESTAS MEDIDAS DEBERAN SER SEGUIDAS FOR LOS USUARIOS DEL I1I1E -

PARA UN MEJOR LSO DEL UNICO DISCO QUL ACTUALMENTE TIENE LA COM-
PUTADORA HARRIS DEL CENACE.

2-3-/0



NORMAS. DEL
"LENGUAJE PARA DISERAR FPROGRAMAS"

PDL

HARCTAL PORTILLA ROBERTSON
ROBERTO MANDUJAND WILD
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! ND I CE

OCBJETIVO

INDEMTACION ¥ ETIQUETAS
ESTRUCTURAS DE CONTROL
CONSTRUCCHONES

EJEMFLD

242

P —_——

[. DBJETIVO

EL PROPOSITO DE ESTE DDCUMENTO ES DEFINIR LAS NOAHAS PARA EL USD
DE UR "“LENGUAJE PARA DISERAR PROGRAMAS" (LDP).

EL LOP ES FACIL DE SEGUIR ¥ MAS FACIL DE PROGRAMAR QUE LODOS DGIAGRAMAS
DE FLUJOS, DEBIDO A QUE "ES CASI CQD(GO'", ESTE "PSEUDD CODDIGD"
PESCRIBE LA ESTRUCTURA, CONTROL, VIBRACIONES, FLUJD, ETL, DE UN
PROGRAMA DE COMPUTADORA, CON LA VENTAJA SOBRE LOS DIAGRAMAS [E

FLUJO ¥ OTROS TiPOS DE DIAGRAMAS, QUE PUEDE ACTUALIZARSE CONTINUA-
MENTE EN UN PROCESADOR DE TEXTOS.

EL tDP DEBERA INCLUIRSE EN LDS SEGUIENTES DOCUMENTGCS:

RPLC
DPC
CoDIGD
273

t1 INDENTACION ¥ ETIQUETAS

INDERTACION ¥ ETIQUETAS,~LA SUBORDIDACION SE LLEVA A CABD (NDENTANDO
LAS LINEAS DEL PSEUDD-CODIGD

EJENMPLD

1. LINEA A
2., LEKEA B
A. LINEA (
B. LiNEA [
1. LINEA E
2. LINEA F
C. LINEA &
1. LINEA H
A. LINEA |
1. LINEA J
A, LINEA K
B. LINEA L
Y. COKTINUA CON LDP, REGRESA 0 TERMINA

SOLAHENTE SE UT{LIZAN DO5 CONJUNTDS DE CARACTERES: NUMEROS Y LETRAS
SE UTILIZAN ALTERNATIVAHENTE EN LOS NIVELES DE SUBORD!NACION.
Y LA IDENTACION SE HACE COM CUATRO ESPAC{DS.

- 4



Tl ESTRUCTURAS DE CONTRAOL

LAS UNICAS ESTRUCTUAAS DE CONTROL SOW DE SELLCCION,
Y LLAMADAS A HODULDS.

A.- Seleccion
LAS FORMAS DE SELECCIOK 50N

A.1 51 [LE)
A.2Z SI-ENTDNCES-SINO {(JE-THEMN-PLSE)
A.3 CASO (CASE)

R.-REPETICION
LAS FORMAS DE REPETICION:

R.1 EJECUTA-ITEMIRAS (AHIDE)

R.2 EJECUTA-HASTA (DD-UNTIL)
R.3 REPITE {BOE, DO)

C.- LLAMADAS A MODULDS
LA FORMA DE LLAMAR A MDDULOS ES LLAMA (CALL).

3-4-5
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IV CONSTRUCCiOQNES

A.-SELECCION

A.1 CONSTRuCCION 51 (I1E)
EL FORMATD DEL 51| ES:

T. $1 CONDIC1ON
A. BLOGQUE VERDADERD

DONDE CONDEICION ES UNA EXPRESION LOGICA Y EL BLOQUE VERDADERD
ES UN CONJUKTO DE PROPOSICIONES EN PSEURD CODIGD.

EJEMPLD

1. 51 x<10
A, Y=3%2

Y = 3*2

-3-4-6



A.2 CONSTRUCCION S1-ENTONCES-SINO (IE-THEN-ELSE)
E{ FORMATO DEL SI-ENTONCES-SINO ES:

1. 5t CONDICION ERTONCES
A. BLOQUE VERDADERQ
2. SIKD

A. BLOQUE FALSO

DONDE CONDICION ES UNA EXPRES{ON LOGICA Y LOS BLOQUES VERDADEROD
Y FALSD SOK PROPOSICIONES EN PSEUDO-CODIGO.

EJEHPLG

V. 81 ¥%<1D ENTONCES
A. Ym3a2

2. SIND
B, Ya7#2

Y = 3%2 ¥ =92

)




A.3 CONSTRUCCION CAS®G ([CASE)
EL FORMATO DEL CASE ES:

1. CAS0 {A,B,C,,..)CONDICION

A. BLOQUE A

1. SEPARADQR DF CASO
B. BLOQUE &

1. SEPARADOR DE CASO
C. BLOQUE €

1. SEPARADDR DE CASD

DONDE CONDICION PUEDE TOMAR VARIOS VARPRES Y LOS 8LOQUES A,B,

C,111 SON PROPOSICIONES EN PSEUDO-COD!GO.
EJEMPLOQ
1. VE A {A,B,C)X
A. Y=3x)
1. SEPARADOR DE CASO
B. Ya7=%3
1. SEPARADOR DE CASO
C. Ymju2

|.SEPARADOR DE LCASO

CAS0 X

Chsg,iffff’fff CAS0 B

_]

¥ = 3%2 Y = 7¢3

CAS0

 —— - — e —

Y = T%2

ik



B.-REPETICION

B.1 CONSTHUCCION EJECUTA MIENTRAS (WHILE}
EL FORMATO DEL MIENTRAS ES

1. EJECUTA MIENTRAS CONDICION
A. BLOQUE

DONDE CONDICION ES UHA EXPRESION LOGSCA Y EL BLDOQUE A SOHM
PROPOSICIONES EN PSEUDC-CODIGO.

EN ESTE CA50 SE CHECA PRIMERO LA CONDICION, ¥ 51 SE CUMPLE,
S5E EJECUTA EL BLOQUE A.

EJEHMPLD
1. HIELNTRAS X«10
A, Y=3*2
B, X=X-1

VERDADERA
Y = 342
X = %=1
3-4-9

3-4-9



B.2 CONSTRUCCION EJECUTA-HASYA CDO-UNTIL)
EL FORMATD DEL EJECUTA-HASTA ES:

1. EJECUTA
A. BLOQUE
2. HASTA CONDICION

DONDE COWODICION £S5 UNA EXPRESION LOGECA Y EL BLOQUE A

50N PROPOSICIONES EN PSEUDO-COODIGD,.

EN ESTE CASD Sf EJECUTA EL BLOQUE A Y LUEGO SE CRECA LA
CONDICEGN, YA SEA PARA CONTINUAR EJECUTANDD O SALIRSE

DEL BLGQQUE, DE TAL MANERA QUE SIEMPRE SE EJECUTA AL HENDS
UNA VEZ FEL BLOQUE A.

EJEMPLO
1. EJECUTA
A. Y=1#2
B. X=X+1

2, HASTA X=20

Y = 3*2

x-x+1

FALSA

JERDADERA

3-4-10



B.3 REPITE (FOR/DD)
EL FORMATO DEL REPITE (FQR) ES:

t. REPITE I=H,H, (%)
A. BLOQUE

DONDE W ¥ M S0OW ENTERDS: N <« M Y EL HUMERD DE ITERACIONES

SERA IGUAL A H-N+), S (OPCIONAL) ES EL PMCREMENTO. EL BLOQUE ES UN
CONJUKTO DE PROFOSICIONES EH PSEUDO-CODIGO.

EJEHPLO

1. REPITE I=1,3,1
A. Y=X{I}+5

an

I - 1,31 /

/

Y”i'x{fj+_]

5.

3-4-11

3-4-11
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C.-LLAHADRAS A HODULOS

EL FORMATO DE LLAMA {CALL) ES:

LLAMA HODULD

DONDE MODULO ES EL MOMBRE DE UNA RUTINA COMPLETA A EJECUTAR.

EJEMPLOD

LLAMA RUTIHA 1

3-L4-17
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Software Representation and Composition
Techniques

LAWRENCE ). PETERS

Abstracs —The Neld of pollwat devclopmeni had wndergone somne of
s musl profound chaages in Uee fast 1ea Ytk Muck of thu change
by bech im dERpong 1o cvér intrening demandy on pofiw oe ystems
w iame of thel complenny, reliabidiny, and mailiency. Sy mpiomalic
of such sapld evoluion is the pratiferanoa of methods 1ad techaiques
mlended 10 podve Cihe™ gltware problem, Huwever, real-world 307l-
warr design prublems ofica rabibil chanclerdution that make them
wniges.  Thiu foregy the poliware enpisder 10 serk shicinative ways of
computing snd Jocumenting & dezign. This pape1 describes 3 sampling
of the altemalives gnd dsiecty the scader 1o wwircey af moeg detailed
infarm ation regading their wae ax well as o lager survey of thin rapidiy
changing Mield,

1. INTRODUCTIHON

OFTWARE developmens challenges the soliwaie engineer
in several ways, Unlike many other fields, sysiems of
saftware will not he mass produced. Thia divorcea Lhe

anur 1 ipd Mckiped March 18, 1980, reviued May 23, [000,

Foatpnnn &0 Thie gringle are gacaifried Auvan lill ad appénr here with
tha prrmiition ol the pubbinher,

The sulhar o with Yourdun, ine,,
York, HY 10036,

PEAY Avene 0F jhoe Aarerlosn, Mew

soflware eapineer from many probitms associaled wilth manu-
facturing. However, tince he i dealing with logic —Lhe ahilracl
=1he resulis of his lakos arc dilficull 1o identily with, Solt-
ware opttzles on a time scale snd reflezence frame which Iy in-
comprehensible By human standards. Thesr faclors, and the
lack (fur the moet parl) of an engineering background on 1he
pait ol software developers, have led ta [he naive view sl
saftware Jexign is unique and Lhat ils problems are exclusively
ihost of saltware, The suflv-are engineer atso has the [east
guidance ol any technjcal Held regarding the scope of his prob-
lem ar the acceplabilily of his walution, For example, in aic-
crafll design, » zet of striclly adhered jo pyrameters called a
design envclope are extablished early ir the design cfforl. The
tusk ol Ihe aircrafll design team is to creale 3 design which
meela Ihe requirements and falls wilhin the envelope. Faclors
incleded in the envelope tay include size, weight (dry and
maximurm takeoff), range, and wiher prrameters dicintcd by
marketing end manofacturing considerations. Inuch hardware-
orientcd ¢fforts, desipn cnvclopes are the resull of experieace,
common praclice, economics, and praduction capabilities. In
Lhe case of softwere, & cuncepl such a3 (e design envelope i

OG1R-S219120/0900-1085300.75 B 1980 IEEE
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Jess siraighifor=ard=a large expericnce base related Lo a par-
ticular 1ype of scflware 15 not available, tconomics is 2 matter
- *hack mazpic,” amd there it no commaon practice or disci-

me,  This iy particalarky frue in the case of 1oltwore dexign
documenbatign, Thnace, the safiware designer has litlle or no
guidance in the execution of hit 1ask{a).

Several authon hase atlempied (o rescue the soflware engi-
neer [rann This Jdilepia By publishing 1 wide variety of taclics
amd slrafegies with which to address safltware Jevelopment.
Lach author relates the €fficocy of his apprasch to their own
experience usually in same limirted area of application, Each
wiihites 2 system of represenistion techniquer designed (o
transmit ihe atlribuies af the design considered imporlant
by such authers, We will cxamine epresenlative cxamples
of Ihese, comment on their touece and utility, and finally
desenbe current Irends and whal 1hey signa! for fulure lech-
nalegical developments.

ll. Batkcnouno

The cmphasis in canly sofiwere development was on ablaining
a program which woiked. That ix, it gave answers which agreed
wilh accepted vafues or, where gecepted valuss did nat exisl,
saved Inrge aenounty of menual labar. Far example, Gustay
KMie |1} salved Maswell's equalicns for The case of elediromag-
neiic waves passing through a coltoidal suspension conlaining
dielecirig spheret in about 1905, In the 1930, using comp-
tigenelers and 3 lot of manuut lahor, lexa than s few dozen of
these coelTicients uselud in eslimating infurmatioR loss ia infra-
ted, microwase, and laser Iransmission had becn compuled.
By 1he mid-1980%s, seveiad thousand values could be computed
1 2 maiier af seconds {2].  Buet by the 19605, other more
challenging preblems were being allemptsd. Snsiead of devel-
aping single programs or ganall sels of programs, large assem-
wlages of programs were bejng atlempled, This ushered oul
the age of lunpctional programming and ushered in LRe ape of
siructure oricnléd programming,  The problem: crealed by
attempting to control sarellites or air traffie with these large
systems highliphied (he necd [or some sort of philoaophical
viewpoinl which would enable saftware designers lo cteale
systems [uol gusl single progranis} that worked; syslems whose
construction wai aided by The design and not encumbercd by
it. Dunng thit lime many concepls were ““discovgied™ in
softwere such a3 the differepce between logical dedign (e,
abstract, conceplual} and physical design {ie,, bluepnnl, one-
fur-ane corrcipondence Lo what will be buaill), philoaophies of
design (e p., top-down), and the usz of protolypes Dom which
1o learn and protect an invesiment. Muoch of this ferment
praked in Lthe late 1960 and early 1970 with the pdvent of
sume specilc methods and approaches 10 The problem of sofi-
ware design representalong. These secmed 1o address structure
prubtlems and swine were adopled quile widely. tiowewer, (they
have been found 1o be in need of some suppart in order 1o
wilve “real world” problems. This has resulted in yet analher
wave of appicaches, This hady af help pow available 10 the
sofllware enginter lalls inte two classes—-melhods {strategics,
recommendaions, of puidelines based on p plilosophicyl view)
anul lechmques (Isclics of well-advised "Lricke of the trade™).
Yoth classes are described in IThe remander of 1this paper to-
£elhur with a leok al where mugch of 1105 may be leading.

HI. RirkESENTING SortwaRy Desicus

One of the carlies) lechniques to be developed is thal of soft-
ware design eprewentatian, T -woblem jsa fundamental one.

3-R-7
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That iz, how does 1he sofiware designer depict biv design 1o
#5 to commumicate it to fellow warken and Lhe cusiemer?
Archilects can use sketchey and the customer's everyday ex-
pericnees with phiysical surroundings Lo capluce Lthe pwerali
characlenstics of & propased tuilding, Bul seflwart is not a
duec!ly experienced protuct.

There arc several issuca relaled to the porfrayal of o soft
ware desipn 13]. These can be arganized inlo the Tollowing
calepories.

1y Architectursl=The depiction of the relulionships which
cxitl belween major system elements and helween the gpltwar:
system and the outside world {user, terminals, e1e.)

2y Structural=The depiction of relativaships belween du
tinguishable system elements, This is & static view of Lhe
LYEtEMm,

31) Dehavioral=The depiction afl ialersctjons armong systen
fements. Thit is 2 dynamic view of 1he iysiem,

4] Informational=The conceplual orgenizalion af the da.
user iy Lthe eysiem.

The sensitivity of projecl success 1o thepe issues hasincreased
25 Lthe complexily of the software system being attempled has
mcreased. The role of soflware representalion techniguet Tas
shifted from docurmenting whin the design conlaing le that
of playing an aclive part in the evolution af the design, This
cvolulion s The resull of ingreased communicalion among he
designer, uier, cujtomer, and program implementation per.
wonnel, Some detign representation technigues can be used la
describe system level concepls while others are 21 v more local
level, oflen clasely lied to » wpecific subser of issucs, However,
all are directed a1 reducing and conlzolling the amount of
complexity exhibiled by these absiract models of 1he sysiem,
We will examine some of the spproaches Ihal are available far
archileclural, gtruclutal, and behaviorul clusses of information

A. Representing Archifeciural Fratures

Only recently has this itnporiant aspect ol software design
representalion been addeessed in the ierature [4], Perhaps
thig is because il s casier to address lacal, simple, and compre-
heasible aspects of an overnll system than to desl wilh these
“glotal™ issues, The prospegt can be overwhelming.

The Leighton Jisgram i5 iniended 1o address the problem
ol Jepicting soltware syslem archilecture in an casy to read
and understandable format, The approach taken lends Lo
avoid many of the problems awsoclated with employing hier.
archy diagrams while Jisplaying the sources of wnpute, P
ceising levely, precedence relationthips, and destinalior
ol outputs.

Leighton disgrams wers originally developed 10 serve » fund
lion analogous (o that of the srlsi™ concepl in enginttsinm
This diagrammalic farm s inlended to satisly its aulhor's pe:
veplion of the need to be Tulfylled

1} employ some of Lthe characleristics of treelike siructures,

) clearly depict sources of inpul and destinations of outpui;

3} be easy 1o present and copy uiing B % bl in. forn.
and allow sequentinl presentation 1o avaid repetiliv
backiracking:

4% cleardy depict 1he complexity sssociated with whal ;
heing presented anid the occurrencefuse of comn:
routines,

5) pecmit the |acarporation of 1extual information;

G) be effeclive on a broad spectrum of tystem ty pes;

7} be cosl cllcchvely aulamatable,
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Fig. b. An cwampte of 3 Loighton dugonen,

The primary goal in developing this diagrammalic Lechnigue
was Lo ¢énhange the communication befween customers, useds,
sultware architects, and sofiware development personnel con-
cerming design (and developmen?) issues.

This fiest of many different software design repredtniation
s hrmas fgu depicling syslem architeclure i presented in Fig, |,
e how the estential elements (eg., txlernal interfaces,

o taclions among mejdr soflware companents, and overall
pronity ar precedence jelslionships) are all thal s depicled.
The Navor of what the tyuwem 15 ke )5 relained without the
mireduclion of unnecessary delail. In the sense That soltware
design representalion began wilh descriplions of individual
programs and only recently \urmed to deseribing overall rys-
1ems, thiy process hax been bollom up in natuce.

8 Pepicring Struchural Characredtlirs

Murtraying the sflrucivie ef a sollware sysicm iavolves Lhe
taking of a "snagshal™ of the relationyhips between inlemnal
system elements. 14 i a slatic Yiew qf what the system is like,
we will first Iogk &l an epproach which was commoen o
engineering au leasl a couple of thousand years belore it was
“discovtied™ pt parl of top-down slructured programiming
spproaches.  The ather repivsentalion schemes (melhods) in
the remander oF thiy article ulilize e Jdesign 1ree concept
wgelher with some other [calures,

1} The Design Tree: This approach [5] ta depicling Jesign
suudlure i5 dirccted at ealernalizing the compogition of a
gviem. 1t gz hased on concepls in muthemalics which hawe
peen used in igp-down design,

Thase wibizing the Jdeqign tree voncepl employ ont of 1wo
mulually eaclusive concepts. The Tt containment, refsrs 1o
the fucl thal & concepr includes {or conlaing) oihéer congepls.
For cuample, e concept of airplune includes he concepls

" populsion 3ysiem, bouy, wing, and lail,  The econd,

cratehy, exphicilly porisayr conceply as being subordinale

s one snother. Thal 1, nol just including other lesser con-
cepls, bul bring grester or higher on & scale in some way,

Thu means of ordering syslems hac been used singe the time
of 1he Epyplians (and poanhly cadiec). It is inherent ta Lhe
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cancepi of top-down design and andlysis. Thus the deagn
tree supparly lop-down décomposilion bath canceprually
and graphicatly (Fig. 1).

The design Lree uses a simple flexikle nolational echeme, 1t
is simpde jn that only 1wo basic graphics elements arz used —»
thraipht line and & node symbol. Examples of commonly used
node symbols include circles, squares, and reclangled, Each of
thesc will contain lexiugl Infarmalign. The wserof this scheme
can employ any nodes symbaol (el iz convenieat or may choose
nol 1o enclose the lex) associated with cach node, This scheme
is also TMexihde in Ahat il can he used lo depict complex or
simple aysiems lo the degired level of decomposition.

2} Srrurgure Charrg: Siruclure charts weie originally devel-
oped by Constanline #f gi. {6 1o apecily modular characleriz-
vics of sohiware during design, They we an inlegral parl ol the
shiaetured Jesipn methed 171, | 8],

The baiis for the stiuciure chart is & Tietlike shucluie which
depicie hicrarchical relationships, 1Towever, the hativ nalaticn
of the design tree has been enhanced lo exlernalize module re-
lalivnyhips. A modube is defined a3 asel af lexicall¥ contiguous
piogram slarements which can te jeferred to by name, The
relalionships and inleractions which are depicicd wn¢lude data
flow, aclivation, and communicalion of conirol Paramerers,
Hate thal the design trec can celate concepls o provesses thal
comprize [he syslem, This scheme ypecificalty identifies mod-
ules that will comprise the pofiware syslem,

Structure chirly can B¢ drewn in several diffcrenl ways,
The spprosch propoted by Constanline utilizes lhree basic

2_C_%2



graphical [eome

% the rectanple, used 1o conlain @ module af module
descriplor;
2} the veclor, uscd Lo highlight interaciion between modules
fuzually a catl];
3) the arrow with circalar (3il, used Lo depict the transfer al
data and conirol between modules,

Together, these comprise lhe structure chart o shown in
Fig. 3. 1In this case, the system level j3 & master file update
processor which hat several swbordinale funciicns, The maer
Gle is pansed Lo the edil module which returas crrom snd valid
enlries and 30 on. Moie that control elements are idantificd by
having the eircles on their Laits filled in,

) Strucrured Analysiyand Design Technigue: This approach
is usually refetzed 1o as SADT Lt was originated and trade-
marhed by SofTech Inc. [9]. It way derived from work done
by Hori {101, and ws a result of experience with compuater-
gided manulacturing studies.

This representalion scheme utilizes bwo forrhs. One i1 (ree.
like structurc {a design tree) which acty a3 & roadmap to the
pystem medel, The other form is the sctivily chart. The sys-
lemn mede] can be used 1o describe @ single program or group
of programs. [l is compesed of one or more sciivity charts o7
meore simply diagrams. The basic idea here it to provide 1he
user of the technique with a means of graphically poriraying
whatever his analysis ol an exisling syslem reveals or his pet-
ception of a syslem under design.

This method alyo uses labeled recianguizc boxes and arrows.

veral distinctions are made bolh in what is represenied and
wow i1 1t represepted, ¥or example, the batie dislinclion
belween data Row and aclivities i3 made bul dars Mowr are
classified as being inpul, oulput, or contral (Fig, 4}, However,
execulion seqguences are nol gxplicitly shown,

. Reperieniing Brhaviora! Fearures

The Jssues relnted Lo the representation of the agiual behay-
ior ar “cxccelion™ of the software are among those finl ad-
dressed in the carly days of software detign. These involved
ihe dejailed and explicst documentation of precisely what the
feveniual) program would do when it wat constructed, One of
Ihe firsl of these schemes, the Mowchar), typified the atfitudes
and cencerns of che times, MNamely, will the program work
and il vo, how?

Tuoday, attitudes have changed, The concern is focwsed more
on the urganizalional character ol the program than on the des
lails of cxecunion, Pruablems wilh piogram mainteoance and
developmenl have emphatized the need for some recrdered
pronlies.  The appimachesr presenied here are 3 represents-
five sampling of a much larger sel of schemes [rom which 1o
chooae [LI].

1) The Flowchart: The Towchast is probebly (he most
widely used, misused, and muunderstood software representa:
Lon schermey in wee Woday. 1t has resulted in many Jderivallves,
Bl way pripinally developed by von Neoumann who inlended il
o b am accurale means of documenting a program afler il

21 wrillen aot a1 & Jdesign representalion scheme, The ute
al the Nowchart has been somcwhal slandardized throgugh the
elfurts of the Ametcnn Mational Standarde Institoe {AMNS1)
§12]. Whar is presented here 2mploys 1the ANSI lormm,

The ANS! Nawchart depicis the Jdetsils of guntrn? Now,
Thg i wecomplished by using different gy mbols Tur prodosges,
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Fig. 4, An ShDT@ diagram,

decisions, and eniry and termination poicls. There art n

specific requiremynis that some apeeifie s2t of constructa b-
employed. Hence, wny Iype of control transfer supported by
3 programming language or algorithm may be sepresented i
the Nowchart, '

Primarily this ccheme nies thees aymbola: 1he rectangle, the
rhombua (or diamond], and » dirccied line. Oither symbols srr
used 1o depict manusl operatlons and externalfhardware lnter-
facets. The reciangle is used 10 represent arithmetric apentiors
ar processes, Examples of these include “n=an + L™ "k =ab '
and reset end of file Mag, etc. The diamond shape in ueed Lu
represent decision paints. Easmples of these include £nd o
file Mag set, " =0 and "'x - &b The direcied |ine sndicat-
the Now of conlrol or precedence in a flow seguence. Anrc.
ample of an ANS] Nowchart is presented in Fig, 5.

2} Decizion Tabies: The decision lable hay been used ¢
analyze ané describe deterministic gyslems and 10 sort ow
confusing decision making problems, Their uge in pragram
ming l$ nol rew and dalep back to the days of wired logic an.
1elephone switching problems and beyond [11],

Decision tables can take many dilferent forns [£3]. Thes
all stem from 1the same batic notion that for each of the po
sitle combinstions of situslions Thel & syslem {[ar progran
can encounter, Lhe sycem’s reaponee 5 bnown, These Hlu
tions are referred Lo as conditions while syslem responses a
referred to as aclions. For every condition ur set of conditior
which can occur, ane and anly one sction or el of actions ca
occur, The responsc of the system is hnown with cesiainly.

The basic decizsion 1able consisis of two portions=the con J,
ticn stub and the aclion sluh, Condilions are collecied an:
foplonally) labelkd inle ke condilion stub while actiom
are cotlected and {optionally} labeied in Lhe aclion stub, Coy
ditions and actions are most olien described horizentally
Vertical colwmne in the candition stub are used 1o identf |
which conditions spply In a given Instance, A correapondr '
column in the sction slub descrines the jyslem's reipomn
(Fig. 6).

A} Hamiltan ond Zeldia Approoch: This scheme was oy
inally devised In support ol the Nulionsl Aeronautic ac!
Spuco Adminisiration {NASA) spece shullle sofbware develo;
menl [14). 1t i & responst 10 the nesd 1o simpilying agg
clarllying the aftan vverwheiming detnl! present In Auwehary
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Fig. 1. An ANSI Nywchery,

e Hamilton and Zeldin design represenlalion scheme hes

#¢n further refined and cnhanced and is now tupporied by
-n guiumated flowcharting tool [15]. Disgrame of 1his 1ype
sic called structured design diagrams (not {o be canfused with
tke “wiruciured design method,” Secrion 1V,

The original intent of this scheme wag Lo support the use of
higher level languages, However, it could be employed in othey
spplications. The objectives ol this scheme include

1Y eapliciily depicting the levels of nesting (snd henve, com.
plexity) inherent in the desipn siruciure;

1) depicting all processes in an algosithmic manner (ax
oppased (0 employing texiua! malenial);

1) demonstraling the txienl of scapt of conlrolfeflect of
all loopa: .

4] supporting and encouraging the use ef the batic canttructs
and their alternarive forms.

The basic elfeet of this scheme is that the soltware designer
and customcer €an lollow tequences of equalions o defesmine
whrither or nol they are appropriate while gajning an apprecia-
v.on far the relationship(s) between differeny paris of 2 woll-
welt ayilem,

Struclured design deagrams are composed of rectangles, di-
recied lines, and 3 ponfagon gl combination of a rectangls saad
tangle.  Extcutlian is gzacraly fram fop to battom on the
Juagram with the exceplion of IF tesis and NO locpr which

roceed Trom lefl to sight with cach oocurmence. This cleasy
aows LRe lewe] ol peshing. Bach of the graphic forms contains
an Wgebraic sialement or 121], a1 sppropriate, An cxample of
Jus technique i presented in Fig. 7.

& Nesst and Shneiderman Approgeh: This spproach wa
atroduced as & means of syntactically enfarcing usc of three

A I!-Itﬂ r L] ] M L
B Mmoo sachingey =1 -] w]l Ml ¥ -
£ | hitny ey i bt = TifN]|NW]Y¥Y
O |baclmud gkt ot o ol -] ¥] =] =]nm
. ——— A ————
st Hurl Bag r_l - =] = =
miyy poutbas o duihangr k[ =]Xx| =] =
= Barnl wi 40y indpn = |
O [Exchanpi mrsp thiavinly -l X =] =] -
il mah pychange Ing
H [FeGiemm i aicky biedmn = Z] -] =X
-l -1 -11a! -
i [Eak ¥ el B

Fig. 6. A dacslon twble ieprejeptalion of gn slgarithm,
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Fig. 7. Tha HumKlion and Zeldin dexipn raprescntation.

basic pragram construcis: sequence, decizsion, and lpop. Since
ita introducijon [18] it has becn modifted (17], {18] and haa
been incorpotated info an interaclive graphica syrtem to aid
sofiware deddgn [19].

Hatzi-Shnejderman diagrarmt are a departure fron Nowchart-
based lechniques. They aid in the adhercnce to Lthe use of pro-
Erumming atruclures olhes than the GO TO {an unconditional
transfer of contral). A gngle proces is complelely contgined
withini & rectangular box, The box i1 aubdivided into sections.
Each section denotes a spegific suhprocess (e f., an assignment,
decision). A hicrarchy of such diagrams can be cxiublished and
mainLained wvin lhe use of rpulineg calls or dummy proceised
which refer to other diagrams. The range of 2 loap, Ihe basis
and effect of & decisian, snd the geperal sequence of the pro-
cces [Now are ol explichl in this scheme.

Theee diagrams conkisl of rectangles and triangles cach
containing & ttalement of the aperation performed and are
arranged so ay 1o define process Naow [Fig. B),

D Commentg Reparding Software Design Repretenlalion

There are well aver & dozen dilferent upproaches 1o saftware
design repregeniation.  Many of (hoee slyo have derivalions
making the lotal number in uss todyy much higher [11]. In
documenting » soliware design, lhree issues musl be addressed
regardless of whal representation scheme is used

13 what informalion showld be communicgled?
2} whao iz the sudience?
3} what zre the concerna of Lhe suditnce?

LR
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Since there are many differenl ty pes of reviewen, it s unlikzly
that » single representation gcheme will satisly the areds of 0!l
of them, Rather, it is more fikely that welection cntera and
problcm charpcterization peramelers could be applicd [11] in
arder o “enginesr'’ a represenlation gystem composed af
many Jdillerent classes of 1épresentalion schemes,

[¥. CoMMOSITION OF SGFTWARE

A challenging as the software design representation problem
may scem, the problem of composing or creating the software
an the first plage is cven more o, Many arlicles have been pub-
trshed which describe Lo the resder how sofiware may be de-
nyed beginning wilth a few given pieces of information, Each
melhod utilizes » design representaticen scheme ot syslem of
suhemes in ogder to accomplish its goal(s). One approach
I13] arganizes these approsches into Lhree calegonies

1} dala-Now oriented meihods
2) data structure methods
1) prescnplive methods,

The naming of these calepunes is related Lo the information
they wtilize 23 being piven {e. g., 2 dala-Now model) or the ne-
tare of the appreach (e g., presceiptive), Rather than describe
the wie of rach of the more than one doicn major methods
[11) currendy documenied in the literature, a repiescntative
enample of cach of the categorics will by synopaized here,

A, Data-Flow Crienied Methods

Data-flow oriented methods provide Ihe sollware engiucer
with guidanct on how 10 define sefiware given (hat he hag
s madel of (he data Tlaw which will {eveniually) pecur in
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the systcm. A widely used approach is that of shusiured
desipn [B].

This approach utilizes a actwork oriented design icpresen:
lalion called a data-flow disgram and structure charks {see
Section 111} Together they form an intcgral part of » s5y5-
tem of design representation disccted st capitatizing on Lhese
depicled properties.  Struclured design’s nolational sysiem
Jdepicia struciural and behavioral characteristics scparalety and
includes olyective cvaluations of decign quulity, These evalua-
tions are gimed at idenlilying che level ol gysiem strenglh and
fleaibility (coupliag) as well xa the Llevel of internal sirengib
pussessed by £3ch model. These concepts can be applied 1o
any sofiware design snd constitule what well may be a "natugal
law'" of seflware compoesilion. They need nol be thuught af
as beingsuictly applicabic to designa arrived ot using the strug.
tured design method, The use of this method s complementcd !
by the existence of 3 melhod lor defining system specifica.
lions called siruciured analysis | 20].

Struciured design views s¥stems in Iwo complemenlary wayr,
Onc it the Now or movcment of dala while the other is Yhe
transformationf{c} which such data flow undergoes 10 be (ram-
formed from input into output, Topether they Tarm & el
work model of & system. Data enler as input, undergo trans©
formations, converge, diverge, get slored with other data, and*
become guiput. This view of 1ollware may sound timple ang
perhaps dull, but jl generates several inleresting side tfﬁ-‘cls_.r
Amang (hese are the following. .

1) Abgence of time in ¢he dars-flow represenlalion—Sing
movement and transformation of dats are the only charscy
isgicy represented by the data-Now diagram, the congept ol 1h
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pasage of iime slong any saple o soversl data-Now pethis) is
nol present {Fig. $). The softwaret cnpineer i free 10 concen-

-ate an Lhe estphlishment of & ¢lear wndentandiag of what

yorfminar transformations muat occur in order (or the
wpul dita 10 be incrementally amd correcily Lransformed
into oufput.

3} Lick of clissical fuaclional decompotition=Top-down
desigh has been described as showing only one path in v tree-
ﬁl:liuuctu:t becawse il sagsumes Lhat Lthere 3 only one prob-
lem to be aolved [5]. The we of the "data-Mow viewpoini™
_n:{!'ilc:l the effecl(s) which the desipner’s experience and
bizses will have on ihe results. This altows the "shape™ or
strugluie of Lhe system to be retained. Further ca in Lle strue-
tured design peocess, Lhese “natural aggregales”™ of transforma-
tione and data Nows play a vital role in the identification znd
organiastion of modules in Ihe canslruction plan or physical
strugiare of the sysiem.

A scriovs prablem [or sollware engincers is the conlfol of
compiexity. Much of this compiexity is cansed by concem over
solving the problem canceptually while allowing implemenie-
Lion issues To distan this abstracl view, The software enginear
finds himself pulled in two direclions st once. Hence, his
- altention ia focused ahernatively on high level, absiract prob-
kem issues znd low level, detnil jmplementation ones. Thia
shuttling belween two somewhal incampalible seis of jsgues
crentes ar unstable e¢nvironmenl in which mistakes will be
made. Some key issue oF subilt nuance regarding the problem

v be overlooked, Siructured derign recommends » disci-

"+rinctlion between abstract orf logical design and phys-

ged design, This erables Ihe sofiware #ngineer (o

cr. . oach ap the srchiieel pooceeds by st establiching a

e prual solulion then sdpusling it 1o the intended optrating
caviranment {making it practical).

The basic ploy used in structured design it Lo idemify the
dala flow{4) spparent in the problem snd to build in both de-
L#il and glzucluse in an icerative fashion. It is agumed 1hae a
syslem tpecificalion €xista before design beging, This specifi-
cation identifies inputs, desired oulpuis, and. & description of
Lhe funclional nspecis of the system. The specilication is uged
a3 1 basis Tor the graphical depiction of the inherent dais NMows
and datw tzansformations. This graphical depiclion is called &
data-Now diagram, From the daia-Now dizgrams, natursl apgre-
gates of (hese transformations and dats Mows are ideniified,

. Thizs eventually feads (o0 the definition and depiction of Lhe
mgdules and 1hieir relationship Lo ore anothet and vanaus 1ys-
lem elementls called & struciure chark, The syplem specilica-
tion is reexamined, cerocs and ormissions temedied, and the
process cycled through again, Nol all steps ar¢ repested, only
thost Jeemed azcessary by the sofliware enginckr. AW over-

view ol this progess is shown in Fig. 10.

8 Dare Stnucrure Oricated Merhods

Data structure oncnled methods give the soltware Jdosignera
means ol procceding to » design given Lhal 1he struciure of the
axin Ihal will be procecied by the saflware is knowe, In this
tase, struciure refers 1o the lopics! reistionshipis) which exist
berween dale elements and ngl to (he physical formal of data.

1e basic premuse in Lhis case is That the siructuse of the date
+nd 1he structure of the program mugl be compalible. The daia
structured approach we witl examine here i3 chat of Warnicr
{211, 11 shares the data structure view with an ipproach
wuthored by Juckeon [32], They are wiilely popolar in Europe
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and growing in popularity in the U5, but utilize fundsme-1ally
different approachcy [o design represeniation,

Conceplually i i5 msumed ihat the inhtrent struciure af
inpud and oulpul dats js

1} diseemible:
2} uichul ax & drving Force in soflware develapment;
) inturgnce that g prodently stiuctured program wudl result,

This methad employs Lhe [oNowing lour differenl design rep-
resentation schemes:

1} dala grganiZalion diagram;

4} Iogicst sequence diagram;

&) inslyuction List;

4) picwdocode {a design oritnied, codelike language wilh
limited syniaclic and semanic restriclive [23] or code.

The procedure. Tor developing y software design uging this
method is relatively simple,

1) Idenlify all inpul data entdiies. Their format is 2 sezond-
ary issue (o that of the relationship they bave 10 one anc:her.

1) Osganize the input data into a hierarchy,

3} Assign a desoripon of each endity in the input Al and
nole the number of limes it occurs (g, | employec N1, A
tmployees, each employes record conlainy 5 enlres: social
securily number, hire date, employes numbcr, cormpiny
addresaflocytion, and home address),

4} Perform the ame process ag in 1)-3) ahove but for
culpul data,
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5} Speeilfy functionsl characteristics of the program hy
defining the instruclions [by Lype) which will occur in Lhe
program, These are defined by type of iastructlon in the
following order: read instructions, branch {and related) in-
structiens, computationt, outputs, and calls to subroulines,

&) Using a modified Nowchart, display the logical sequence
of innrugtions using Fymbaols to represend begin proceas, £nd
process, branching, and nesting, .

7) Number each element of the logical tequence and expand
it [wheje possible) using combinations al the basie zer of in-
alruciione defined in 6} above,

Warnice provides 3 number of other more delailed instruc-
tione lor the composition of programa uzing this methad but
these are nol germane 1o our discusalon, The development
Mow usting this method is shown in Eig. 11,

. Preacriptive Methads

Thiz calepory containg most of the software composition
melhods cusrently available {11). Thee methods are based
on the experience(1] of their authars and lack some unmilying
conceptuy framewgork, They are the resull of valuable expre-
Aence and a good deal of empincism, Many of Ihem are #
collection of “gpood things to da™ while others pul forward
an overall approach o solving software design prohlema,
Mosl have sdopted some specilic sel of design represenitation
schemes, META sicpwise relinement [24] docs rol conluin
a specilic design represcatation scheme but does provide an
ovetatl approach to problem solving. 11 cansists of Ihree con-
ceple; disgiplined {or shivclured} progrumming, pichlem
solving by ileralion, and relurn on investmenljesil clfective-
nesd.  The way un which tach of thepe concepls manifests
sbsell in this approach is described below.

1) Dgciplined programming~This refers bo both the procens
ol decomposing 1he solotion space in order to identify alicrna-
tive solutions and 10 the brezking down of 3 given selution
enta ite consliluenl stiribule. 1t is nol decampetilion n the
classic sense of the word, st we shall see,

2) Prablem solving by ilerstion—Here, this refers to both
the process of repelinvely solning 4 design problem and to the
practice of adding detail wilh each ileration.

3) Return on investment and cosi effeclivenen—The time
and entrpy necerdry to apply the olher two concepis are
broughl into sharp focus wia (his one, In 1his cane, furlher -
finement b5 ualy dunc on the most pramislng of the alse rnative

Y}
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solutions. This makes {or a more prudent and cost-¢ffsctive
eapenditure af resources.

Finalty, he sefinenent discipling Is direcled sl posiponing
implemenlation decizions unlil the apprapriate level of detail
has been reached.

This technique beging with 1he {presumed} cxisience of an
¢xact stable problem definition, Given that such an expresiian
of the problem existe, the first step i3 (0 compose 8 timple
palement of the solulion 1o the problem, Next, several zolu-
lions arc genscated, Bach of these is of the saine level of delai)
&g the others but each i1 maore detailed than the initial ont.
Each sgt of equivalent soluliens constitule v level of refine-
ment, The “best™ of these solulions is selected. Tt & now
trented in the same manper ag Lhe inilial solution, Thal i,
gcveral ¢qulvaient golulions of more detail are g=nersled, and
sa forth, The process ends when o levet of cefinement i
reached which can be directly jmplemented into the inlended
programming language {Fig. 11}

L. Comments Regarding Sofrware Compazition

Each of the methode available today relies heavlly on a spe-
cific, somewhat inflexlble model of zollware development,
Often, Ihe modet b tocalized in character in that 11 addresses
implementalion rather than archileciural problems. However
the overall effect of the availabillty of methods in software de-
sign has been quite benclficial, Discipline, organizstion, and
an opennesa in development are & few of the posilive trends
cxperienced thus far.

Y. CONCLUSIONS

Sofiware design i3 & branch of sollware cngineering which
3 just heginning to show recognition of its commonality with
other decgn ellorly dating back to wnliquity. The lack of a
standardized spproach lo depicling' soltware design can b
hoth an wssel and p fiability: b1 ix an assct L that Lhe means
of depicling a design can be Isilured 10 The audicnce and the
type of preblems being consldered. It js & liability n Lhat
much of this polentiat is losl duc Lo locel, faclionalized vicws
ar reguirements on how “best” Lo partrsy sofllware-any sofl-
wuarg. llopefutly, Lhe trend to eapand locy, program-ariented
thinking In1o a plobsl or sysemalized approach will scoelerzic
progresa toward vicwing soflware design a1 a syitem of con-
ccpls and technigues, anid not & sccret.
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Onve of the inceeasingly significant problens lacing the svstem designers and mastoer
planuces of today is the timely and accurate derinition af system element interfaces and task
or aclivity interrelationships.

The classical approach to reguirements and/for activity definition and allocation consists
of the subdivision of large functions into multiple, understandable, discipline-oriented moduoles
or blacks. Each of these blocks is then defined or specified in terms of its inputs, outputs and
transfer functions, The emphasis, unfurtunately, is usually placed on teansfer functions. while
the inputs and outputs {interfaces) are all but ignored. Transfer funetion definitions are more
readily understopd and communicated than interface definilions since these functions are
quantifiable, structured, clase to the implementation design, and can be easily related to past
experience. A structured technique or discipline must therefore be acquired by the cffective
system designer and master planner, which places equat weight on all of tid definition and
allocativn parameters. Interfaces and activity relationships must be dealt with in a top-down,
hierarchial manner which is as structured and timely as today’s transfer function definition
process, The implementation of an effective interface definilion methodelogy has become |
essentia) dus to the increasing relationship complexily of today's tasks, erganizatiens und
systeins.

This paper describes :l‘u:_]!'«l1 Chart, which s un implementation tool and methodolory for
the tabulation, definition, analysis and description of functional interactions and interfaves |
The tool presented is not limited to any particular ficld, discipline, market area or system 1ype,
The N Chart is ssimple and easy to understand, structured and methedical, tep-down in nature,
communicative of 1he desipn, and forces a uniforn Jevel of design consistency. The N2 Chast
is an eltective tool for the integratian of 3l of the people, prE:-ducts. and paper that mak: up
any given systen,

An initizl N2 Chart definition is provided, togelher with discussions relating to its vanous
usapes, Formats and applications. Applicaticns covered include inlerface tabulation, definitian.
design and analysis activilies. Other non-obvious applications am additionally discussed which
are concerned with design description. operational procedure analysis and schedule analysis
activities, Examples are presented of actual N2 Chart implementations on numerous TRW
studies znd proposat activitics. Two examples ane prescnted in detait which illustrate the appli-
cations of the N2 Chart in interface problem solving and in top-down system design definihun,
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The N2 Chart technique has been used on over 50 individual studies and projects a1 TRW
with a great deal of success. The primidry attnbure of the technigue has been in its rupid
communication of interface and r:[utinnsl‘u'p duta bewween large Aumbers of people witl vaned
interests, backgrounds, and needs, N-— Charts have been used to describe and define large systems
concepis, hardware component design dr.t:uls software program detailed dcslgns arganizztinnal
and operational relationships, and tasking and schedule interfaces. A boxonan I‘«T2 Chart has
been used (o define everything from an casthfspacecraft interface down te a connectot pin or
wire interface. One of the main values of the N2 Chart has been its disciplined structure which
by ils nature forces the users to a more consistent and complete level af detail than other visud
presentation techniques. Figure 6-1 summarizes the major features and applications of the N'-
Chart technique. The lollowing parngraphs provide ‘additional information on the use of N2
Charts for the tabulation, definition, design, analysis, and description activities iltustraled
throughout this paper.

The tabulation task is probably the best fit for the N2 Chart technique, Interface and
relationship definition activities are greatly enhanced with the use of NZ Charts, The interface
aceguntability attnibutes of the technique, together with the change simplicity and reproducibility
of the aclual chart forms, make the N° Chant an weal tool forlarge and small system tabulation
tasks, This fact has been completely venficd hy ali projecls emplcylng the N2 Chart technigue
as the inlerface tnbuiatmn medium, *

As a tool far interface and relationship definition tasks, the N2 Chart provides the much
nceded Yinput™ and “output” portions of the entire definition equation. The “transfer function”
portion of the equation, however, cannot be accomplished totally with the N2 Chart fechni ique.
The N2 Chast must be used in conjunction with other techniques {e.g., block diagram, Rowchart,
etc.) in order to perform the total system definition task. However, the step sequence and loop
N2 Chart variations have aided the transfer function definition job 1o a greater extent than
originally expecied. Many projects have employed the step sequence NZ Chart in preference
to the flowchast for defining top level 2perational and data flows. The Joop chart vaniation
has proven very usefut in defining the secondary system flows and dependencies (control,
coordinailion, monitor, support, etc.).

The desipn and analysis aclivities involved with a system are sided by the N2 Chart only
through its tabulation, definition and description capabilities. The N2 Chast technique does not
provide mathematical proof or even fermulation capability to autematically cope with the sys-
tern design problems. Engineering expedence, discipline, know-how, and judpment are stil)
the most important ingredients in the system design process. The N2 Chart does, however, provide
a great ool for the description of the design process, both for the desipners and the reviewers,
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THE n? CHART, WHEN APPLIED DILIGENTLY, PRCAIDES A POWERFUL TOOL FOR THI
OEFINITIOM, TABUL ATHIN, ﬂliSIGN_ Argat ¥5c5 24D ESCAIFTION OF FLUNCTIONHAL
AND PHTSICAL INTEAFACES AND RELATIONSHIFS

L ks T L i el ot e

N CHART KEY FEATURES . ™
ra

- MULTIFLE FIELD AND FROBLEM APPLICATHIN

. FIXEDQ FOAMAY T'IITL'IT.ML PICTURE STRUCTLAE
N L] ALLINTERFALCES/AE LATHKOINSHIFS IDENTIFWED

L] COMPLETE, TWO WAY INTERFACES TABULATED

. ENCOUAAGES TOPS-OOWN STRUGTURED DESIGH

*  WALUABLE DESIGH DESCRWEION AID .
- AMALYEIS TOOL FOR SYSTEMS, OPERATIONS AND PLANMING
i .
L CLEaA COMMUMNICATION WITH EASY UPDATE
\. vy
FUNCT IOMNS
. ’ - w
3 TASK APPLICATIONS
~tacL O »  SYSTEM TAROUGH UNIT DESIGH
S¥STEM ’ *  INTERFACE TAOULATION
> SRS COMPONENTS >

. INt EIIF'M:£ DEFLMITION

s INTERFACE DESIGN
s INTERFACE ANALYSIS

» DESIGN DESCAFTION

r’ PAOJECT APPLICATIONS ) »  RELATIOMSHIF AHALTSIS

f  PROPOSALS »  DPERATIOHAL ANALYSIS

» DEVELOFPMENT PROVECTS ™ PFLANHIMG ANALYSIS

®  SYSTEM PACUECTS SCHEDULE ANALYSIS y

- HAROWARE PROJECTS

&  SOFTWARE PROJECTS

*  INTEGRATION FHQJEI‘.‘.TSI
« SERTD rnmlicrs

*  STUDY FROGJELTS

- RESEARCH PAOJECTS

L FLANMING

\»  MANAGEMENT .

WARNING. THE N2 CHART CAN BE DANGEAOJS TO
YOLIR SYSTEM IF USED IMFAQPEHLY 7

Figure 6-1. N2 Charl Overview
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The N2 Chazt can, theicfore, be thought of as a communication medivm 1o coordinate the Appendia

design and analysis processes rather thun an equation or facility for accomgplishing the task. A pPage 4
previous stalement, which is most applivable to design and analysis activities, is repeated
below 10 illustrate a possible short-fall of the N2 Chart technique:

“The reader must be reminded that the N2 Chart is only 3 1001 for
interface definition and not an automatic solution to the problems

at hand. The usage of the N2 Chart gains bencfits only if tie user

is diligent and merthodical in his definition effar:, The N2 Chart

has the porential of being a dangerous crutch which, if used !
improperly, conveys the feehing of user understanding to the

reviewer who does not spend the energy to comprehend and -

study in detail this lay it all us’ vhaal preseniarion.”

The use of N2 Charts as 3 description tool has proven extremely successful. A great
quantity of complex information has been transferred to a large number of people in a shor
time period with the use of N2 Chart techniqueas, The ease of production, simplicity of pre-
sentation, and the visually sefective level of detail provided by this technique has proven 10
be invaluable as a communication medium among the designer, reviewers, consultants, users,
and other participants in a system design effort. The descriptive alitibute of the N2 Chart

technigue has, through experience, become its primary attribute, even though it was not the
onginal intenl. B
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Measurement and Experimentation in Software
Engineering

BILL CURTIS, Membtm, 1GEE

Absirars —The conlrbutions of mewurement and £xperdmentalion e
the clate ol the arl i sofiware enginecring 2re revicwed, The roke af
wiesturement in devebaping Ihowrctical modely ip discuazed, woad concerns
for celiabidity wnd validity we rensed, Cuorrtal approaths fomeasucing
sofiwan characteritticy wre piesenied o examples. In pariicular, wolt-
wae complexity meirks related v eoatrol flow, madule latercon-
pesciedness, and Hulursd's Safiware Seience we discoed, The use of
enperimental methody in evaluating cavea-eflect sehionshipe b alw
divcugsel,  Example progame ul experlmental rescarch which investi-
pried cunditional ststenients and contid Now are aeviewsd, The con-
chugon argues thal many advances im paliware en:llndn; wil] bo re-
bsied Lo Improvemenis in the measorement sod caperimentel cvalualioa
of poliwate techniques and practicern

1. INTHODUCTION

F “ AHE MAGHITULRE of cosls involved in software develop-
menl and mainlesance magnily the need for & scientific
foundation (o support programming sténdards and man-

agement decisions,  The argument for empleying & particular
gofiware Lechnigue i3 mofe convinging if backed by expen-
menty demanstrating its benelit. Rigorousscientific procedures
wiugl be applicd 1o sudying the Jevelopment of suliware sys-
tems if we are to ranslarm progronming il an engincerivg
discipling. AL the cote of Lhese procedures it the develapment
of meagurement technigues and the determinalion of cause-
elfect relationships.

A cornmitment tp measurement and experimentslion hope-
fully begins by fucusing on the phenomenon we are Irying Lo
explaim. Rather than beginning by counling or expecimentally
manipulaling various properlies of sofllware, we should first
determine whal sofiwarc-relaicd latk we wish 1o wndersland.,
Modeling the processes underlying a woftware lask helps identily
properties of toftware [hat affeet perlocmance, Once the pro-
cess is modeled, we can dissect il wilh all manner of scientific
procedures. )

The article on relability by Musa {621 in thix lssue presenls
s rigarous apprcach 1o modeting a sollware phepomenon. He
specifies a sel aof srrumplions shout software fallures that guide
his development of & quantitalive measure.  Yet, Muta docs
nod slop with & descripltion of his meagure. He takes the enili-
cally innporianl ttep of validating his equalion withactual dals.
Further, he daes nop define his measusre on the basdy of a2 on¢-
shiot cludy, bul canlinucs 1a test wnd refline his mode] sgainst
new dais scia.

Hamuacript crcalved Aped & 1980; taviaed June 9, 1980, This wark
ven3 supprorind By Iha Office of Nawal Keasaich, Englngaring Poychotogy
Piograms eader Cuntest NODA1T420.C04595 10 Infarmatien Syatume
Progiams, Caneesl Freciric Company, Arlingtun, WA, Howerer, opin-
ione ¢xprdpaed here wre ol aecetarlly those of Lthe Cepariment of the
Mavy or Ine Gangrg} Elegliic Company,

The aWthar wan wiih the Sofiwsrd Manggemenl Régeprh Unbt, Infor-
matbon Sysiema Frgpirme, Geanad ecirke Company, Arlingioa, VA
Ha iy maw wlih ihy Telrcommualeaiions Technobogy Cenler, Inboina-
thonat Telephomt sngd Telegraph Company, Steatford, CT ded¥t,

]

Statemeniy thal o software product bas a mean-lime-between-
failure of 48 % or satisfies specified timing constraints are
groundcd Lo the established measuremenl disciplines of jeli-
ability [22], [62], snd performance exaloslion. Other impor-
tant sthiboles of sofeware, auch 13 iy comprchensibility Lo
programnen, have nol Been adequaltly defined. A model of
how saltware charscleristics affecl programumer performance
should underlic software engineering technigues which purposl
to make code more reydable of reduce the mental load ol the
progriammer. The empirical study of such a2 model zeyuires
a disciplined application ol measurement ind capesimental
methods,

Severa! linportanl piingiples in measviement and cApErimen-
watlen will be discuszed and Lheir appliculion in rescarch on
how certain software charsclerisiics make a program difficult
for s programmer to understand aad work with will be ce-
viewed., We will begin wilh a discussion of how mcashremenl
is fundamental to the development of & seientilic discipline.

A. Sctence gnd Mesrurement

Margennu |53} argues thal the various scientific disciplines
can be ¢lassificd by the degree e which heir saalytical ap-
prosch is theoretical ralher than cotfcistionnl. The corrcla-
tional approach eaplaint phcnomens by Lhe degree of rela-
tionthip amopg observable cvents, The (heoretical approach
silempts fo esplain these relationships with principles and
conglructs which are oflen sevcral levels of absiraclion semaved
from relationships among empirical date.

Torgerson [88) believes that “'1he sciencey would order Lhem-
seives in largely the same way {as Margenau's ordering) il they
were classilicd an the | ., degree te which nalisfaclory mea-
wrement of their impartant variables hay becn achicved™ | B,
p. 21. Wt know considerably more aboul measunng electricity
ar guund than we do shoul meaturing (he comprehensimlily
of pofiws Coenscquenily, corrclationsl studigs are more
chuu:tlrl:h: af the behavieral than the physical s, .rnces. Ac-.
cording 10 Lord Kelvin [46]:

Whea you can meatuse % hal you aze epeabing about, L. eaprec
il inm numbcrt, you inow pameihing shoul i1, but wleeh you can-
Nl m:n:ur: i, when you cannol exprets it jn numberns, youl
knawledpe is ni’ w meaper and unsatiafactory kind: it muy be the
beginning of knewledge, bul you have sarcely in your houghty
svanced to the slage of scicnee,

The developmend of scientilic theary involves relaling theo-
ceticad conitrucls o obscreable dals.  Fig. | iltuatraies two
levels of Lheorelical modeling a8 dizcussed by Margensu and
Torgerson. In a well-developed scicnee constructs ¢an be de-
fined in terms of esch olher and are elaled by formal egua-
Lions {e.g., Force = mass X scccleration}, A model of relation-
“ups among conslivcis becomes a theory when o least same

DOLB-93 19/A0709001 13430075 € | 940 SEEE
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consfrufll can be aperationslty defined in terma ol gbscivable
dala,

In 2 lesk well-devecloped acience, r:lItinn:hips betwezen theo-
v rical and vperationslly delined canstructs are nul. necenarily

tablishtd on » formal mathematical 'hl:ll hul are logically

1esumed 1o cxist. Such relationships smong opcralionally de-
~ned ¢onklructs are often described by éo:rhhildn OF [EEIEEsinN
caefficienls, while their relationships to nénnp:nhonuliy de-
fined Lheuyelicad conmtructa gre typically pr::;enlgd in verbal
arguments. These presumed ;:laltuﬂlh1pl are difficult 1o test,
broause megative resulls can be'an ensity altributed o a poar
operalional Jefinition of the contlruels 8% 4o &0 Jacoriect
madeling of the retationshipy, In the neat sectjon, we will Tind
piesumed telationships existing beiween the hypothelical con-
struel of program comprehepsibility nnd its operationsl defini-
Liaa in sollware characlenistiosy,

The devclopment of en eperational delinition {i.c., Lhe re-
bing of 2 theorehical constzuct 1o observable dala) requires a
system 0f measuiemenl, As described by Stevens (34, p, 241:

- e procesy of meysurenient iy the process of wapping empir-
ical prepertiet or telations iato @ Tormal model. Moasurement is
postible becawse: there 1 a kyind of omoiphism between L) the
eaipical iclalions smong piaperLics of abjecls amd eventy gnd 2)
the prepeyiecs of Ihe Tosmal pame in which numerals sre the
pawnd 3fd operalony e movey.

Measureiment does nal define o construct, rather it yuantifies a
plopeity of the construgl., The "bnghln:u“ of light and the
“inlcligence' of programmers are represenied with 8 number
system, MNumbess ase that fortunete development which re-
licves us of reporting Ihe size of 2 sollwere tyslem with soveral
hundicd thousand peblles.

The vilue of any empirical study will depend on Lhe reliability
ad vilidity af \he data.  Relisbifity concerps 1he catoat to
whith Measurcs are accurare and repeatable J66L. The less
csndom €rror sasociated wilh 4 measurement, Lthe marc rcliable
1 brcomes, Two importan {aciors uadezlylng reliabidity are
the inlermal consistency and thr. ptabiliry of Ihe measure, If &

mcnre is ceonruice az U cumipagite of seveal wilor mea-
suren, o1 in sdding guextion seotes 10 ublaio o vvergll tasl
scere, then it iy imporiet Gr demaantrate thot this cunpusite
in dntermally conrisicnt, 1hnl la, ull of she clemenlany weasnres
menls musl be eendng the sanve comiteuct aml sl fw inles-
related. T unrclaled clemenls ape gdded inle 3 vampasile,
then il is difficull 1o fnterpret the regulling score,

The other aspecl of reliabilily, srabilicy, implics that an
cquivalenl scure world be oblained on repeaied colleclions
of dalh under similar ciccumstances, The reliabdily of 2 mea-
sure limits the slrenglh of 115 eclationships 10 other measures,
However, a reliable measute may not be a valid megyure of a
consiruct.

Validity has miany ialerprelaliony, and oll seem o concern
whellier 3 measure (epicsenls whal it was deosigned Lo wisess.
Generally, three iypes of validity arc [dentified which differ in
their implicalions for the measare s plinnate use, Olen validity
will depend on 1he thoroughness with which a2 dumaln of in-
teresl has boen covered. This concern Tor coneal walidity is
importanl for the galiware qualily meitics 1o be dizeussed in
the nexi scclion. Conlend validily requires an inclugjve delini-
tion of the domgln of inlcsest, uch as a deflinition of the phe-
namena covered under software complexity. A ineasure if
ofien ssit to be “Tage valid" if it appears 10 bWroadly sample
the content domain,

Predictive volldity involves using the measure to predict the
oaulcome of tome ¢vent, Forinslapce, does hnawing sumethuing
aboul sollware complexily allow ane 1o predict how difficalt
a program will be Lo modify? Frediclive validity s delermined
by & relaiionship belween Lhe megsure and v critetion. A num-
ber of prediclive validity studics will be reported jn the neat
scclion,

In the less well-developed sciences the skill with which we
operationally define consiructs ig erilical in Ihepry buiding.
Construel valfdity concerns how clescly an operalional deline-
tion yields data related to an abalioct conslruct, Construct
validity is of immediale concern jnl developing software meca-
suremenlts, since many of ouwr models do noet 125l on malhe-
malicsl pnalysis,

Measurement consists of assigniag nusnbers to represent the
different states of & property belenging to he objept under
sludy. Relalionihips among Lhese different sioles determine
the type of meaturement scale which should be employed in
swaigning numbery, Sievens [84) describes Tour 1y pes of scajes
which are presented in Tuble |, The imparlant consideranor
wilth acales is Lhal we unly upersie on numberp in a way whiek
FaithTully represents polential events among the propertuss
they measure. “That is, in considering jeescy nuinbers (2 RoRy:
nal kcale) we would pot crpecl 1e add a fullback from Texns
{#20) to a tackle from Harvard (#79) and cnd up with 2 Yugo-
slavian placehicker (#99). The uperation of addilion is limiled
tointesval and ralio scales,

The most desirahle scales are Ihose whicl posstss atio puop-
erties, bevause of Lhie broader rapge ol mathematical transfor-
malions which can be legitimately applicd 1o such dada. The
Iype of meaturement scale a%o imits the lype of satisuical
operations Ihey can be sensibly applied in analyiing data. 11
makes little stnxe to add up all the jersey nuinbers, divide by
the tolal aumber of playess, and then claim thel Lhe aveiage
player is 4 center {#51). Since spatistical \echniques make no
spumplions shout the type of weale employed, this problem
i1 oné in measuremenl salhee than cealistical theory,

Improved mgasuremenl will reault from concentration on
whal we really gught 1o measure rather than what properliss

f-1-2
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aie readily coontable, Tue mwore rightuus our measurement
techniques, The mare thurcughly a theoretical model can be
tosted and calitrated, Thup progress in 4 scientific basis lor
soliware enginecring depends on improved mezsurement of
the lundamental cunsirucry [45),

. MEASUREMENT OF S017walle CiLARACTERISTICS
A Urer for Sofiware Melricy

Measwremenls of software charactenstics can provide walu-
ahle information throughoul the software life cycle, During

seclopment messuremenls can be used Lo predicl the e

arces which will he required in fulure phases ef the project,
For instance, welrics developed Trom 1he delailed design can
be wied lo predicl The amount of effon thal will ke required
la implenienl and Lest the code, Metics developed from The
code can be wied (0 predict the pumiber of errors [hal may be
found in pubsequent testing or the difficulty involved in modi-
fying a wotion of vode, Decanse of theit palenliyl prediclive
value, sollware ncklrics can be wsed in al Yeasl three ways.

1 Manggemicnt fnfurmglion Toofi: As o managemenl nol,
inclrins provide several (ypes of inlormelion. Fist, they can
be used (o predict fulure culcomes as discusscd above. Mes-
surements can be developed lFar casting and sizing al the project
lewel, such as in the models proposcd by Freiman and Tark
1330, Vuinam |69, and Walverion |93}, Other models have
heen developed for estimuling productivity |32}, |289], Such
meliics «low manggers t0 asse.s progresd, Tulure prohlems,
4id tespurce requitemenly, 1T Lhesc melrics can be proven 1e-
Lable and valid indicaton of development processes, they pro-
vide an exgeflent souwice of management visibility into & solt-
ware project,

2} Measured of Sofiware Quality: Inlcresl grows in crealing
quunlifiable critersa sgainat which » software praduct van be
judged 601, An example crilerion would be the mimmaliy
aceeplable mean lime befween laitures. These ciiteria could
be wsed as cither wcccplance standards by a soltware acgquisition
manpager of as gudance Lo palential prohlemg in the code dur-
g koftwire validition and verilication | 90] .

i} Feedbark 1o Suftware Personnci: Elsholi {27] has ased
soflware complesily medric 1o pjovide fecdback 1o pragram-
mets zbsut their code, When a scction grows tno cumnplea
ey are instructed (o redegipn (le conde watil The mwctric valucs
are braughtl wilhin agceptable fimita,

4-1-3

The three uses described sbove supesest o difference between
measurcy: of process and producl. Mrasureg of process would
inciude IThe respurce estimalion metrics descrived as palentisl
managemenl {pols Meatutes of cosl and productivity quantily
atuributes of the development process. 1leweser, they convey
linlle infarmation about the aclual state of Lhe software prad-
wct, Measures of the praduct represent sellware characlerishicr
ag Ihey exizt al a given tine, bul do not indicale how the soft
ware hax evolved nto this slate. Measures uged for feedbagh
10 prograniners gr ws qualily criletia fall within Lhis second
calepary,

Belady | 5] argues rhat it will be dilfcalt (o develop s metnic
which can represenl bath process and product, Developriend
ol such a melric or st of metrics will reguire 3 model of huw
sofiware ¢vizlves From a sel of regquirements info anopesational
progra. Charting the sequential phascs of Lhe sofiware life
cycle wilk nog provide a aulficicn? nodel, Scme progeen is
being made cn aystem evolulion by Lehinan and hiz colleagues

“ut baperial College in Landon [7], 191, 147, |49] and i3 dis-

custtd by Lehman [48) in thiz issue, In Vhe remainder of this
seclion, we will deal wilh measures of product rather than
[rocess,

8. Omnibus Approacher 1o Quantifying Sofiware

There have been several allempts to quantify the elusive cun-
cept of soflware quality by devcluping an wesenal of mefnes
which guanllfy numerout faciors underlying 1he concepl, The
maost well Anown of these melric syslems arc those develaped
by Bochm, Brown er af. {111, Gilb [35], and McCall ¢1 ol
1551, The Bochm ef 2!, snd McCall er ¢f. ypproaches are simi-
laz, although differing in 1ome of the consiructs and melnes
they propose,  Doth of these sysiems have beon developed
from un inluilive clustering of software charavtenstics LFIg. 1)

The higher level conglructs in cach syelem represant 1) the
currenl behavior of the soliware, 2} the case of changing the
soflwure, and 3) the caze of converling of inteffacing 1he 5¥s-
tem, Freomm These primary concerns Boehm g7 af_ develop sven
intermediabe gnostrocts, while MoCalb er gl, identily cleven
guality faclors, Beneulh this second level Bockm of of, Sreate
(welve primilive cangtruciy and MoeCall eF af, Jefine 23 criletia,
For insiance, gi the jcvel of a primitive consirucl or cOiebon
bath Bochm er of. and McOall or 2!, define 2 consbiuct falcied
msell-dewtiplvencss”, or Doetm of of, this consirucl upder-
hies the intermadiale construgts of lestalalily and understung-
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abiity, bolh af which serve Lhe primary wee of meaturing main-
tainubility. For McCall 2t of, sell-descripliveness underlies »
number al Mictors included upder The domains of produgl re-
vision and tramition,

Primilive conefructy snd criteeia are eperationally delined by
seis ol melrics which provide 1ht guldelines lor collecting em-
pirical data. The McCall er of. sysiem defines 41 melrics con-
ssting of 175 specific eletnents, Thus 1he metrics themsclyes
represenl composiles of more elemenlary measures, Thit pro-
lileration of measures should ullinately be reduced Lo & inan-

ageable se1 which can be avlometed. Reducing their number-

will require an empirical evaluntion of which metzics earry the
mas1 infarmation and how they clusler. There aee 4 pumber
of muttivariale siatistical 1echnigues availeble for such analyses
lei].

Mo soliware project ean stay williin a reasonsble budgel and
maxitnize sll of the quality factors, The nature of The aystem
under development will deiermine the proper weighling of
quiality factors to be achieved in the delivered software, For
imtance, reliability wai & critlcal concern for Apollo space
Thght soflware where human Ufe was constantly at sisk, For
busingsy systems, however, majatainability is 1ypically of pri-
mary [mportance, In many real-time systems wherg space or
lime consirainis are critical, ¢fficiency tsken precedence,
However, oplimizing code oficn lowers its qualily a3 indexed
by ather factor such sy mainlainability sad pariability, Fig 3
presents a Lradenlf analysis among qualily fictors performed
by McCall e of [55].

The omnitus approeach 1o metric development had it bitlh
in the need Tor measures of soliware quatity, particularly dug-
ing system acquintion. However, the developmenl of rhese
metiics bas nol spawncd cxplanniory theory concerning the
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processes offected by sofllware characleriatica. The wvalue of
these metric syslems in focuting attenlion on quality issues is
subsiantial. However, Ihere iz agill & greater need for quaniilae-
tive measures which tmerge Tromn the modeling of soflware
thenomena. Much of the madeling of seflware chatactoriabics
hat been petformed in an atiempl to understand sollware
complexily.

€. Safiwere Camplexity

The measuiement of soliware complesily is receiving n
cregged attention, since software sccounts for a4 grawing pro-
porljor of 1etal compuler sysiem cosis [ 10). Complexily has
been a looscly defined 1¢tm, and nelther Bothm ¢ af, nor
McCali ¢r of. included o1 among 1heir construcly of salftware
quality. Compleaity ia often considersd synonymous wilh
underslandability of maintainability.

Two separals focuzes have emerged in srudying poflwae
tampleaily: compulstional and prychological complenity.
Compuiationel complexity relitr on 1he formal mathematical
snalysizs of such problems as zlgorithm =ffciency and use of
machine resouzces. Kabia [706, p. £23] dehines thit bzanch ol
complexily #5 “lhe quaniitative aspecis of the solulions to
computational prebleme.” In contrasi 1o this formal analysis,
the empirical sludy af prychologicel complexity haa emcrged
from Lhe understanding that software developrment and main-
tenunce are largely human aclivitiea [9)]), Psycholagicat com-
Mexity 12 conceraed with Ihe charscteristics of sofllware which
sffec| programmer performance.

The investipation of computalional und psychological com-
plexity has been catried on without & waifying definition for
the construcl of software complexity. These do, howtver,
scem by be comman fhueads runmng lhroupgh Lhe complezily
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Ierature [ 19, p. 102] which suggesl the Tollowing definilion:

Complenity is a clarsctarislic af the seltware interface which in-
fiyencer the resources 3nother yypteen will £xpend oF comit
whilt inlcracting with the soflware. .

Severdl iinportant points are implied by Lhizdefinition. First,
the locus af camplexity i3 Aol merety on the software, bul on
the soliware's interactions wilh other systems, Complexily
has hitgle mcaning in a vaCuvim; it requires a polinl of refesence.
This reference lekes meaning only when develaped fram ather
tyslems such as machines, people, other soflware packages, clc,
I i1 thete sysiems thal are affected by the “complenily®” of a
picce of sollwarc. Woreying about softwzre charaClerislics in
the absence of ofher 3ys1ems hat inerit only in an artistic sense,
and mecatures of “srtisiic™ software are quite arbiteary. Yow-
ever, when there is an external reference {erterion) apainst
which 10 compaie software characteristics, il becomey persibie
Le opcrstionaliy define complexity.

Second, explicit critcria are nod speeilicd. This definition al-
lows malhematicians and psychologists 1o become slrange bed-
fellows since i1 does nol specify the particulzr phepomena 1o
pe studied. Rather, 1hus definition steps batk a level of ab-
steaction and deacribes (ke goul of complexlty research end Lhe
reference against whick vompleaily lakes meaning. Complexity
is an abilract constract, ind cperational delinitions only cap-
turc specilic 1spects of it

The second point sufgesia Ihe third: complenily will have
differenl operational delinliiens depending on the crilericn
wader sludy, QOperasonsl defnutions of complexily must be
eapretaed in terms which are selevant 1o processes perlormed
i other syslems. Complexity is defined a1 3 property of the
software inlerface which aifects the intetaction beiween the
wollware wnd another syslem, To assess this inleraction, we
winsl quintifly softweie characleristics widch aee relevanl to it
A model of software complexily iinplies nal only s quantifica-
tian nf poliware cligraclerisiics, bul also v Lheory al processcs
wn oiher systems.  Thus the starting point [or devcloping a
metric @ nof an iapenious parsing of sollwere tharaclerislics,
but a0 undeistanding of bow other systems luntlion when
Lhey inferact with soffware,

The following steps should be fallowed in medeting an as-
pect af sofiware complenily:

1) defline {(and quantily¥] 1he crlterion the metric will be de-
veloped to predict;
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2} Jduvelop 8 model of peocviws in the inleracling sysienm
which will sffeet this crilerion;

1) dentdy 1 poperlics of pid Tware whiels afbect e aper-
Liven el 1Heae pirocenses,

a} apuantily these sofiwara cliosgleristiog; '

% walidate Uhit nolel witly emspivical tesearch,

The jmportanée of s last poinl canasl be avecmplosiced.
Mive theories lecomie even micer when tley wark, Meparing
for the pOpos of empingal eviluation witl probably ceaull i
fewer melrica and Lehler theorizs,  Reswlis froam validation
studics make excellent report cards on the current staie of the
ark.

Belady |6} haa categorized much of the eaisling sallware
complexily litersture,  First, he dislinguishes diffcrent sofi-
ware charscteristics which are measuzed »s an inden ol cony-
plekity: algorilhms, conirot stfeciurcs, data, or composiles of
siruclures and data. In a 1econd dimension he describes Lhe
type of measurement employed:-informal concepl, construcl
counly, probabilisticfslalistical treatments, of relationships cx-
tracled fram empirical dats) Most research has concerned
counts of sollware characierstics, particularly conlrol siruc-
tureg and composites of contrel slructures and date, We will
revicew somme Of Jhe complexity research in these two areas and
compare them Lo s mi:m tevel medric.

D. Conirel Struciures s

A number of melrics having n lh:ou;ical hase in graph theory
have bwen proposed 1o moggsure sofllware complexily by as-
sepsing tho conlrol Now (B8], 1171, {361, (540, 171}, {941.
Such melsics (ypically indea Lhe number of branches or paths
créated by the coaditional exprestions within ¥ program, Me-
Cabe's inetric will be deseribed a3 an esamiple ol this approach,
since it hag received the mos] empirical aliention.

MeCabe |54} defined complexity in relalion te the decision
structure of & progrem. He atienpled (o asseas complenily az
it affects the Lestabilily and reliability of @ module, McCabe's
complexity muetric v(G) i 1he classicat praph-theory cyclo-
matic pumber indicating the number of regions in 2 graph, or
in the cunren! usapge, the pumber of lincarly indepeadent can-
tral patht comprising & program. When combincd Ltheae paihs
gencrale the complete conirod siructure of the program,
McCube's Y{G) can be compulcd a5 the number of predicate
nodes plus |, where o predicale node represenis & decision
point in the rrogram. It can alsu be compuléd as Lhe numbey
of regions in a planar giaph (2 graph in regional fenn) of the
conlrol Tlow. Thislaiter method is demonstrated in Fip. 4,

McCabe argucs thal his melric assesses (he dilficuly of test-
Mg 4 grogsan, siace it is a représentation of the conlicl palhs
which mutl be exescised duting Irating. From expeence he
belicves (hil testing andgd rehabkidity will become grealer prob-
lems in a sestiun of code whose WG] exceeds 10, .

Bauli and Reiler [4] and Myers [G4] have devejoped differ-
cat counting methods for computing cyclomativ complexily.
These differences invalved counting rules for CASE stalencnlts
and compound predicates. Definitive data on the mosl effec-
five counling rules have yet (0 be presenied.  Mevertheless,
contidering alteinative counling schemes lo Lhose originaliy
posed by the suthar of a metnc is imporisat n refining mea-
suremenl [echnigues. .

Bvidence voalinuas fe mount thal meirics developed from
graphs of the conbiol Now are rclaled Lo mipariint criteria
fuch os 1he number of errart existing in a segment ol code and
the time 1o Mlind and copain such errars [ 200, 1281, 73], Chen
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[17) developed 2 variation of the cyclomalic number which
indexed the nesting af 1¥ statements #nd relaled 1his to the
infonmation-thearetic nulion of entiupy within the conirol
flow, E¢ seporied dala fram cight progeamnmer indicating
thal productivity decreased @3 the value of his metric com-
puted on their programs increased. Thus the number af ¢an-
tral pathy appears dircctly o indirecily 1elated to psychological
complesily,

E. Saftware Science

The besl known and most thorough!y siudied of what Belady
1&] classifies as composile mcasurcs of complexity hasemerged
from Halsieads theary of Software Scieace [40), [42]. In
1977, Haltiead aigued that algarithms have measurehle chaine-
leristics analogous 1o phynical laws, Halsirad propossd thal a
wumber of vseful mezsures could be derived Trom sim ple counls
o f distingt operalors and aperands and the 1elal Trequencics of
wperatoes and operandr, From these four quantitics Halstead
ueveloped mcasurcs for The overall program lengih, polentiat
stmallcat volume of an algorithm, actual volume of an algo-
fithm in & patticular language, program level (1he difficulty af
uvaderstanding a program}, language lovel (2 consland lor a
gven language), programming efforn (nomber of mental dis-
criniinations ;rquiréd lo gencrate a4 program), program devel-
apmend lims, and number of delivercd buga Ina sstem. Twao

ul the most freguently shulicd seasuics are cafcolated as
follaws:

V*(Nl ‘fN:]Iﬂg:. {ﬂ‘ +'q-,]-

M My, £ Nydleg; (g, + 7}
i

L

where ¥ o volume, £ is eflor1, and

n,  number of unigue operalors
My  nmumber of unigue uperands
tatal lrequency of operatorss
Lotal frequency of aperands.

Halsizad's theory bas been Lhe subpect of considerable evalus-
tive rescarch [31]. Correlationy ofien grealcr than 0.90 have
been reporicd betwcen lalaicad's melrics and guch measures
#% the number of bups in & program |B], L1E], [30], |34],
167], programming time |39], [751, debugging time | 201,
1517, and yganibm puiay | 14]), [26]1, 1411,

We have evalualed ihe llalsicad and McCabe melrics in a
wres of four capenmentt wilh professional programmens. |n
the lirsi two experments |21] problems o 1he experimental
pracedures, a limit on the size of pragrams tludied, and sub-
slantial differences in perlormance among the 16 programmers
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involved in ach, suppreased relationships belween Lhe metrics
anmd task perlormance. In facy, it did nol appear that the incl-
ricy were any beller than the number of lines of code Tar pre-
dicting performance. 1lowcyer, in the Lhisd exptriment |30}
we used langer programs, [nceeased 1he nuinber ol pacticipaats
to 54, and eliminsled =arlier pigcedural probleme. We lound
both Lhe Halstead and MeCabe metrics superior Lo lines of
code Tor predicting the time to find and Nix an crror in the
program,

In the Mina) expesiment §75], we asked nine prograrmers 1a
cach create theee cimple programs (g.g., find the manimum end
minimum of a ligl of numbers) from & commeon specification
of each program, The best predistor of 1The 1ime requirtd to
devzlop snd successiulty run the program was Halstrad's incinc
for pregian volume (Fig 53 This relativnship was slightly
slronger than that for McCabe's viG), while lines of code £x-
hibiled alriast ne retationship,

The dzla poinis circled in Fig. 5 represenl The data from &
program whose specifications were less complete than thosc of
the oiher Lwo programs sludied, The prediclion of develop-
menl Lime lor this program was poer. We have observed in
aiher studies Lhat oulcomes are morc peediclable an projects
where » greatee discipline regurding sofiware slandards and
maclices was obscrved | 58], 159). Thly experiment suggests
{hal beyder prediciion of oulcomes may occur when more dis-
ciplincd sefiware development practices (e.g., mors delailed
program specifications) reduce the oflen dramaltic perfoninance
diflercnces among progiammers,

1n these experiments, we [ound Halsicad™s and McoCabes
meincs 1o be valid mensires ol psychological complenity, te-
gardlest of whether 1he program they were coppuled OB was
develaped by the programmer under study or by someone £lse.
We concluded thal there is congiderabls promise in using com-
plexjly inelrica tp predict the difficulty programmers will cx-
penience in working with safllware, Simitar gunclusiung have
Leen reached by Baker and Zweben [3] on an analytical vaher
(han empirical cvajuation of the Halstcad and McCabe melrics.

Halstcad s metricas have proven u3eful in aclual practice, For
ingtance, Elshofl [27] hac uvsed Lhese melrics ax [cedback 10
programmers during development 1o indicate the complexity
of their code. When melric vahies for their modules cxoced »
ceeloin limil, programiuers arc instructed Lo consider ways of
reducing module complésity. Bell end Sullivan [8] suggest
that a reasonable limit on the Halsicad value Tor Jength is 260,
pince they found thal published algarithms with valocs above
this Migure typically contained an ¢rrof.
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fr inpegrale themy Favis Teerdbr wommpanled sepwengys wind paychaol-
oy, flnfoctomalely ) soane of The oy halogicd assumpiams
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I3 the magic nunber 71 2
T e Steand oumber of TR menlat discristinations per sec-
and,

These aumbeis descitbe cognibive processes eelaied ta Lhe paog-
ception ar retenlwn of gimple shunuls, rather than Lhe complcy
wiohmalion processing tasks involved in programming. Broad-
Bent | 12] aigues What for compheatdd fasks {enuch as undcor-
s1anding @ progrdamd the mapie number is substantially less
than seven,  Vhese nuobers ave heon jrearrectly applicdsin
{00 wany caplanahions and me too lrequently cited by people
who have never read The original aricles [57], [85]. Regard-
less of 1he validaly of his assuniplions, Helstead was s pioncer
in uticapiing to develop inlerdisciplinary theoty, and hys of-
furls have provided considerable grist for Turther investigalian,

I Inpescgaeciednen

Simce the miodularization of saflware hias became an in-
vreasingly wnporiantl concept in soflwarc engincering [68],
several metrics have been developed L0 asscss the complexity
al the wmlerconnsclodness among Lhe fzrls cumpnsing » sof1-
ware syslem | T, 1361, 1637, 165], [95]. Furinstance, My ers
1631 models sysiem conplexily by Jdeveloping a dependzncy
malrig among pairs of modules bastd on whelhes there s an
intcrfpce helween them, Although his messure does not aps
rar 1o have received much empirical attention, W1 does presenl
Lwo jmparlant considoraljons for modeling compksigy at the
sysiem lovel [&51. The lirst consideralion is the strengih of o
medule; the nalure of the relationships among the elemonis
willlin 2 module. The sironger, more Lightly bound 3 medule,
the more singular the purpose served by the progesses per-
firmed within it The secund consideratian is the cowgding he
twecn maduoles; the relalionship created belween modetsy by
e radure of e daka and control (hat i passed belween e,

A promary pringiple ol nosdular desipn is bo achieve as much
indvpendence aminng modules 33 pasible,  This independ, nee
helps 1o bacalize 1he anpoet ol copues o modilcations Lo w Lhin
ang groa bew modules, Thas e complesity of Lhe interface
belween modules gy prove Lo be sn oxcelicat peedicion ul
the dillicully experionced 1o Jdeveloping and maintaining large
syslema. Myers’ measure wentifies data Now as & critiea! fag-
Igd ip manlainabilily. Nevertheleis, his meature has not been
vaompletely operationally defined, and itx currenl value is prj-
marily heurislic.  ¥au and his astociatey [95] are currenny
working on validating a2 model of this generic lype. Unlor-
Lunsicly, little empinica) evidence iz available 1o sxtew Lk e pre-
diclive validity of such merrics.

The Togos al sy ibes incasoring $he inlerconneclcdncss amaong
Patls of & syslem 3 guite differend Mmom Lthose which measuee
Eleaienlary (WOLram contrucls of conlrel Alow. Meltizx mea-
suting e later phengmieng lake & vjcroview of the program,
winle interconneciedness mctrics speak 10 3 macrolevell An
improved underslanding of aggregating from the microlevel 1o
the macrolevel aceds Lo be achicved. or jinstance, summing
the Nalsicad modsurey across mnodulsy Wy Lo very differen
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Interconiecieduess Meliive iy Py e appoopiiald pa-
ramcleis Tz spacioleve! newlels sugle o e wliach predicl
wunmle nance gosts angd resonrces, Macroleved melrloo may prove
belter becpuse Gaclore oo which microlewel melsics are e
sensilive, such as individual diflerences J0ng proprasmmers,
arg pulameed nul sl the macros or projecl lewel, Macrelewed
meleles are legy perivrbed by (hess Tactoss, wcreasing Their
benelid 1o an gvecall undeislanding ol systead complezily and
its impact on sysices cotlt and performance,

Athoueph we can quanlily a saltware characterivlic and dewn-
onstiale that il ¢orrelales willh pome crilerion, we hiave nat
demonsiialed Lhat it 5 3 causal [actor inNuencing that ctit« fion.
An argunent for causality requices the support of rigorous ¢x-
penmentation, The caperimental ovaluation of sullware char-
acleristics is a mnali bul prowing 1escacch area.

IIl, ExreRIMENTAL EvaLuaTION OU
ROFTWARE CHARACTERISTICS

A, Cwrre=bffect Relafivnghips

Mozl of the studies reported in Lhe previous seclion do pot
demanzlrale canse-ellecl reialivnships belween soliware ¢har-
aclerislivs und prograwiner pecformance, That i, (here were 4
number of unconlrodled laciors in the dats collieclion environ-
menl which could bave influcnced 1he obscrved data. These
altzrnale explonations dilule any siaienwenl of cause and effest,
Althuugh siruciural equation technigues {25], |44] allow an
invesligatian of whether the dala are consistenl with one of
mure Iheoretical models, 8 coutal Lesl of theary will 1equize
a rigorously controlled experiment.  According Lo Cauell
Li6, p. 20j:

Apn experlment i a reconding of obscrvalions ., | wade by de-
Mined aml recarded operationy and in delined conditians followed
by craminalion of the data |, | for the ceistenct of sigrafican]
ttlationy

Two mapoiiznl characlelistics of an caperiment are thal it
data-¢olleciinn proceduses are cepealable and thyt each eaperi-
mental evenl result o only one from amaong a defined el of
pussible outenmes [43]. An experiment dovs pot prove an
hypolhesis, |1 Jocs, however, allow For the refection of cam-
peling alterpative explanalions ol a phenmnenon.

The confidence which cun v placed in & cause-ofloct state-
ment is determined By 1he ¢onirol uver exliancous vanably
envgvised i MW callection of dats. For instasee, Milliman and
Curtis |58) reported a field study in which @ sullware develup-
menl projecl puided by moderp programiming praclices peg-
duved higher guulily ¢ode with leas cffort and oxperienced
fewer systein tesl errore whep computed 10 3 sister project de.
veloping 2 sspnilar syslem in the same vavidnment which J §
nol abserve thess practices, Alfhough many of Lhe envirop-
mwnidl fuclors were conbialled, an afternale explanation of
ithe reaults wax that the prgject guided by modern practices
was perfanmed by § programnung leam with more capabl:
peraonnel,

An impariant characteristic of behavioral seience experimeny
i1 Lthe randum assignment of participants 1o condilioas [245),
By removing any systemaljec varistion in the sbility, mativ.
lien, ¢tc., of participants seross expenmental conditions, thy
muihod supposedly climinales the By pothesis (hat £3 perimey,
a1 ¢Hects ate due to individuat differcnces anwiag patticipang,

wigning a mosning €lass 10 oue condition and an wilerang,
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class 1o anolher condition doee not constilule random assigns
mem, snce stodener rarcly clumsre class Limied wa & Fandiin
hasis.  Howewer, if classes are (e onll o stily, she paobis
van be aabvcd by Jendoady ussdpiing & mamber ul clasacs o
vach oxperimental condition. Handoni wxlgninen! hys been s
problem In leating causal relationahips in feld 2tudies on nciual
sullware Jeveclopmenl projects.

Thete is often 1 conflicl belween whal Campbell snd Slunley
115)] dexcritie aa the [atersal wnd £x1ernal valldity of sn expers.
ment. Fafersal validity concerns the rigor with which experi-
menial conbiolas sre able to ellminale slternate cuplanations of
the data. External valitiry concerns the degree ta which the
experimental siluslion resembles typical conditlons surround-
ing \the phenpmena under study. Thus inlernal validily cx-
preyzes the degree of [aith in causs) explasnations, whilz ex-
ternal validity describes the gencralizability of the resuils Lo
actual silualions,

In soltware engineering research, rigorous experimental con-
trals are difficult (o ochigve on soliware projecis and laboralory
sludiey often peem contrived. External validity is probably »
greater pro®lem in sludying process Taclars such as Lhe ergani-
ralion of programining teama than in studying software char-
acléristics, That i3, the coviponmental conditions surrouwnding
saftware development which are dilfficull 1o replicale in the
laburalory would probably have a greater effecl on The fune-
Loning of programming leams Lhan on a programuier's come-
prehension of code,

Rewiews of the cxperinenda] research in soltware engingening
have been compiled by Atwood er ai. {2] and Shneiderman
| 771. Topies which have beey submitted [o experimenlal eval-
uvation include haich versus InteFaClive PROEFAM Mg, Program-
ming atyle faclors feg, indented Lislings, mnemonic variable
names, and commenling), control slruciures, documenlalion
lormals, cade review technigues, und programumer lcam orgdni-
zation. I digcussing experimeblal melhody, we will focus on
the cvalustion of condilional sialements and control fow,
These topics were ol chosen because they were believed to be
more impotiant Ihan olher subjecls, Rather, they were thosen
becawst several programy of eescarch have develeped around
them and bagause the conditicnal watement has been a focus
of srgumend since it was originaliy assailed by Dijksies [ 23]
1968, Conlrol statenyenls have boeen a concern of the sirug-
tuled programming movernent, and Lhe coaulls ieposted here
evaluate their most effective implementation,

The usabilily of conlrol statcments ix impartant since they
aevouni Tor o large praportion of Ihe erfors made by program-
mers [59], |96]. Conirol ctructures are closely related Lo
some of the meirics discussed Inn & previowt section, wsch as
MoCabe's cyclomatic numiyer, Rescarch will be described here
in a tuiotial fazhion \o demonsirate the depth and rigor with
which capezimental programs can investigale a problem,

8. Ceadiliornal Stgfemenis

Sime, Green, and Iheir colleagues al Shellield University
have been studying the difficulty peopic experjence in working
wilh condiliansl tlalements. I Mheir firsl experinsentl Sime
21 of. 'B1Y compared the ability of nonprogrammers (o de-
velop & simple algorithm with eithee nesled o branch-to-lakbel
conditionals. Nesting unplies 1t ¢mbedding ol 2 condilional
slalement wilhin one of 1he branches of another conditional,
MHested shiucivies are Jesigned (o make Lhis embedding more
visitle and comprehensibls 10 2 programmer. Hranch-to-labe)
fiructiuzes abscure the visibility of embedded cradittons, since
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the “truc™ branch of & condilignal stalement tends the cantrol
cleewhere in the program o g statcwent with a cpecified lubel,

The comlllional for the aestod language was an (F-THEN-
i wisE cungrnel simllnt (o eondifionaly wsed in Adgol,
TLJL, wnd Pascal, This comdi$lonal cansiruct s written

I¥ [comlition] TUEN [procems 1]
UTHIERWISE |progens 21,

The branch-1o-label condilional was the 1¥-¢0 To construct af
Farlran and Basie which DUkatra 1231 conmdercd harmful,
This condilional was wrilien

ir [condition] co 1O LI

- [process 2]

Ll [ptoces 1],

In both examples, if the condition 15 tree, process |05 ¢aes
cuted: # it is nat true, process 2 is execuled. A “condilion”
might B¢ an exprestlon such a1 X 2> 0" whilz 2 piocews might
he one or more slulzments such s “X = X + |."" Panicipanll
used one of Ihese microlanguages 1o build an algorithm which
organized a 321 of cooking instructicay depending on Lhe 210~
butes of the vegetable ta be cooked, .

Sime o af. lound that parlicipants using the GO 1O conslract
Ninished fewer problems, took longer to complete chem, and
made more semantic (e g, 10gc) errars in bujlding theit alge-
rithms than participants using the 1¥ -THEM-DTHERWISE £an-
strugt, They concluded that the GO TO construct placed a
grealer cognilive load on programiners by requiring that they
both set and remember the [abel 10 which a condilivnal 3tate-
ment might branch. Further, programmen had to remembes
the variaus condilions which ¢ould Iranch 10 4 parlicular label,
Thete condilions are potenlially more numerous for & GO TO
than lar an NTHERWISFE sialemenl.

Itv & furthes stady sime o @, [82] guestioned whether the
suptriorily ©f nexted over branch-la-label conslrucls would be
maintained when mulliple processty were perfonned under &
single branch of 3 conditional. For inslance, given s ttatement

IF condition THEN procest ) AND process I,
Ih&re are Ewo ways § programmer may interprel its execntion

b} [(1F condition THEN piocers 1) ANG procesa 2, or
1} IF condition THEN (process | AND process 25,

In the Mirst inlerpretation, process 2 is performed regardlesy of
the state of the condition, while in the second ir is performed
onty il the condilion 15 true, Sime ef al. believed it would be
difficull for & pragrammer lo relain the scope of 1he proceaes
1o e pcriormed within gach branch of s conditional statemenl,
Thir dilfcully would be eipecially acuie when conditionais
wiere nesled within each olher,

Sime ¢r #l's second cxpenment investigated different tech.
niques for marking the scope of the procesyes gubsumed under
¢ach branth of n conditional stslement. In addition to Lhe
IF-0 To conditional, they defined & neslcd BEGIN-END and
A nesled IF-MOT-END renresenting two differcnt prruclures
for marking the stope of exsh Lranch in nested conditionals
{Tabie 11). The BECIM and END sisiements mark ithe scope of
processes performed under one branch of » condilional slale-
menl, while the V-HOT-END utes 3 more redundant scope
marker by repcating the condition whode 1ruth is being Leated.
Ia o stricl aznse, IF-HOT-END it the counlerpazl of the IF-
THEN-ELSE construct, while the BEGIN-END markers could
be uicd upder eilher construct.
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A5 in Iht previouy experiMent, nonprogrammers were asked
1a develep an glgonthm lor each of five problems within 2 h
lctal, Sime ef wl found thal mote semantic{stganthmic) erroes
occuned I the 1¥-C0 70 language, while £rrors in the nssting
lanpuages were primarily gyniactic (grammalical). The nEGIN-
vy conelruc] produced more syniaclic errors and only hall
1 maa¥ successful fusl runs s the olher conslracts, Errors
were debugged 12n imes fasier in the 1F-NOT-END condition,
which proved 1o be the most errar free consiruet,

Besulis Tor semantic errors sugpesl that il is casier 1o heep
track of Lthe control fow in a ncsled languags. "Sowever,
when mubtiple proceyses are performed (he use ol cope
marken oflen resull in carelexs syalactic errers. Synlaclic
errors #rt more Lkcly Lo occur with (he MEGTN-END than
in the 1F-NOT-£ND consiruely, becpuse the redundancy of
codilional ¢xpréssions in Lhe Lalier make the placeoncne of
i hers more ohvigul,

Ihiferenlial resuinn for the two types of ecrors olfer some
validity for the syataclicfsemantic model of programmer be-
havier developed by Shociderman and Mayer |TB].  This
made] distinguishes between information which 5 languuge
speciic Esyntactic) and fanguage independent (semantic). The
correcl design of Lhe algorithm is & semanlic issue, while the
prammatically sccuraie ¢spression of that slgonlkm in a lan-
Evugy 18 2 tyntactic iszue,  The struclere of 2 language may
simaplily the desipn of an algorithm, bur make ils expressian
mare difficill,  Obvicusly, & lanpuage desipn should seek Lo
simplhily both 1he desipn and eapression of an alporithm,

Bawed on the resulis of this 4ecund eapenimenl, Sime & af,
|82) proposed 1hat their memory load eaplanation be 7e-
placed with an cxplanalien (hat information is easier to =x-
tract ftam spme langueges than others. They ditlinguished
two L¥Pes of informalian: sequence and laxen. Scgueodr

nfurmanan involved establishing or tracing 1he Mow of contrel
Torwayd throuwgh » program, Turxon infotmation involves (he
hierarchial arrangement of concilions and processes within 2
programe, Such iafurmabion i impogianl when tgcing hock -
ward throudgh a program lo Jetermine whal conditiuag inual

4-19

L satishicd Tor a process to be eaccuted, Sime ef of. hypolh-
esized 1hat sequence information is more casily oblained Nom
a nesled language, while Llaxon infarmation is mone easily ex-
tracted from a nesled language which also contains the o uine
dant conditional expressions. Conceplually, tamon infarmabon
can he derermined without fully undersianding the sequence
of procesyes within & pragram, since nol 41} branches have o
be exnamined in & backward tracing,

In two subsequent studies Green | 37| vatidated Ihese hy-
rotheses in research with professional programmers, Scquence

wilormation wat more gagily determined from nesled languages,

although no differences weie ohserved belween the pFCIHEND
and 1F-KOV-END constracly, Backward tracing was perforincd
much more easily wilh 1he 1¥-HQT LN construct, Greenian his
article [37], estimaled that the vime reguired lor backward
irzcing war 15 percent ks in bF-HOT-LAD thaa g W F-GO TO
condilionals.

Il is imporiant 1o recognize That progruan coniprchension iy
rol a unigimemional cognilive process. Rather, different types
af human infarmation processing are requiced by differeng
Lypes of sollware tasks. Green demonsirated Ihal certain con.
siructs were more helplol far perfarming certain sofiwars 13sks.
Solfiware engincering techmiques may differ in the benelits
lhey offer to Jdifferent programming tasks, since [hey differ
in the types of human information processing Lhat they assist.

Since the IF-HGT-END conslruct is not implemenied in
cxigling languages, Sime gf al. [79) investigaled ways io
improve the use of the BEGIN-END cynditional marker.
They developed 3 tonl which wouold auiomatically  build
the syntaclic portions of 2 <onditional glaement ance the
uzer chose The capression ro be 1esied. in a wcond expen-
mentlal condilion, they developed an explicit wriling pro-
redute Tor helping participants develop the synlaciic elemenis
of 3 condillional slatement. Thia procedure involvhd wriling
the syntax of the quiermost condilional Rril, and then writing
Lhe synlax of comlitionaly nested within . 1n The final con.
dilion purlicipants wese lell 1o 1heir own ways of using Lhe
condilional constructs.
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Sime ¢@ &L found that peitigipants solved mpre probleme
wofiectly on their Dpsl sltem i using tha sulemgied Lad, bul
that @ writing procedure was glinowt s ¢ffecilve, The writing

tocedure reduged the number of syniJctic errors, which had
wen the majur pioblem with the ubCIN-FND consiruct in
carlier studies,  Syntactic errors were aot postdble with Lhe
automaled 1001, The writing procedure and aulomated ool
helped parlicipanty diapense  with yntactic coraldecations
quickly, s that Lhey could spend more time coacenlrating
on the semantic portion of the program (e, the function
which wes tn be perflarmed). However, Once as emoT wis
made, if war equally Jifficull Lo correct segardlen of the
condition. Thus writing procedures and mids primasily increase
the accuracy of Lhe initial implemeniation,

Asblaster ¢f of [1) reparied on two further experiments,
which cxlended lhe results Tor weithng rules I conditionals
ming GO TO%. Two groups of nonprogrammers, ant of which
had been Laught the wrnling rules, constructed simple algo-
rithing using the 1F-GO TO comditionsl, The group trained in
the wiling procedures madeg lewer cirornt, semantic and tyntac-
e, replicating Ihe results obtained with 1he nesied languages.

Arbtasier ef @l tepented (his experiment wsing mare sophisli-
cated parlicipanis, They added Lwa addiliona) experimental
conditions to thoge described above, both wsing an 1F-1F NOT
condjlional siructuje, Thit condilianal wai wrillep

1+ lcondition 1] Go 1o LI 1F NOT GD TO L2
Ll |lprucess i)

LY lprocem ),

One of the wo groups using this condilional wad alio tralngd
in the vee of wninng rules, Use of Lhe IF-IF NoT procedure
tesulled in fewer synlaclie etrors than observed with 1he
IF-GO TO condhiional, Mo differences were found for se-
manlic eFror.

Arblasier ¢f af pointed out Lthal an early version of Fortran
hed 3 condiliona]l farmar consistenl with Ihose [ound to be
moil ¢ffective in their ¢xperimenty, However, this format was
101 when further revisions af the language opted for an arith-
melic IF condilional.

Shneiderman § T4} compared the use of the arithmetic 1F

IF {arithmelic condilion] LI, L2, L3

L) Jprocess t)
L2 lprocesns 2]
L3 |process 1)

1o the use af the logical 1F

IF |Boolesn condition] co T L1
[process 1]

LI lprocess 1}

in Fortran, The grithmetic vF creales the postibiily of s con-
dilionsl wilh three branches (3¢, tests for 2>, = and <). He
found thal novice prograrmmers had more difficulty compre-
hending Lhe anthmetic than Lhe logical IF, Howevez, no sch
dilferences were gbsecved lor more cxperienced programmers,
who Shneiderman helieved had sdjusted to pranslating the
more complex syntax of Ihe arithmelic LF inig their own se-
muantic representation of the control logic.

In a recent experiment by Richards e ol yuored by Green
[38], the ordinary nesling of IF-THLN-ELSE condilicnaly
was compired g the nesting.-of IF-NOT-ENO canditionals,
and both were compared 1o a stybe af nealing s which an 1F
ncver directly follows a Toun.  This lasl cangujonal wuuld
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114}
be wrilten

LF Jeomdilon L] THEN [process 3

FuSE 1F [eondilion 21 YHEM |pracess 11
ELEx g {eondbilon 3Y THEN [procom 3]
zlg.

and has the gppearance of s CASK stslement. Altheugh this
arrangement i3 conteary 1o the tencls of sirvclured coding
[24), 3ome tave argued that it may be eatier for progmmmens
1o understand [B7].

Gieen reporis Lhat for diffzrent forma of comprehention
questiond, this § F+THEN - ELSE-FF conditional was “never much
better and samelimes much wore™ than the olther Torms of
nesled condilionzls. [{e argucs Lhal it is imporiant Lo design
compuler lapguages 3o that percepiual <ues such as indenling
the levels of pesiing can visually display the structure of Lhe
code. These pereeplual cuss can selieve the programmer of
teasching through the program lext, a tatk which it distracting,
liime consyuming, und ol prone.

The extenyive program of research by Sime, Green, snd their
colleagues has answered imporianl queslipns zhout Lhe strue-
ture of conditional statements. Their conclusions should be
heeded in 1he deglgn of future languages. They demonstrated

1y the supeniarlly of ncsied over hranch-to-label conditionals;

2) the wdvanlage of redundant expression of conliolling
canditinna st the entrance te each conditional brach;

133 that the benelits ol a solfiware practice may vary with the
naiurt of rthe task;

4} that a ptandard procedure for genéraling Lhe syniax of
a condjlional stalement can impiove coding speed and
accuracy.

COverall, these repwils indicaie Lhal the more visibie and pre-
diciable Ihe control Row of & program, the emsicr il is la
wark with,

Simc, Green, and their sstocisles have demonyrated how &
prefercnce among conditional construcls can be reduced 1o an
empincal gquestion which provides alternalives that were pre-
viousty unconsidered {e.g., the IF-NQT-ENG canstruct), Their
1esearch has invesbigated structurcd <oding st the ecratrust
level [AD], The nexl atep s 10 tvaluale the reputed Benclits
of struclwred coding st Lhe modular level, considering the
¥urious strociured consiruchs im 1otal.

C. Controf Flaw

Struclured programming has become a catch-all 1erm Eor
piopramming practices related to system design, programming
team osganizalion, code roviews, confliguration management,
sules fer program conlrol ftow, and myrad ather procedures
for soltwate development and mainlenance, This section will
review only experiments related to strucimed coding: the
enforcement of rules for program control Now. The contred
stuctures generally silowed under strugtured coding are dis
played in Fig. &.

To cvaluaie reputed problems will the GO TG statement,
Lucas and Kaplan [52] instrucied 32 gsludents 1o develap n
file update program in PLIC, and hall were further instrucied
to avuid the wie of GO TO', Vewever programmers in Lhe
GO T0-less condition were not traihed jh wsing alernate
conditional constricls. Net serprisingly Lhen, the GO TO-l€4
group reguired more rung Lo develop their programs. Inon
subscyuenl task, all participenis were reguired 1o maks 3



PHLEENINGS OF THE iEEE, YUL s, MO ¥ SEFTEMULER 1945

ravinti

e
Ml
T
1]

LSRRI L]

okl .uum" "
LRI

fepnd

HITIL awmdiiien

I candllisn 1EIL
TILIITN] *
Ll
piateir 1
1

FLLEETINN

LAAF vemdilinn W)
1T TTINT T

el
[J1 1Y

12491

Fg. 4, Contiruciy bn atruciuead coptiod Dow,

specified modifcation (o & struclured program, Conlrary
lo stsulis on the earlizr task, the group which had carlier
shuggled 1o wrile GO TO-las ¢code mAade guicker maodilica-
lions which acquired lesa campite time and poage space,

Weissman [92] also investigaied tht comprshension of
PLYE programs wrtten in versions whose control flow was
Ceither 1) strucluced, 2} unstoucinred but cimple, or 3) un-
sleuclured and complex, Farhicipanls were given campre-
hengion quizzes snd requirtd In make modilication: 1o Lhe
piograms.  Higher performance scorés were lypi:_ally ob-
ilmned on Lhe structured rathéer than urstruclured versions,
and  parlicipants repatted feeling more comforlabtic  with
siruciured code, Love [$0] subtcguently Tound that grad-
sale sludeniy could comprehend programs wilh 3 simphlicd
contral Nuw more easily than programs with & mort complex
conirel Now,

Recenlly, a serigs of ¢xperimenis evaluating the bencfirs of
siruciured cads for professional programmers was conducied
in Qur rese grch unit by Sheppasd er ol [ 74]), In the firl ex-
perimcnl parlicipants were asked to sludy s modular-sized
Foilran program [or 20 min, and 1hen teconstruct it from
memory. Thiee vertions of conlrol flgw petforming ideatical
functions were defined for cach af ninc programs, One vérion
wah struclured to be consistenl with the principles of prue-

ed coding described by Dijksira | 24| by allowing &by Lhice
-asic conlrol conilfucts; linear séquence, struciared seleclion,
ard struciored leralion, Because siruciured cangliucts are
igometimes awkward $a Implement in Foriran [V [R&]), »
more natusally structured control Naw was construcied whin
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allowed limiled deviasjions from siricl sbreciunng. mudtiplc
returns, judiciouws backward GO To's and forward mid-loop
exits from & DO, Fipally, a deliberately conveluled vemion
way developed which included consirucis that had nat been
permitled in the siruciured or natusally siructured versicns,
wch a5 hackward exits from DO loops, aithmelic 1F's, and
wnicaricled use ol GO TO'S.

As expecied, conirel Now did affecl performance. The
cenvaluled control Mow was the most diflicult 1o compre-
hend (Fig. 7). The difference in the average percent of re-
copatiueted statements for naturally structured and convo-
luted conlpgl Nows was detistically signihicant, Canlrary tg
expecizlipng, however, the sinclly siructured wtriion did
nol produce the besl performance, A slighily {although noj
significantly} greater percent of stalementy were recalled from
nacurally gireciured than from strictly structuled programs,

In a second experimeni Sheppard er ol ingtructed pro-
grammen 1o wske apecilied medificalions to thiee programg,
cach of which was writtén in Lhe Lhree versiont af control
flow dexcribed pieviously. A significanily higher perceal af
Meps required o complete lhe modification was correclly
implemented i (he structured programs wheh compared
to convaluied ones {Fig. T). There were no diflferences jn
the times requited,  No stalistically significanl diflerenge
ippeaied belween ihe 1wo versions ol stroctured central Now,
although peefptmance wad slighity better on sirictly rathe
than naturaily structured code. These erubts sugpested thy
the presence of & consiste ml strugtured doacipline in the code,
cither slrict or ralural, was bencficial, and minot devizlions
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‘ig. 7. Ferformence by i ppe of cantrol Now [rom Bheppard #1 ai,

froum strict Mrucluring Jdid not adversely alfecl pecformance.

'n & third caperimenl Sheppard ef ol decided {o compare
the two wersiony of struclursd Forlran 1Y e Forlean 77,
which contains Ihe [F.FISEN-ELSE, DO-witILE, ind DoO-
UnTiL constiucts, Thoy messured how lang & preftammer
touk ta find a simple crror ebedded in a program, No dil-
Iercnces wesc mtisikutable to the Lype of siructured conlrol
Ngw, replicating similar resulls in the first two cxperiments.
The advanmiage of struciured coding appears to reside in the
ability of the programnier (o develop expecialions sbout the
Tow of conlrol ~eapeciationy which are not zerously violatzd

¥ mingr devialions (rom sircl sLruciuring,

The repearch reviewed here indicaiea that programsin which
some form of slruclured coding s enforced will be sasier to
comprehend and modify than programs in which such coding
discipline 3z not enforced, It iz nol clear that giractured coding
will inprove the praductivity of pregramment during imple-
meptation, Somne producllvity improvements may be ohserved
sl less sevene, more easily correcied errors are made using sirug.
lured consiructy, us suggested in the duta of Sime and his zol-
leagues, Fowever, siractured coding should reduce Lhe coats
of maintenance sipce 1uch programa are less peychologically
complex 1o wurk with, Experimenty such an thest can pro-
wide valuable guidance for degisiony about an oplimal mix of
noftware ptandards and praclices,

). Irobicmas in Evperimieomf Bercareh

Il is ymportanl Lo recognize the henelitt and limitalione of
contrpllcd labaralory rescarch, {On 1he pogitive 9ide, rigorous
conlrols alflow eaperiments to isolale Lhe effecis of expen-
ientally manipulated factors and idenuify possible causc-effegt
sclationghips in the dJata, On 1he olhes hand, Lhe limilations
of controlled rescasch resinict the generalizations which can
e giade Frem Ihe data,  Laboralory research has an air of
artificialily, regardlegs of how ralistic cesearchers make
the Lashka,

Several problems aitendant to most current empirical vali-
" Aation studies severcly limit the generatinability of conclu-

ons which can be drawn from them [13]. For [nstance,
propram  sitcs have frequently been restricted because of
Jimications in the rerearch milvalion, This problem iz chat-
scternatic of experimental resenrch where Lime milations do
nol allow participanis Lo pefform cxperimental tasks such ag

4-1-12

(PR

tha coding ar design of lurge systems. Also, since new faglors
come intg play In the devtlopmen! of farge systemz{e. g, Ikam
interaclions), the magnilude of & techniques’y =ffeet on
project pesformance may dilTer markedly from s effect in
che laboraiory.

The nature of the applications studied pre aficn limited by
the epvircnmenls, from which the progimms are drawn (e 1.,
mililary systems, commerciat sysiems, rexl fime, nonreal lime,
cte.y. Further, there is [requently little assesamenl ol whether
tegulip will hold up acrosy programming languages. I iy ex.
tremely difficult 1o perform evaluative research over & broad
range of zpplicalions, especially when cxperimental procedurcs
are uged, Thus empirical reseliz should be replicalsd over a
swciies of studjes an different types of programs jin Janguages
other than Forlran,

Anothey problem arisey with whai Sackman of ol [T72] ob-
served 1o be 25 or 30 to } diffcrences in perfarmance among
Programmere, This dramatic vailslion in perfgrmancs scoirs
can ¢tasily disguise relationships belween soltwyre characicr.
istics and associated criteria. That iz, dilferences in the time
ar accuracy of performing some softwere task can often be
atinbuled more casily (o differenccs smaong programmers
than to diflerences in soflware charactesistics. Cereful ntten-
tion to cxpesimental design ia required Lo contro} this prablem,

if generalizations s2e 10 be made aboul the perfarmance of
professional pragrainmer, thia is {he population thal ghould
be sludied jather than novices. As is true in meoat Nelds, there
are qualitalive differences in the probiem.-sclving processes of
cxperis and novices |[B3). However, e sdvantage of some
lechniques ik the ease wilh which Ihey arc learned | and novico
are the approprate population for sludying auch bencefits,
Altempts 1o genaeralize cxperimental resulty musl elso be
tempered by an undersiending of how real-world factory affect
outcemes,  Data should be collected in actua! programming
eaviroamenls (o bolh validate conclutions drawn lrom Lhe
labaratory snd determing Lhe influence of real-word factors,

IV, SuMMaRY

Soltware wiztardry becomcs pn engintcring disciphing when
scientific methodds are wpplied 1o ity development. The firsl
siep in applying these meihody is modeling (he impostant
construcls and processes, When (hels constructs have been
idenlified, the kecond wlen is Lo develop megsurement tech-
niques & thal the langusge of malhemalics can 2etcribe -
lationships among themn. The testing of cause-effect refation-
ships in u theoiclical model sequires the performance af
critical caperimenis to climinale alernalive cxplanations
al the phenomena, Ewen when possessed of supporiive ea-
perimental  evidence, our sermonizing shpald be cautious
unlil we have <slablizhed limil for che pgencratitabilicy of
our Jata,

There are four major poinpy | have stressed, some by bin-
olication. in this rovicw, First, measurement and €Xperimens
tablign wiv complementary processes,  The resulis of an ex.
pcriment can be no mone valid than the megsurement of 1he
consiructy invesligated. The development of saund meéasurc-
ment techniques ix & prereguisile of good cxparimentation,
Many studics have claborstely delined the independent waris
ablea {c g, 1the sofiware practice Lo be varizd) and hastily em-
Ployed » handy Bul pootly developed dependenl incasult
(critecion), FRepults from such capeniments, whelher sigraly-
cant of ngt, are dilfeult Lo cxplain,

Second, results are far more impressive when they emerge
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from s program of rescarch tathes than from oneshot siudies,
Programs of restarch benefll from several adventlages, one of
e most important Leing the opparlunily 1o replicate findinga,

“en § basic finding (o g, the benefit af siructured coding)

+ ba replicaled over soverad diffesent tasks {comprehencion,
madifcation, «tc.} il hecames moch mors convincing. A series
of sjudies :.'Iu result iy decper explication af bath Lhe impor-
tant taciore governing o process and the limlis of their elfecin,
Fuor instance, Sime, Green, and thelr colleagues Wbentified the
benelits and Limitallona of nested canditionah in an exlendlve
program of research, Performing a scties of studics also alferds
an opportupnity lo Improve measurement snd eaperimental
melhods. Thus the reliakilily and validily of rexulls can be
impuoved in succeeding studies,

Third, the rigers of measurement and experimentation 12quire
serious consideration af pragesses undedying software phenom-
ena. Delinillens should oot be bazed on populsr consensuy,
Az Encrgy 5 invealed in defining constcusin, & clegser picture
al the procesa oflen cmerges. Factors nal thought o be o
pail of the process may present lhemselves as direct effect
ot limiting condilions.  Allernate approaches 1o the lech-
nigques will glsa emerge, a5 in Sime ¢ ol s development of the
IF-HOT-END nested conditional, The fruitrations of scien-
tifc investigatian wre often the mothers of invertion, lm-
proved measurement techniques slzo provlde better 1ools for
mansgemenl infarmaticn pystems, Moie reliable pnd valid
meazurement  provides grealer visibility end insight into
project progress and product qualily.

Finally, there iy no substijute for sound experimental evi-
dence ih #tguing 1he benellls of & parlicular sollware engl-
“eefing practice of jn comparing the celalive merfis of several

actices.  Managers oflen vacillate belween their desise far
prool and their impatience with the scientific approach,
Howewer, wilh understanding ¢omes the posibilily ol grealer
conlrol over ouicomes, cepecially il cautal factors aod Iheir
jimitationy have been 1dentificd, Thet merchants of softwere
thiairs can alway1 quote case sludies. Yel, such experiential
evidense s no replacement for experimentation, and i3 fre-
quently aa becter than n manager's inluilion.

Meazurement and caperimentayon mie nol infeliectuat &i-
veruons.  They me Lthe wicnlific foundations from which
engineering disciplines conlinue 1o be bullt. Scienlists musi
be sensitive 1o Lthe mogl importanl queslions they thouwld
tackle in software engineering, and should ronslantly scassess
1eyearch prorlies (o kcep pace wilh the state of the ar.
Softwaie profestionals need o encourage the wientific in-
vesligation of thelr business if real impiovements are to be
mede in soflware prodoclivity and qualily. The scientific
sludy of toftware engineering i3 young, and its fate of praog-
reas will improve as messurdment lechpiques and eaperi-
mental methods malure,
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From prototype technigues presently used, new directions are emerging
that lead to improved management and earlier detection of errors.

Software Project

* »

Verification and Validation

-Michael §, Deutsch
Haghes Aireralt Company

Mlny oppartenitles exist fof injesting human error
inlo the series of aclivities involved in developing solt-
ware sytiems. Crrors may ocenr at the very inception of
the process with ermonepusly or Impetfectly specifed
system object ves as well 25 later inthe process during de-
sign and development, when these objectivet are mechan-
ized. The basle goal forscliwarginterms of quality is that
it perform its functicns In the manner intended by i
archliects, To schicve this goal, the final product mus
implement the architeens' intentignt wilh a minimum of
mlstakes ng well w3 remain free of misconceptions regard-
ing these intentiona.

Because humans laek the abillty 1o perlorm und com-
murlceic with perfection, sofliware development i3 we-
sompanicd by & veriflcation and validation sciivity, The
imperiunce of this actlvity to the sofiware project con-
Unues 1o grow ax datk procesalng enters more arens, such
es health and transporiation, whers sofiware faflures
could have caastraphlc results,

The terms “"verificntion' and “validaion are vsed
cxrensively throughout heliterature of the sofiwars com-
munity with varioos defnilions expresied or implied. A
reoeral understanding ol these terms emerges from a sur-
Yoy of usage. Verifico.joh refers 10 an activity which as-
2re{ thar thé results dF €34 sccessive siep in a sofuware
Vhvelopment eycle tolict!ly encompass 1he intentlons of
s hievigud step. VaAd® ok has n more glabal cennota-
TR, Uts #Hd) i 1 e3968 Thar 3 prioduet fupcticns and
SRaHlA i Fratui PEcIStIBad BY it requlrementy specis

Adagred by carmbrrion af PrenticeHall, 1ue., Englewond CEFf, MNew
Jerpcy, i'lc_rrn TVailestlon sad Yalidarion,” Michael 5_Deinch, in Soft-
wavy Dapinrering, Randad W, Jensen snd Chattes C. Tonias, € LT79,
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During the past 15 or 20 years, sofiware projecis have
developed from rather small tasks involving o fow peaple
to enormoutly complex undertakings requirlng the ser-
vices of many indlvidoals, Likewisc, the concept ‘and
practice of verification and validalion have changed.
Previously, verifivalion and validalion was an informal,
highly individuallzed sclivity, moutly consisting of 1he
programmer excerclsing his code against a smalt st of ad
hao Lest Caner, ASLhe volume and complexiiy of saftware
increased, che Mallthilities of this "erafisman' appreach
became obvious In the increasing number of unrelinble
products, Clearly, to fully entrost the produgt developer
with the responsibility for prodoa verilication created
conflicting and overwhelming intellectval demands Aza
resull, verification #nd validation conorged as an acuivity
requiring individual emphasis and 1cehnolepy within the
sofiwnre project,

Venficailon and validation technplogy, st i is applied
1z today's complex softwarg projects, has three charac-
Leristics that sturply contrasy with originel practices. First
of all, verificaion and validation mohodologies are now
applicd aver (he entire sofuware Tife cycle before sofiware
testing begins, These pretesting activities Lypically inelude
requiremend veriflcatlon, design walk-throughs, design
quality measurements, inwerface coniral de finiion, code
insperiions, and Tormal daign revlews. This broad ap-
proach wag inspired by Lhe rcalization that misakes
dis¢overed emrly in thelife eycle are tess couly 1o correct.

Secondly, the concepl of 1esting has unde: gone signifi-
cant evolutionary change. JLhas becomea highly rigorous
funclion involving formatized plany and procedures. The
use of automated tetr tools has taken soms CHOr-PIORE
aperationt out of human hands,

Thirdly, [ormal Lecting is now performed by sn | TO—
that i5. 40 independent test organitation— which reparts
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directly to the profect manager, The ITO nermally pe.
vuples w positlon in the project orgunlzatlan hlecarchy oo
Ihe shmc leve! an the soliware developinent orgaulzation,
(In very farge projects, the cusiomer may empley &
ver!ficatton and volldalion coniructor who Iy Independent
of the project organization,

Although much maligned Ia reeent yeary, iestlng re-
mains the besic pragmatle verifieation and validurion
mechanism on the software projeet, despite certaln defis
clencles regarding formal verlficntlon and validation.
This artlcle emphasizes modern testing approaches which
have ameliorated many of the earlier deficencies that
resulied in unreliable wofiware products. The presentas
ticn Beging with n rigerous soliware construction and Lest
approach which validates that the sofllware end item
satisfies the specified requlrements and verifics that the
end item porfarms according Lo the design., The nesl sec-
tion examines nutomaied lesting thegugh an example ap-
plication of an automared vest 1oot and then contiders the
projecied effect of avtomaied testlng on lifg cyele cosrs.
The thitd section summarizes verilication and validation
activitiel over the entire soliware Yife evcle and lsads inio
an exploration of future trends,

Control of sallware construstlon snd tosl

We will examine & method of soliware construction
and Lest that .

« pegmenttncomplensofiware development into more
manag+able functional elements,

v demonstrates ey Tunclional caprbifilies early in the
Leating activity,
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» maintaios s visible connection berween 1eving and
saflwnre requirements, thus formalizing 1he Lesting
procesy, and

v forms sl boals of & very effective project planniag
and contral sirgtegy.

The spproach described here was originstly developed m
Computer Sciences Corporation’ and has been refined in
its applleation al Hoghies Adreralt Company. Qecnuse of
Its combined Lechnical and mansgerment merils, this cons
cept has u powsrful effe¢l on ordering the safiware ton-
structionsIcsl process,

DBssic sppronch, Figure | deplets » sofliware tesl pro-
cedure Lhat is vislbly connected to the requirements. The
process 13 driven by & 100] called the system verification
diagram or S¥ D derived directly from the soflware require-
ments specification, The SVD consisis of stimulus/re-
spanse elemonts called rhreads? that sre essociaied with an
identifable lunction and spesific requirementa. Each stim-
ulugfresponse element can be mapped into the design 1o
identify the specife soltware modules which, when ex-
ecuted, perform the function of that 1hread, Thus, s highly
granular relationship exists between the fungtional require-
ments (the threads) and the design {the modules), becoming
the primary meana by which Lhe software development can
be acevrately defined and close’y controlled.?

The next sien is to alloente specific threads to specific
builds, A buifd represents o significant partial funclional
capabillty of the system.* Each incremental build
demonstration is a partial dry run af ihe finzl acceptance
test. Each succestive buitd demonsization is a regession
test of the capabitities of «he previous builds. Thus, a
demonstration ¢f the full system naterally fotlows from
the integration of the final buitd into the accumulatzd
previgus builds.
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Bofining the thrends, The oblectlve of the sysiem  represenin these requiremienin uy w seriey of stimulus/re
veriflentlon diagram-—ihe tagl used for defiing The  sponsepairings, inconsicudes, redundancles, und omb-
threadi—h 19 represent the wghware rogquisementy ln a sions may be reverled while developing these pairingy.
gomplete, conslstent, end 1estable muanner, Sinee the5¥D  Immediptely drafing an S¥D for cach relemae of the safi-
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ware requirements specification is an effecilve approech,
providing maxlmum gpportunity for Meedback nad for ln.
corporating feedback findings into the pext relemae, It
may nlzo reveal B pced Lo contuh (he cuniomer About
heretolore uprecepnized open requircments issugs. Thus,
the SYD Is alxo sn infomal requirements verificaion
100l

Each stimulus centitts of one or more Lnputs plus any
cenditional qualifiers; each reyponse consista of one or
more oulpuls plus candltions! qualifiers generaied ut &
result of the input ovent.? Fach stimulus/respanse eles
ment or 1hread represents en identifiable function or mi-
cra-funciion. Each thyead has o direc! relationship 1o o0t
or more soltware requitements (usually several) and 2an
larer be zssociated with the modulesin the safiware dedlgn
wehiteeture which will implement the thread, The S¥YD s
agrmally geoeraied from the requiremenit specificatken
belore the software architecture iy designed.

Figure 2 showsan cxample of the derivalion of a thread
from requireménts speeifications, An objective ittustrats
ed here is Lhe definition of a transfer funclion which
¢oalesces pwo or more funetionally related requirements
which may possibly reside in physically ceparnte areas of
the requirements specification, The Lest procedure which
verifies the sofiware modules that implement Lhis thread
alzo validates Lthe requirements assoclaled with the
thread,

The entire requicements specification can be repre-

sented by a sc1 of threads Jogicnlly connecied 10 each other
by nrtows dencting sequence. Quile often, s conditlonal
qualifter nssocinied with the inpat event of & thread s the
suceessful completipn of the function represented by Lthe
previous thread in che sequence. Complete functional
1esting of the saftware is atialned if all paths thraugh the
SVD wre treversed during the 16w program.? Figure 3
shows a portion of an VYD used lor & recent software
developmeont. i
Plunning the 1241 and bulldup pracesy, Detailed test
p]l.rmin; can begin when the soflwire scehitectore defln-
ing the struciure of the modules is avallable. In saftwaie
developments sponsored by the Degartment of Defense,
this normel i eceory by the time of the preliminary degign
review, Thisicst/construction mpprosch requires 1 modu-
bar sofiwz:r archilectuse developed from structured
design prev:o1e; otherwise, the positiys effect is dilited.
Experiznce «Fows that the techniqud waorks well with »
firusture » ~nulariyy of appoxiniately 100 HOL source
lines per i ‘wle, which may be fubniivided later inlo
subrguli,.,
v T this F2EPr, softwars 1est and 9N truction nre in-
teriwindd: "5 Ao bl occur teparaitly ind sequentially,
The prde: ' Ahich the saliwire is et |, Lested, and ayn-
thiedlied IL S Stlally derermined by Hi€ system verifica-
tiohi dUFF M HIch defines (hé 1ést Priceduie. The 3VD
hds S5 EMEE e 1216 SH1S SERBNStFbBle Nuhviony
®Alled 1hscadas. W duelopuieny of the (hraads Is cefen-
farized. The modules avociated with exch thread nre
coded mnd tesied in 2n order commensurae with Ihis
calendarization. The threads are wyntheslzed into higher
order sections called builds: each vuild incrementally
demonstrates avignificant partlal functional ca pability of

L -1/ BT 11
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the yystem. Thi process culminaies In x demonsiratdon of
ihe Tull aysicm with the Integration ofche last balld o 1he
sccumalalion of builds.,

The thrend functional ellocation charl thown in Figure
4 11 n convenient mechanlsm for recording the relations
ships among the thread, the requircments, and the mod-
ules iImplementing the thread. An estimution oa & lintar
scale from 1 to 3 of the penvon-cfforl required to code,
check out, test, and intcgrate each thread is extered inche
column [abeled eomplexity wnits.* A ralingof 5™ jn. -
dicates the most complex and **1"* Lthe simprlest. This tub-
jective measure iy based on the volume of code 1o be coq.
structed, code complexily, snd complexity of the Inicr-
face with other threads already integrated, Applicatian at
Hughes Aircrafl Company largely supports the Comput.
er Sclence Corporation experience that (his eslimalion pa-
rameter is wseful and fincar,? ’

If the system has not been completed by the
scheduled date, there wil) still be the nucleus
of 2 system that perfarms functlans which
ar¢ demonsirable and operationally useful.

Two considerations are parameunt duringthe next step
at threads ate assignead 1o builds and completian points
are deslgneted within the schedule period:

¢ Early implementaiion of thote (hreads comprising
the highesl yechnical risk would be desirable for most
projects.

+ A gyslem that 31 logically complere, even though not
functionally complete, shouid be Lthe objective a3
early a3 porgible in the buildup pcheduls ®

This Iy basleally an implemeni-to-schedule strategy. 1,
despile the best of efforts, the enlire syslem has not been
compleigd by 1he scheduled dare there will 310l be che
nucleus of & system that peeforms funclions whikh eee
demonstrable and operationslty uscful.® The cusiomer,
endoubtedly, will be displeased. However, his disples-
aure mask likely will be far jeus than L would be had a jess
organized approach been used to complele the 1ame

Tl i LT LT Exmaryd dui® wora | W

[T~
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Flgura 4. Thread functlanal allocallon chart. For s milltary alandard
software dovelepmand, this chast wiil satlsty 1he lalormatlon content

raquiremanis of Typs G-5 Specilleation, Paragraph 1.1.1 [Funclional
Altoewllon)
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volume of code consisling of diverss sofiware unite no!
ordecly sequenced inte gperntiooa] funetion,

Mext, the resulis of the planning effon deseribed nbove
are displayed an o build plan, Thiz diagrem provides an
overal catendarlzed view of the sequante of consirie-
Uon/iest events, Including the sequence of the bulldy, the
refatlonship of the builds o ench other, the allocation of
threads 1o builds, and the sequence of the tliteads.

[n vhe build plan from & recent sofltware development
shown al an ¢xample in Figure 5, implemenation of an
end-to-end. date flow I aghieved a1 Bulld 5.0, which pg.
curs leas tonn halfwey into the scheduled implementation
period, This constitules & logically complete sysiem for
this predect, Builds 7.9 to 15.0 sdd sddiional funciicns
which upplement the basle daia transformations and
provide operator Interactive control over the procesaing
seqquense, Each bulld adds new functions fuhreads) te the
system and-—10 the extent indicaied by the conneciing ars
rowsonihe build plan—eoniaing the cumulaive capabili-
tiekof previous builds. Bach build demonstration testi the
new capabilities ind is & regression test ol the czpabilitiea
accumulaled e previons bullds, The Mlnal scceplance
text af vhe wotal sysiem occurelng at Build 15,05 merely &
natural culminating event in this siceession, Each thrend
is alvo tested informally, The bulld demonsiration tests
may be viewed a8 natural culmisating eventt n a susces-
sion of thread teate, Because each thread is directly linked
10 sofiware madules, the build plan alse deflncs the order
of conttruction for the moduler,

Since by thar narure threads represent vaclul operas
tionat functlons, » mensure of thread completion atso
represents w measure of project completlon. Lhing the
vumber of complexity uniis pssigned 1o each thread, the
build plan snay be summurlisd Inte o (Rrend prodoction
plan shown In Figure & for Lhe same whiware develops
ment. The 1olld Jine representa the planned productien
rale mgalnst which the aclual produgtion rate muy be plot-
Led in dashed Lines. Thus, the threed preduction pien pro-
vides an emily undersioad means of reporling actual
progress versas planned progress.

Benelin. The thread Lesting approach we have dis-
cussed has g number of benelils. Tt

= allows testing and analysis in digestible quantities,

« provides carly demonsiration of key functionsl ca-
pabilisies,

= fosces the early availability of execulable code,

* provides x meaningful measurement of project prog-
reds that is easlly ungersiood,

» defines module construcrion sequence and serves aep
basisy for aliccallng personnel resources,

* brings a degrec of formality to saltware project veni-
lication and validation by validating the the end
item galisfies requirements and by verilying that it
implements the design, and

* allows mission analysts {due o 1he analogy between
threads/bullds and operatignal Tunctions} Lo in-
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teract eartict in the Lesting provess, scrutiniting pers
formunce resulis,

To some exlcal, our dereriptlon of this appreach hey
snterstated the cumplenily of modern saftware devel-
opmenl projects by addressing & soflware sysicm as B
sngle development eniily, Many software projects are
ino largeand Ihe schedutes toothort to be maneged inthis
faghion. The sofiware system bs decomposed fnlo stryc-
tural elements that are developed in paratle] and are ¢ven-
tualty integrated 10 recompost the system. On mililasy
sandard sofltwace developmenty, this clement i3 referred
toes my the SPCT, (he computer program configuration ltem.
The oltware construction and (est process described here
is mcl‘l!':cuvc epproach atboth the CPClend safware sys-
(et levels, Procedures for testing and Integration al The
tystem level may be prescribed by delining sysiem-level
threads. These high-level threads would be correlated
with CPCly or subCPCI3in liew of modules,

Autcmataed tasiing

The batie wpprokch to safliware construction &nd tesl-
ing summarized in Figure 1 prescribes that the lesling af
exchihread includetheexerciseof alt path segmentain the
srociated modeles. This is an ambitioes goal, perhaps
cosily to anain. Inthe discussion that follows, we explore
the mativation Tor 1his objeciive and demonyrate 0 1ool
which helps 1o echicve this goal. In addhion, from con-
Lemporary project eXpericnces we présent cerfdin quan-
titative data which explain the benelit of this approach to
sofiware life cycle costy,

Al 1ofiwere systcnid grow 10 imunense proporlions in
hoth slze and coanptendiy, the ¢Mlon neaded to test these
syuem grew mare Lhen propartionstely, 1oquiring &
maw appllemtinn of human rescurcen, Tily appllcation
hat heen costly and not naticutarty effeciive In 1erma of
the reliabilfiy produced, Despite oxpeaditures of up 1o
half of soliware development hudgeis for tesiing, 2
shignificant nuniber of ervors remnained in defivered sofl-

ware, often severely deteering normal syslem opefaliony, .

This dilemma insgired the developmeant of sulomatic lest
tools that agsist in lhe production of effective 1ests and
analyze Lhe test resulis, 1n exsence, they takes much of the
lime-consuming, Mmechanical sxpects of Lesiing oul of
human hands.

Aulomadic Lest Losls provide fmproved grganization of
testing through sulomatian, measurement of Lesting
eoverzge, and improved reliabilicy—atiribuley not 24
casily atlalned by manoal 1esting approaches, Aulomatle
1ools furnish mackine emplification of humen capabilivy
and zclicve et personne of routine time-consuming
chores. Manual crrar-thecking, for example, is an errer-
prone process: aulomaled error-cheeking is more reli-
able. Budgst and schedule considerslions forcelasconihe
slow, ledious process of manpal testing with the result
that the velume of testing is oflen insufficicnt, Relief iz
available through utifization of sutomaied Lools.

The comples conlent of large sofware syslems requires
the application of many o3 cascs 1o thoroughly exgrcise
the code. Gencraling these tesl cases and analyiing the
paths exercised to determine 1the extenn of 1the resuliing
testcoverage wauld gquickly exceed humancepacity, Tosi-
ing 2ids ¢cAn instrument the eode, measure the caverage
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provided by n tent ohae, nud furnlh s iepart thet shows
the nuniber af tliney each slotement mnd sequence of
sintemenis ware execuled,

Imptuved relinblilty results when potentinl iourcet and
gvenucs of errors are more ¢loscly Investigaied, This oce
cuis i1 mare £xperience in the vie of the sofiwere it g
cumulnted thraugh carefully directed Lesting, Auomedie
tocts enble & higher volume of Lesting than would be at-
tainable manually for the same cost.

Almost all uspects of the softwars developmen) process
can beassisted by some form of sutomation. A spectyum
of 1ools exists in various stales of matwrity. Particulary
advanced, and of demontirated ulility 10 real-world in-
dusirial software projects, is 2 class of auwtomated e
assistance tools called 1ource apalyzer systems.

SAS. A source aoalyzer pystem, o SAS, provides facll-
fies for measuring the performance of the soltware and
the efTectiveness of toit eases. Such tools derbve Lhelr in-
lormation from the source ext of the program being
analyzed and tested.

Five basic functions ace performed by the SAS:

» analysis of source ¢ode and creation of & data base,

* generation of reporta, based on static pnalysis of the
1ource code, that reveal existing or potential prob-
lems in the code and idenlify the sofiware control
and data siractures,

* Insertion of sofiware probesinto the source codethat
permil data colleclion on code scgments enecaied
and values tomputed and sef In storage,

+ analysisof test resultsand generation ol reports, And

s generation of tesl asslstance repons toald inarganlz.
ing the tening and deriving input seis for panicular
(exty, '
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The elecuts of mtypeul SAS that performe these fune.
thant are dingremmed In Pguee T, The static anulesis
mowle analy ses the stntle sirectiurg ul the aisle. Typical-
Iy, thixmnalysls woukd consist of pactiloning ewch roarine
inle path scgments wlich support an evolustiun af Les
thoroughneas and snalyzing 1he lavocation wructure of
the pragram. Thisinformation {s caplured in m dain-base
Mile and formatied for outpul as & printed report. -

The incfrumentation module acit a3 a preprocesiar by
inseriing additional statemenis within the original source
code, During execution, these statements or "probes' in
Lescept the Mow of execution at Ley poims and record pro-
gram perlormance sintistics and signals in an intermedi-
ate File. The instrumented source codois compiled, an ex-
ecuteble imege is built, and the image is executed.

The anafpzer modwle funciiond as & postprocessor &lter
the propram execution. It formats and edits data recorded
inanintermediate filc during program cxesution aad pro-
vides a prinied report. This report Turnishes information
on 1&81 coverage, including

* patemenls executed and frequency, percenmage of
slalomenly execuled,

* slalemenl sequenpces traversed, pcrﬂentut of se-
quences traversed, listing of sequences not traversed,

= data ranges of variables, and

= pssertion vialations.

The anelyzer module may alsa compare anticipated 1e1l-
cate culpul augmented by any user-tupplied evaluation
criteria {presiored in a ﬁlc} with aciual oulput and Tist
resulting discrepanciet, )

The tesé case assizrance module aids 1e5ting ptrs.onncl in
the seleciion of Lest inpuls that will economically atlain
caomprehensive testing goals. The module wier the sialic
analysis dala base and the coverage data rcr.:urd:d during
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ereculions (o guide the {estersjn the preparation of addl-
Lionattest cesed that exercise paths in the program nol £x.
ecuted by previeus Lest casts. An algorithm detecns
siarements and branches not exercised and indicates con-
ditions necessary Lo traverse thal path.,

Typlcalapplicatlan. Thesequence of eventsin the sofi-
ware Lesting procedure withtheatd of an SAS is thown in
Figure B 23 exemplified by the capabilities of the RXYP
system.” The individunl boxes defline comp'=:e tieps in
the gperavion, each producing oulputs rhal feed subse-

quent aperations elther directly or through updaies 1o the
central daa base.

The complere operalion shown in Figure 8 covers the
five SAS functiors Haled garlier In this discussion. Below,
ench ideniifled siep is deseribed In terms of some of the
oufputr generaled and the purpose of thowe sutpuis in the
Lesting process, In the description of Lhese pperations, the
subroutine SCLVE is thc‘subjn:n of annlysis.
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Step I- Building the daita base, The system reads souece.

code atits lnput. Simple commands arealso supplizsd az 8
scparate input fite 10 direct the eperations,

The syatern firsl derives ils duia bese from the source
code. Line numbers are assigned ta each lne of 1ex; the
contral struciure Bnd tymbols ure identified; and »
direcrcd graph mode] of the controt it rusture is buill, The
tesulting nfermuion 3 vored In he 1_11{: base¢ that
becomes the controlled copy of module text s well ns the
source of all suiputs generated In later steps.

The contral structure of a module s defined in iams af
the scquence of statenents from the ouitome of & deci-
sion through the nex; decision. Thit sequence s Im-
medialely executzble, ance the nilial decision outcome
hins been cvaluated, end is the basic logical segment of the
conleal structere, The sequence is called » decliion-tos
dechrion path, o7 DD path,

Srep 2: Producing documeniation reporis. Afer the
dua base is creared, the documentullpn reporls wre
generated, These reperes provide informagon thal willbe
uwsed 1o document the code and wo eid the test growp in
undcraanding code grganizstlon. Included are several
reporty defineating 1the invocadon hisrarchy of the
modules and the moduale text.

Figure ¥ shows the modole text. The text of s module as
siored on the data base is the source of this report. The
befimaost eolumn comains the gatement number, Adla-
cent Lo i1, in parcntheses, is & nesting level pumber Lthat
identifies nesting depah far Lhe struciored anguages.
Mext, the ttatement is printed, indented ‘according Lo
nesting level, For each siatement that slaris & DD path,
the path numbsr is printed in the rightmaos column, This
madule 1eX1 printoud is the basic moduls  dexcriplion
teport that gives the siatement nuwmbers referced to In
other eeports, lists the [ull madule tex!, apd idennifies al!
DD paths.

Step 3: Module instrumentation, Collection of pro-
gram flew stmisties is facilicaled by the insirumentation
of the program control structure, The tystem examines
the code and sutomaically inseris & call 10 2 dara col-
lecticn routine thal is invoked each time w contrel branch
s inken! When the instrumented code is execuled, the col-
keciion rouline nates Lhe mpdule and code seciion .
eculed and buildy up a dua file from which the test

analyzer generazes ks reporty, Typical controls for thip
step ellow seleztion of moduley and define the level af in-
srumentation. RXYP has the optlon of instrumenting
either at the module entrics only or al each control branch
point, including module entries,

If maore deteiled performance uatisles nre desired, the

next level of instrumenintion provides datw tollection
colls for each assignmen! Kikiemenl, permitling L com.
plete recard of the values siored during txecuticn. This
tevel of instrumeniation would normally be applicd only
to selecied modules where the more detailed Information
is needed 1o ensure that testlng covers & proper range of
compulational results. .
Step 4 Test assistonce, Al this point, testing Is ready fora
et of 1est cases. [t is sssumed that some form of prior
1esting has produeed a 5ot of working 1es1 cates. Al Lhe
ficst sycle of testing, these exining cates are execuled with
the instrumented code, Afier these {nifiel wests are wna-
Tyzed wnd the repons examiped, thit step will enrait
gencratlon ol aew or modified test cases as nceded 1o
schicve lesling goals.

Siep 3: Test execution. While the insirumenied code is
running, it produces its normal outpuia and involes the
data sollection routine, In s iimplest form, the data col-
lecison routine merely writes o 1race file that records 1he
sequence of DD paths executed or the sequence of
viriable values sstigned. More cxtensive dals collzciion
roulines can pesfomm some analysis wnd summariting
during execution to reduce the amount of data collecied.
RXYP has three oplions: varisble wrace, DD-path trace,
snd DD-path summary ¥y counting execulions and re-
cording anly the counters oa the irace file,

Step 8 Tert analpsis, The function ol the postlest
analyzer i 10 supply the repors Lhat can e evalusied
pgainst testing gosly. DD-palh coverage analysis reports
execution counts by moduls and DD palh a5 well 88 sum-
mary data on resing progress. The vatiable leacs analyzer
reporia the maximum, minimuom, frs, 1ast, and sverage
value of all variables Lraced,

Thetop-level view of Letling progress is depicied on Lhe
covergge summary Teport (see Figure 10). For each
module, the number of DD paths, the number of Invocss
Lions, the number of DD payhs Lraversed, andihe percent

1 1
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coverayge are sthown. These paraeters are ilso depicled
for Ihc acsumu!stion ol il nodules, This itlformation i
presenied for €1ch Lest cuse a0 for Lhe accumulntion of
all 1e5] coary, '

The D2 paths not ki repant (e Figurt 11 1els the
rester which DO prehs were not caeguled By ench test puae
and which remain umested afier g} testaare accumutated,
The repon also displays single-test and cumuladivetest in-
formation. This information guider Ihe 1esier cegurding
potenunl 1ergets fior Lhe nenl test CaIE,

The DD-path execurion counts report (set Figuré 12)
gives the Ninest detail on DD-path execotion for cach et
case, For zach DD path, an entry Iy made under "'ned ex-
ccuwled' when exeguiion count 15 2efo. Far execulion
oL grealee Lhag zero, Lhe bar represents ( he count ki a
pereent of the maximum number of exsgutions for &
single path. The exacl number of path executions it
enteped under **number of executions.’ En sdditiontothe

module summary ling &l |he Botiom, this report shows
where most of the execution time b being apent in 1
module. The report also graphicelly shows where (here
are large segments of code not beimg Lesied,

The marte detailed varigble lzace analyzer produces w
ttport, pefformance Jest anclysis, which is keyed direcily
to Lhe source sintementy, Three i ypes of reports are given,
I 1he statenent has no value computed {e.g., & CON-
TINUE, WRITE, READ, CALL, or wssignment of a con-
uam), then naly the execution count i prined,
Swatements that test logicn] expressions report times trus,
times [alse, and foal value of the Togical expresson.
Siatemnentt thet compute & numeric value (0.3, asglgn-
ment, arithmetie 1F, or DO} report Lnitiel, final, oax-
imum, ard minimem valoes,

Step 7: Tesr azsiziance. Figure |1 showa that a number
ol DD paths remain untested, The objcctive of conting ed
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Lesting lavo generate test oases thag will inelude st least one
eaccwtlon of the unicsed DD pathy, This teniing goal
should be considered aminimum level al1esting In which
ol atniements are excculcd af lenst onee and ench decition
{s eaercited through sl pontible puteumes. Althoughihia
Is Tar from n complete Lest that exercises al! logleal pathis
through Lhe program, it I more comprehenslyy than is
penerally achieved by texls Ihae sample only pelecied
values in the input space. Furthermore, the process of
gencraling hew test cases focugey aitention on the source
code of Ihe program wnd frequently reveals ertory that

&

would $0 undetecisd if only execution results were on-
amined,

The first portion @F tesl asslstance draws on the
predicate angiysit, A “predicale’ i a decivion element
satement. The predicate onalysis liatr the decision
sintemente for Lhe uniesied DD paha end glves Informa-
lca ebout the varinbles appenritg in the prediiaie (sec
Figure 13} From this report we ize 1thai three of the pathy
are controlled by the verfe®le DEBUG which is read In s
an input io the module LINEAR (see Figure id).
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Thetelfore, any tesl case can be almply thanged o mal e
DEDUG fulse.

" Wealsosee from this repoct thal the other Lhree misyed
paths sre controlled by the varisbles COUNT and ITER,
COUNT is a local variablg in 8 module that i3 the loop
viriable of the DO loop. Thes, Pah 16 wilt be reached if
ihe DO joop cxil 1s reached {xs will Path 11). Theze condi-
tions are achicved by a fallure to converge wilhin Lhe
dllowstle ¥imits of ITER, To reach these peths, tither s
nonconvergent case musl be wwpphied ar tbe vaiue of
ITER reduced. ITER is also read inthe module LINEAR
and can be reduced 1o a small pumber by & simple data in-
put change.

Figure 15 showi the yummary repon as a resull af xdd-
ing & rew test case Tor module SOLYE 1o our test sel, Ad-
ditional tesi £ases can beconurived by using the methodel-
ogy we have jusi dereribed until esting goals are artainad,

Aulomated Le1l tools are currently gainlng wideapread
ute, sccepiance, and recognliion 25 cost-elfTective devires
providing the sbility ra exhaustively et softwnre (o a
level that would be cost-prohibitive with manual means.
Achieving the potential benefita of 1his approach,
however, is conlingent Wpon recognizing the proper scope
of application. When 2pplied 1o large amounia of code,
this procedure an become averly involved, thus probably
neuiralizing polential positive gifects. Recent project ex-
perienges indicate that odmum edvenoage is atiained
when Lhis testng spproach is appEed w the individuat
thread level, where reasonably small *'chunks’’ of code
[LOG-¥00 source lings) are lnvolved. Indeed, this scope of
applcanon [s consisienl with the overall objretive ol up-
covering as many cf rors a3 possible excly in the implemen-
1alion periad, talher Lhad rigk engouniering thesg errors
a1 highet levely of inteégration,

Effect on life cycle zaats, [t ls possible to examine the
quantlistive beneliis to sofiware life cycle costn resulting
from he test sieniegy deseribed wbove, The expected

benelfit madel s based on an secounting of mdditionn! er-
ron geletied from o re¢ent sofiwere project s Hughes
Aircralt Company which wiilited this approsch snd ona
profile of the gscaluting retutive o8l 1o ooerect erros
when they sre discovered Inter in the life eycle.

The general [nfluence of this exhaustive lesiing siretzgy
and its projected influence an life cycle costs for Lhe
Hughes project iz deplcied in Figure 16, This Mgure com-
pares the effects of sutomalic 1ol 1esting and the sTan-
dard test approach. The use of 1the automuilc Lest 100l
results in higher =ivar deection rates during the construcl
period. However, during subsequent periods including
operaliont, Lht deieclion rate af lstenl errors remalng
higher when the Lest 1ot 33 not weed, The ares wnder bath
curves—i.e., the total sumber of errors—should bt ap-
proximately equel. OF course, the cost of rectilying the
samc error inter in the life cycle is higher than it would be
had it been detected enrlier.

The exhaustive Lesting approach on the Hughes 1ol
ware project consisied, first, of checking oul each theead
uging x 1et of functionally orienied 1e31 cases, The tradi-
tional brand of testing would conclude al 1hiy point. 1a.
stead, additional Lest cases were contrived toachieve s DD-
path coversge of close Lo 100 percent. The expecuadon
was that thic extra effost would expose ndditional erran,

The actual project expericnce 1upported this iccnerio,
Because af these clearly dernarcaled (egting phuﬁ it was
s simple matier (o meintain g count of the errors detetted
by the extended resting. The eccounting showed that kn
average of one pdditiona) error per thread wis uncovered,
The cost, in schedule ime, of performing the exiended
Lesting ranged from one-hal f day to chres days per thread;
Lhe average schedule cost was close to one day per thread.
Mormally, |we persons were involved with the testing of
the thread at this point. Henee, the incrementa! cost of the
exhaustive Lesting effort was an average of 1w penon-
days per thzead,

This project constyiz of sbout 400 threads, The in-
cremental codl of Anding and correcting the 400 addj-
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tional exposed errors is BOG pereon-day (400 ermors x 2
persan-deyferor)-

In & survey performed w1 TRW which setms to have
become an iadusiry sianderd, w profile was composed 1o
depict the relative cast of Nixing crrors saa funcien gl the
lifc cycle stage in which they are discovered, This profile
war compiled [rom & number of sofiware projsscts al
TRW, IBM, and Genernd Telephone and Blecironies. Ac-
cording 1o this prafile, the average relative ¢6st o ix gr-
rars during the integration activily vérul the Consthact ne-
wvity i 4, On1he other hand, the sverage relatlve cost 1o fix
ercors duting 1he operations phase versus the contiruct ac-
tvily s 9.

To model the life cycle cost benefits, we will assume
that the discovery of these 400 grrory would have olher-
wise been evenly distributed over the inlegratios and
opcritlons pericds. This is probably s fonservative ns-
sumption singe the 1ype of error overlooked during the
conslruct activity are more likely to reappear in opers-
tigns where the safiware would undergo its firsi thorough
excreise. The 200 errors found during integration would
cost 1600 person-days {200 crrors » 2 person-days/erzor
% .4) to'carrect under this model; the 200 errors found
during opermions would cost 3600 penon-days (202 cr-
rors ¥ 2 persan-deysferrar ¥ 9) tocorrecl. Thus, the dif-
ferentia} savings in life cycle cost achieved by the éx-
havstive Lesting stralegy 5 speculaied 10 be 4400 person-
days (3600 + 1600 = 3200 person-days less 200 person-
"days) for Lals particular projeet,

Verifleation and valldation over
ithe antire [lfe cycie

Verilication and valldation on modern softwire prof-
e14 invalvas activitles over Lhe entire sofyware life tyele,
nat Jul during lesting. The merity ol this practice Include
& more reliable product, lower lile cycle costa, early ex-
posure of requirctents inconsistencies, and early ¢x-
posure of design errars. Siatistics have been compiled that
depict (he ercalafing coals 16 coreect £rror o later slage
of the development cyce nre traveried.'"' This profile
reveals that it is 1010 100 1imes more costly 10 corfen an
exror after the software is operational than it would be if
the error had bren detgcied during the preliminary design
perind,

The respoosibility for verilication and validation it
distributed among the throe Lechnical line pryganizations
which coreprise Lvt sallwire project —sysiem chpinee-
ing, saltware development, and the independent test
CIpanization.

Syttemn enginecring la normally the tmellent of the three
groups, 11 is responsible for prescribing the overall ar-
chitzciure of the sysiem, which includes definilion of the
tysiem-level requircmenis, the sysiem-level design, and
the requleements for each computer program configura-
tion item, Focusing the reapongibilicy for delnition and
maintcnance of & rystem’s external milribues (e
guirements) in & single orgwnizetion assurey \hal Lhe
system architecture reflects a single philosophy and &
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unificd s¢t of concepis. Syntem enplneering defines the
sysiem architecture at an absttac ' level and doet not
prescribe 8 speciflle implementation.

Sofiware development designs and implemenis the
software product in arcordance with Lhe intentions al the
architecis. On large projes, sofiwars development may
be divided into several or many groups. Each group
developsa "“chuak" of the aystem, wsaally a CFCLL AL the
conclusion of thread/bulld testlng, 1he davelopment
organization hands che solvwars producl over 1o the in-
dependent 1est organicsion for forma! qualification
LESIing.

Maintaining a heahthy adversary relationship with aafi-
ware development, the independent test organization
scrutinizes {by Lesting) rhe sofware produci and identifies
discrepancies wheee requiremnents have not been im-
plemented correctly. The discrepancies arc relerred back
La the developer far rectificavion. The independent seat
organizalion alsa integrates the individua) EPCl to Torm
& unified sysicm praduct,

Figure 17 summarizes 1he verilication ind valication
activiiies which ocgur over the sofiware life rycle show-
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ing a {ypical life cyele and allucasiun to the three perlorm-
Ing organizations. Small projects will invalve a simpler,
more compressed iel of acivitics. Yory lerge projecis, on
the other hand, will have & more complex succridion of
life cycie events, Nevertheless, all three osganizations
woukd be mt | east minimally involved with veriNention and
validsticn ai ench life cycie singz. The intended effect is
that there be & 321 of checks and balances among the
organizaltions who work io produce & reliable software
EyMEm produst,

Futura frends

The deseription in the foregoing seclions of pragmatic
vesification and validation cochnigues presently in use on
mindern sofiware projecry suggesis some irends for the
fyture. Directions and advances 3€€m LO conceatrale in
three genera! caegories—impeoved management kp-
proaches, improved implementation of proven technol-
pgles, and evolution of current experimental techniques.
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-+ THINK PARALLEL
SOFTWARE PROFESSIONALS

- Tﬁ[nking parallel s not a new thoupht process, but'a

*Theae arcas, diwgwussed Individually below, sre noi-

meversarily diserele.
Turing the historicol development of Lhe software proj-

ect, the need develonped Tor acperating system m;inttr-_r.

ing, sol1ware development, and Leating by an independent
organization. Unforjunaiely, in many inslaness, this
separation cesulied inthe use of separate approach e and
10005 with marginal ceordination, Econemics and the re-
wlling pericrmange no longer support Lhis arrangement.

A revised, more realistic approach Lo safiware devilop-
meni requires an overall coordinuied package of lecland
methodologied eovering 2.l phases of the software Life cy-
cle, OF coursc, more af m burden will full on management
10 achieve theye resubis. What is needed 15 Lthe continuous
evolution of 1 carps of soltware manegers who are well-
educaied in (he elements of “software physles,”" whe are
commitied ro modern methodologies, and who will be ag-
gremsive in overcoming inerila while assuring that 1hess
approaches are implemented.

Framthecompulsion Lo provide individual attention vo
thern, verification "and validalion have become too
detached from other activities on the soflwere project.
Managemenl Musl review this seperation and provide a
mote integrated role for verification axnd validation
within ench yoltware engineering area, while maintning
the separate tcbl organizalion.

The soltware develgpment process is more accursiely
viewed when the 1echnical engineering problem b1 con-
sidered in conjunction with the human engineering apect
of the process, The application of talented pershonel
should, thearetlcally, be a sulficient requisite on which to
forecast success. However, basic human falliblilles open
locpholes for errors (o occur. Engingering, sstentifc, and
.management practices are frequently comupmed by ho-
man errors of inconsistency and ommission. Computet
aulomaied tooly have been and will continue (o be devel-
oped 1o implement cxisting proven technologies that are
mest prone Lo inconsisiency knd omision error i pers
formad manually. :

Although more daziled clansifications are pouible,
aviomated 100ls may be parritioned into two basic
groups—ihose 100ls that assist In the definliion and
design of 1he sofiware, and those tools that help evaluate
ihe saftware gnee il is boill. The first grovp of 100l per-
farms the clericut functions of checking for compteteneay,
conkisiency, snd omission crron durlng requirements
definition and lesign activities. The us+fulness af such
1ools depends on the ubility to express requlrements and
soliwnre design in machine-readable Toim. Thu, Lhe
futuee utility af these tools iy, (o 8 large degree, directly
keyed 10 proginat in the development ard widespread use
of l.pﬂ:il"u:am':: lznguages, program déEn Iknguzpses,
and sutomatid LRcumentation sysems.,

. The RXVFP ivykce Lexl analysis ottt discussed
carlier, is Iyll:i'tli'l_'l_’-r ihe evaliition 1eols. TH% teehnology
i atready il * VRN Wetersdid staise 2RNObCH Wuck
Aecoualy revearch continues 1o be daected towaed the
witomatic genzealion of an optimel s of lest cases,
Widespread use and acceptance of these tools are preseni-
ly hampered by two problems-~the relugtance of manage-
ment 10 forsahe tracilionsl manual methods thas
previously have been successfyl on small software proj-
1
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way ol handling large amounis of data lasier than with
BeGuenlial proceseng.

Tha leadm in pargliel processmg. Goodyear Aergs-
pace, needs sxpenenced sstware professonals o
lead developmant of...

« Oporating sysiems

*  Aggemblars

s HOL Compilaea

_ ® Application Peckages

Prasenlly, lor HASA gnd other govammen! ag4ncies.
Qoedyear Aarospace is developing patallel compulets
lox...
image Procaxsing
lmige oxploitaticon
Tracking
Command and Control

& Elactronic Warare
Sequantial axperience is jus! e, YWe will leach you all .
you nead 10 kacw about parafiet computing,
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Tulorlal: Dezign of
Mlcroprocessor Systams
John M, Carzan

Thils hutoria! ls Inlandad fOr thess tnyolved In Lhe
deaign of microprecesacr.based syntema, Braasnts
lha entira dasign sftorl, wilh amphaals on sysiam
configuratlon, safiwere davelopmant, ang rslam
testing, Sirnasws the wide range of avalisbia micro-
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ecis, Amd e wenilabidity of 160 only Lo cumpanics ahie
t NMnanae theyr devebepucnt.

Honh prolpines wee enpevted Lo sbwly dissolve g the
nenl lew years, The fon ohlem will be overcome
througl an edueanivnal jovess, pandoularly regording
thee cust Benelins of subwunted tuols sad the prospect of
Being denied contrncts for large sofiware projecis if (he
iooh wre nod used, The second problem i moce mcitle, In
the futurg, mare eomnpasles may be willing 1o invest the
funds recessary for developing automaltic 1003 In Srder
10 protect future business, The purchase rights 1o wme
eristing wols are prescruly being markeied by (heir
developers. Angther future possitrility is thae, (or projects
whire 3 gOvernment pgency is Lhe procurer, aulomatic
lesl 1oGls may be available 23 government-furmished
gquipment.

At nutomated toolt schieve more prolific use over the
tntite safuoware life eycle, from ceguirements delinion
throwugh Lesting, & more complele verilication and valida-
Len of the sysiem results. 1L can alyo be eapecied 1hay gr-
rors would be devecied enrlier in the devtlopment cycle,
leading L& c@st containment.

It hat also been sugpested thay nearly error-free pro-
grams can be consirvcicd by applying ceriain organiza.
ticnal techpiques, The correcings of these propams
could be certified in & s1atic manner {without agfual px-
exulion) by uting mathemaltical proafs. The confirustive
approach o the development of programs is with ustoday
in the form of “'struciured ™ design and programming.
The sualic approach eoncerns ' pragram prools,'” & popu-
lar subject of current research. Praciical spplication of
pregram-progfl Lechnaiques to programs of significant glae
may be at least g decnde pway.!

The preef concept uset the program sousce stRLEMEnLs
10 prove mathematical theorema sboul program be.
havior. The expectied program behavior & charasierized
by a st of aaseriions. The intentions of the deigners are
reflected in these mxsertions aboul values of variables a1
end ot inlermed(ale’ pointa of the programs, The program
then cwn be converted inlo & Lheorem and 1he asserlions
proved.N

Program proofs are intended 10 place venfication pnd
vulidation on a thearetic#l foundstion thu iy mere tound
thuen cesting which cheexs ihe petformance of prograums

o the limited basit of # s of sample date. Major
. +hyteeles to The wider wse #2 proof iechnbques include dfjs

“ieulties in developing LEe #&xriions that nreto be proved
- 18 o the resulting denglio ! vie prool computations. The
somendz feasihiing o f frric st 1 prools fequines the lurther
wr erloment of augams?’ -rem-proving tool.M

A relared su_'.u:.:Hhalh',‘_‘:‘: T neogram proofs, symbolic
sdtion i wh erperinit 1 rechnique more likely s
=I'“"':‘Q1 _’!._t.-;_"!:.‘:i'.'hll il:.:*'ff_‘_:i:nill/inn in the nkar future,

DeengoFentealis iwd n. 7 ol executing 2 program 2ia
#O2 a STENIE 1,100 S Thirn dre veHfied Epaldl i
by neeete bt o poihian s gl s l’“ ¥ o
AT R S 0N 00 g iaGe: Bracival difs
ewhms TYONE (he AFOErAtion g wehrie mud the
economics of the required eomputailons,

Becausc of these difficaliies, tymbolic execntion dorg
noL n?* agpear to be economically festible far may ap-
Pheation o targe sofiware Frojects. However, selective
spplication af symbollc execution ro ertical soltware
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uniits would pe advaniageous when |hese wnins e puld dgir-
reparable harm il certuin condivpngn were viduied, Ange-
ampls might be spocnuiafl vl and vuntro | where
v i o st o Feomsitands cisthd v juse Mg wehi-
cle, Sueh softwrre woubd reguiog masiniem venificu o,

Presently, s goisd environment doos net cale {on Lhe ine
roductlon ol pew verificoon and validatlon aps
proaches. A conwelidation af prese echnolugy is need-
ed to O (he prp between available icchrology and
management'y abilicy 1o elfiviemly apply i1, This con- -~
solidution it neceasary to pravide a firm basis for in.
rpducing advansed methodelogies. B
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Software Management—A Survey of the Practice
in 1980

JACK B, DISTASO, Memnun, 1gEE

Adsiraci=The primary Crrusl of This peper 1 1o explere many of the
problcme currendy plagu.ng soliware development activities and to
propose how ime of the recenly developyd manapement graclices
miy be employcd in dedding with them. The pesctices described range
fiom people organitations {eg., chif programmes leams] to felly
aulgmiled enginecnng loods {25, soltwart requikemenit chginearing
methrdelogy ) A number of lechriqees oig prosented. Thew: include
At Thendf Tur coping with communicetians probiemain the requirgments
delemition aebiviry, M evolving o Taciliry which will help incicase the
Proatciniin 6f welew ard deviphoenand programme s, and id maintaining
a Nagh depgree of vizihdity Joning the clusive wied dosign aule wad Ll
Phins: uf 3 pRsgece,

Mg el renwoved March 34, 1TUED: revined Muy &, 190
the authow U wille TRW Lefrmar and Siace Sretemn, Lior Spser Vprk
Hrdosds licsrh, VA NG TR

A very priciical view of thc massgement preblemt shd bupgpesicd
approaches 4 preseried, Key principles, potential “pilfalls," and un-
rexdved conecens are addrepsed from s viewpomnt of where the ciate
of the wrt is 1odzy and where the ioduclry sppoats 10 be heading i Lhe
mid- 1930

1, INTRODUCTION

URING Lhe 1970, several major sludies were Bgcom.

" 'l‘bliﬂmr.l loward the orderly cvolulion of v spliware
=7 managcaent methodolngy. Advanced melthods for
defining requirements, schicving peoductivity improvements,
and mpreving the cantral and viability aof the soliwsre
develupmient process were ialroloced and wtilized in many
plaves, Vhis paper prescnls a sumnary af severat of the sp-
proachics develaned, with enphasic vn how these practives
tiay Nelp sddrezs many of the reat issucs focing 1he sviiware

GO HR R0 0900-1 1 DASOD 7S @ 1980 IBREE

4-3-)



v

FROCEEDIMNGS OF THE 1LEE, YOL, &8, NO, %, SLFTEMBER Lpup

1ic4
I BTATEM [H LG
IAEIYSTEN &
DAL
» SLRL IV EM A 1
. ki BN E T T O
A
IOFTwsaY
ALOWL AT UANTS
. WFTwany
' LB T A TION
WUBRYETEM M
e )
B EYTTIN
Ml T TR0

HoT o
' | InvEcnaTION

ETEN
FDhwaL FEXF -

I HaRACT 08 KYET LGHITER

Y ETEra DESIGH ?,/,{I iwod FRAT O
[: ok | L WPACT GF SUBEYTTIM A DLEIGH CrabGE
1 . . B W ACT OF SLBTYSTLM W il EAENT A TION

CxarGE

RAITITaM &

TLAFL i Tk T O
207D

fl l'I‘( ! /ﬁj _f

CA

AN 1

ALOG ALl NTE

e F 3
SURSYET M N 3
cHAICN

SLASYITAN b

IR LEW ENTATION

FacT =
Z

G P Y;

EN AR

Fig. 1. Sysiam gevelopmanit aehadule,

n“u

duvetopment manager af the 1980'%. Foor crncipal problem  variably the erticat factar in project sueses or faiture fo7 it
areas gre addreysed prejects of signilicant tixe. The ey elemenis of this problum

. . arg the follawing:
1} obtalning satisfaclory sollware requirements; £

1) improving the arf of sollware cast etlimaling: “1) continually changing user needs;

3} achieving sipnifican] productivily improvemchls; 1 2} scheduling difficullics of major sysiem developmeniy:

4) maintsining cenirel and wisibilly of sofiwen develop- || 3) commuaicalion burtcr among users, sysicm dexigners
ments, and sofiware designers:

. _ , . . 4) lack of usz of new gencratized methodologics;
Finalty, a briefl Yook i taken at some isaues that sre likely to 5} misapplication of simulation,

boccome key problems in the 1980,

- A -Urer Needs
g it e vaemen et gt 1,747 015 VORD be ckncdtovnke » scnt schn
ale 1o pellware project wccess. : : . . : ;
\ whith therc i3 naL cven an arlisl's eonception available, Simi-
The problem of peneratlag complole, consistent, waambigus  larly, we wonld nal fikely invest an o praduct for which the
v, tostable refiwsre reguirements conlfnues 1o plegue the  only descriplion that causisic a fow blick diageams ol ilg hasic
wltware dndustry and cemaing managematts musl erious  lueclions, plus perhaps some cpuations or ather descripltions
vhallenge 1o Bring order Lo the saliware developmenl procens of it fumlanicnial operating principles. On the otlicr _It-am.hi
i1, 1 is jinporiant 1o understand why this problem, whivh  boilding caniracior wio war conlinmunsly cxpected jo con-
ta hern delated, analy eed, and resesrehivd Tor yoens, i ine sieawn buildings wtligpot he gigaeeee Donbage, 1l sumlers of

1. REQUINCMENTS
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Fig. 2. Texm approsth 10 sof1wire reguiresanla deflinilion,

-ars, snd Lthe locslions for walll and windows specified, would
:ckly consider another tine of butincat, Yel, thege acenarios
i rezsonably reflect the situations which dats processing
13 and developers are commaonly faced with a1 1he start of &
jur sofiware developmenl actividy, [, B, Munsan | 2] staled
L The software industry still has Aol come up with any “pic-
-c3' ‘of its products. Users of major new complex avilems
- ugked 10 generate precise gpecifications for » product which
-y ‘can ncither "see™ nor fully undestand, User's responses
- predictable. They want o specilication that lesves them
‘ne options, does aof lock them forever to their initial
alghis, and provides some lTeedom 1o belier express their
;s w1 they see the product evolve,
Jor the developer, the prowing size and complexily of tys.
a1, coupled with wpers’ inabilily fo e¢xpress their needs, ia
reatingly poing 1o impact the developer's ability to scope
! produce hiz aystem. The software industry is one of the
+ remnaining bullders of one-of-a-kind syslemi, and unlil we
s oprovide p helter prespective of our praduct, the problem
sofltware requirements will remaln with us,

Spstem Seheduies

‘or mujor embedded com putler systeme, another phenomenon
wi Lo make the woflware regquirements definition tack #iffi-
1. This is the Megl that soffwere requirementy definition
wires & stablc ovorall system design—bul scheduoles rarcly
mil adequate time for the systemy enginecring and tubtyi-
L Jesign tuzks to stabilize before 10flware requlremenis are
cued,  For embedded systema, iho software provides the

§-3-3

coatrol logie (Le., the glue) that holda the gystem ogether and
causes it to work ak a system. Consequently, functional, ¢on-
trol or intérfacze changes in wirtually every other subsyiiem
typically have an impast (ofien mejor) on the syslem contral
sllware, Thiy is parlicularly proaounced carly in the program
when the design of ihese subsygams are undergaing major
Mucluntions in atlempting to mect thelr awn specificslions.
It wleo continues i & lower level thrcughout the development
tuch that the soltware conlinually must adjust to the changing
requirements of the subtysiems il eonirols {zee Fig. 1},

Consequently, the software requirtmenit are both jnsitislly
defayed and changed frequently during Lhis 1ime of subsyitem
design iteration, Unfortunately, ta support inlegration of thete
same subsysiems, portions of the gefware miusl be developed
and pezdy at the time of funciional integration of thete com-
ponents into the syslem. The net effest is that the sofllwaze
development must be initiated ¢arly ¢nough ta support the
imtzpration achedule, bul runs the risk of major reguirements
changes if il satarta before the system design has scttled down
sufficiently. .

£ Communicarion Barriers -

There exist real communication harrier among typical tys-
{etns wierifopotalom, hardware yyslcins eaginvering personnel
snd aoftwure destgners/programmess. With the growing epplls
callon of eompuier lechnology inte muny reslme of endeavoss,
it it not feaglble for the averuge poftware Jazigner Lo lesen the
langunge and technology of slf the polentisl applications of his
product. Converscly, the current explotion of hardwarefsali
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Fig. 2. Tanm sppionch 10 softwiry reguirements dellnition,

Nuars, and the locstions for watls snd window specified, would
guickly consider ancther line of buziness, Yel, these scenarios
still reasonably reflect the silustions which data processing
users and developers are commonly faced with al the tlart of &
major toftware development sclivity, ). B, Munson |2} stated
that the software industry still has not come up with any "pic-
turet” of itz products. Users of major new comples systems
are anked 10 generate precise specificalions far a product which
ihey can neither “see'’ nor fully understand. User's responses
are predictable. They want a tpecifieation that lesves them

.same options, does nor Jock them [orever 1o their initial
thoughis, and pravides some freedom 1o betler express (heir
nceds a3 they sec the product evolve, .

For 1he devcloper, Lhe growing slze and complexity of sys-
temi, eoupled with usen’ trability 1o express theit nesds, is
incremsingly going 1o impact the geveloper's sbility Lo xcope
and produce his sysiem. The woftware industry is one of the
few repmining builders of onc-of.a-%ind sysicma, and until we
gan provide a beller prespeclive of qur product, Lhe problem
&l software requircments will remain with us.

B Syarem Schedules

For mujor embedded computer syslems, snciher phtaomenon
gerved to make the sofiware requircmenn delinition task diffi-
.'Lil[." Twik iF the Tacl thet soltwere renuitements definilion
ronstirer nostable wversdl aystem deapn--hivt schadules rerely
s1mil adequate 1hue for the sysiems snpncering and anhays-
tems degign 1asks Lo stebilite hefore saliwatc requibnenents are
necdeld.  For embedded syalenn, the sofiware provides the

/
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control logit {Le,, the glue) chat holds the sysiem together and
causes it 1o work a2 s system, Consequently, funclional, con-
tral or sinleeface changes in virtually every other subsystem
typically have an impact {often major) on the system control
software. This is particutarly pronounced esrly in the program
when the desigh of these subsyuicems are undesgoing major
Nuctualions in alempting 10 Mot their own specilications.
It also continues #t a lower level throughout Lhe development
such that the software continually must sdjust to the changing
requirements af {he subsysiems i controls (ste Fig. i)

Conseguently, the softwere requircments are both initially
detlayed and changed frequenily during this time of subsystem
design lerzlicn, Unfortunately, losuppert integration of (hese
pame tubsystemt, portions of the software must be developed.
and ready at the time of funclional integration of thesc com-
ponents into the sysiem. The net elfcct is that the seflware
developmenl muest be intliated carly cnough to support the
inlegration sehedule, but runs Lhe risk af major requitcments
changes if it starts before Lhe system desipn has sclited down
sulliciently.

. Communication Barriery

There cxist real communication barrien among Lypical pys-
tems users/opereions, hardware ayalems engineering pemannel
win! anftwne tbesignersfprogrommors. Wilh ihe growing wppli-
catlon of computer Llechnalogy {nlo many resimi of endeavorn,
it 13 nost fewnlble For the mverage sofiware decigner Lo lcam the
languspe xnd (ovhnology of wll 1he poicnlis) vpplicatlune of hia
nroduct, Convennely, 1he cureont sxploalon of hyrdwutefinfi.
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ware counputer Lechnolagy hax mll‘.l'.‘.‘“ impogsible for anyaone
a0t continually involved in Lhis asenp 1o keep up with Lthe jer-
minology, ic) alone the Mull range of technicsl implicalions.
Consequently, even though much progress has boeen made in
the education of socicly in uses and applications of 1he com-
puter |31, » continually growing commwnication gap exists
gmong the Xey organizations needed to conligure s major new
pritem, Wilth the increasing specialization reguired to cope
with the compleaities in all faczts of both the applications and
the data processing lechnology, a new breed of specialisty ts
required who can bridpe (he gap between the other specindists,
The probtlem with this “generalized" speclalist is that his useful
life {5 years) in Lhis rote, before he i5 quidated by Lhe dis-
ciplines be servei, i3 very thorl relzlive 1a the time i 13kes (o
pih the experiencet needed 1o perform in that role. Currentdy,
1:h: best approach (o overcoming these communication barriers
1.; the assembly of 5 icam of syslems engineers and data pro-
cesging deigners working togelber clotely 1o perferm the eys-
tem funéional analyses and o prepare the delaited sollware
t:quiz:ménu apeciflicaiions, As shown jn Fig. 1, the sysiems
engineers should take the lead during the functional unalysis,
and the saliware designersshould direct the detail requirements
delinition aciivity. From these teamg, hopefully, the “gensry)-
ized" speciabists of the fulure will emerge,

n. M‘:m adolagy

/ Until recently, methodolegies for genenstion of soliware
regUiremants have becn guite Informal, Reguitements analyses

using functional flow block disgrams, A7 -charts, processing -

flow analyses, and Lhe like have been employed to undersland
the, problem. fIn this mode, tradilionsl manusl free-form
English language statemenls (i.¢., the progrmm shall | | .Y are
uecd {0 documenl Lhe requiremenls. At Doehm (4] notes,
Lhesc reguire virtually no Lraining=but their ambiguliy and Isck
of arganizalion generatly dead 1o seriows problems wilh incom-
pleteness, inconsislency, and misunderstanding among the
pecple using them. While there ar¢ now other options available,
manval specifications are ®il! the overwhelming mujority
amang forms of cument specifications.  Bochm 141 and
Millez [5] describe Tour other categories af methpdalogics

- 1Y formy bated: special purpose farms sre vied 1o Drovide
Lhe basic structures of the spegification;

1) aulomated assislance! auwtomated inleraction with the
user i provided 1o help rapidly construct » specification
that adheres [0 buili-in consistency rules;

3) automaled: integraled tools that help in generalion and
validation of complele and congistent specifications;

4] form,l: specifications are expreped In @ pregise malhe-
maliga! form, with both synlax and semantics nigorousty

\'. © defiped.

Twu mpjor avtomated tools which have received probably
the mosi usage Lthe past lew years sre prablem stalemend
language (PSL)problem stulernent unglyzer {PSA) 161 and
safiware requiremcins  engincering methodology (SREM)
7], FSLJPSA 15 a compuicr-aided struciured documeniation
and anslysis technique thal was devcloped for anatysiav and
documentaiion of requirements and preparation of functional
provessing specifications. As shown in Fig. 3, thiz sysiem has
the capakility Lo describe an information system, record that
deseriplion In x vompulerieed data base, incrementaily modify
the dale-buse descrlptlon and produce reporis and documenta.
lion ‘on JHhe gystem. PAL expresse: {he system descriplicr in
tu.h!ililll'l,'lﬂh. apsiem inputfouliut fMlow, = struclure,

1 noT
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Fig, 3. PSL{PSA symem 18],

dals structure, dsts derivatlon, 3ysiem size, pysictn dynamijal,
fyitem propertiss, and project mpnagzment, The saltwa.y
package P3A recordy this descriptlon in the dala base, modifies
it, performs analyeis, and generates reporis under dizeclion of
the user command lengusgs. PSL/PSA has continued 1o cvolve
and hax added more powerful conxistency snd completeness
chechs, plug better user-oriented dats entry and oulpul repart,
S5REM is » complere methodology Tor gencration of so(tware
requlreents for large real-time processing systems. As shown
in Fig. 4, it employg » nomenclature calicd requirements nel-
warks {RMet's) 10 upambiguously represeal all procemlng
palhs in a 3ystem while maintalajng precedence fruccenson rels-
tionships bu! wilhoul imposing design constrainis. Bt uzes &
formal sequirements statement language (RSLY 10 reducs’ am-
biguily and Lo facilitaie the sutometion of Lthe methodalogy,
Automaled {coli, inlegrated nlo @ regquirements enginecring
and validation syvlem (REVS) viing RSL statements 36 input,
cheek the requirements for compleieness and conEstency,
malnlein traceabitily 1o criginating requiremenizs snd models
nd gencrale simulglions to validale the cormectness of the
requirement, SREM has become gvaitable on a pumber of hest
compulers and hag been utilized on 1 number of defense, buai-

. mest, and distribuled processing applications.

Several ather Locls such o5 SADT {81, SAMM (9], etc., ase
tls0 in verious siages of developinent and uzage. The arey of
semisutomaled end gutomutcd requirements generation tooly
rcpresents one of the major sceomplishments of soflware
engineering in the lag: decade. Yet, at Lhis time, the usage af
these lools represents o very snall percentage of their potential
application. An obvjous reuson for this i their genera! lack of
availability in many places and the time il 1akes Le learn 1o use
them elfeclively, Anothct reason, however, is Lthat these Lools
generally require & data procestingfcompuler science orients-
tion. Yel, many of the large ayslem soflwgre Fequiremeniy
uclivitics are manzged and sixffeg with system analystsfengi-
necsr wha have relatively lillle of thia eneplation and often
repist the lcarning required by Lhese kinds of approachet. Thh
resstance is somewhat akin to that caperienced duning the
carly days of siruciured programmning, and a delermined
cuttomerfmanagement ancnur;nm:nt will probably be re.
quired lar these tools to galn widespread scceptance,

E, Simulation

Simulniion het been used Jor several years now in the tequin-
meniy apecification provess 1o briag quantification and pred.
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.on to ihe statement of performance requirements. However,
experence hay shown thal simulation'is just as likely 10 be
impraperly uted a1 it i5 to be used effectively. Some questions
which should be asked when dociding whether 1o erploy
simulation are the fotlowirg.

17 Is the prablem supportive of simulation? Syilema wiich
are essentially open loop, Heady 2ate, of delerministicip anture
nr:tly require simulation Lo accurlely define their performance
characteristics, Cenverscly, closed-toop nonlinear sysiems or
syit:ms requiring rapid rexponss Lo slep events ofien do require
mﬁdzlin; to adequatcly define their performance prrameiers.
ini iparticular, tySsiems reguiring responses to cortain siimuli
wuhln a ymat] time factor [<10) to the aversge module dispatch
1iMe oF ruRning Limge will ususlly fequire frirly Celailed model-
ing of the data-processing hardware gnd sofllware prosess.

) s tbere adeguale schedule, cosi, and dats aveilable 10
model the system 1o the required fdelity? This is probably
the single area where mosl simulation efforte run inlo trouble,
There is always u level of fidelity below which the simulation
5 :‘sunllllir worthles Tor the lask i1 it bring called 10 do.
Yet, feequently, there i either lasufficicar costfschedale
available to build the simulziion or Lthere is insufficient dala
':Ilﬂ the syslem or enviranment to model it (o the level af detail
n::us':ry In either case, it I3 pruden! te take a hard loak al
~hether any simulation work thould be peiformed, or whether
v miples analytic techniques could achieve cxantialty equivalent
=sults.

3) T4 the sysiem design slabiized sufficiently for stmulation?
Although simulation is frequently used In the requirements
d:l’:muon process, jt B importan? to remember 1hat it s detizgn
that'must be modeled-noi requiremcnty, per s¢. Il & system
tiguites modeling In great detall to achiew thr required stnu-
Iation Fifelity, then chanps wo thay vyyeem d. will by dev-

=36

aatuting to the smulation effort. In (hest cases, the simulas
tion ¢fien carngt be dong in qufficiznt time ta be useful 10
the requirementy definition procews, and again s clmpler means
of olleining performance pzramelest musl be utilized.

If the answer ¢ oll three of Ihere quastion: i3 yes, then Fimu-
latian is usually the best means 12 obtain precive, quantifiable
sysiemfroflware performance parameicrt. To oblein the data
neecesiry 10 deflne data-procesting mequirements {e.g., Liming,
instruction retes, Lhroughput, sie.) uSually will requirs & Tung-
tians) (eg., event driven) simulstion of the data-procening
hardware angd sofiware, an sccutule representation of the
procets control algorithms, and s realislic model of the external
input-puiput environment.

Il. Cosrinc

Soflwarc cosl estimallng is, a0 best, an imprecisa ant.  Estimalce wne
pencrelly clovded by guestions of inslruction coualy sed complly
fuctom, and tnivermlly aal bolicved.

Why are software cogt estimates genenally considered ta be
tongisienlly poor? In mosl endeavors, the Nt time through s
ntw cxperience i yypiczliy a time of difficully and emor, To
improve ones probabilily of iuccess, gencraily » period of
intenss planning, preliminary desigr and laboratory bread-
bosrding 35 spent. Few beilding conractors would bid on
houwss wilhoug s eg1 of plany showing ihe sizs, materal, gnd
layoul reguired, Rarely i 0 new plece of cnginecring hardware
{whethct 3 jel engine or on elecironic communicaiions setd
costed withour a signilicant rescarch and development elfac
which scoped the magnititde, perfarmence, snd environment of
the tquipment. Yet, major woltware procurements Trequendy
occur without any resesrch or erer mezninglul preliminary
dexign of the products 10 be dxveloped,
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A principal reason for this is tha! & customer or gystem de-
signer can wivally specify a few performance parameters (e 3.,
radar range, pulte e, frequency, sipnal-to-noise, elc.) lo
charscierize & picce af hardware guilicient for v hardware
designer o design, scope #nd bid the equipment. For sofls
ware, no such parsmelers currently exist.  Soflware cn
only bc characterized by the detalled functions H must per
form to carry out the requirements of the system, and oflen
these must al! be specified by the aystem detigner, Frequently
major systems are delined and bid before the detailed funes
tionul sequences of these syaleme are specified, Consequently,
the sofiware eslimates for \heye syslems reflect Lhe lack of
design definilion necessary for sccuracy.

Cotling of software is fusther complicated by the meiricy
involved, (See Curtis [35], thit issue,) RADC {10} hay shown
that the numbezr of muchine [nstructions provides the besl
single correlation with program cont {Fig, $Y. Yei, erea from
this data, errars of almost 1000:) are posxible uElng only Ihis
factor as n eslimator. Thu il becomes necestary 1o include
such qualitative factors o3 complealty, requirements volatility,
experience, ¢, 1a gt 2 beiter picture of 1he true potenlial
cosl. This ia In sharp contrast to most hardware developments
wheee a few dimpler metrice {¢.g, numben of COmMPORERLE,
drawers, ¢te.) can wsually estimgie the efforr to & reazonabie
degrte,

Unfortunately, even knowing Lhe factont (nvolved does hol
gusrantze 3 credible estimale since both the relaiive valve of &
Lven factor and the sensilivily of & particular job to that factor
musl alzo be entimated, Seversl efforts have been made over
the gast filleen years to quantily these factor and sngiliviies
i & fonn that can ke relaled to & particular sofiware task, Two
maodels which are being mainiaingd sng updated sre the RCA
PRICE-S )1} and TRW SCEP{)32]. Alihough most previous
cos! models have been generated by curve-filting cosl dats
frem previout devclopments, both PRICE-S snd SCEP altempt
1¢ construel the estimate by accpuniing fof Ihe ¢ Tfect of each
sentitivity and factor and combining these into a ¢otsl estimaie,
Bolh modely have used previous developments for validallon
and refinement.

ha2.7

PRICE-S uses 42 representative fuciors {Fig. 6) Lo represent
the saltware devclopment environment. The principal inpuly
te the rpdet re grouped into T calegorics

1] projeci magnitude—how much code (o be produced:

%) program applicalion—type of project (e.g., MIS, &3, eto.}:

3) level of new design and code —net available from existing
inveniory;

4} resources-experiencefskill level of developens:

5] hardware limitatiopa=—timing/memory constrings:

6] cusiomer specifications and rellability requirtments—
measure of mliability, tsting and documentation re-
quired;

1) developmeny environment ~what  complicatiag factors
exit,

The bmsic metric for ﬁ:r.rjut magnilude is number of delivered
executsble machine instructions (DEMI') to be devéloped,
Program spplication s the model's approach 1o provide weights
for Lhe relative difficulty of differemt types of software {from
1.0 for operating syslems Lz 0.9 for routine Mmathematical
operstionz).  QOrganizalionsl capabilitles and experience, in-
cluding labor categorles, productivity rates, compuler ppera-
tions, el¢,, are modeled by 1he rescurces variable. Other com.
plezity parsmeless can be accounted for under development
eavirgnment, where special faciors auch w3 parallel hardwire
developmenis, new languages, highly changing requirements,
eic., may be wddrezsed,

RCA FRICE-5 is'a supported model, sccessed on commercial
lime shating compuiers and zvailable uader monthly leasing
agrecmenis. Analher simitar commercial software coit eliima-
tion model iy the Putman SLIM madet 113).

TRW saftware goxt eatimating program {5CEP) it & mode
which uses 1§ lactoms to encompats Lhe cost estimating range.
Thesc ate grouped into

1) program gre—pumbses of DEMIS and duta #emy;

1) program sueributea-complexity, type, Ianguage;

3) hardwire attributes—gstorageftiming consteainty, concur.
rent hardware developmenis;
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Fig. 7. Examots of Taglonfrallag definlilons: THW SCEF mode.

4) projeci attribuier—pemonnel quality, expereme;

3) environmenia?

quired guality, compuler accen.

aliribuies—requircments volililily, re-

A major thrust of the SCEP model was 1o define subjective
, - sAramelen {e.g), complexity, required quality) in Llerms relm-
able to the problerm being solved. Fig, 7 shows an example of

the different rating ¥alues for required quality. In this tabie

guality iy defincd redalive 1o “full TRW policies.” This rating
refers 1o g atandard mt of policics for TRW soltware develop-

ment projects, which growgde anoih.

“aupdation block for

4.3.8

reliable 30ftware cosl eylimation. Asin PRICE-5, the principat
metric for SCEP is ihe aumber of DEMFS to be developed.
The hidelilty of the model was demonstrated by comparizons
wilh twealy completed prajects {see Flig. E) and this valida
tion { eonlnuing »s further project completion dute it made

available,

The pringipal eonsiderslions for somenne using Lhesy or
similar models for costing are: abillly 1o accvrately estimale pro-
gram size, ability to define the projecl envisonmenl and charic-
teristics (e.g., personnel qualily, requirementt volatility, rela-
tive complexity, e1c.) and the phility of the model te accuratety
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cslimale the ¢ogt, For z new development, errors o extimating
program &ize of 100 percent ure not waususl, Unlesa Lhe pros
giam requirements are feasonably siable end » thorough pre-
liminary design is performed (toa level whers elther algorithms
can be feoped or unil sizet compared with previous experi-
ences), the likelihcod of significantly mizetiimaiing program
size is quite high. One's ability te accurately asess the pro-
gram environment will vary greacly (zom profecl (o project,
For an snvirenfnent where 1hie reguirements are available ar
self-generated, the progpramming team deflned and in plece,
and the tark homogentous and well undenitood, the environ-
ment shoufd be readily defined, Many busines syslems pro-
iscts Tit this description. The opposite end of the specliurm
wiuld be » large new taclical commend and control system
where the man-mechine inteeface and operalional algorithms
are only vagutly undznstood, the processor capacity limiled
by sizefweight consideralions, and a Yarge incresse of staff
necesssry 10 oblain the needed development pesonnet, For
thiz latier claes of projecls, it will be aecesvary 1o coniinue the
eslimating procens well inta 1he development dtsell wniil many
of the purameiers have setilcd down. For many projeco, i
ray be as late a8 the seftware preliminary desipn review {PDR)
h-nl'mc an ducurate assczamenl can be made. lowever, Tt iy
uaunlly belier to recopnize the budgel problems thal #xist af
Lhis time (befre the main project expendilures are committed}
then 1o jump Into the myin development efTor! unaware of
the potential coaf implicalions.

Y. PropucTiviTy

Fechniques for obwaning the large sofiware produglivily Emprove-

meat pecded 16 meel rthe dala procesing demands of Lhe
I9E0' are agithm  currently available Aot even on the  mear
hodiion .

Luring \he last decade, the Industry ex perienced continually
incteaking produchivity, poimarily (hrough the use of higher
erder langusges and sollware implementiationftest tools and
the employment of modery programnming gractices. Eslimgzies
on Lhe long-lerm productivity improvement rate of program-
Mmerk ranze ftom 3 (o 7 percentfyear [34)=11&). While thisis
nal wuhuut nierht, the demands of the 1980% i for 10, 50, or
Ikl improvement (11, This demand for order of magnitude
i provemenu is being driven by lhree forced the advent of
comaplex “super syslems” cregted by nectins & muliiple disirib-

§.3-9
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ulcd syxtemyy, Lhe warcity of Irained soflware personnel, and
the eaplogive growth of Lhe com pirter hundwereinicio progasor
indusiry which hay put Jsla procesing herdware wilhin the
coxt rewch of moat arganizations.

It ¢an 'be paid thal the software industry has mangged to
aulomate virlualty every field except ils own, In fagl, Tanaka
116} wer information proceming becoming the mogt labor
michaive of ail industries by 1983 if better melhods are not
employed.

The prestest kelihood for obtaining subsianiial productivity
Improvemnents et in better sutometed tooling for the software
designer jutl g3 compuler wided desipnfmanulacturing (CADY
CAM) has significantly improved the productivity of handware
designees.  The 1echniques mosi cammonly discutied am the
saltware production fecility, librazies of primitives, new appli-
cations-oriented Ianguagss, integrated sysiems of development
tools, ete, A problem with mosi of these approaches is Lhat
they focys on the implementation phase of rhe develapment,
while much of the safiwsre cost and schedule i3 embedded in
the requirements, design, and system tes1 phasss. Furlher re-
search 1o L2 requirementt methodalogies, design languages,
and suiomaled test generntionfverifica lion tools, logsther with °
the implomentation looly wil be necessary before the degroes
of desired improvements can bo approached,

An exemple of o mu:hllud com puting facility dedicated to
supperl large software develepment: projects is he programs
ners's werkbench (PWH) T171 in use at Bell Laborstories.
The PWE s based on the concept thst propam development
and exscution of the resulting programs are two redically dil-
ferent funcelons, and much can be gafned by assigning each
function jo ¢ compuier best suited for it. The saltware
development is done on 1 PWA computer dedicated to that
task, while execution occurs on anather computer—the “target™
machine. Thue the FWE prezents » gingle uniform interface
1o ils uscry, even though it may be yupporting several target
Fysiema. The Bell fabs PWER is currcnily implemested on 2
nelwork aff PDP-11's operating under (ke UNIX tlme-sharing
systems, Same cupahilities of the PWE ere

1} tonvenient interactive computing strvices;

2) a file yiructuer oricnted 10 Intentlive uis;

3] 2 tet of 10cly for weanping and editing lext files;

4} u Nexjble command language:

5) extengive document preparalian facilitias;

6) Macilitiex 1o support emall dala base manugemenl problems.

The MWH §; a reasonsbly good cxample of 2 program produc.
lion fecility which generally featurct inleraclive programming,
sutomaied tpols and word processing, The range of postibili-
ties for such » facility {Fig. 92 is 2 funclion of the looking pre-
vided. This ¢an tange from & few Lexl ediling capabllitics to a
complele se| of development, text, quality assurance, xnéd con-
liguralion managemcent tools 10 a set of dcols plus an entire
library of primitives which can bc called and inscried inlo a
PrGEFam via the interaclive prograinniing featurer. The key to
prining significant productivity Unaprovements from thess
techniques i the provizion of thoic 1ook and primitives which
the usens ate farmifinr with and believe are useful, This genenally
can: starling the production facdity simply, with the interac-
live features, and a few well chosca Loals, Then additions 1a
the tocling can be made ag the demand lor them incresses (e,
when the users become comforiable with the enviconmeni}
Thit will also serve 10 sprea dout the capita) investments needed

+ furnish this kind of a tacitity.



NIETAED SOFTWARL MANAGEMUNT

DATA

FRIMITIVER

WRICTIVILE

g

FREILITY
. PADCESENG

! s

* Ay AN INT
HMULA TN

» TEET DAvIRS

INTEA AL Ty
PRGN Akl i)

TARCET
L= ]
f '
Fig- 4, Poagram predection factiiy. f
. !
i
-
' CRCN BT IO TUET PROCE Dk
pAGL|  pocuwgar ] LCIPICATION Ouanog | MULOCATION o wirrs
FARRLEAFY | gy Fatm Fat [T T
[ VT § gy | PATIN
(4 F1aENS (210134210 | AERY | TRAL [ M2 » e
AIM ;
: 3 [ SFIC S1dXENE (23003430 | JRCRY | TRAL | MIT | ECR s | AT1S ) LY B DAAACTLD
: j NY ECF e
153 | WRAC SIS |23 TNT427 Acun | vaon | s L -}
L1} ] H
e | SHC NS (3733620 | mihy | YRt | Fd | RO e f »inw
e | PG e 0mMA (3T T2 0 | FRCAT | TARE | R " HED)
T | moar
e | SFIC siTEE (T4 g e mid1 ECF 240 | 1.2
‘.r Ik | EFEC SULIRMER (D2 R4 B TCH Rl | ECE val | ki)
Lok | WRIC eEITES [3X30IRY 00 | JEO TCH Ris} w
. NEST
L%
b | SMEC SLDETME |1XFI3N12s | HD e :: ECr 212 LBl ] "SEE KO M
Y | WML svamdER JA2Tr3M0 N FoED L] 4 iy | IO 1] LR RF} "KL LD
L b
| BFIC e TS (1301367 MDA | TGL moin | ECrr1d LR
[T '
L
il | WEC wmiadres J33TIJN24 MDA | YACY | AO4D INT
i . Lo b
_ e | WLC wa N [J770000a MDA | VACI | mOan 0 *NEFERMLWCE CF ALY
"k
| WIC s |37 353) mna | Tk | C BT
1) ] AIC sHMHES 322 rA40 JADA T1A8 L Lord ,
TOU | mIay
ATan
LFoT

Fip. 13, Capmphy of reguiremanis {incerilily mainis,

V. ConTrOL

The kny 1a cffective control is 10 break wp the devclopmend inte &
rumber of small meanurable gicps and then Lo rigorously sudit the
sstitfaciory completion of Lthos: slcpr,

The 1970°% are apted for the introduction of severst excel-
‘ent approachesr for bringing order into the soltware develop-

ent process. The initia! work which started thu Lrend was
«hie structured programmingftap-dawn design concepis pre-
senled by Ditkstra [18]. Many ethess have since contribuled
elements of there spproaches, generally reflesred to et “modern
pregramming prectiees,”™ This paper would like to ditcusy
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some of ithese techmigued, which sre belleved necesmary for
conirolling the development of the large soflware bated 1ys-
tema af the | 980",

A, Requircments Traceability

While it is often mast dilficult to obisia sn sdeguate requine:
menls dpecification for 3 large opeealional real-lime gystem,
it is mandatory that once obtained, {hose requirements he con-
trolled, mepped 1o the design, and verified in tome formal
auditable Tazhion, in ordefr 1o have any measure of confidence
that Lhe product will meet the intent for which il s being
develaped. While this & relatively straighiforward or small
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projects, it is often 1 major contideration for Lirge projects
with thousands of reqeirements, many of which are under-
going significant change Ihroughout Lhe development, To con-
iral this proceas, it i advizable to mainrsin » record for each
requiremeni showing iis origin, change staiwy, design allocation,
test allocation, verification methad, and authority, The origin
of an individusl requirement can ranges from a uriguely identi-
fied paragraph in a requiremenis specification 10 an ¢lement in
» table of an interface contral document, 1t is mandatory to
coliest each real requirement [whatever ils gource), give it a
wnigque identification {usually referenced to source document,
paragraph, section, ¢tc.} and establish » control record for it
which 4 maintawsed throughout the project. Fig. 10 shows an
example af the 1ype of information needed jn this process. Ia
{19], Kraust and Dismant discuss » specific tool to perform
this fask which was used suceessfully 1o control and monitor
the testing of # program with over {0 000 requirements.

As shown in Fig. 11, the key elements in succesefully track-
ing the requirements allocation nd teSHRg proces: are to

I} umiquely sden(ily ¢vcry Individuzal proccising requirement

limcluding subparagraphs of section};

alioeate design sofutian 10 lowesl level(x) possible

mainlain sLalug of lalcil sulhortty governing 1hat require-

ment {sprcificatian, intetface documenl, change polics,

ete.);

allgcaie venlicalion of that requirement to spoeific test

procedure {al either unit, subsyilem o systcm level),

5) maintain record of testfretes? resulla;

£) continuously sudil the process to be sure ali 2ata s up i
date.

2}
3

4)

B. Procers Design

The cancepl of process design grew oul of The ballistie missile
defense processing requirement for large scale, high relfabilizy,

ullira-high-epecd renl-time processing of complex algorithms,’

and the asociated need 10 have s5ome assursnce Lhat the prob-
Jem was solvable dunng the casly stages of the major develop-
ment,  Davis and Vick 120], Gaulding and Lawzon [2!],
Dieylus and Karacsony [22] have each discussed differeri
aspects of (he approsch, Yeh and Zave | 361 present a view of

. 4-3-12

procen pecification from the perpective of oftware mquire
ments gentritlon. The putpose of process design is to iternts
the system requircements, hardwerefsaliware architecture, and
dala-base Slrusture 1o evolve  baseline hardware configuntion
wnd software design structure, The tocls of process design are
processing MTow anatyus, functions] slmulation and crtical od-
porithm dexignfbenchmarking. Fig. 12 depicts the basic en-
gincenng approach. Conceptually, process design contlders a
ma-time rystem as & 3¢l of tranaformationy on the syptem
silmuli 1o produce the proper system responaes, These treny-
formptions muy initislly be represenied in any of severul dif-
ferent forms {RMet's, threads, Petri-net, efc.)} but must oven-
tually provide a direst mapping whith shows how the allocated
processing requirements operate on the syatem inputs 19 pro-
vide bath the proper extemal outpuls and intermnal siale changes
faer Fig. 13), Critical algorithm beachmarking s used 10 “size™
{timing, memory) those key functions which have large uncer
tainties sssoclated with them. Functionsl simulation is weed ta
mode] the entire process, nid in iterating the potential design
salutions, and then to test ithe baseline struciure (o demonstrate
1z predicted performance under varying losads and external
environmenta.

C. Ieremcnial Developmen)

The purpost of incremental development {Fig. 14) is to re-
duce risk in the project by obtaining an early determination of
the performance of key tools, procedures and soflware, Wil-
liamz {23] discuvsses the need 10 “hear the process talk™ many
months before & complete set of capabilitics would otherwise
be available. The pariilioning of & soltware implemtntation
can sigrilicantly sffecl the enlire sysiem development Process
and needs 10 be considesed as a fundamental siep in che inital
scheduling of 3 program, Sone of ihe key (actem which should
be considcred in defining an incremental development approsch
are 31 foltowi,

1) Preliminary design of the entire soltware package must
be compleled before initintion of wny incremental develop-
meal activity. Each increment maat proceed in a2 sltalghts
forward manner from the preliminary design structure. Bud-
gels for timisg, Stofage, accurzcy, eic., iliocated a1 preliminary
design must be rigorovily adhered 1o wnd demenstraled In
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tach increment, so that late increments do not have (o “make-
up" For the lack of carizol of exrlier increments,

‘21 Functional cnpnbili;iés which are well defined but cons
ridered high rigk should be devetoped carly.

31} Syilem capabilities which are poorly defined or likely io
change thould be implemenicd a2 late a5 pomible, This includes
software functions supporting other subdystemi which them-
selves are undergoing change.

4} Orpanize increments to minimize breakage. Where possi-
bt i-l';_ﬂlﬂdl: cﬂmplélt functiony with clear ingerface delings-
tions, o

McGawan | 24| suggests that for large projacis 1he [oliowing
4 inceemenls should be provided in (he indicated order,

1) “An {njria! increment Lo cxercise #ll interfeces with exe-
culive saltwarc.,” Thu can bedone usinga “dummy”™ or “slub”
version of the applicalions code to excculc the opemling tyy-
tem features iny realistic environment,

2) "“An Insermediate incremenl 10 sxercise eaplicit interface
specifications.” This is exceptionally valuable when the poft-
ware Mydlem muil interface with newly built hardweoe or nen-
standard interface prolocols, Mokt interface bugs sar usually
b worked put during this incremenl,

1 Om‘;‘ of mare “imlerim increments bn exercise selecied
sysiem functions.” This is where funclion seleclion based on
Pﬂttntil”rtquir:m:nu or sofltware breakage thould be care-
Fully addresged.

4} “A final incremenl to exercise Llotal system lunclions.”
By this time mesl of the sysiem capabilities will have been
demensiraled. Therelore, this increment can focus or demon.
strating syslem performance under varying eaviraaments and

loads.
4-3-13

AL 3ecn, top-down integpration is readily served by incremen-
tal development, 83 the procesy ean evolve feom u First incres
menl congisting af an opermting system plus "dummy " applica-
tion programs (e, application modules represented by stuba
simelating the module interfaces) 1o » 3¢t of medyle contrel
roulines with cither stubs or real funclional software (depend-
ing on the specific increment} supporting them to a feal
capability where all iiuba are replaced by pperstional software,

D. Structured Development

In early {970%, Baker [25), M)y [26], Brooks (27) and
others, reporting on the lexsons lsarmed 4t 1AM, presented a
soflware doveiopment melhodology which Included the con-
cepls on lop-down d;::ign, chief programmer teams, strugtumyg
programming, and the like. Thew concepts received wide-
tpread acelaim in the Jiteralure, buy did oot &5 reacily become
sccepied pructices within the industry. Althaugh a L%
study by Holton [28] implied » lack of the widcrpread uasge
of thete ppprozches at that time, Munion [2) demonstrated g
2 1979 workshop on sofiwsre management that at least meay
merogpace and defense Eyslem econiraciors now LSE JDME
version of these praclices a5 & matter of policy. A brief
summary of the key concepts it glven belnw,

Chief Progremmer Téam:! A leam of 4-8 ecfiwace developen
contisting of 3 chiefl programmer, backup pregrammer, Lboar.
ian, and lask programmers. The chicl programmer is the team
lender who is responaible for Both Lhe development of critical
modules and the review of noncrilical modules assigned 1o the
task programmes. The backup programmer is abwo & scnioe
programmer who suppars the development of eritical module
and is avnilable to iake over as chicl programmer, il requined,
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The librarian maintaing the support processes for updsling
code libraries and test data libraries, supports program compila-
tion, binding and exccutlon, and mainlain :tllu: OR program
dicrepancies and lixes. '

Top-Down Design: Following sllocation of requirementy to
individual modules, the system is further decomposed in »
series of slepy starting from the module conteol ievel 1o 1 £t
of simpler and slmpler functions until the lowest level routines
are defiaed. Program design and coding is then stanzd at the
top Jevel, Testing occun with stubd for lower level rovtines.
']'h:“':l.u'bs are then replaced as each lower level rouline i
compleled. Top-down intepralion proceeds similyrly.

Sizuciured Design: This spproach eshances he modulafily
-H n syitem by providing [echruques o dividing latge pro-
p.ms inte modules. I proviges a melthodology for decompo-
mmn of a s¥siem inio independent modules, sUCh that chanpes
1] m:r giren module will have minimal effect on other modules
of Ih: yrtem,

S:ruﬂurrd Programming: Thit concept tervgs to define a
syslem by prfograms having only single noints of entry and exit,
Thu in accomplished by wirtug) elimbnalion of brapching state-
m:nh of copversely, by limitetion of program canstrucis 1o
s:qunml, iterative {DO-UNTILY, and selective {(F.THEN.ELSE)
shruetures {Fig. 15). This process eliminates the source of
mmy programming cors, Provides & formal mechanism fof

=d|.:cm; individua! coutine aitc to less than a ginglt page of
aatinyg {th_ul. complementing pregram modularity), and chimi-
rates Lhe possibility of generacing complicated hyrd-lo-under-
sang {and detog) “epagheiti” code. This techpjguoe i ususlly
imPITmtnt:d along with source Listing logic indeatation to im-
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dkdr

prove readability. By eipanding this concept inle deyign lan
guage of flowchariy, every sysiem can be represented by & series
of antspage deseripilons with ningle £ptry and exit.

Design Walk Thrcugh: Thit wilk through &3 » peerslevel .
design review with the emphasis on program emor detection,
It i conceplually s low-key nondclensive revitw where the
particlpants work to help the revitwer find potentis! eron in®
the deslgn wnd code. Thers har bean much dicustion on
whelher management could or showld stiend, The qualily
ard jntenszily of (he review is potentially higher with some
managtmeni slisndance—but the thrust of the revicw musi
still be to find errors, nat 1o impress the boss. Thus any
mansgement perticlpalion must be limlied to thoee capable
of underzlanding znd contributing ta the detail review process.

E. Sofiware Detign Lanpuage

The agpplication of 1aols to allow English-like languagss to be
used in designing snd documentiog software it becoming moee
widespread. One guch mutomated tool i the progam design
language (POLY of Caine ef #l, [2%]. A design in PDL s wriltea
in struclured Baglish Ter processing by the PDL procenor.
The proccssor gencrates dexipn documents which incude
formatled sequehcy listing, program callt and call orom refer-
ences. The PDL auiput can be formatied 3o 11 Lo remove the -
need for ceparais program flowchara, Updates are aceammon

daled by changes o the siructured English input.

PDL s commescislly svallable and is currently sopporied nn
a number of different compuiers. -

F. Unir Development Falders

Mot soflwars grganizations use goms sort of project note-
book, development workbook, detign folder, ete,, o collect
and maintain the muliiplicity of data generated during » large
development praject, One of the moit effeciive devices of
this kind iz ide wpit development folder {UDF) described by
ingruzsia [30). The UDF I1 2 notebook ssaccisted with each
unit of soliware in a development project. The nolzbook in
crganited by sections {thown in Fig. 16) and providet a uni-
form coliection point {or !l documenialion and code wisoci-
aled wilh that unit. Tha principle fentures of 1the UDF that
differentiale it frem many of the olher nolebooks mre

LY it is both & working document and an audiled controlled
document;

1 il provider mansgement with delailed visibility into the
progecss and peformence of each unjt on the project

) i1 aids individuazl discipline in the sstsblithment and st-
tainmeni of scheduled milesiones; ,

d) i1 providesr & cansislent projeci-wide approsch for uvalg
developmen] wnd atatus asEcurment;

5) jI produedt the deliverable documentation apocisted
with 2 givem ynit or an w-you-go basis, '

The UDF i “opened™ upon alocation of specific require-
ments 16 unlls, Wiually 21 the completion of preliminary design.
A unil cen be eny level of software from a rouline 1o 1 collec-
tion of roulints [performing s apecific function] which can be
developed by one individusl. Upon inltiation, the responaible
manager of chiel programmer asrignt the allocaled require-
ments and establishes the date for compietion of testing for
this wnit in a¢cordance with Lhe project schedule. Thero are
recorded on Lhe UDF cover sheey (Fip. 17). The amigned
programmer then defines his own inlermediary mitcsiones and
initiaice the design gclivity, When cach seclion it compleled,
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the jespontibie degigner sipny and datey the seclion, The review
aulhority {mansger, chiel progrymmer, or other re¥itwers)
lh:rl"n:'ntﬂ the section for completensss and accuracy and
spn roves it. Thus each unit is reviewed frequently for sdequacy
af dc\rcluprn:nl and progress. Additionally, each UDF is eon-
hnullly accounted for and mainlained in 2 locallon accemible
by quality assurance personnel for standards complisnce audit-
ing as well ag othes desipners for interface review, The a3-built
design description is maintained in the ezacl format specified
for delivery to the customer. Thus 1he large majority of Lhe
deliverable documentation iz made available by copying that
scction Trom all UDF% on the prejecl. A separaic “noles”
seciion may be kept with the UDF to record memog, analyses,
ar other perlinent dala relative 10 thaf unit.
o, Fgu-m} Assurance/Configuretion Manegement

Qualily assurance (QAYconliguralion managemenl (CMY
glay an important role for the soltware project manyger in the
auditing of on-going aciivities, status ascounting of configured
||¢m: and change specifications. The QA manager aets as the
projccl manager’s “hired gun to verily that soandards are
adhered 19, procedure: are Tollowed, documenialion is kent
up 10 date, e1c. Generally, well-defined logical standards,
ri]nr&u:ly cnforced, gre well accepied by mesl progrimmers,
An lexcetient approach for accomplishing Lhis is 1o automate
» much of the sudit ax poxsible, Code standards, siruciured
Pfﬂlrlmmmt rules, commentary requirements, elc,, we readily
amenable 10 gutomated verification. Often programmers will
uie Ihege lools themaslves during development to aszure theis
ptmng nf the audit st code turnover. At this time, documea-
talion mutt still B¢ manvaly sudited; however, use of the
u DF I.l.lﬂ\'l"! much of this audit 10 be done during the develop-

! a
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ment, cather theo all jus? pricr to documentation releass. The
role of configuration’ maragement is to malntain the current
status of all configured itema and documentation, For & large
project, p requiremenls or intesface change can have a tignifi-
cant sipple effect through much of the remaining documentas
tion and code. releases  Contrelled updating of beth zpon
incorponation of changes iy mandatory for sof twars devtlop-
ment sanity. Inevitably, howerer, it will be necessary 1o get
some "fia” incorporated before all the paperwork reviews and
approval are complete, A steeamlined quick fix proccdurs
which provides fast test tumaround in mandatory to aveid
having the project wrapped up in its own peper. However, 1his
musl be done within the framework of a rejeste -bazed CM 5¥3-
tem; It must provide s mechanism for identiGestion of all
changes {guick or permanent) sttached to s released baseline;
and It mugt facililete the incorporation {or replacement) of the
“guick™ fix as 1 permanent, fully decumented change.

H. Life-Cycle Maintenance

As the invcilmend In farge soflfware cysiems coatinues at b
expontntially increasing rate, (he interesl in mainlaining these
sYstems al reasonable costs i also increasing. En 3 recent sun
vey, Lientz=Swamson | 31] showed that for busingss dals-pro-
ceqaing sysiema moinlenance cosis now exceed developmenl
cosla. DeRoze [32] estimated in 1976 1hat 50-70 percent of
the Department of Defense softwere doltars are being spent
after the gollware bt been 1esied and delivered by Lhe develop-
menl conlfacinr., Acvording to Swanszoa [33], mainttnance
resourcey kre gencrally spplied Io ihree elayses of efforis:
comective—correction of latenl problems; pesfeciive —program)
documentabien improvements; and adaptive=changes to Lhe
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egrironment. Unlike hardware camponents, soflwane repair ia
o [tlatively amall parl of the myinténenee aclivity. Agzording
to the Lieatz-Swanson turvey, malntensnce efforly were
roughly distribuied as follows:

1} conecilon of prablemy—22 percent,
1} Programidocumeniation improverments—51 percent;
3] changes to data, files, and envitonment—27T percent.

]

Consequenlly, ualike hardware, improving solt ware reliabliity
will not1, of iteell, drasticslly reduee soflware mainlenance
gotts,  Munpson [34] provides some prectical gujdelines for
consideration of life-cycle problems during the requiremenls
and development activities. Some further thoughts for dealing
with each of the classes of mainrenance efforts are ,

Carreciive:
E) test £very branch snd Instruction doering usit resting;
2} track mnd wenly the demonmlralion of all require-
ments during some tevel of Lesling;
perform both nominal and siresa testing whensver
pougihte;”
perfarm comprehenaive repression tests after €ach
significenz change is incarporaled.
Perfective:

1Y many of these changes ocour becauge the requirenients
specificalion wus incomplete or unclear; look for
potenlia! holes in the specificalidn;

+2) provide fecdback 1@ the user pb carly as possible dur-
ing develapment 5 to the capabilitits and interface
bt will have wilh ihe syslems; cnhancemenly are
frequently necded in 1he user inlerface area,
Adaplive:

1} build maintainable code: use cading and documenin-
tion rizndardy, such as siTugtured progrzmming, to
facilitate a maimenance programmer cally following
the Jogic of the developed program;

2) build modular code; simplily inierfaces, Uimit code
end dzts inlerface functions (o coniro! routines;

J)

1)
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3) kcep documentation up [o dME;, do nod Allow o DEw
code release into the gysiem until wll documentation
iz complele;

4} maintain the rame Yevel of control on the data base
#1 ob the code’, Use sutomated, centralized conttol
whenever pogsible.

V1. DinECTIONS f
The zofiware Induttry la curresily axperiencing unpazalicled growth,
vecognilion and influence, tul thers are some worricd concerad on how

Ihe tain can be kepl “oo Lrack,”

As the 1970% were completed, the sofiwsre industry could
rightly point to having overcome many of the problems head-
lined the decade befora. Many larke projecus aré being cOm-
pleted on schedule and within cost: & methodology for con-
tralling large developments is being tmployed in many places;
and reliable cost models are being demonsirated and walidated.
Although examples Lo Lhe centrary stidl abound, §1 i3 realitdi-
cally pomible today to eslimale, develop and field o large
operational software pysicm with a high probability of yuccess,
Certainly, overly ambillous gstimales in a campelilive environ-
mcnt, continually changing requirements, poof Mansgerment,
lack of qualified personne), ¢ic., can stilt undermine any project,
bul given reatonahle development conditions, successiul
developmenis of monolithic systems shouid siarl becoming the
norin,  Unfortunalely, the processing demanda of the 1980%
will rexl likely allow {his uiopian condition 1o lasl for long.
Some of the arcss which sofllware managers chowtd waich for
inthe F930's indude 1he ollowing,

Requiremeniy Deflnition: All of che requiremenis method-
ologict in the world cannol overcome & cuttomer (Lker or 5y3-
tem designer} who continuslly chanpet his specification. While
many software usern have become educaled as to the peralfies
of this procew, the mpid growth of datx proceszing into pew
fields of endeavor only means more polentizl customers wha
wil! have to ez 1he price ihe hard way,

Dirteibwied Fracersing: Many of the procedures end tech-
nigues t3tablished for monolithic sysiermn are not readily trans-



ferable. o upgradable {0 distributed syslems. The muktiptica-
Hon of posauble paths, problems of intraprocess timing and
dexdlock, wynchirenization of data bases, and nonrdeterminiam
of the progaamming problem provide several dimemions of
new compleaity to an siready dilficult probiem, Yel, Lhe real
hardwarc coil savings svailable will d:ive the indualry in this
direction 81 & continually suselerallng race.

Micruproceasing: The advenl of the very low cost, high per-
formansc microcemnputer in causing the introducilon of Jipital
rrocessiny modulet in areus previgusly limlicd 1o electrome-
chanical or other pure hardware salubions, in many woys, the
iessons learned in he 1960' regarding the need for higher
icvel languages, itruciured developmenis, intepration principles,
alc., arg being relearncd. 1L appears we have hegome a0 com-
plagent with our newly gained methodologics and Lechniques
thal we cannot 1e¢ many of Lhe same old problems when they
rcappear in a slightly differeal fosm,

Perponnel: The data-processing industry is growing at such
an accelerated pace into areas of mech inereated complexity
thaj Ll avaitabildy af irained perspnact has been almos) com-
pletely exceeded. Whilc software development remaing one of
the mosl Jabor intensive of induslrics {wilh no real change in
sighi) the capabllily of mesting the continuslly growing pra-
cessing demunds of the (980 & presily threatened. Addi-
tionatly, Lhe increased complexily of most new §ySi£ms makes
lowering of the qualifications for pemsonnel & vifua! impossk
bifity. Geeatly increased research into means for signilficantly
improving productivity and for simplifying the development
processes j1 mundatery 10 keep from fajling toa far behind the
demand,

Super Syerems; Yery large duts sysiems are being conflipured
and thea Llinked with other Large syiiems to cresic guper-
sysiem networks to cope with the daps problems (e p, FET,
communication, command, and conirol elc.} in Ladey s sociely.
Thess sysiemis, by their very size and sature, are beyond the
scope of undemlanding of any peron o ttam of pPersons.
¥eb, ihe dete-processing industry mus! demonstrate & capabil-
ity 10 rationally evolve this cless of s¥siems to provide the g2
vices demanded by tocicly while respecting |he eoncerns of
soctely far privecy and protection spainst “big governament)f
buzinecis."

Covernment Regularions: Ay soltware receives a higher and
higher percenluge of the cois of new sysiemt, the slleniion il
is receiving al sl levels of government (¢4., House Govemn-
meni Operation Committec) la also increasing. The solution
of gavernament to this perceived *prablem™ is likely more regu-
lalion and siandardization, Whide Lhig 5 naot necessarily bad
(the industry Msc!f is continually wliempling 1o itandardize on
key approaches, languagex, €1c.), Lhe patential elfecl of gver-
regulation st & time when innovation is required could e de-
vaslaling. PRecent sludics have shown Lhat one impact of the
“Brooks Bil" bas been (o impcde Lhe scquisition by the
government of new compuling equipment, Simidar jmpedi-
menia on sofiware by impotition of overdy detsiled stangardy
of sudiling processcs could create an envirgnmend which is
nol aupporiive of incressed productivily .

V1. CONCLUSIONS
The Field of sofiware engincering and manugement is still
“eI¥ YOURE &) &R Ebginecring docipfine. However, the rapid
eapinsion bi ihe darn-proctutlag Industry will not allow
quiey time to grow and bBring to malurity the Lechaclogies and
practices netded to smouvthly evolva Lhe large sysiems of 1he
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future, The procemies snd Lechniguey reeded (o guide Fulure
developments must be developed and proven themaclves right
along with the syslems they are being uted to support, The
idens and approzchen presented in 1his paper represent & Map-
sho! In time of zome of the key principles cvolved durlng the
lagl decade. The complesity of the systems of 1he 19RO will
require gignificant sdvancements in most of these approaches
19 kevp pace with the demands for inproved produedc ety whitc
desling with prollems of increascd dimensienality.

Ten years ago, no gne would have paedicted that the art of
toftware enginesring and management would have schieved it
present state of maturity this toon. Comsequently, this suthor
is nol going to predicr thar the ingenuity and intengity of ef-
fort aceded to meet the challenges of the 1980 will not be
forihcoming, However, it will no! be a smoath and casy road,
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Software Quality Assurance: Testing and

Validation

JOHN B. GOODENOUGH aso CLEMENT L. McGOWAN

Abirwci—There aie many Ritfalla (o dhe vawary hardwie cngino
who mutl develop softwars.  In parlicular, hadwye quality soncol
procedures and comcepll ean mandy be misapplicd. The purpose of this
paper u Lo help hdwue vbeaied enginccal apply sovme of the qualily
sadwianey boacons kearged by pofliware enpinocr We Nl Soculd how
sl twarg i 2pd @ mot anylogous o hardwane, and Uhes owline Pecom-
mended soflware enpnaciiag spproscho o devalupiay high-guality
poltwary producth Wi concamlnis oa methods fon proveading wed
daecling el twikie CITOM.

. INTHODUCTICH
A The Softwarc-Hardware Analopt

HERE ARE many similarilies between softwarc 3ad bard-
” " ware design and develapment, but unless one is carelul,

the simitarilies can be misleading. Far eaample, hard-

wite {ulurcs are sometimes cansidered analogous 10 soltware

farlures, bul alten Lhe weong analogics are diawn. In particu-

ur, component delenoration i the wsos! ceust of hardware

fidure. In contrast, sofiware failuses gre almost alwaya design
1 1
]

sipnupdiipl recoved Detrwasy b1, 1980, revined Aprdd |4, 9RO,
Tae ity ore with SulTackh, 440 Tolien Fund Hoad, Walrbham, MA
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1

-

erenrr \hal show up only when the sofllware is uscd under
cerlain combitions.

For cxample, 3 hend caloulator was once manufactured that
did not coreclly compale the sine Tunction for all argument
values, Al units computed the came incomect value for parti-
culat srguments. This way clearly & densgn error—ihe Siecuit
for calculatiag sines wa incorrectly detigned. Since the cal-
culstor gave corrcct answers for most acpumenta, the problem
wis anly discovered by 4 few users, This ia typical of design
errers, which arc latenl until 1he hardware or cofltwasc is ¢ Xer-
cased wndes the appreprale coaditions.

Becausc soflware crrorn are snalogous 10 hardware design
erroes, poflfware quality sssunence [ocuzes oo technigues for
getting the dessgn right. Adaphing hardwwre quality acsurance
procedures o software develapmenl mezns focusing on the
proceduies wicd Lo prevent and deleél design errors. This it
the proper analogy helween software and hardware qualily
masurance.  JL illusirales aur goint thal unless one makes the
proper shalogita, inluilions shout how o ensure hardware
qualily will Jead ane asiray when woarking with toltware,

A comparison of hmdwarc and soltware ife cycles 13 given
in Fig. 1. This figurc indivates the phasey of dercloping s new
hardware or safiware product. Although Fig 1 provides an

O016-93 | 9780/0%00-10%3300.75 © 1980 IEEE
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avecrimplhfied and idealized descriplion, it shows clearly that
similar teems in ke two lields sametlimen have radically Jiffer-
ot mesnings. Perhaps the mopl important diflerences are

1} ceding programi 4 nol equivalent to manufaciuring &
product;

2} maintenance refers to quite dilferent processes (see Leh-
man [16] for further dizcussion of Lhis point);

3) program development snd lesl v conceplually similsr to
developing and t1esting a hardware prototy pe, bul in sofl-
ware, the "profolype™ is the Tiret ayslem Jhal galy deliv-
ered 1o uaers.

The focus of Lhis pape: is sofiware Lealing and quality assur-
ance. Ax Fup 1 indicates, we will thercfore be discussing pro-
cedures and concepls aimed a1 producing 3 high quality design
{in the hardware sense). Tesling and quality conbia! proce-
durey used in manulfeciuring of munalsining & hardwace pro-
duct are pot directly refexant o 1ofeware qualily ssumnce.

Finding desgn erron in difficult for bolh hardware and scli-
ware engineers, and finding such ertors is more difliculr ax the
vempicsity oF the producl incresses.  In genenal, software
products aré ¢quivalent (o very complen hardware products, so
1l s ne wonder developing high+yuality soliware is difficuli
and costly.

& Sourcer of Sofiware Errcra
The basic 312ps e developing 3 ROTIwATE I¥EIEM are

1} delining user requirements;

2} deciding what funcijons and majar COMBONENLS ¥ aystcm
musd provide 1o meel Lhess requircmenis;

3] designing and specifying the intended behavior of individ-
ugt gofiware components;

4) imgplementing (i€, coding} sofl ware components,

.

Lach of these sclftware developmend activilies s subjcet 10
£I1or "

1) conatruction €rrorm=Tailure of sofltware componenis,
implemented, 1o satify thelr specificalions,

4-4-2

1 specification emon—failure 1o accuntely specily the
intenduvd bebavegi of 1 wnit of sofiwere constmaction;

3) funclional design trrors—~Tailure 1o eslablish an overall
design able to mest denlified requiremenia;

4) reguirements efroni—latlure lg idealify user necds ac-
cursiely, mcluding failuin to communicale these aceds to
software designen.

Dilferent quality spurence lechniques aré required to deal
wilh Lthest orrosz, since they arise ab dilfesent slages of sof1-
ware development, [In thit paper, we will conccnlsate on
design, spacificalion, and construclion errors,

Software 4 alwayy 1egied befors being released for open-
lional use and vesting i Iypically the laut activity pelare ce-
lease, This pves fexting bigh risibilily to developerns and Bs€rs
and ofien lesds 1o an undue reliznce on tesis o3 lhe means af
casuning software quality,

Since tesls ar¢ performed only sficr code is wasten, they are
a costly method of detecling erran, especially specilication
and design crrors. Correcting these erron may requirs discind-
ing some sofuware thal has slrendy been wntien and Lesied, A
cost efisctive approach to reducing sofliwere errora musl al-
tempy tg prevent and detecl erron as soon as posssble. ldeally,
saltware Jespn errors are delected duting 1he design phese,
belore spetificalions of software components are writlen, and
incansistencies belween specificalions and the design wre de-
tecied before codc 4 writien,

In Scclign 13, we will discuss principles snd praclices under-
lying Lhe developmen: of software lests, and jn Section |11, we
will discuss an intepraicd approach (o saflware guality assur-
ance. Theinlegalcd approach discusses whar quality assurance
procedures and grincipics should be applicd st cach phase of
sofliware devclopmenl, rather 1han focusing solely on Che
developmenl and evalustion of test coaca.

1. Sorrware TESTING PRInCIFLES

Fiom gn engintering poinl of wiew, sofliwaie (esing hay
tradilionally been od hoc, wilh few principles and no throrety-
cal work jndigating how Lo construgl mn sdequale set of teann
or how o messure the wdequacy of » scl of st thal someone



has construcled. In the laal Ffew yenrs, however, some iheo:
retical work has increused our undenianding of how to con-
girwel Leghy. Wo will s thin receat work to show how the
sagin for an engneering approach to software lesling ja deve)-
cpinE.

Sofiwere testing Involves 1he enecution of progams with
palecied inputs, calied Leal canen, The resuits of femt exeputions
are thea weed o declde whether Lhe propram la epernling
acceplably.

The mopt comman ubjeclive in soflware lesning s to deler-
mine whether § program s cotrecl, ie., whether e program
produces specifivd mupuls when presented with permiicd
inputs, Although cormeciness may al lirst seem Lo be the mosl
imparlanl property A program can have, this i3 by no means
the case, particularly for large saltware systems. (Sce | 20] lor
s more detailed discvssion.] Large programs are allen sp com-
plex Lhey never vamplelely satisly their specifications, snd
yel, they may be quile usible because failures are gncouniesed
infrequently in practice, and when they do occur, Lhelr impact
o o» user is acceplably small,. Henoeo comeciness i3 nipt néces-
uaryifor » program 10 be utakle and uselful. Moz is correcinest
tulficienlt. A correct program may saltsy 3 narrawly drawn
specificslion and yet nol be suitable for operational use becavse
i pu:nc:. inpuis not salialying tht specification are prescnted
to the propram snd 1he repults of fuch incorrect wkage ate
unacceptable 1o the user. 1 & peogram it cormcct with respecit
10 an inadequale specificalion, s correciness i1 of litde valuc.

Consequently, although Lesting fer cofrectness is the ot
COmmon and best updersiood sesling poul, Corrcctness is by
R mn.m. the only mportant praperty of wsable soliware—
rllahlht}’, robutiness, ¢ificiency, and olher properties [scee

121 ) sre alvo of significanl importance. But these pmper!l.ts
e I.es: commanly (he focus of {esting activities,

In d“llm“l correctnesy Lexts, il 13 important (o keep o low
p:mcmlei «n miad,

1) ':Bluk box" tescs {1 e, 1etl cases chosen withoul know-
ledge of how a program has heen implemenicd] cannol ensure
that all correciness ereors are delecied onless Lhe {esta arc
exhaustive, ie., considd of all inpuls 1n the program’s inpul
domain. Exhpuglive festy are almos! never praciicable, how-
cver,  Inpul domainy mre just (oo large; oficn they arc not
finile.

2) Even “glag bon™ lenls {i €., tosls chosen with full know-
ledyge of how a pregram has heen implemealed) ate 8ol feced-
farly adequate to detect all correctness crrors. For eaample,
selecting 1cals 5@ al) branch condinonk in a program or even gkl
execulion paths through § program are exercised will nol devech
gn citer of 8 branch or path that should be present in the pro-
grani vomissing (see [ 1210

3} The most cllcclive way Ho design tesls is o hypolhesize
cortam galiware errors and then 1o select test cases that will
il il lhe errpry are preacnd.  We discuss aspecis of this ap-
praal’h below.

l'."uﬂrﬂl rescareh  approachey for developing corresiney
|nu Illlkm Iwg calsgories—delcrministic and probahilislic,
D:l:rmmulu: methads select (2ais that will fail il ceriain 2 inds
ol :rmr; {Im:: anly those kinds of crrora) are presznt in a pro-
;_um Probakiliztic methods provide estimates of 1he likeli-
md of wadelecied errofn fERUAINE in 3 program wilhout
ver fully guaraniceing that ald errors (af ceriain kinds) have
pech ehminged. Prokabilistic meihods are simed nal so much
at delinang how 1o select ceal dals bul rather 31 evaluating the
elicctivencar of Acits iB vALOYCTINg EfmerE, Ar
Lesiing method gires both a reliakle neas.

Y

-iteal soflware
Mectivenesa

T oan be doscribed in tarmis of finlic fisie machinea.

and, if the measure indicaies more mtin} th necded, thows »
Leater where furiher testing effart will be profilable.

For caample, the deilerniinadic approach i3 dtugiiaicd by
Chow's |6] Lcchaique lor 1esting communicalions toflwars
prolocols and programs implementing Them, Such proloccols
Thow he
shown thal glven an wppes bound on Lhe ndibsr of alales In
the veerresl findte sinle piachine, s sel of Lest cades van be
generated thet will detect sl errens due {o vassing siares and
rupsing o werrect glale trangihons, A pragram danpleiments
mg the protocol can be delcrmiinistically tesicd wilh These
snpuls 0 delermine i Tas realized the intended design, 1.6,
woccessful ¢xeculion imfplies the implementation i3 corect,
Weal |31] Jescribes a simiiar procedure [or detecting system
deudloc ks, nolential losses of messages, and olher communicas
Lons prelocul errorg, West alsn reguires that the prolocols be
madeled as Ninite state machines.

Another cxample ol the deferminislic approach is the one
developed by While and Colicn [32]. They aftempl wo decect
wnly crrorn duc Lo incorreclly wrillen brznch condilions in &
progeans, They partition the input domain of a program | inlo
cquivzlence classes such thal cach :Icmenl of a class, Qium
eacculson of Lthe same pregram control flaw path. Ther 1est-
ing tiralcpy describet how 10 select (o3t date to determine (f
the boundarics defining » ¢lass have becn shified from theuwr
votrect posiion, For example, piven 2 beundary defined by
an ordering relalion, &2, 34 + 72> V¥, they show why in gtn-
eral thiee test cases are needed (o show whether the boundary
has been correcily specified —1wo ¢ost pojnts an the houndary
and one off e baundary, &g, (3, 113, (=1, ~1], and (1, 4}
A more naive approach to lest cade seleclion would apsume
that Iwo icil cases would zuffice—one in wlhich the relarion
wat salisfied, snd one in which it was npi.  Bul Cohen and
Whire's analysis shows why two cazes are inauflicient to detec)
cirprs in 1he goellicients.  Showiag how inlwitive 1csting ap+
proaches can be inadeguate i3 an imporianl rezult of deisr-
ruinislic Lesting research. _

The vosuion clemenls in determinislic tesling approaches
arc ) their focus on detecting anly ceriain kinds af crros s
the absence af olher kinds of errors, and 2) Lhcir development
of methods for mlecting test data thal iz guarantecd 1o detect
thuge errors if Lhey arc prescnl. A produchive area for further
rescarch o definiag Lexl case selection methods (or additional
clagtes of crrom. Such rescarch is needed 10 provide » firm
theoretical basis 1o guide softwars enginccring praclice,

In yonsirasl o (he delerministic approsch to resting, in
whigh gy gllempls Lo find Lest cases puaranieed 1o detecl
cerinin kindy of errors, DeMilio cf af. [B] have doveloped &
pgbalulisiic methed Tor assessing e gquality of a test Kl
willizul knowing precisely whbat errors Lhe Lest scl is able 1o
delect,  Their method requites “mutating” (e, nodifyig)
the progiam 1o be Lested hy integduciag small changes Lhal
are likely to be erears. The original program and the mulated
programs are edled using the samiescl of tesl cases. The gualily
of the lest set is deterimined by Lhe number of mutants genti-
atvd awnd by how many il Lo pavs the Lesty. Ideally, all mulanis
fail. When miutanls are oot sliminated by |he [ests, one muil
ither atlempt to had test data To7 which the mutangs will
fail o1 duinorsirate Lhat Lhe mutanls sz £quivalenl Lo 8 COITEC)
progrem.

The principle underlying the mutation approach 1o testang o
“Test data thal distinguishes all programs diffeeing from a
carrect one by only simple errors is 3o seanbive Lhat i alio
wapheitly digtinguisthel more complex ermors™ |2,
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There is no ceriainly that ulf errors are diseoverad |1 (he el
of tesis climineles all incarrect mudants. The ssiumplion,
however, is thal in freclicé any remaining ¢fran are pol lin-
portanil. Research s curreatly underwey la pet 1o what 4xteat
this assumption holds and to see what kinds of program muga-
rions are mosl ukeful for valldating Lext seis [[].

Software tekling I3 nod curmenlly an engineering disclpline.
The theoretica! basis necded for such 3 daeipine simply dots
not yel exist. Bul cur examples of new testing spprosches
show that 1ome progress is being made.

White waiting for theory 1o cafch up with the needs of sof1-
were developers, 1od1y’s soflware engineers musl mpply rules

*of thumb learned by eapérience. These rulcs are well ex.
plained by Myers |231, |24], whose books conlain what is
protably the best currently availuble eglleclion ol pood prac-
ticea Mor developing software 1oty

Perhapr 1the most imporiant Lthing 1¢ remember aboul toh-
wire texting is that although it it necesury, il cannat e Lhe
wole means of ensuring saflware i rellable, robusd, and useful.
To oblain safiware having Lhest properties in sulficient mea-
sure, one must usc approprisle quality ssunace techmgues 3
cach stage in the soliware development procesd. Tesling is
only one of these stages.

tIE. AN INTEGRATED AFFROACH TOD QUALITY ASSURANCE

As noled previougly, software development is analogous 1o
the buiding and tcxsting of 2 hardwart prototype. Accordingty,
attempts to aurure soliware guality should aitend principally
Lo the design procens and should snalyze its ouiputs. Indeed,
H. Milis | B) recommends 1hat

Given double 1he budrer and scheduis (to test JB4 sacTity of &
requiremment o1 ulirareliability), do mol zpend Lhe calin on
Itsling —spend 11 0 dewgn and Inspoclion.

In this scchion, we review 1he softwere develapmenl process's
major activines, namely design, consiruction, snd tesling, from
the perspective of what proven quality suurance principley
und procedures should be spplied, Coversge of oll the apply-
cable techniquet snd rools 9 not possible here. Ralher, the
nlention here ia £ survey Lhe sinte of The arl & practiced with
suitlable references supplied for reader follow up.

A, Reducing Design end Specification Errors

Software, design can be characierized sy atlocating require-
menty to Lthe componenis of an architecture, This characien-
zalion siresses thel o design consials of parts (modules) and
their interconneclions Cinterface} far the purpose of realining
8 given sct of requirements, Ceazly this pradppeser Lhat Lhe
soflware tequirements are defined and snalyred prior 1o the
driign wctivity. Withow! fizst salisfying this impotianl presup-
position al! subsequent efforts Lo sssure g qualily pradug) are,
®l best, musguided.

Presently . there are quite & lew competing "design methed-
alopes™ offenng @ sollwale decrgner (or & design feam} pre-
wripfigns of explicst sleps o loliow o well 25 » peaafic,
praphic noterion (or representing Lbe resultant design, We
mealign hege come of the more promingnt appfoaches: slruc-
tured design [217. 1221, 129, [36], the Jackson method
[15], the Wamier—Onr apprasch {2151, 1301, the struciured
analys and design 1echnigque (SADTY [9], 1271, the requice-
ments engineering vahdalion system (REVS} [2], the tysem-
wtic deaign methodelogy (SDM) [3], [14]), the opcrationa!
sofiware concepk [26]1, [35), higher arder solware {HOS)
(131, and the archilesture definiien technique (ADT)Y [4}.
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Generubly by uging & Lop«down stralegy, tach of (heg
methods developr # soflware syalem design w1 8 group of
communlcallng mepdules. Such lop-down sralcgies proceed
from Lhe ganerad 1o the particular by fins defining the contey,
the function, and the interfuces for any module before apecily.
ing the jnternal deiails of that medubs, Howsver, the »yrioy;
methods are fundameninly differamt i8¢ what they regard 5y
impostamt sad in how they atiack a detign problem. Naturally
the graphic notition apocisted with 3 paricular mathod g
witll suited LD representing “imporiamt” syuem stpecis, That
i, lhe very motation for representing o detign aschiresture en-
forcey abstractlon by excluding or defeming less importan
aspecty (wa judged by » method's creators). Some of the ayy-
fem sapects 1hat have been used by warious design melhods Moy
crealing & “good" design sre; control flow, dats flow, Lhe
inpul and outpul date structures, the intcrnal data-base struc.
ture, slimsdusfresponse thresds through the syriem, hierrchi.
cal decompaailion of sydem Juncligns, system sisiea (o)
modes), snd the trandtions between them, dependencies be.
twecn funstions, and major sysiem fealures ihat should be
eazily changeable,

For o sofiware quality assurance viewpoinl, there are many
advantages to adopting & partwculay depgn method and graphic
noialion for represcaling n deaign, Such s slandard establishes
» basix Tor 1zaining and for projecl communicalion, This eascy
the infroduction of new personnel during dcvelopment snd
provides » usefud “menial ramework' fer the eventual main-
lainer, Once celesied, degign siandarda enhance the elficacy of
all inferngt design revicws by providing some objective crilenas
thal can be uaiformiy spplied when apeszing design “gualities”
such a1 compleitnest, cormectness, and clarity.  Morcover,
slandard design documentalion can—end thould—be supported
by wollwaze [ools thal siore the design informplion for sub-
squenl querics, Thet svicmatically produce & sisnderd for.
mething, ond {hat report on the congisieacy of the dengn in-
formziion tnlcred thuy ey, Some racarch snd development
cffarts (bared on peilicular detgn methods) have exlended the
design supparl wWoll Lo include simulaticns or “saimations” of
Ihe currently slosed design. In summary, with respocl to uting
o design méthod ¢xperience incdicales Lhal any reasctably $ys-
lemianic siralepy i betler than none,

Besrdes design reviews internsl 1o the devclopment team,
aeveral Tormal design reviews [or the benelit of tenior manage-
ment, the twilomer, znd an independent qualily assurance
proup asre ddvikable. Estaplished praciice now holds Lwo such
fermal eaticiscs calted Lhe proliminary design review {PDR)
and the critical design review [(CDR). The PDE jaesncs the
proposed deogn srchieciure for logical and Lechnicnl feasibil-
ity. All af the sdfowars components (both procedural and
data) should be funchonslly specificd with inlecfaces identi-
hied in sorne delail. Bnosdditian, & plan schedubng pubsequent
deaign, implementasion, testing, and inietranion 1asks muil be
provided. Draft vier and mainlerance manuals and a proposed
acceplance Test plan are appropriale. The CDR facwses on
implementation end performance fesnibiliy. 11 1ypically re-
quirey 1he dotatled slgonihms, data sfructurel, and wierface
formalr stong wilh memary and tageubion lime budgers for
cach zoflware tlements, Usually saiislying Lthe CDR “aclion
ilems®” i the prerequusite “fo inialing actual coding. Wilh
reapect bt intermad and formal design ceviews Glass L§1] bas
said 1he following,

Maopl imperlant, ibe tucotis o) fadurc ju dopandenl on praple,
The peoplie wioa siiend mupl e inielligeni, skilbod boowodpeabic
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in the specilic prublem area, soopcraiive, and have (he fimep
availopbiz 1o dedicale themssives 10 e review. Only the imletas
luns of capalde pouple cam muke o desipn review puLoessfud.

The quality assurance rale in » design review i to examine
ihe dosign For completensss {are 3l eequirements addrensed?),
fur yuality (using ohjective criberia derived from the ilvoied
deyign meihod), snd for edherence Lo slandurds,

B Reduceng Conniraction Errors

Sultware construction 15 concerned wilh the design of moadule
delails and thepn with expressing these delails in executsble
code, Algorithm design, data layoul, and access considerntions
are central 1o this aciivity.  Already there i1 a tich body of
knowledge aboul specific algorithms and data structuees a2
woll a5 their relglive performance tradealMs. By demonsirably
helping 10 improve Lthe qualily of soliware construclion, two
goneral practices have pained widespread woceptance—arruc-
lured programming for detaided rouline snd dala design and &
highes arder language {HOL) for coding programa.

Struclured programming involves the Riecarchical fabricalion
of programs and dats dructuzes by mcans of the repeated
applicalion af some bavic compasition rules. For example, in
“¢truciured coding' bavic statements (such w atithmeiic
evaluation and assignmentl] may be combined jnlo compound
stalemenis only by using asfzlement geguencing, conditional
sefeciion of 2 group of ataltements (0 be ernecuted, or cond;-
nznal aeralion of some stalemenss, That is, the unconditional
wranch of GO TO statement i excluded from stiucivded cou
g lsomenimes erroneously characienzed as GO TO-less pro-
grammingl. These résincucens generally imphly a rouling's
Now-af-voninal logic and have demonsirably reduced a ngnifi-
canl source af coding errosx, In Jess than a decade, structdred
propramming has gone from 3 propesed appecach |78, (191,
133] to an operational standard f{or most mapor softwaze
developers.

{oding standerds intomorzle aspecls of strugiurcd program-
ming wilh rules for indznlaticn (Lo reflect nestng), hoader
commenis, jdentjflier names, and 1the lengih of roulines (o
tncourage shont, functional procedures). A mapr premize of
structured programming i Lhat programs ave 1o be rcad by
prople a5 well a3 by compuiers. Procecding on thic premize,
qualily assurance activily has recently included ¢ode remting.
The tradinional desk checking by the programmer 15 grefitably

“augrmented with 3 mote [ormal peer code review [LO] that
scheduled, condacted using checkhisis for gudance, and tracked
with all the (rappings of reporis, acton items and follow wpa.

Using an HOL makes sofiware constreclhion much more
seliable and productive than wuing assembly langusge. Good
oplimiting compilers can now produce code that s wilthin 25
pereent i hath space and excculion ume of well-crafied
ausembly langusge. HOL code is 50 much casier (o produce,
checkout, maintain, and moduly thal it should br uzed forall
but the most siringently constrained fargel envirfonmenis.
Indeed, Fred Bicaks claims, | cannot casily conccive & pro-
pamming syslem 1 would build in asscmbly language™ [5].
Intcraclive debupgging in the symbolic tesma of the HOL source
propram subslanlially specds rowtine chedk oul, Modern 1y ped
HOLs (such a$ Pascal 1341} catch many data inlerface and
muuse errors during compildation, |n some cases, delailed de-
HED I::ii'i be beller represented in 3 suitable source HOL (be-
¢caust of the automalic check oul and cross relerengng) Than
m flowcharis or in aome program design lao pe (PDL),

1997

¢ Exiending Teavng Principler to Suftware Syrtems

The burden of producing delsiled dengn documenlation and
of urp (esting varous roullnes oflen pbacures whal the czsen-
na! product of sofliware development i, The real gonl should
be to Huce s sysiem {including people, machines, and 46/l wart}
into kalisfeciory operation,  Conzequently sysiem oad salt-
wirg intcgration are prominenily placed on Lhe critical psth,
To betier redus ¢ and enntrol the associated riak, software inle-
pration and testing efforid should e distribuled over x5 much
of {he coding effarl as possible. Indeed, a Niofc accuralc mes-
suze of current project davelopment siatun is “what percenlage
of Lthe 101 number of sofiware modules identificd dunng
architectiural design have been coded and inlegrated into an
optrational subgysrem?  Such m measure is far quperiar 1o
the more frequently uwied "how many lines have been coded?”
af “how meny modules have betn unit tested?™” Clearly a per-
cenlage-ol-modules-integraled mesture dicleles wiing pome
variant of a top-dawn implemenlaelion and tesling sequence
L1171, A significant sirategy ia o jdealify somec operslional
subsets {of "builds™) of the intended sysiem and Lo develop
end deliver in jucceision thess iubsets [28]. This approsch
provides wn early check out of 1the major oliwere and wier
inlerfaces white helping 1o jdenlily some important bul non-
technicd poteniial problems (e ., uzer treining, delivery for-
mul and mechanism, coordination of multiple contractors,
etc.). In fzct, testing should drive development in the sente
thal plangs Jor pesting software subsets should determine the
implemenlalion Scgucnce.

Tesling can be regarded nx gathering ieformalion on the soh-
ware's roliability. Thus viewed, test requirements, plans, and
procedurca ax welt a5 design reviews are a5 much 3 part of (esl-
ing a3 i faercinng soflware o0 o machine. It 5 beneficul 1o
have & separale paopect teal 07 quality stsurance team addreny
these issues. For example, & tesl procedurt must clearly deling
the senes of wCtions required 1o veaify 1that 1 producl meeis il
sequiremonts. These sclions mey include

1] confliguring-armanging Lthe sofliware, hardware, people,
and logistics for the 1est;

2} condilioning—bringang the sysicm to Lhe ininal stace for
Ietiing;

1) wnlroducing date—eniedageither “live™ ar gimulated dala;

4) glarting the [edt—indining and synchronizing where
neccianry |

5} cotlceling data—gathering snapshot, frequency, snd re-
pource utilicalion information;

&) duplaying results=selecting and formatting tesulls a5
dirccted,

7} analying resulty~comparing actual (o eapecicd,

A vanety ul spfiwsre togls assisl in condueting rest procedures.
Thewe ynclude coviroament simulators, 1est data generaton,
and test coveragt analyzcrs,

In summary, soltware development wnd 125t Iy fairly anulo-
gous e the development and Llegling of 8 hardware pratoiype;
design errors predominate.  This insight helps in identifying
wme maor sources of wflware erron. A zerniows software
quality assurance effori that Tocusts on Lhese crror sources
must be aclive from a project’y inceplion. The issues of rc-
guiremenly 1ertnbilily, traceabulity, and coat mu be rescived
carly. Drerign reviewy must be conducted for the purpose of
finding deaign crrors sooncr rather than later, Froven methods
for desigming, programming, making the evolving produc!
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visibic, and conlrolhing difforenl syuen canfipurslinns can be
slundurdized and 1hen supparied by s snbiable ioiiwere project
library with sesochaled procedures, O course, exteolion ekl
ing remains the grinclple means for determining the current
statug of & software product, .
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Sf;ecifying Software Requirements

RAYMOND T. YEW, sknvron MEmerw, ek, ano PAMELA ZAVE

Aduiragr=Muny of ght p o ldema of gidivw nee ay vimn develupmcad can
b lraed o puor urdenrianding o speetfleation of whal the sysfem is
wpposed 10 ¢, Much mileazion is now belng fivan (o producing e
guircoscat specificationt thal Jre wnderstandalie, formad, complete,
nd modifishle, The slructure awd craiosi of cuncepivad modely Tor
problem umicrtlanding bre discussed; wuch sodals can torm the basis
for reyqueirereeniy enalysis,  Tochniques fir “luning” sl Tormally
gpecilying Uie conceptusl moded aie survikyad, and che proper scopr of
a sl iwnre quitemenle documen{—mchuding nomfuneiional requine-
menta wich i3 performance —is expluined.

l. INTRODUCTION

T 1S BECOMING evident Lhar the central problem in large
I[d.u processing complexes is condiawiiy snd change, and

not fyslem development, By curment estimatea [6], main-
tenance casl i the predomingte coat over the life cycie of
goflware aysiem. [ this tread contiaves, most organizations
will eventually be strangled—most of their resources will be
used for maintenance and few, if any, will be available for new
development, lronically, much of the maintenance cost is duse
lo poor rcquiremments specification, ax pointed out by many
suthors |51, [75, [24] .

The neglect sulfered by the requirenients phase in sofiware
engneering iy not surprsing in light of the fact that many en-
inecnng disciplines evolve in a botlem-up fashion, Inthe case
of zaltware enpneening, programmens had 10 bend bach wards
1o atcomodate the compuler duning Lhe 2arly days of compult-
ing. The programmer’s task was Lo code gmall algorithms in
the machine lenguage of a particular compuler, JI was con-
udered good practice to use as many clever tricks as possible
1o “squecze’ a5 much bme and memory out af the maching
a possible.  This rather resirictive environment Jeft little
freedem to individual programment.  As the complexity of
problems has grewn and high-level Innguages have cmerged,
mdividun programmess can na longer compsehend their prob-
lemé entisely; hence the necessity for “deggn™ has become
geident. While “desipn™ is an injermedinte step beiween the

. Fﬂ.:iud world snd the actual product {the code), it assumcs
thyl Ihe designer has an o proosi underitanding of the proablem,
This sssemption is ofien noi true, especislly for large, complex
problems  Thus evolution has fnally lead uz to sudy the
pioblem of sysiemstic analysis and derivation of software
fguire ments,

although many techaiques and tocls have beep developed
aunng (he last few years (1], (261, 128}, 132], 10 aid in ihe

wdyks wnd apectfication of sofllwake fequiremenis, many

problemi remain in current praciice. The qualicy af different
pquiremenls documents varics preatly, depending on Lhe back-

Minw iipl recaived Apell %, F9EQ: riviprd Mup &, 1938, Thia wovk
b pporInd in st by Ihe WS, Ax bodey wader Cnnicact § 49810
v3 GOD) and by the US aymy wnder Coarract DASG 60-00-C-00TH4.

Thd wwibgun are with dhe Computar Scithed CHparimend, Uaintriicy
ol Wunyizat, Collage Fork, D 207437,

ground aof the userfproponent. Such documents wo usually
miuases of detail, often comprising valumes of naural language
stalemenls. There amm ne standards aboul what should or
should nol be ircluded in 5 soitware requircment document,
nor is Lthere any formal interaction belwech user and developer
while 1he requirements are being devetoped,

We beliove that part of the problem encountered in devel-
aping requirerents iv a lack of undentanding of what should
he the aclivilies durnng this phasc. In many lechpiques pro-
poset, dexign as well as implemeniation i3 sonsidered as part
of the zequirements document, bn oub opinion, thiee main
sctivities should be pursued dupng the requirements phate

1) problem Identificenion —identify snd describe Lhe needs
of & rystem [or certzin purposes;

21 problem wnderatanding—collevt and analyze information
aboul the sytlem and its environment, #s well as their
inieraction;

3 problem tpecification—describe
LYsiem,

the behavior of the

This pape: i tnlended to be a tuiensl intreduction Lo & 5¥s-
lemalic approach for generaling software requirements.  AS
such, we will look at some of the basic issucs in requirements
generation’ What information should be included in a require-
menls document? How should requircments be slated? What
arc the Tundamental steps in the sysiemang denration of sc-
quirements? Before we tan proceed to some of these queszions
we need first come 1o 2 consensus 25 to whal & requirements
documnenl is, and what it is for.

A “requlrement' is tomething mandalory. |1 conveys an
ecsentizl property or condition that the system musi satisly,
For example, 8 sentence such ag “Weights of up to 10 tons
must te spported”™ would be pant of Ihe reguirements for &
bridge, A precise ucseription of the requiremenls for a soft-
ware sytlem i called asofiwarr requircments dacurment (SRD),
We may thus define 2 coftware requirements document as
“a set of precisely stated properiies or eontiraints that a soft-
wile Eysiem must patisly ™

While 1the SRD specifies what the syslem i le do, it Moy
nol constrain Aow il i1 Lo be done, for thel is the provinee of
design, If requirements snalysts thiak in terms of v particular
syptem siruciure, they will inevitably lock that design inte the
requirements. ©vén i il is not the besl solution to Lhe read
problem. 1he bridge requiremenls drawnrup by a munici-
pality should nol specily » suspension brdge, lor insance,
because a good civil engineer may propose & much mons cost-
effestive struciure,

To pul o another way, an SRD egtablishes boundancs on
ihe “solution space™ of the problem af developing a useful
waltware system, These boundares are made up of propertics
and conytrainlt which can he used 10 1e3t whether a proposed

00)E-921%/A0/0500-1077300.75 © 1980 LEEC

4-5-1



10TH

polution (design of actual implemeniation} it indeed valid, Ap
LRD it & bchavioral description of 3 “lamily™ of wolutions,
whils a deslgn is a struccural description of a parlicular solutian.

The SED could be uied by many differcnt groups throughout
the lUfs cycls of the sysiem It specifier. [Firal of ol, It is the
baais for ¢ contrecl berween the custonier and the developer.
Additionally, the SRD 11 the basis for deslgn, fur developing
the wier's marul, snd for controlling the evolulion of the
gystam. Bt i1 Aol surpruing thel lack of o pood neguirements
methodology hat contrbuted significantly to the cost of scli-
ware. In ihe nexl section, we shall discuss ceralp mequire-
menis {or SAD's. Subscquent wEclions present a systematic
spproach for developing SRD' as & rynthesis of some of the
guisting approaches,

lI. REQUIREMENTS FOR REQUIREMENTS

What is a set of criteria for » good SRDT We may desive
wich cnfera by otserving Lhe uses of the SRD

1} a1 & means of cOmmunication ameng wsen, experis, anz-
Iysts, and desgners;

1) to support design validation;

3} to conlrol the operations and evolution af the system it
specifies,

Eince the SRO must gerve such a variety ol people, perhaps
its most impartanl propeety is wnderstandabidity . ‘The greatest
barrietr 10 human wndersianding presepted by Loday™s pysiemy
prollems is their complexity, and o 1he SRD must uge any
svaileble mesny 1o decompote compleaity. The 1wo mst
familiar sppreaches lo decomposition of complenity c3n be
termed “partition™ and “abstraction.'” Partition js descobing
& whole (Lhe complete gysiem} in lerms of i1 party, Abstrac.
lien ia describing 8 complele syslem very abdirac)ly, and then
sdding successive layers of Jelaid o the deacriplion, Thas pro-
cess of elaboration 1 often called “stepwise sefinement,”™ and
the resulting descniplion has 8 hicrarchical sireceure. Anolher
promising stralegy i3 “'projection” of the description onlo
“orthogonal” componcnls, each component being v descrip-
tion of Lhe complele sysiem, bul Only mentioning » subset of
s properlies. An obvipuy analogy iy that & Iwo-dim ensional
architectural drawing 13 » projectuon of Ihe description for a
compicit three-dimemions) building anto a1 particular view.
There 13 much 10 leain about how ind when to v each de.
composition lechnique, but surcly they can help & persop
understamd the SRD one picce at 0 lime,

In arder 1o be absle Ly validate his design, the desipner must
be able 10 azcenwn that i1 will lead ta s syslem fulfilling the
contract, by wenlfying that cerisin praperties of the design
salisly the requuements. This reguires that the SED should
have the property of formalny. Fupthermare, s formal speci-
fication can br incorporated into & desipn dsts base, and sub.
jected (o sulomaled conmslency checkers #nd gther design
Lools. 11 Mmay even b poasiblc 1o make requirements specif-
cations inlerpretabie (e, “fimulstable”]. This would make
testing available 41 & validauon 120l | 35].

Two issues ace wvelved insysiem evolation control: avoiding
making chinges, and making changes easily uwnder the con.
strmnd that “small perturbations in the envitoament should
cause correspondingly small changes in the ayalem.” To svond
UnReLeLsaly ayslem ¢ hanges, the SHD mud be cemplele in that
all constraints and susumphons are explicitly s1ajed, This -
cludes 1he ofen-neglecied nunfuncijone] Mguirements, such
ar conatraints on the perfos cve, reliabilily, and cost of a
system [atg Seclion V. - ttems underfa conlinuous

b _
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evohition { 4], however, snd 50 the SRD itself mutt be easily
updaled. Thus the SRD musi also heve Lhe properiies of
“complelcnesy”™ wnd *modifiabitity® |3], The wark of Simon
{30] suggests Ihat both proporties may be anhanced by model-
ing the environment of the gyslemn Lo be developed, This idea
will be digtuxsed In Sectioa 111 .

To summenee, the critens on which tu Juldgy wn SRD ane:
underetandubility, formality, compleienssn, and modilinbllity,

LI, ConcrrTusc. MODELING a5 A Basis ror
R UIREMENTS SPECIFICATION

In order to wrile a good SRD, an snalyst must Girst have o
good understandng of the problem. 3Such an undemtanding
is urually schieved Lhrough mental models that exist n the
minda of analysie. However, for complex eystems, nat only
is il impossible for any individual 10 camprehend the whete
problem, bur such mental models tend to be neomplete pnd
ambiguous dut to the jnherent complexity of the EYstem 1o
be designed, Inis, therefore, necestary 10 construct &n expliciy
foymal mpdel from 1he very beginning #nd upe ji pe o batis for
enalycis and hence aiding in the understanding of the probiem,

A concepiual modsl i uicd for problem understanding, and
therefort can be regarded as o complen “knowledps structure"
which canxisty of 8 highly structured colection of concepts
and theis inteselationahips, Ananalyst may gain understanding
ol Lthe prablern by “novigating” through such & knowledge
rtructure, Thus the modeling process conkits of s collcction
of sctlivitics involving information gatheding, analysis, and
sliucturing. J1 invalves both bollom-up processct, eg., infor-
mation ¢oliection and aggregation, and 1op-down pmcﬂui‘
e§., tlamilicalion and decompostijon, The SRD i then y
precise descriplion of our undemtanding Lhrough modehng,
prescaled in scparate parls which are “orihogonal' to cach
clher,

The question belore us pow by “what Lo model®™ IL i in-
structive to quote the following |30): A man, viewed n3 4
behaving gysteun, is quile simple, The appatent compleniny
of his behavsor over yime is largely & reflection of the com,
plenity af Lhe environment in which he linds himeell " Lag
software gystems are known lo undergd continuous changss
Theze changes wra pamarily dus to envucnmental perlurby.
tens: héw machine being installed new applications added,
eic. In order o “design for change' 0 23 Lo minimize the
evolutiohary impact on Lhe system, the conceplual model ng,
only necds to model the system 1o be dengned, but also the
enwranment in which the aystem iy embedded,

Abatragily, we may (egard the whole environment 18 1 3¢
of aryrchionoudy interscting processes in which the systen
1o be deupned is one op several of the proceses, We provig
Lhe basie struciure of 1 simple concepiual model in Fig. 1.

The simple model depicted in Fig. 1 describes the £¥5ien
and the gpvitanment ax dwo iRteracting sbsydems. Th'
fraturcs of 1he envirzonment (o be modeled are

I} entiries—identiliable abjects in the £nvitonment;
1) erents~happening in the Epvirgnment.

The “states’ in the gystem consin of informiadon clap
relevanl enlities and  their attribuied bn Lhe environmers
Consider for example, the “history of palitnts™ in a Rakieg-
moniioring system. This ssle Muy contain the following g

formatien: patienl name, patient D number, rl'l:lslllﬂ'l'l:q:
made on g patical’s health factors duning the lpat six mont!
The “sclions” of 1he tyslem aft reipontes of the r_rst:m“'
Lthe ¢venla in the eovigonmeni; these aclions may, ih e
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Fig. i. Base plrucivee of § impit concepina] mode,

Itgger othetr events in the envjironment, Note Lhat Lthe acton
or peecessors of sclions could be gither human o machine
{which may not be specificd a1 this level). The exchanges be-
rweel dhe environment and the system are carped out through
messages of some olher such communicatien faciyty. O course
thn information alont would por be sulficient 10 Jdevelop the
model. To do ao, we must incfude in the “kpowledge base'
conslrainty, eg., relationships amoang entilies such xy pany/
whole, inktance of, s€quencing af eveniy, ¢lc.

Note thai the conceptual model may be ponatructed by
many peopie and hence is 8 resul of consolidating many dil-
Icrent views, In ihe process, o greal deal of redundang infor-
mutren miay have been collecicd in the model, While redup-
dancy facilitates underslanding, it may also restrict & desipner's
freedom of choica. Thus redundancies need (o be Hitered out
of the conceprusl model ¢o larm the SRD. We rew rhen the
S3RD n1 the minimal st of essentidd information extracted
frent Lhe conceprual medel which can campletely characrerize
the s¥ktem o be developed,

The model presenled an Fig 1 has dready partitioned Lhe
glubal eavironmen! hilo scparate parts, This moie] can be
further refined 10 model more sophitlicated systems, such as
opei1dling sysiems,-by partlfioning bolh 1he enwronment and
the <ompuier system inlo seis of mynchronouwdly inleracling
prosEsses.

An Lxainpie

Let us connder & timple example by developing a patient-
marionng sysien, Toe wninal * slaiement of needs” ¢ piven
a Tollowse,

“A palieat-monilOnng System (s to be designed Tora hospilal,
Exch paticrt is morlored by an analog device which measureg
factand such as pulse, lemperature, blocd pressure and shin re.
iggtance. The program reads those lactor en a penedic besi

steified for each palient, keeps 3 hustory of 1he lacios values,

ampares Lhe Jacior vilues wih safe ranges specificd for ench
pruent, snd nolified the nurse seplion if any Maclod 13 ouinde
of the wefe range™

In geneml, such #talements of needs do not provide all the
wlarmanon aceded for develaping the aystens  .Iditional in-
fmmibcs thould be collected snd organize. or te mode]
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the ryslcin and ils envirgnmentl., For the palient-monitoting
syntem, for example, we may colleee the fglowing from the
needs starement:

1) ensities—hospitel, patient, nurse, safe range, etc,;

2} ¢vents—patient-monitoring, I:ctumuut-uf—nl’:-unl;l;

3) system  capabilities fections}-messure factors, keep
history.

4) atutes—patient-Tactor-histery, facior-range;

5) wnricipaied changes—ficquenciva of facton messured,
Mactors.

In genersl, we may obtain additional rtlevant infornatin
for our model based on the fellowing Iwo assumplions | 35].

1) The data-procesting requircneenls of w0 orpanization can
vsually be determined fram the colieclion of tasks required to
be performed within an grganization,

2} In each organizalion Ihere it a common underlying Jan-
Huage wicd far commmuricglion ameng tasks andfor the task
peefarmers. This Innguage consists of reparts, files, on-lint in-
fGuirca of gxisting data-base t¥slems of quory models, messapes
anid verbal communicaiion among tash performer.

We thall nial be cangerned here about information gathering
or larmg for collecling tasks, data, etc. Interested readerd are
referred to | X571,

The neat Fep in modeling is to conptruct & maodel ol the
tclevant part of the environmeni by sipuctunng. For slructur-
ing entitics {dala chyecns), there are 1wo gencral approaches:
ecneralization snd aggregation {31), The generalization hicr-
archy organizés dars objerty into " ealegunies™ or 1ypes. |h our
taample, 3 “pemon™ [alls inlo one of the two categories or
sublypes “nurse” gnd “palicol.’ Similarly, “health {actors'
las 85 carcgories “blood pressure,” “ikin resistance,” Ypulse,”
and “temperatom, "

The ngeregation hicrarchy organizes dats objecis ingo “com-
ponenis™ xo that seversl fower tevel concepls can be agprepated
to form s higher level concepl. For example, an apgregstion
hieratchy is pven in Fig, 3. A "palient™ datd object cohsista
of three componrchls, & “name,” an “enlilicalion pumber,”
and » "health factor ange.” A “blosd presure range' j3 one
of the components uf o “health faclar range™ {1kt ather com-
Poncata afe not showr), and it, in lum, has compohenls
“wlood prossure™ and “sale range”

The oiganization of Jata obpecis ar enlilies aliows Lhe de-
signer to rellcci this strugiure in the tyslem's Mate informalion.
For example, the grate compunenl for gaeh paticnt widl con-
iun informalion about name, 1D number, and health factor
ticauwement history snd range. The siructure of slales can be
rerscssated xp u relation or [aBle oy n Tabde L,
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TABLE I

Eaasrre or & BibaTiom {THE “Pasienr-Facton- K oo™

KepaTiomn) In Tanuran Funa

Fatignt 10 | Patientenams | BP range | Teng range | SR range | Pulid range
s1ey soner, 2, | s | ed T CRTY
13004 smitn, & | (10D 0 | Gond
87405 tnen, | (-aud| Caedy | Qs

The state informauen ¢an dlse be oblained in a sysicmalic
fzzhion by obscrving what particular event occuss, what mes-
sage 11 sends to the spsien and what action is tnggered, and
finally how the information content of the messagk s deposited
in (hr system's states, Such & seguence of interactions is illus-
zated in Fig. 3 where the event “measure facton™ sends mes-
sage “factor-information™ with content {(Fatient 1D, blood
pressute, temperntuze, . .. Hithe brackels denote & sequence o)
tuple) to the svetem and Iriggers the sction “inpert facrors™
which deposits the message content inlo the stake “patient-
facto-hiatory,™ M additiona utage informulion such 13
query model were cotlected, then the giructure of Lhe “patient.
faclar-history stale, which is tepiesented by o relation, could
be "nommalized” [12]. For example, ¢ query “From patient
ID, get patient's Incios ruage” would provide a “dependency™
relation:

patient 10— {blood pressurc {1}, .... Blood pressare (n);
temp (1), ..., tenpdin); ...}

where n indicates Lhe bistory record, i.e., m menurements have
been made. )

Such sequences of inferadtions as {llusiraled above systemadi-
cally establish major functions of the sysiem (the sctions) &
well a3 the dals flow (mewages). Similarly, an analysl can es-
tablizh 1he control flow, it., Ihe scquencing of functions. This
is done by furst studying the sequencing of events in the envi-
ronmenl. For example, the eveal “patient menitoning™ can be
tolit indo iwo evenis: “initializing deviees™ and “initializing
'mngu."‘ The states, actiond, events snd the flow iystenis then
ibtcnme the model. Aralyss of the syilem can be done uging
lhis mode! through wnalytic methods, amulation, or infcrpres
Lalign depending on how the moded ia represenicd, Mowever,
we will not ke concerned with these jssues here,

NV, TusING THE CONCEFTUAL MODEL

The maodel heipr the apalysl to undentand the problem,
However, it may contain redundancies renulling from datr-
bution of some information inlo different stales, or because
information in cerlain states i3 mot used ot all. These redun-
dancies thould not be ingluded in the SRD. Simiarly, the
description of aclions {or 1asky] may confain inelficicat or
tog much information. For example, "use the Y¥2 ume-
sharung sysicm" 5 8 description with insuflicient information
since it lxcky information oa the XYZ system, whergas “use
the X ¥Z algonthm™ containt foo much inflopmalion since it
describea sn implementation. Thus (he conceptual model
necdd 10 be “tuned™ before the 5K - 2 finalized,
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Fip. 1. Ap Giustracion of the mpdehng procens.

The 1uning procen umally involvea compositionfdeconipo-
tition of statza nt well a3 actions. [n the previous example,
two siates “patient. [acior-history™ and “patient-faclor-rangs”
are combined into 3 new slate calied “patient-history” u
shown in Fig. 4. On the other hand, we may have the tituation
illustented in Fig. 3, that 1wo procesies (or actions} have arcey
to z state bul each only uses only part of the informaslion. As
thown in Fig. 5, Process A uzexs 5, whereas Az uses only 5y,
In this cate & can B¢ dccomposed tnto two ctates §, and 5,
dedicated to Ay und 4;, reypectively, and recombined inlo
state 5' = 5, U S, 10 thal the redundant information §-§'
is eliminated. Similarty, the description of aclions may b+
“laaed™ so cthat it is the most fogica! deseription. We ghould
nele thal in the luning process, cerlua high-level Iradealh
hetween the amount of s1orags 1o be uied snd the amount ¢’
processing 1o be done are being made constantly, even though
we would like to poslpont such decisions a3 lang as possibie
Once the concepiual model i3 muned, the anatyst can tha
begin Lo wrile down the SR,

Bul what are the componcats ol a concepiual madel in u
SRD and how should they be descrited? The erthogonal cox
ponents of & SRD should include a subser of the (ellowir
depending on the sysiem to he developed. {Mote chal althoug
the term “specification™ ls wfien asiociated wilh design, »
regasd requirements and designs as Lthings that can and shog
be precisely specilied.)
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Fig. 4. Miwiirailon of & combined scyle.

4. Data Specification

~abairact duta models™ are uzed to ex prrusy the elatjonzhipa
gnd constraints on entiliea {or data objects) of the “perceived"
world. There are » large number of fuch mvodels in txistence,
e.g . the relstional model | 10], the enlity-selationship model
19/, the role modet | 2], the object-role mode! [ 141, the simu-
puon madel [21], the semantic model [29). These models,
whilt different in philasophy, are used 10 mode) the primarily
seralie” parts of the perceived world a to entitjies, relation-
shaps amang enlilies, atbributes and values of entities, and con-
piraanis {such s data integrity),  Teansformation beiween
difesent models hag been studied by several authon [9], [ 18],
{19) The use of v particular model will depend on applica-
pons &nd the experience of the analysts.

we will discwas briefly the relationatl model hore, 11 consists
of a 32t of mithemstical rclations, Each relation consisty of
p agt of A-tuples.  In our example, we list 51 lew enlbies &

relabond in the following!
'

Pavient {patient 1D, name, sddress, inmrance plan, doclor
przighed, nunc assigned)

Nurse {mame, alation, patienls sasigned, specialty)

Hendth Care Asgignment {palieni, nure }

flealth Factor {temperature, blood pressure, skin resis-

tence, pulse )

Tue undeslined dompins are called kepr. Keys in & celation
can uniquely jdentify all the nonkey domains. In modeling,
we may inlerpret relations with single Xeyx to represeni imple
concepls of slemic Fagty whercan multikey relationa are re-
perded 83 represenling apgregations of concepls. Changes in
the envitonment cap be incorparaied through dgebriic opera-
pont on relations ruch a1 join, union, intepection, projection
ac J101.

A gpecification of dats via an abstreci dats mode! atlows Lhe
designerfimplenmenior to design & dafa base or fle structure Tor
the sy ElEML

X Frocew Specificarion

Both evenls and actions in Fig. | are processes. While there
ut 2 numbes of wayl to abstragt funcliona] specifications at
e program level |20}, forme of structured Engliah such as
PeL 11P] or REL 101 weem 1o be mosl widely ased af tUhe re-
quiremenls leve) in general, whereas ¢ decision table in & very
welel specification ool in business applicanons wilh limited
pumbers Gf choices,

famcally, & specification language such a3 PDL is 2 reetricled
sbul of Engiish, I3 eyniax conssts of an “outer™ wyntax and
pr “unmér” 3ymian. The outer syntan i vesy similar lo the
ek of the conlecd structures 'of a high:level programming
Lrpsagt  The innes syntex consiats of sclecied special English
words depending on the application,
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Fig 5. Twu protaches, #ech ofr poctiling ohly paatisl jaformation i
wtatn §,

For example, consider the fallowing specifications of an Ajr-
Line Rerervation System using R5L [15]:

R-pel: AIRLINE-RESERVATION-SYSTEM
Descriptjon: “Top Leve! Requiremenls tor an Alrline Reser-
valicn System'

ETRUCTURE:

ALFHA VALID-REG

ALPHA DET-REG-TYFPE

DO ALFHA RESY b
OR ALMHA CANC
DR ALFHA COMF
OR ALFHA GET-LOAD-FACTOR
OR ALFHA CREATE-FLT
GR ALFHA DELETE-FLT

END

END

where esck ALPHA B » funclional processing step such as
RESY (Reservation), CANC {Canccllation), CONF {Confipme-
tion), etc., end can b (urther specified in more datail,

L. Specificationy of Conslraints

The two mosl importanl constmaints are on dala wnd contral
Mows.

1} Dera Flow: This specities the lationship between dala
objects and procexses, Such v relationihip is wsually expressed
in terms of « dats-Now diagram. For example, Fig. & 35 0 top-
level fiow dizgram of & business enterprist. We noce that as the
model developt, ceHain sgtions {or 1nska) will be refined 10
have clearer logical descriplions. For example, Lthe retaihng
function 7 can be further decomposed into mom primilive
funstions: Enicr new custamer, seceive payment, issue inyaice,
etc. at & lowrr jevel. The level thai should be mncluded in SRD
is the ppe in which Uic Jogics) behavior of tach process can be
described moet clearly,

1) Conirol Flaw:! This rpecifies the "“stquencung” relaLion-
shipt belween procesics. Thers are many mechanizms that an
be vacd oy precise specification of quencing. We choose &
modified Peid net notetion (25] for our example wp thown Ln
Fig. 7, The “stas” in Fig T indicates that the particulat opers-
tion cun be perfarmed ay ofieh a desired .

3} Frocers Syachrorizetion! Faor syttems such ms real-lime
syslems of operating evtleme, it it oflen peccmary 1o specify
ihe synchronization of processes competing jor the same re-
scurce (dafn). While there are many mechanigms for conctit-
wency control [13), JEE], [27]. must are ul the inplementa-
tien level inuead of ut 1he requirements level. We describe
hiere a technique due 1o Conmee [ 11} which can be used af The
rcquirements level, Conner's melhod sehieves synchronizalion
by ausigming controls balh to Lthe processes {called righrs con-
frollera) and to the resources (called spackronizing conirolleri)
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Fig. 7. The event net of paiddmotitonag i7sem example,

Both kinds of controller are finite state graphs. The righta
controller s &8 mechanism 19 epfarce a constraint on Lhe ze.
fuence of operationa performed by 2 process Lirpugh Lp pecess
Palh tc 8 data obypect. The synchroniration controller is 2
mechanism 1o schedule the extcution on thaced dain objects
to achieve a specified seqQuencing contieaint which iy indepen-
denl of ehe accexs path (and therefore processes) through
which operations are performed, The sdvanlage of Conner's
apProsch iy that specifications of weoquencing constrainis can
be done on processes and data ebects independently. Let us
conuder an example [31],

I} Exemple
A gystem connaling of cevers) processes gnd & shared pulpul
derice with the following properties:

1) proper wse—belore scnding data to the culput device, i1
must be readied;

2) there are procenies with priosity rights, i.c., chey can pre-
empl processes with pegular rights;

3) there ate proceses with nov - emptable nghts.
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Fip. & Synehronizing pod pghis cuningdbers uf seample.

The synchronizing controller and nighys controlen of thi
Processes and output device are given in Fig B (the inilial siate
are poinled 1o by arraws), Lt is exsy 10 wee from Fig. & the
alter s pracess has readied the gutpul device, it can be pre
emipied by a pinecss with » prionty fAghi, but pot vice verss
Iowerer, & process with 3 ponprtemplable right will lake th
t¥nchronizing conlrol'er (o & stale {¥is an enter critical-regio
(CRY operation) which is net accessible by 3 process with
poority or regular nghl and hence j3 not preemptable.

Mole thal Conner's method i ¢aily extenduble to specil
process inleraction in s disinbuted envirenment [22] .

¥. NOHFUNCTION AL ASEECTS OF THE SRD

A concepiual mede] can be used 1o speeily all af the fur
tiong requiremence for v eymem, bt the SED meit fol ¢
there—sdditiona nopfunctjiona congtraints sre 4 vilad part
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4 complelt and forwurd-looking reqguirements dacument,
Theae wdditional constrainty fall inte three calegurics: con-
qiraints o Lhe yclem to be developed, on the procew of system
gevalopment, and on the life of the system alfter 1 bacomm
w.mlonﬂ.

The besi-hnown conaizalnle On lha Larget gyslam afe per-
{prmanca TEQuiremants, aolekly conalreints invelving Ume end
phyticdl relisblity [37). Conarainls on resourcas to be used
by the target system Inciude mandalory use uf cariain pioces
of haniware or aoftware, o3 well 21 constrainiy on the weight,
volume, ctc., of the flinished nackage {Tor pystems embadded in
jatelliles or other light places). A final category incudes ilema
Ll are, mnclly speaking, lunctionsl requirements, but ofien
go {ur from the muin purpose of the system ithat decomposi-
tign of complexity is best served by keeping them pui of the
functicnal requitements. Exampler are human factons and
weunly reguuoements,

Reguitemtnls concerning Lhe developraent of the system
constrawn the rimetable, developinent resources {money, per-
spnnel, equipmenl, software developmeni tools), snd the
methodology used, Methodoiogical constraings can include
progtamming or documeniztlion standards, miepones, and
gcceptance <ritenia, to mention justl & few.

So Little niiention has been devdled to anticipating the Lfe-
nme af a preposed system, and 1he muntenance and evolulion
i wil undergo during that Liferime, that jt is difficult 1o be
ipecific aboul what kind of constrainls cenceming maintenance
wnd gvolution will be appropnate. Nevertheless, there Can e
lntle doubt thal effor spent on antlcipating changes during
v quiremnents andlyss will be rewasded [ 13]),

These concepls will be ilustrated by an SRE fo) a simple
(rocess cpotial system, laken from the description in [8]1.
The SRD Jollows & geneesl outline we heve developed for pro-
eess control systems, although some sectiany wre not applicable
1a 1his particular problem.

SRD ror A Process CONTROL STYSTEM
g, fnfreduciivn

0.1, Natwrel Language Degeripiion.
A small process controd sysiern for an ummonia Rilrate
plani 1t needed, 5 (wo purposes are 1o solily the
opeialod af The plant if any dengerous condition? erise,
and to monilar both lhe consumption of raw materialy
and the gyoduction of ammonia nitrate,

#.2. Definiriony;
All real times are accurate b the nearest pecond.

i Wbgecrrin the Enviconment of the Computer Sypiem

i ¥, Lensarr:

(a4) Readings of more than JOO temperatures, pres-
surcs, and flaw 1ated come Lthrough &n atalog/
digital converier, Indetail, . ...

(t) Thete se abour § 50 digital inputs: gome sre Binglc
puiscs [rom devices such o kilowstl-hour meten
and bag fAllen; others e the sixtes of alsrm con-
tacly throughout the planl. Specifically, . . . .

P2 Aciuaioeg,

This sysem has no automastic actuztory, e, ol 2f 1he

aciual procens contrgl jo Jone manually, and 1he 1ys-

temn’'s robe in the Teedback loop i 10 provide Dmeiy
informalion to ihe operstor,

4,8, Iaput Devices:
Oprerator consale,

14, Oulput Devices!
{s) Light panel,
(b} Logprinter,
fc) "Alarm pHnter.

4 Control Activitiea

The following (tams must be specifed for sach condition
orf clap of conditions to which & respors i3 required. In this
caxd thers is coly one mch clan,

fo} Definitton af Candition:
Exutenct af an aarm condition i3 determined fyom the
ttalea of the alarm contacts, the analog values, wnd wle
limita for the alarm values, us fellows | | ..

f&] Rerpomse 1o Condifion:
Molify operstor through light penel and wlarm printer,
as foltows |, .

fc} Real-Time Constreints.
Alarms must appeay within 5 min of the ontet of any
dangerous condition.

{d} Scope, e, Pouible Modificarions:
The real-tlms conctrunt iy o defuult; the operpior Ry
#top the syrtem’s checking for alerm conditions, restant
i1 Ter any given yahue of wall tlock time, o5 change the
response time vakie. '

J. tnformarion- Gathering Activiries

The following letftered it=ma must be gpecificd for each
clazs of ouipud,
1t Log Reporis:
fo) Simulwr for ovipus:
Every hour,
{b) Cantenir of ourput:
A anapshot of how b plant operies, includs
ing....
fe} Scope:
The hourly time i x defsulr; the operalor may
stop Lhis aclivity, restart it for any piven valug of
wall clock time, or change ils period.
Flaw Reporl1!
fa} Seimuluy for purput:
Every & houn,
fa} Conlenrr of outpui:
Conxumplion of clectricily, production of ammo-
nis nitrate, latal flow of materals such a3 natural
Ead, flenm, ammonis, 4nd nitric acid,
fci Scope:
Sex 31020,

1.2

4 Zysiem Conatrainia

4.1, KReliahility:

The sysicm uptime shouid he 95 percent over & 13-
year period of 24-h operstion.

Secunty! )

Ho requircmenis.

Humoan Faciory:

The operator command formaly mudl be a3 simple as
poswsibile, although it s permissible to require the opes-
ator to press s apecial key befare typing in s command,
Il is alte permusible to have the operator et the Bys-
1cm's real-time clock, Bug ull olher aclivities must be
carned oul sulonomously by the cystem.

4.2

43
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Programs, Life Cycles, and Laws of
Software Evolution

MEIR M, LEHMAN, sEN10& MEMBER, ILEE

Abpiract =Ry tiusifyiny plopems according 40 teeal relsiiosship 10
vt eavirommenl i whih they we excouted, e pepet identihes the
sources of evolulionsy preissrs oa compulet Bpplcilions asd pio-
grami and showa why tha Jemults o 1 picors Of NEser eading munte:
nance chivity. The cesltant hfe cycle pioceises e then briclty du-
cussed. The phper Usen alrisdueoes 1w of Program Loecdulion thet hare
baen [ormulsbed following guendiapre shudie of the evolution of &
numbas of difTeresd syatemy,  Finally en example 13 provided of (he
applestion of Erclution Dynamica mudely Ly program i caie plansing.

[. BACKGRAOUND
A. The Mawre of the Problem

T HE TOTAL L% expenditure on programming in 1977 is
eytiunsled to have exceeded 350 billion, snd may huve
been a4 high as 3100 billion, This hgure, which repre-
sents more than 3 percent of the WS, GNF for 1hal year, i
alresdy wn awesome fgure, M ha incregsed ever since io reat
terma and will connnur 16 do ¥ 25 Lthe Microprocessor Nindy
ever wider applhcation, Frogramming effectiveness 15 clearly a
signincant component of national economic health.  Even
wmall percenlage impravenents in produclivlty can make g
nificant Nnancial impact, The polential for saving i Jarge.

Ecanamic tonuderations are, however, not necessasily the
main cause o widespeead concern. As camputers play an Ever
lazger 1ole in society and Lhe hie of the individual, it becomes
moie and more ceitical 1o be able 10 creaie and meintain elfce.
tive, cosl-effective, and umely saftware, For more than twa
decader, however, the progtamming fralernny, angd through
them the cOMpuUiEr-uler communily, had faced senous prob-
lems in achicving this (1F. As the apphcalion of micropioces-
O ¢xiends ever deeper inlathe fabzic of society the problems
will be compounded uniess very basic solulions are found and
developed,

& Programming

The carly 1950% had Lecn a pioncenng PEHOd un program-
ming The sheer ecatasy of wgiruciing & machine siep by step
to schieve sulomabc computalion al sieedi previously an-
drcamed of, compietcly hid the wmielleciually unsatislyung
aspects of programming; the lack of 2 guiding threory and du-
opfiae; The largely kit o1 min nature ol the giocess through
which an stceplable program was Tinally schieved; the gver
presenl uncerlanty about the sccuracy cven the valrdity, al
the hinal regule,

Mare immedialely, the pradual peneirapsan & the computer
inta the academic, indusinal, and commercidl woslds led (o

Manupirpl idevirsd Sobruary 77, 1980, jowiped Mar 73, 19800
The puifpr b with ike Deparimend of Camputing, impeioisl College of
Scucner wnd Techmodogy, 130 LQuaten’s Late, Lyndon 57 18, England

serious prablems in the provision end upkecp of satnfactory
programs. |t alyo yielded acw insighls. Programming as then
practiced requured the breakdown af the problem to be solved
into steps far more delailed than those in ferms of which
people thought sboul it and s scalulion. The manual gencra-
ticn of programs at ths low level wis fedious and emor prone
for 1host whost primary concern was the resully lor whom
propramming wil & means 1o an end snd not an end in itsell.
This could ol be 1he basis for widespread computer application.

Thus thete wap born the concepl of high-level, problem-
oriented, loncueges orcaled to aimpLly Lhe deweiopment of
compuiel apphcations. These languages dud nob jus) raise the
level of detsid ic which programmen had (o develop their
view of Ihe wulomated problem-solving process. They alse
removed at least some of 1he burdens of procedurl odganiza-
pan, fesource sflocation and gcheduling, burdens which wers
further reduced through the developmen) of operaling sysems
gnd their associaied job-control languuges. Above sll, howerer,
ihe high-level lungunge trend permitied o fundamental shifl in
attitude. To the discerning, al jeast, il became clear that it
whai nol the programmer’s main reaponsibility to jnatrect a
machine by defining a step-by-1ep compuistionsl process.
His Lask was 10 slale xn aigorithm thal comectly and unamisg-
upusly gelincr & mechanica! proceguie lor itaining & solution
1o a given problem (2], [3}. The transformanon of this inte
executable and eflicient code sequences could be more safely
entrusied (o sulomalic mechanjzms. The objective of languags
design wat 1o Inculilsle that 1ask.

Languages had become a magos lool in the hands af Lhe
programmes.  Like all wools, they sough! W reduce the manual
elfocl of the worker and at Lhe game Lime imprave the quelily
ol his work. They penmited and epcouraged Lorcentralion on
the pieleciugl tasks which are the read provinee of the human
mind and skl  Thus, ever since, the scarch for betier lan-
guages and lor ympraving methodologies [or theyr use, has con-
tinued |4}

There are thote wh belhieve that the developinent of pre-
promming methedolagy, high-lovel lunguages and aslociaied
concePls, iv by far the must inpodrant step fon successful con-
puter usage That may well be, bul 31 s by no means sulficiend,
There exsts a clear peed fof addiliona methodolopes and Loals,
aneed Lhat anses prmarldy from pjogfam manlenance.

O Frogram Mprrirngncr

The shecr level of programming 4nd programming-related
activiy makes s Juciplining imporiant. But a second statis-
fic carncs an equally significant message.  OF the Lol WE,
expenditure for 1937, some 70 percend was speEnt an program
mawntenaace and anly abaul 3 pefcent on program develop-

O0)EQT1%/BOFOIDD- 106030075 € 1980 IEEE
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Fig. 1. S-progsms.
ment, This satio is gencrally sccepied by the software com-

munity af characteristic af the ttate of the pn1,

tome clarification i9, hawever, aecessary. For soflware the
jctm majateaznce is pencrally wsed o describe al! changes
made to & progeam wfter ils fisst installation. 21 ctherelote dil-
fers sigaificantly from 1he more general concept Lhat describes
Lhe restaration of a s¥alem oF system component 1a il former
slate. Delencration thal his occuried as & result of utage or
he passage of time, it comecled by repair of replacement, Bui
suftware docs not dejeriorale spontancously of by inleraclion
wilh 19 gperalional envizonmenl, Programs do rot sufler
finm wear, tear, corrosion, or polluion. They do not change

nicss and until peepsie change them, and (hy & done when-
gver Lhe current behaveor of 8 program in execution is found
10 be wrong, inappropriate, of too resiricted. Repair actually
mrolves changes gway from the previows implcmentation.
Faulls being corrected during manlenancs can oHginaic in any
phase of the program life cyele (Section T1L),

Moreover, in hardwere systems, major changes 1o a product
ar¢ achieved by Ild'!.lll.‘ﬂ, reicpling, and the construction of &
nes model, With programs improvemenis and adaprarions Lo
j changing tm’imnmcn'! ars achjeved by alterslions, deletions,
and Extenvions to exishing code, New capabilily, ofien nal
recopnized during the earticr life of the pysiem, i Supetim-
poatd DN an exubing staucture without redenign of the system
1 & whole.

Lince The lerm goftware maintensnce covers such a wide
penige of acuvities, the very high ratic ol mainlenance 1a
deecloprienl cost doer ot necessardy have 10 be doprecaicud.
Wi shall an Tact, srgor that the need Tar conbinuimg change is
pafrantsic 1o The najure of compuler usape. Thes the question
pacd by the high cost of maintenance 15 nol exclusively how
1p contrnl angd reduce that coyl by avoiding ¢rion o by
geiediRg them eaer an the develepiicent and usage vyele,
Toe wa coed af change must imtally be made 33 low 23 pm-
phle amd ils prowth as the system ages, mimnized. rogramas
putl be Mmade mare alterable_ and Lthe allerabilly maiaremed
guovghaul they Llewme. The change process usell muasl be
pianned and comirolled, Asscsgments of the economic vinbilily
of 3 program must aaclude fofal fiferime coais and ther hie

¢yl dinrbution, and not be hased exclusively on the waitial

arrclopmend cosly, We musl be concerncd with 1ht Cokl «nd
chectiveness of Lhe hife-cycle process itscIl and not just thsl of
mproducl,
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FROKIRAMY, LLFE CYCOLES, AND LAWS OF BOFTWARLE LYOLUTION

1]

The opening paragraph highlighied the high cost of solywarns
and woftware mainlenance. The sconomic benofil end polen-
linl of Lhe wpplicstion of computers i1, howover, 50 high Lhat
presend capenditure levels may well be acceplable, at lenat for
ceriain clastes of programs, Bui we must be concerned wich
the fact that performonee, capabliity, quality in fracral, can-
nett st present be designed and buill into & program b initio,
Rather they are gradualiy schieved by evolulionary change
and refinement. Moreover, when desleable changes aze ideati-
fied und zuthgrzed they can usually apt be implemented cn a
time pcale fixed by external noed. Rerponrlvererr U poor.
And a5 mankind rcliep more and more on the mfiware that
controls the eomputery that in lum guide society, it becomes
crucial thsl peopls conirol abialutely the programs and the
processcs by which they are produced, throughout the ugelful
lite of the program. To schieve this requires inright, theary,
modelt, methodologier, technigues, toole 1 ducipline, That ia
what snftware engineering iv 21l shoul |5]-{3].

IE. PROGRAMS A9 MOLELS

A. Programs _ .
Program evolution dynamics [9 and i bibliogaphy] wnd
the faws |21, 131, 1101, 111} discumed in the next section,

have slways Been associated with 3 concept of kargeness, im-
plymg a classification inta lavgs and nonlacge programs. Gresl
ditficulty has, however, been experienced n defining these
clasies. Recent dwcussions |12] have produced » maoze sstis-
fying classificuuon, This 13 based on v recognition of the fact
thal, nt the wvery least, any program it a model of ¢ model
wirhin @ theory of ¢ model of en sbairettion gf some porrion
af ke world or of tome univerie of ducourte. The classdica-
Lin Cateporiies programs into three clesses, 5, F, and £, Since
programs considered large by our previous defimition will
generally be of class P or £, the new classificalion cepresents 3
brosdening and firming of the previows viewpoint,

B S5-Programr

S-programy are programi whode function is formally delined
by and derivable from o specificgrion. It is the propramming
farm f{rom which mosi sdvanced progooanming methodclogy
and reluted techniques derve, and to which they ditectly relate,
We ahall suggest thal a3 programming methodology evolves
stdl further, sll targt programe {sodtware sysiems) wilt be con-
strucied as struciurey of S-programs.

A specilic problem is steled: lowesl comman mulliple of
two inlegers; funciion evaluation in & apecilicd domain; eight
qurens; diming philosophers; generation of a rectangle of 2
sre within given limits an 3 speaific 1ype of visual display
winl (VWOUY,  Eusch such problem relulcs 1o ilp universe of
discoursz, It may also relate directly and primarily Lo the
calernal world, but be completzly defined, &g, 1he clospicel
Cravelling walcgman problem.

As surpesied by Fig. | the specification, as 3 formal defini-
tion of 1he prablem, dirccis and contrals the programmer in
his creation of Lhe program that dufines the desired soletion.
Corrccl solution of the problem as sraved, in terme af the pro-
gramming language being uked, becomes Lhe prugrammer’s
sole concern. %1 most gucstiony of elegance or efficiency
mey B0 Crecy i,

The problem siatcment, Lhe program and the solution when
ablained may relate 10 an external world, Bulb ot is & cagual,
noncausal relationship, Lven, when o exists we are free o
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change our jnicres by redelining (he problem, Bul then il s
3 rew program Tar Lin solution. 11 may be postlble snd fime-
saving 1o derive the new prograrn from Ihe old, But it i n
ferent program 1hat defines a sotunion to o diffesent problem.

When Lhis view can be lzgitunalely 1aken the pesuliant pro-
gram is coaccpruliy siatic. One may change it to improve ils
clanly of ity elegance, to decrepss rescurce usige when the
progiam is executed, even to increase confidence in ts correct-
nesy.  Hut any such changes musl not effzg) the mapping be-
tween inpul snd oulpul thal 1he program Jdefines and that jt
achicres 3n txciulion,  Whenever progrzam text has becn
changed or tramforred [12], 14! it mup be shown that
cither the inpul-pulpul relalionslup remainy unchanged, o
that the new progiam satisfics o new spccificalion defining »
sulution 10 « new problem. We retum to the problem af cor-
recinels proving & Stclan 11-E

& P Programy

Consider & prugram 10 play chesa. The program i completely
specificd by the rules of chexs plus procedure rules. The Latier
must indicale how the program is to anslyze the state of 1he
gime snd delermmne possible moves. [t must abo provide a
decision rule o kiecl a nexl mave, The procsdurs might,
for example, be 1o form the trec of all grmes thal may develop
[rem wny currenl Mate and adopl » minimax evaluation stralegy
te aelect the next move. Such a definition, while camplere,
15 Apive, since 1L a8 nol smplemeniable a5 1n ¢ KeCULIAE PIOZM.
The Lrcc struciufe 2l any grren stage is s5imply 100 Large, by
many aidess of magniiude, 1o be developed ar 1o be acanned
an frasible time.  Thus the chess propram musi inroduce
approkimation (0 achieve praclicality, judged a5 il begins 1o
be uzed, by its performance in aclun! games.

A further eaample of u problem 1hal can Be precucly formu-
jared but whose salution must inevifably reflect an approdima-
lion of Lhe real world 13 found 10 weather prediclion, In theory,
globs) weather can be modeied ss accuralely ps desiced by a set
al hydrodynamic cqualians, In the sctua) wovld of weather
picdiclion, sppronimele solulions of modified equations are
compared wilth the wenther paiterns that oceur. The results
of sech compansons aie interpreted ynd used ta imprave the
technolagy of prediclion, ta yield ever more usable proprams,
whose oulputs, hawever, glways relain some degree of uncer-
1Ry

Fimally consider the traveiling 1alesman problem as it arises
i prachice, for example [rom a desire (o optimiZe continuously
i some vaghely defined fashion, 1he iravel schedule of sales
Ml Hoking np poods Bom warchooater and visiling chents.
The reguued solution van be hased on known spproaches and
olubions 1o the clastcal problem, Bue it musi albo involee
conudersiians of €odl, ume, work schedules, 1imelables, valur
Judgments, zad cven kalesimens” idivsyauiacies

The problem parement can row, i general, no longer be
Prccise, Qi1 g model of wn abstraction of & resl-world situs-
hion, conlmiming UHeetlainlses, unknowny, arbilrary criceria,
contimuouy vermbles To some entent it musl F¢Necl the per-
50aa) vitwpuint of the analys. Both the problem wtatement
nd s sodolon approsimale 1he redd- world sirustion.

Frograms such «% Lheee are fermed Fopiogums (real woild
prodlem golution)  The process of cregling such programs is
modecled by Fig 7 which shuws the intrinsic Jeedbaeh loop
that 1 prescnd an Lhie Frutualion, BPespue the Tact thal the
¢reblem Lo fie solved can be precocly defined | the agcepiatuiny
of a sululion iy determyied by Lhe envitonment 10 which il iy
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Fig. T. Pprograma.

embedded. The solution oblsined will be evaluated by com-
parison with I1Be renl environment. . Thil 5, the cnticet dif-
ference between 8 and P-programs is expressed by the com-
paritan cipud in Fig. 2. In S-programs, judgmenis about the
commecinem, and therefore the value, of the programa relate by
delinition aafp e il rpecificatean, the problem slalement Lhat
the latter reflects. In P-programs, [he concem is oot cenicied
on the protlem statement but on the wolue and validity of the
solulion obtained fn itr real-world conrexr. Dulecences be-
tween data derived [rom cbservation and (torm compulation
may caure changes in the wozld view, the proklem perception,
e farmulalion, the model, Lhe program specification andfor
Lhe program implementation, Whatever the source of the dif-
ference, ullimately i1 cavser the program, iln documenlation
of bolh 1o be changed. And the effccl or impact of such
change cannol b climinaled by declaring the problem & new
problem, for the real problem has always been ax now petr
coived. Fr is {he perceplion of wsers, snalyalr andfor pragram-
mer thel has changed.

There is wlse another facl af hile that needs 149 be cansidered.
Diszatisfaction will arise not only becauze infoymalion recejved
ftom jhe program it incompigie or ncorfect, or because the
ofipinal model was Jess than perfect. These are impericctlions
Ihat ¢on be overcome given fime and care. But rthe worfd (oo
chanager oo such chanpes reswlt in additivna) pressure Tor
change.  Thus Fprograms are very likely 19 underge never-
ending change or (o became pieadidy loss and less effective and
codt eifective,

L. E-Programig

The 1hisd <1ass, E-programs, sre imherently even mare cliunge
prane. They are programs thal mecharitt & human or jocetal
AcTivELy,

Condder agash the 1zavelling salesman prabler bul in § situ-
abun where severs] persons afe Continuously en rouit, camyng
products Al change fapidly in value 2k @ funclion of both
1ne and locution, and with the pairern of demand glso chang.
g contimuously, One will inevitably be iempred o see Lhig
ulvalion a3 an applicaiion in whech the sysiem B Lo acl as &
conhnugus dispaicher, dynamscully conlrolling the purncys
and calls of each individual, The olgeciive wil be (0 mesimize
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reafit, minimize loss, eapedite deliveries, maintain cusiomer
capsfaction or achieve gome optimum combimslion of the fac-
415 that are acrepied as the criteria for toccess. How docs this
guation differ from thar disclassed i the previpus recliong?
' The inglallation of the program legether with s mssociaied
sysiemi—radio links 1o the salesmen, for example—change the
yey nalure af Lhe pioblem to be solved. The program hax
pecame a part of the wordd it models, it is embedded in it
Concepiually nt leas) the program ana model contains tlements
that model iiself, (he conseiuences of 15 cxeculion.,

Tie siluation 15 depicied 10 Figs. 3 and 4. Bven withoul con-
pdciuhg program exciuton and craluation of iy pul ot in the
opttational en¥uonment, the E-nitualion containg ab iniringic
fvedback Joop oy in Fig. 3, Anulysis of (he application to deter-
mene feguitements, spreficalion, dengn, implemenlalion now
Gl nvolve crprapolation and predic ign of the consequences af
ipsten inirpduction and the resullanl potential far application
and spslem evelunah,  This prediciion miust inevilably involve
ppiricf and judgment, Ingeneral several views of the siluation
wifl ke combned 1o yicld Lhe model, the syilem specifics-
puol and | wlinnelely , @ program, Once the proganm i com-
,otrd and bhegins 1o e used, queslions of correciness, appio-
Chateness and satisfacnon anse asn g 4 and inevilably lead
o ddditiona] pressure Tor change.

Fvmples of £-progrems abound' compuice operdaling pys-
srs nr-talhe contyol, steck control, I all cascs, the behavior
o the applicanen sysiem, the demands on the usel, and the
supperl requpeed wil depend on program characteristics s
enpencnced by tic wiers  As they become familuas with 2 sys.
i ow hose dengn and afinbutes depend 2t least in pafl on uses
JMiudes and prectice before syscem installation, users wabf

ety therr Bohavior fe Maninagie offort or manimize effec-
woeness.  taewibably fhus leads ta pressure for system change,
In addition, sysiem & xopenous piessdrcs will alio caule changes
& thr applicanon envirenmer] within which by sysiem oper-
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Fig. 4. E-programy.

ates and the program execidct, Mow hardware will be intro-
duced , 1ralfic patterns and demand chanpe, technology ad-
vance pnd sociely jlsell evolve. Moporedver the nature and rate
of this evolubion will be merkedly influenced by program
characieristics, with a aew rclcaie st intervals ranging from onc
month o two yeary, say. Unlike ather artificial syatems [ 15]
where, relative 10 the life ¢ycle of procen participania, change
is occasional, here it wpptara conlinually. The prezsure for
change 15 built in. [ is infringic 1o Lthe nagure of computing
syslema and the way they are developed wnd used, Fangd £
programs are ciéandy closely relsied.  They differ from §-
pragrams in Lhal they represeat a computer epplicaficen in 1he
rral wiyld., We shell reler 1o members of the union af the
Fand F clatses u3 A-type propramy.

E. Fragram Carreciness

The first consequence of the SPE propram classificstion s a
clarificatian of the congepls of program coteCciRCDS 3nd pio-
gram proving The meaning, reality, and significance of these
concepls have recenlly been examined al great length | 156],
17, Many of the viewpainig sng differences capresnied by
the participants i Lthal discussion become jeconciable or ir-
relevanl under an adeguate program classification scheme,

For the SPE sicheme, 1be concept of venficalion lakey pn
significanlly different mewnings for the § and the A classes, |f
& completely specilicd problem i computable, s specification
may bt Lukch a5 the starting point-for the crealion of an -
grogram. In principle & Yopcally conrecicd scquence of state-
menls can always be [cund, that demonibisics the vahdiy of
the program ax & solulion of the specilicd problem. Detaded
inspecihion of and reasoning aboul the code may 1self produce
the conviction Lhat the program talisfies the sprcificslion
completely, A true proof must sainly the accepied standards
of methemuatics. Ewvep when the coreciness »TguMmenl i
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caprcsscd an matheaaleal tenm, a2 lenglhy of complea chain
of reasppmg inay be difficult tv understand, 1he prool seguence
may cwén conlain an ¢nof. But thiv dees not invalidate the
concepl of prugram cencitned proving, merly this instance
of itz applicatian,

We cannot discuss here the fange of $-programy for which
proving is 0 prectical o1 o velusble lechnique, the range of up-
plcability af vonstruciive methodi for smuliangous construc-
1505 of « program and its proal 15 8], [19}: whether confidence
i the vahidity of an §-program can always be Increaged by 2
poof. We sunply nute that wunce, by definition, the sole
criterian el correcintad of oo Soprogram iy the atisfuciion of
s specilicalion, {cwerrecl) S-programs we wway:r provebly
correcl,

This s 0ol purely a philesoplucel obszivation. Many impor-
tanl components of o large program, mathemetical procedures
lor example, in conpunclion wilh tpecified interface rotes {call-
ing and outpull, sre cectainly S-1ype. 1t becomes part of Lhe
denpn procesd Lo fecognize such polentul conitueniy during
the partilioning process and Lo specily snd implement Hhen
sccordingly. [m Iact b will be postulated in the neat section
that an A-piogram may mlways be pastitioned and gructured
2o that alt it elemente ore S-programs. |f this is indeed true,
ne individua! programmer ghould ever be permitted to begin
propramming unild hu task has been defined sand delimited by
s camplete specification againgl which his completed program
can be vahidaned,

For an E-prograr 5 an entily on the other kand, walidity
depends on human wssessment of 1ts cffectiveness in the in-
lcnded apphcation  Correciness and proof of comectness of
lhe program =5 a whole are, in general, irmelevant in that a
program may bt formally conecl but uselesn, or incorrect in
that It dues nol satufy scme stated cpecificalion, yei quite
usable, even salisfociory. Formasd techniques of representalion
und prood have s place in the umverst of A-programs but their
fole changes. It is the delailed drhavior of the propram under
vperailionagl condiiong thal is of concern,

Fartx of the program thal can be completely specificd should
Bt demonstrably vonect.  But the environmenl cannol be
completely descnbed wilhowl sbstraclion and, therefore,
approxymation.  Hence zbsolute correctness of the program
k¢ 3 whole 13 0ot 1he real issue, 1t is the waabiliny al the pro-
gram and the refevamee of s quiput 10 a changing world that
musl be the main concem,

F. Progrum Structures antd Sirueturel Elements

The clasgilication ceesled above relales 1O program entilies.
Any such program wudl, 1h peneral, consist ol many pacts
varicusly 1eferced 10 a5 subsyelems, components, modules,
procedurer, roulines.  The termt are, of course, not used
synonymoualy bul carry rmpuistions of fungtional idencity,
level, size, and 30 on.

The literature discusses crteria [20] and 1echniques [ 2] -
1231 for pariitionung sycems nla such elements. Helated
design melhodolopes and 1cchasgues s2ek 1o achitve optimum
suignment, in wome sense, of elemeat conienl and averall
sy3tem strociure, [n the presenl context we conuider only one
sipect of partitioning usmng the term module for convenience.
The discussion compleics 1he preveniation of the SPE classhi-
cxhign and piovides a bk Lo wiher currenl meihodological
tonking [24],

Consder the end resull of the desigh* process for an A-pru-
gram to be constzucted of primitive elemends we term modules.
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The anulyts snd parlitloning process will identily some lune-
tional elements that cun be fully gpecified and therelore devel-
oped a3 S-program modules. Any specilication imay of course
be lew than folly catislsctory. 1t may even prove 1o be wicng
in relaiion top whal the syslem purpose demandy, in itself or o
relation 1o the emainder of the detlgn. For exampie the spec-
ication may not mention inputl valididy checks, the specified
culpul sccuracy may be insufficien) or the specified range of
an input veriable may be wrong  But cach of 1hest represenia
an omission (tom or wp emer in the specification. Thut 1L
is rectified by first correcling the epecificerion and Lhen creat-
ing, by gne means or another, » new program that saricfies tha
ncw speaification.

The rematnder of the aysiem is requured tu implemeal Tupc-
tions thal afe ai least partly hewristic or behavioral in nalure
and therefore deline A-ciements, MNeverphelets, we tuggesl
that il i aiways poguble to continwe the sysiem pariilioning
process unlil of! modules are implementable a3 S-programs.
That is, any imptccision of upcettainty emannting from mode]
refections of incomplele wodd views widl b implicit or, if
recognized when the specilication i formulated, explicil in
the specibicaiion stalement. The finadl modeles will all be de-
rived from and smocjaled with precise specificalions, which
fur the mameni, may be ireated a3 complele and carrect.

The design may now be viewed and construtied as a data-
Now struciuie with the inputs of one medule being the oulputs
of otherz {uadess ermanaling from gutside the sysiem). Each
moduie will be defined us an abstracl data Lype |2501-1271
delining, in LUrn, ane or more inpul-lo-output transformations.
MowJute specilicairony include 1ose of the individua! intesfaces,
bul fos the aystem a5 & whole, Lhe Jati¢r should, in some senst
be standardized {28]. Moreover, given gpproptiste syslem and
interface archileciure and module design, cach module could
be implemented a5 & pIGEMAM FUnnIng on il3 0w N NUCIOPIodEy
sor and the gysiem implemenied ny o distribuled system (%],
{241,1281,192]. The patentizl advanrages fur both execulion
{ perallelism} sand maintsinability (lecslization of change} cans
not be discussed here. )

Many preblerms in connrection with the deuign and construc-
Lion ol such systems azed still to be solved. Adcquale solutions
will represenl & major advance in The development of & process
methodology (Seciion LG We observe, however, thar the
conuepls presenied follow duectly frem ow bnel analysis
and classification of program types, Inleresingly, the conclus
sizns ae camplelcly compatible with those of the programming
methodologists | 4], {391, 130]).

HI, Twi LiFr OvoLE
A, The General Case

The dynamic cvolulignary nalure of compuler applicationa,
of tht software that implements them angd of the procecas that
produces hoth, has in rccenl yoary piven rist 1o 2 concent of
a progratu fife cpcle and o techniques Tar &fe-¢) cfe manape-
menar. The need for such management has, in fuct, been 1260g
nized in Tar wider spheses, partcularly By national delense
agencics and olher organitaliong caneerncd with 1he manage-
ment of complex arlilcial systems.  In pursuing Lheir sespon-
sibulitics, theae mudsl ensure continuing elfectivencss of sysicma
whise elemenis may invalve many different aad fast developing
technoiogies, Oflen they must guarenles uitendy rebable opers-
tion under huith, hostde, und unforgiving conditions. The oul-
coine if AR ever Incresging fingocial commitment. Oazly lile.
ume-onenialed management fcchniques apphed from project
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pilalion can permil Lthe allainmenl of lifetime cMectiveneaa
gnd cosl ef{eclivenca,

The peoblems in the more general situntion are exmentially
shese we hive slready explored, eacept that the 1ime inierval
peraCtN FERersLons i perbepr an order of magnitude preater
jbsn in the case of pure software systems. In briefly examin-
jeg the peture of the life cycle and jis maragement 1a this sec-
poa, we use the werminology of programming and solvware
apneteing. The readet wil be able 10 gereralize and o
(eiprel the zemarha i hos own area of interest.

3 Software Life Cyeles

In stud¥ing program evoluban, repelitive phenomena rhat
gelne & life cycle can be observed on difertnt time scales
pepreenling vanous levels of abstraclion. The higheal devel
concerns puccesiive generation: of iystem xequences, Each

eration s repiesenied BY n sequence of xysiem celeases.
This level conesponds most closely 1o tha! found inthe more

ral s¥dlems situalion, wilh each generation having a Life
span of from, say, five 10 1wenty yeary, Because of the reln-
pely Mow raie of change it is dilTicull for any individual 16
apeerve |Bis ¢volution phenemenon, mieasure ite dynamics and
sodel il az & life-cycle process since in the relevant postion of
an predeasional capeer he will pos obeeeve more than two or
jheee grnenzlions. [ might therefore be zrgpued Lhel this
gril thould nol be sfrealed as an iance of the lifecycle
phrnomenan,  The presenl wuiho: bas, however, had a1 Jeast
oat SPPOMUNILY {0 cxamine program evolution at ihin level
pd 1o make meaningful and significans obacresiong 1311
These indicated that much could be gained In cost effeciive-

o3 0 Ihe saftwgie mdusisy if more srtenilon were paid 1o
iue eatber crealion of replacement generations, someihing (hat
an b schicved effectively anty il the spprapriaie predicejve
‘wodths b€ peailable,

- Thr sitand Jevel s conceined with a requence ol seleases.
'h, lattes tEXm is alin appropriale when g concepl of conlin-
wou feltase 1 followed, that js when each change s made,
nhtaied, and immedisiely instatled n uter imatanccs of the
oL,

Fg § shows one view [6] of the sequence of acrivies o1
Elicycle phases Lhat canlilule the lawest level, the develnp-

mect of an individual pelease, of o is apumed thal “mante-
"mace” @ the peventh bos refeis 10 op4aite fises and repain

implemented L5 the pysiem is wizd. I maintenance & taken Lo
refer to permanent changes, effected through ntw relszyes by
lhe system oOrifinaics, then ihe sifocture hecames recuriive
with tach mainteaspce phase comprised of all seven indicatcd
phazcs. With Lhis intezpretation the single recursive mode) re-
flects the compozite life-cyck $iructure ol il the phowe levels,

The remsinder of 1his paper iy ¢hiefly coneemtd with the
intermediste level, the lile cycle of & generation 25 rEpresenicd
by a scquence of releases. [1is wl Lhia loved that analyss in
tesms of the § and A classification is particularly relevapt and

enlighlening.

L Aszembly Line Procenes

An assembly line manufaclvning process it possible when a
ystem can be pariilluned into subdysiems (hal are umply
coupled and wilthout javizitie lnks Moreave!, the process
mukl bz divisible into reparzie phases without significant lccd-
back conlral over phases ang wilh relatively Litlle opportunity
for cradealf belwesn them,

Unfortumaicly, pretenl day programming i nol like that, Ut
it conslituted of tightly coupled scuvilies Lhat intzract in
many wrys, For example, st jenil some aspects of the specifi-
calion snd dfsipn proceeses are left aver, ususlly implicily,
10 the implemenistion (Cading) phage. Fawl derection thraugh
inapection £901 is not yer univenl praclice and by defaull
aften delzyed Ll maystem inicgralion or aysiem leiling phase.
One of the hain concerns of lilo-cycle pr method ology
eexearch muit be to develop lechniques, (opls, new syilem
stchiteciures 15¢<lion Ji-F) and programming support eaviron-
mente [32]-[34] that permit partitioning of the program
development and mEinienanc: Procet into soparaled activigies.

D. The Sigrificance of ihe Life-Cycle Concepy

For sssembly line proceses the lifecycle concept u nat,
generally, of prime imvportance. For software and other highly
complex gyplems it becames crilical if efTectiveness, cos1 effcc-
tivencss, and long Life are 1o be achieved. At esch moment in
fime, = MARALEH'S Concern CORCEntiaLes on the successiul com-
pletion of his curren) susigoment. His success will be assrzsed
by iinmedislely oburvable produect siiribuies, quality, cost,
hmelness, aad b oa. Lt s bis Yuccess on areas 3ush &s these
1hal deiermwne 1ihe fusiherance of his carecr. Managenal scral-
egy wil inevitably be domiaared by & desne 10 schicye may-
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mum local paye(f wilh wisible shori-lerm 'gthgmi b will nel
aflen take iRID Becount longlerm penullies, thal cannot he
precisely predicied and whose cofl cannog be puesacd. Top-
Jevel manugerinl pressurs Lo apply liTe-cycle evalunlion is thers-
{ore cssentind if 3 developmenl ard molnlenance process iy to
be atlained 1hat conlinucuply ochieves, wy, dedted overall
balance between the shorl- and Jong-lerm objectives of the
orgsnization. Neglect will inevitably result s w lifetime e-
penditure on the system Lhat excesds many limes the asessed
dewelapment £531 on Lhe basis of which the system or project
wag imatially sulhorized

To evercaome long ume lags and the high cost of 1oflware,
one may also seek 1o enlend the usciul hittime of & system.
The decision 16 ceplace 3 eysiern i3 laken when maintenance
has becume 10O capensive, relslnlily oo low, clhange respons
uveneas 100 sluggish, peiformance unacceplable, funclionality
jao limiting; in short, whent i economically more tatisfaciory
ro replace the system than Lo maintain &, Aut s xpected
ufe ume 1o that point ia determined primsrlly in its concep-
lion, design sad initial ioplementalion steges, Hence manzge:
ment planning spd control during the lormative peniod of #ys-
1em life, hased on lifetime projecilions snd assezsment, can be
enitical in schieving lang lifs safiware and Jifttime cnst effec-
tivenexs [11.

k. Life-Cycle Phases

1} The Maer Acnviny Clazses: AL I prossest level 2 )ile
cyele consiels al three phases: defnilion, implementation and
manlenance. As indicawed in Fig. §, Lhese thiee phates corre-
spond sppronimalcty 1o the aclivities described in the st
three, the sccond threc and the seventh bax respectively of
Boehm's model. |n praclice, however, many of these aclivilies
are averlapped, inlerwoven, and repeated ifeTatively,

2} Syerem Definition: For £-class systems in particular, the
development procecs beging with @ pragmatic anslysis leading
inla a sysiematic aprremi aralysiy 1o determine Lotal sysiem
pnd program requirements |35]-]38). The analysig must s
cstablish the read need and objeclives and may eaamine Ihe
manual echniQues wherehy the same purposc o currently
achicved. Wheare appropiiste, it may be based on mathe matical
or cither formal analysis, Whatever the approach, it has now
been recognized thal the analysis must be discipfined and
pruciured | 291, |30, the term sirtictared analysir now boing
widely uped (9], (411, 142].

By theit wvery falurc wmilidl requirements, $eing an ©a pression
of the user'ys view ol hiuy necds, are likely 10 inelude incom-
palibibinies a1 even contradictions, Thus Lhe analyss and the
negolation procers by and belween dndlysis and polenlis!
urers 1hal produces the {inal regquurements specificaicon, muil
ety » balanced sel that, in some fenst, provides the apui-
rum campromise between conflicting desites.

The requirements set will be expressed in Lhe cancepls and
Linpuage of the applicanon and i3 users, It muat then be
Liansformed inlo a techarca! specificetion, The specilication
process [43], {44 must aim (o produce & correct 1echnigal
il-I:mtnt. complere ot coverage of the reguircments snd
.flunhllfﬂf in il definalion of the implemenlition, It may -
flude addilional delerminenon or constraintg thel lallow
Iruin a2 wechnical gvalualjon of {he sequitements in relation 1o
=hat u Ieasible, svailable and approprisic in the judgmenl of
the analyst and designer in apreemenl with 1he user.

. I1 has long been the aim of compuler scicnlisiy to pravide
fr:um:l languages fos Lhe expression of speaficanon 1o a5 Lo
reinal mechanicsl checking of completencss and AMELEnCY
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[451-149%, [911], bul n widely secepicd language docs nol yet
exisl,  Given a1 machinable ppecificalion it i concepluully
rossible {0 reduce il mechanicaliy to €xcculabie |5¢] and even
cfficienl [14) code bui these technologies loo sre nol Yoo
reudy for general exploilalion. )

Thus, for thie time being, the epecificallon process will be
folluwed by g dezign phase [49], [$1]. The prime obpctive
of this aclivity is to identify and Elyuctere data, data trunsfor-
mation and dats faw [23]. 1L musl sl achieve, in 1ome
defined sénye, oplimal pactiioning of syslem funciion |201],
select computational algorithmi and pracedures, and idenlify
wystem compaonents, and Lhe relutionships beiween them, I
is now penerally accepred Lhat iteralive sop-duwa L5211 analy-
sis and pariilioning processes are required to nchieve succernive
refinement {21] of the sysiem design \o 1he poinl where the
wentified objects, procedurea, snd trensfarmations can be
direcily implemented.

3 implemenitation: Following the comptetion of the design,
wystem implementation may begin,  la praclice, however,
devign and implemenlstion avezlap. Thus, as [be hierarchical
partitioning procees proceeds, analysis of certain ntpects of the
system may be considered sufficienl for implemeniation, while
alhtr require further analytis. In 2 jofiware projeci, time
slways sppears to be 1 & premium. A work force comprising
many differcnt abilitiey ix avallable and must be kepl buzy,
Thua, regreiiably, implementation of 1ubsysiems, componenis,
procedures, or modules will be initinted despite the fact that
the overall, or even the local decign, is not yol complets,

Ag the ymplementation proceeds code must be walidared
[531. 154}, Present day procedurcs concentrate primarty
on terting [55}, though in recent ycoard increasing use has been
made of degipn wolkihraugh wnd code lnrpecrion 190 . Thes:
laiter procedures are witended to diaclpse both design and sin-
plementation errors belore their consequences becomns hidden
in the ptogram code. The ralio of cosiy of remuving & lault
discovered in urge a3 against Lhe cosl ol eemoving the same
faull if discovered during ithe desipn or fusl implementation
phase i3 somelimes two of three orders of magniude. Clearly,
it pays to find faulls carly in the process,

In any caze, tesling by means of program cxccuticn is carned
out, generally botlom up, firsl al the unit (module or proce-
dural) level, then fupclionally, componen! by component, As
[csltd componenis become available Lhey wre Lhen aszembled
ANiO & EYSLCI 0 AT anfegraiion Process and sysiem lesl )s initi-
ated.  Finally, nfier some degree of independent certification
of syslem [unction snd posformance, the system o designaled
ready [or refeasr,

The above very bricl summary bas ydentificd some of the
aclivities thal arc typucally undertaken n a2 sysiem cigalion
procest,  Indwvidug activilies s uescnbed may aoverlap, be
Iverated, merged, ot not underioken af 2. Design of an ele-
menl, [or esample, may be fallowed immediately by a lest
implemenianon and prcliminary petformance evaluation 1o
ensurc Teasibility of a design before jis implications spread (o
olher parls of the wystem. Clearly, Lhere sthould be n a2t ol
overall conrrolled procedures 1o take a2 concept from the fust
gragmalic evaluslion ol the poltntial of an applicalion Jor
mechenization (o the fingl program producl exccuting in de- °
fined hardwire or software and hardware envirgoment(s), :

4) Mainrenanee: Once the systcm hau been releascd, the
mainicrance process begins. Faults will be observed, reported,
and comecied. I wies progress ix blocked becawse of 3 fault,
& \wempaorary bypass of Lhe faully code may be authorized. in
other circumstances & 1emporaty or permanent fia may be
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d in sweme ot al) user jucsbions, The permapent repad ar

‘::::5 to 1he program cin then be held over for y new releuss
:; (Bhe BYRLEW, In apher cuses, 3 penmanenl chongs will be pre-

fot immediate inalallation by «ib thase running the eyr-
The particulst strafepy sdapicd Inowny inptance wili
Jepend on the nature and severliy of the fauiy, the alze and
difficuhy of 1he chanpe cequired, the oumber wad salute of
progrsm inglsllelions wnd wact S gahicainang, angd s on. The
irepnle straicg¥ will have a profound impect gn Lhe rele of
pykem complcsiy prowth, on e lilecytle enztv, and on ita

p:lﬂd
[EET,

fe expeciancy.
Tpe faulls thal ate fized in Lhe mainlenance process may be

due 1o changes exlerngd to e wFsien, Incor€Ct or incomplete
gecification, design or  wvopleinentalion ecron, hardwars
changes of 16 some combinauan of these. Since each user
cnposes the syatem i different ways, all installations do not
expenence Ml fauita, nor do Lhey aulomatically apply
manulscturerdupphed fisey or change, On the other hand,
ataliations having their own programming ntaff may very well
develpp and instal Jocalized changes or pystem modificalions
to suit their ppecific needs. These paiches, insertions, or deje-
gons may in turn cause new difficelties when furiher incre.
mentn! changes are recerved fvom the manufacturer, or #1 3
Iater date when a new release i3 received. The inevitable con-
gequences of the mantenaace process applicd to aystems
instalied for maore than one user, 3 that the sysiem drifls apart,
Multiple versions of aystem elemenis develop {0 £ncompass the
variations snd combuiations |56]. Syslem confipuration
managcment becotnes s major lask. Support envircamenis
(131-(2%] thas sutomatically collesl znd mainlain 1otal activ-
oy tecards become an essential 1ool in programming process
akagement.

F. Life-Cycle Plarning ¢nd Management

The preceding diacussion, whils presenting & simplified view
of the Lle cycle, witl have made clexs the dilficulty sssocialed
with cycle planning [n receni ytars this problem has reccived
much attention [57], {58]. A varety ol 1echniques have been
devetoped to improve estimalion of cost, lime, and ather re-
swources requiced for software development and maintenance
|59])-|64], Thess 1echniques are based on extrapolaticon of
past experience and tend lo produce retulls in the nasure of
wif fulfitling prophecies.  In general, 1 has nol yel peoved
poisble 1o deveiop 1echnigues thal eslimatt project require-
-meniy on Lhe basis of objeclive measurement of such atirib
ulei as applicalion complexily and size and the work required
1o Creale s salislactory system, Techniques such as soliware
woience |65, 1661 week to do just Ihis but 1o date Iack aub-
stantigtion |&7] snd intecprelalion, Mapor research and ad-
vancex are tequirdg il soflware engineering 15 {o become 3
managrable ai ate pther enpinecripg disciplines, chaugh funda-
mentally the peculiar nature of sofiware systems | 28] will
always leave soflware engineering in & clags of s own.

IV, Laws o Prouivam EvoLunion

A Evoluiiun

The analyus of Scction [ aBdocizied wilh the Lie-cyile
dgescnption of Section JL1, has indicsied that evolution i &n
mnnsic, feedback daven, property of tofiware. Thr mels-
syviem witlun which s program evolves conlains many iore
leedbach relalionatyps than those jdentilicd above, Primitive
witincts of suravad and growth resylt in the evolubion of stat-
bang mechanismy in Tesponte 0 peeds, evenld and changng
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ahjecuves, The reauliing preudchicenrchical strucmte of gelf-
sabdizing syatenw includes the producis, the procisses, the
eavironmenly snd the orgenizations involved, The intaraciions
betwech and within the vazlows constiluenls, and thé ovcol
pattern of behavior nusl bo undertuod i o program ﬁfudu;t
and [y usnge nre (o be effectively planned nad malntaloed,

The oreanjzationnl and enviranments] feedback, Unks,
focuses, sud traatmiits the ovoluliohery Fressure to ykeld the
cobinulng change priocess. A mumilar sitealion holds, of courms,
for any human organized activity, any artificid eystem. But
sorme sgnificant diffcrences are operstive in the case of soli-
warc. In the Gret instance therc i nb TOoMm in programming
for imprecision, no malleability (o accommodaic unceflainty
of error,  Progremming iy & mathematical discipline. In rela-
tion 10 » rpecific objeclive, § program 15 either tight or wrong
Once &an instruction sequence has been Oxed and undes and
wintil it is manually changed, its behavior in eaccution on a
given mnachin® i3 determined solely by its inpuls.

Sccendly, a soliwire system ia sofi. Changes can be im-
plemented ugng » pencil, paper, andfor & keyboard. Moredver,
once & change has been degigned and implemented on s dével-
opment sysiem it can be applied mechanically 1o any nurthber
ol inslances of the same syslem wilhout further signifkeant
physical of intellectual ¢fforL using only compuling resourees.
Thus the templition s & implement changes in the uiting
sysiem, changs wpon change gpon change, rather than td cob-
lect changes inta provps and implement them in 3 mmlf new
instance. As the aumber of superimposcd changes in<reascs,
the sysism and the melasyslem become more complea, stiffer,
nuxe resistant o chanpge, The coal, Uhe tirge sequired, and Lhe
ptabability ofpn eiToncous of unantisfactory change al increase.

Thirdly, 1he rate 31 which a program oxtcules, the frequency
of umge, uizge inleraclion with the Opérating environmmeal,
cconomic 1nd social depeadence of extemnal process on pro-
gram vizcution, #l cavse deficiercict 1o be expoacd.  The
fesultant pressure for comection and impeovement leads 1o &
tyslem rate of change with s Lime tcade meured in days and
monlhs rather Lhan in the years wnd decpdes that separaie
hardware generalions,

B. Dyramics ond Lewt of Progrem Evolution

The retultant evolution of sofiwaie appears to be driven and
controlled by human decision, managerial edicl, and program-
mer judgmeni, Yol as shown by eatended studies |68]1-] TE],
meacurer Gf itz tvolutien display patterns, regulandy and-
trends Lhal suggesi an underlying dynamics that may be
modeled and uwd (ar planming, for process sontrol, and fo:
procesy iImprove menl.

Once observed the reasuns for-thit uneapesied regulatity is
easily undertjood. Imdwrdoal decitions in the life cycle of &
sofiware sysiem penerally appeor localized in the system and
in ume  The considerations on which Lthey aie based appear
independent. Managerial decisions are largely taken in relauve
wotation, concerned Lo achicve local contrnl wnd optimizaiion,
concenuaied on aome aspect of the protess, some phase of
sysiem evolution.  Bul their aggregation, moderated by the
many feedback relationships, produces overall syslems réspanse
which is regular snd witen normally distribuied,

In jts carty stages of deveglopment & E¥sicim |5 mors or less
under 1he contrel of those jnvolved in ils analysis, design, and
implemeniation. Az il apes, [hose working on o wilh Lthe gys-
tcm become ancreasingly funsirained by ¢arher decisions, by
exipting code, by established praclices and habats of uscrs and
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L. Lontinirlng Change

A progrem that 1 waed sad Thal as an implenveninfioa of 1 ipeci-
Ncatlon rafiecly s other reality, undergors vontisug! change or
becumey progrewively kenk wieful  The chunge or decay plocess
conlinugk until il in Judged move conl cifeclive Lo replace the i
tern with 5 recraaied veradon

1t Jucrcesing Compleasty
A3 an evolving progiam iz conlinuslly chanped, its complexity,
1efeeling deterioraling piruCiuie, increases unbed werk U done to
maintain or reduce il

M Thr Fundgmemial Low of Propram Erofufion
Program cvelution i subecl Lo o dynamick which maker 1he pro-
gramming progsis, and hencr measures of global project and tyslem
ailribucer, sell-regwlavng with styusically determmable 1eends and
ArariamcE L

I¥. Contcrvation of Crpanitationa! Stabificy flavanamt Work Rore)

During the wclive Lfk of ¢ pragram ihe global scLivity sale bn & pio-
Erammung propect is siatigcally mraiigni,
Congsrrgrion af Famitignity [Ferceired Complenity)

Buring the sctive Nle of & pm;r'am the relense content {ehangey,
additions, dekiicra) af the supccssive relenmcs o sn evolving pio-

pram i gtailuically invsilant.

implementon alike. Local control remains with peaple. Bui
progeas And yystem-inlermnal links, dependencies, and interac-
tions cavse the global chyracieristies of sysiem evplulion 1o be
detezmined by organization, procced and system parsmeless,
At the global level the mclasyslem dynamics have largely
iahon over.

Sunce the onginal observalion [§3], ctudies of program evo-
lution have conlinued, bascd on measurements oblained (rom
o variety of syslems, Typical xamples of Lhe resullant models
have been reponced [69]-[12), {T4], | T4} including tho one
detailed example of their applicalion to release planning {77} .

It was repeated abscovalion of phenomenclogically similar
behaviar and the cominon merpiciation of wndependent
phenomena, Lhal led 1o w sl of five laws, that have themselves
evolved us insight and undcnianding have increased. The laws,
£5 currentlly formulated (v meclude the now viewpaint emerping
Mg the SPE elassificatian, are gven on Talile 1. Thew eanly
developrment can be Jolliowed 1in [9], [10], |72]. We note
thal the laws are abstraclions of obscrved behavior based on
ttatistical mondels. They have ne meaning unid 3 sysicin, a
project ind the arganizational measysbem are well cetabhisHed,
Moie detated dpcusuon of theur nature and of {heit 1echnical
and managene! wnplications will ke fowund i JE0L, }770,
[ 78] and [77], 1 T9]), |BO), respectively,

The [irst law, connruing chonge, anginally (3], 110], }39)
capiessed the universally ohserved fact that larpe programs stc
never campleted, They jual coatinue 1o evolve, Following vur
Row Ingight, however, relerence 06 fargracts B row replaced by
the phrate . . "thal reflect some other reality ...

The pecand law, increaning complesiy, could be 3€£n 52 AN
instance of the second law of thermadynamies, 11 woukd scem
more seasanable (o regard bubth a3 instapces of wme moic
fundsmenlal natural drwth,  Bui [rom cither siewpainl s
meszage b5 clear,

The third law, the fundamettial low of program pealuion, b
In the nature of an exitlence rule. 11 abstracis the observed
fact 1hat the number of deciions draving the progess of evolu-
uon, Lhe Flmr feedbach paths W checks and balances of

R0

orgatizationy, human lnieraclion in the proceas, reaclions 1o
utage, the rigidity of program code, all combine o yield
etatistically repularbeh avior such as that obierved snd mensured
in the systoms studied,

The faurih law, conzervation of erganizationaa! piability, and
the Nifth, ruaservadion of familiarity, repiesent ingiances of
the chxervations whose generglizalion led to the Lhird law,
The lourth reflects the gteadinesas of multiloop sell-giabilizing
pyitéma. 1t is believed 1o arize from organizational etriving for
atability. The managements of well-established organizations
avaid dramafic change and particularly discontinuilies in
growth rales. Marcover, the number of peaple and the invest-
menls involved, the vnions, the time Sclays in implementing
decisioas, 21l opcrate together Lo prevent sudden of drastic
change. Wide Ructualions may in lact lead to ingtability and
the breakup of an organmization.

The reader muy find I difficult to accept the implication
that the work cutpul of & proyect is independeat of the amoun
of resouices employed, though the sarue obiervation has also
een recarded hy others |E1]. The wnderlying truth is thet
activilics of the type considered, Though initiated with mini-
mal rezources, rapidly atiract more and more a2 commitment
1o the prigect, and therefore the consequences of succeas ar
Failure, increase. ur oioervalions as Tormalized in the lourth
law imply 1hal the resourics thal can be pjoductively applicd
becomes limiled a3 a sollware projact azes. The magnilude of
the limjl depends on many factons including attributes of the
tolal cinwuonmeni Bol the pressure for success leads 10 invest-
menl 1o the powt where il is exeeeded. The project reaches
the slage of resource saluration snd furither changes have ho
viyible effect wn real overall auipul.

While 1he fourth law springs from a patiern of organtzational
behavinr, he MNiNh refeciy the colleclive conizquences of
the chargcienstics of (he many intividuals within Lhe organize-
Lon. It is dscusecd a1 length in J11]. Suffice it to say here
lhal the Law arirer (zum 1he npahncdr relationship between the
magnitude af » syslem change and the intclecival effort and
iime required Lo absorb thal change
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Slae 4300 Modula
1.3 Assemibly H-slaiemanta

Loemimental grow(h 410 Midules
Modulktt changed® 50 Modyies
Frucilon of madules changed o83
Fclense Interval 215 Days

. Syrrem Siatisticy
Agt 4.3 Yeary
Change ra1e 1.7 Moduleaday
Averape incremenial growth 00 Muduley/ relesss
May imum wafe prowth roe 400 Modubes/reloam

Mot Recear Reloesen

Reloap b 17 18 19
Incremental grawth & Migd) L33 71 183 154 410
Fracthon changed 033 041 Dax 4350  0ss
Change rate 125 0i1 9% o9 9.6
Interval (Days) 95 117 o1 111 215

Ot mody, Chenged] dod 1.9

B4 oo s 5.4 .

“Modules thal are changrd in any wiy in relcam fv I relative Lo re-

kease | 31e counted as one changed
ber of changes os of thel magniiude.

V. ArPLIED DyNamiCs
A frasdugrion

The previgus sections have emphasized the rhenomenctogical
nass for the lawe of program evolutiaon, indicating how Ihey
de rogled jn plenomeas undertying the activily al program-
mung itself.

The origin of the laws in individusl and societs! beharios
mJkes 1heit snpacl on Lhe consirsclion snd mainichance of
swoflwire more than just descriplions of Lthe evolulionary
process  The lyws represent principles in saltware engincering.
They ate, however, ¢learly nat immutatle, as lof cxample, are
Lhe lawy of physics ar chemistry, Since they arise from Ihe
habits and piactices of people and organizalions, thelr modifi-
€ation of thange requires one 10 ga owiside the discipline of
compuler tfience info the realms ol sociology, cconomics and
matagement, The laws cherelose form an cnvironment within
which (ht clfecuveness of programming methodolagies and
Mmandzement siralegies ond techniques can be evalualed, a
backdrop againsl which betler methodologizs and 1echniques
cin be develaped,

Their implications, technical and managerial, have been pre-
viowsly dittyssed in the Lierslue (31, 19), (211, 175], {401,
tn 1he present paper, we resthic! the discussion to authning
fnoeaample of The application of evolution dynamics models
i releasre Blanning,

8 A Cair Study=-Fystem X

1) The Sysrem and itr Characterisrics: System X is 2 general
Puigoit bilch operaling 1ystem running on & range of ma-
chines, The cighicenth sedease {R18) of the system i GpCis-

wnal in some 1ens of intlalislions running 3 vanietly of woyk

inda The nypeleenth relesse (R19] is about 1o he thipped,

Tabie 1l and Fig. &a)-{g) present the sysiem 3nd cefrase
4ita snd modely grallable Tor the purposes of 1he prescal
exernise, We cannol, howevet, provide lere the detaiis of ga-
tuical anglysia and model validation [76), based on th N

madule, independenily of 1he num-

and Lhat from ather aystems that gives us confidence in our
conelugions apd predichons.

Eanmining ihe system dynamics as impled by mode de-
rived from Ihe data and a2 dlustrated by the Ngures, Fig, &(4)
shows the cantinuing growth of The aystem (first law) slbejt at
a declining tave {demonsirably due 1o increaving difficuliy of
change, growing compliealty -second law).

Fig. &(b) indicales that as a function of release sequence
number (REN) \he system growlh {measured in modules) has
bezn linear but with a superimpored ripple (s strong indicator
ol feedback stabilization),

Fig. 6(c) showt the nel lncremema) growth per release {fifih
Inw).

For 1yslem archilectures such as that of wysiem X, Lhe frac-
tion al s¥siem modules 1hat are changed during » releass may
be taken 35 0 pross indicator of sysiem complexity, Fip. §{d)
shows thal wypem X complexily, as messured in thiy way,
showi an increaning trend {(sceond Jpw).

Fig. 6{c} iz an ¢xample of 1he repeatediy cheerved congtant
average wolk rate {fourth law].

Fig 6{1) illusisates how Ihe aversge work raze schiaved in
individual releases, 19 megsured by the rate of module thange
(changed modules per relesst inlerval day (mjd) cscillatey, a
period of high pate activity being Millowed by ane or more in
which the activily rate is much lowes {third law).

Finally, Fig £z} plots the relegpe jnrerval rpainsl relcate
iequence number. 1L has been argued that relcwsc intervat de-
pends purcly on management decision Lhat is stsell based on
marked considerations and technical aspecls of the relesze
conieni aad envivonment. Datla tuch as 1hat of Fig. 6(g) ind)-
cates, bowever, thal 1he feedback nechanisea thal, AmOngst
other process attnbutes, nlso conital 1he relesac interval, while
including humgn deocision laking processes, are gpparently not
dominaled BY them. As & consequence, 1he Jelease inlerval
Patle:n is sulficiently regular to be medelable, and is slatigj
cally prediclabie once énough dats points have been established,

2} The Froblem: Already peios la 1he completion {and re-

h-5-10)
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FRHOGRAMSE, LIFL CYCLES. AND LAWS OF BDFTWARL LYOLUTION

1ot

TABLY LI
Retdayy 20 PramnneD CONTENT

Funciwng! Exbancement
OM Mode Mudi
) Mew Mudi Chgd Chyd QMW
Mo. Description NM) {OMC)  (NM + OMO) tR)
1. 12enpficd Fawln
ITRE. RLE, 17} 1 180 k]l -
Expriored faulls '
(RLS. 19) . i} 600 00 -
Y. Interactive trrmimgd
wppoil {IT5) 150 1732 LR K| 1.4
4. Dynumic porage
maragement (D5} 10 1500 15710 ik
1. Remegie job enuy {RIE] L% 457 51y t B
& Mew disk support (NDS) 17 134 141 1.}
1. Baich scheduler
improvements (B3L) 3 19 13 ' 9.7
L. Fie aoces aystem (FAS) ] T4 12z 31
¥, Papar 1ape muppor| {FT5} 11 1 1+] 92 &7
0. Fecformence improvemenl) [ 137 139 -
1411 L3 | 6710
Detaif of fatereciive Termninal Support [IT5)
Mo Duscription Mew Mods Ok Modt Chgd OnCfNM
1A Termmnal supparl 4idd 1032 1.1
in Schaduling 117 291 13
I Telecwm mippost LT m 49
1D M. 121 126 1.9
750 1783

leasefal R1%, work has bogun on p (urthey vorsion RI0, whose
man componcnl is 10 be Lhe additen of inleraclive access (o
complement currenl batch fueilities. This new facitity “ITS"
logether with other change: and sddilions Iummardzed in
Table JII, are to be made avarlable cighteen months afeer First
:ustumfr imalallation of R19,

Fot each major planned funclional ¢hange, the table listt the
aumber of new modules to be added (NM), the number of RIS
modules Thal gre 40 Be changed in 1he ¢ourse ol cicating R20
[{}HCL the 1otel number of modyles changed (NM + QMC]),
and the rahio ol OMC ic KM (Lhc inietcanneclivily ratio {I1K),
o indicalodr af complenity). No modules are planncd for re-
meval 0 the ciealwon of RID hence Lthe planned net sysiem
growth in 1021 modules,

Management has also scwepied ihat a Torrher release H23,
will Tollow 1welve manths after R20, 1o include any lcfluvers
o B200 br miay alsoonglude addilivnal changes Tar which a
domand develops over the ment Lwog Yoare, The cufrend €xdi-
cee w0 endorge Lthe averall plan, or W il can be thown 1o be
deleclive, 10 propace ana aliernalive recommendalion,

I} Process Dyrasnics:

«) Work rare: From Fig G(e] the work rale has avclaged
1L & mfd! aver ahe Wifclime o 1the s¥slem. Fig &0) indicales
(tatl the maaimum ralc gchitved so far has been 27 mfd, Evi-
deace Lhat cannatl be detaded here reveals, however, that 1hat
1ata poinl 3 musleading and that a peak rale of Jraul 20 mjid
n s bener indicated of the maximum achicvable with cunent
m,;h.;l.dyju" and tools, Moreover, there iz slrgag cifdum-

aumbar uf Mudubcg ot -netd o g beaar
pe|TaLY Inler. laxp

Tpadules pir day =

stuntial evidenue tha! relegses achieved with suuh high work
rules were extremely troublesume apd had ta Le Tollowed by
considerable clean-pp in a follow-up releast, ay alto implied
by Fig. G{c}. Thus, If R20 s planncd so & Lo requize § wark
ratt in the region of 20 mfd, it would be wise to (imit K21 Lo
ul most 10 mfd, 1he syslem average, If on 1he aiher hand, the
pracess is furiher yiabilized by working an R20 at nesr average
rile, one could then, with a high degree of conlidence, ap-
proach R with a ligher work raie plan,

b} fucremenial prowih: The maintaincd avergge theremen-
14l growth lor system X has been arpund 300 mod ulesfrelcast,
Qe again circurmgiantial evidente jndycates that rcleases (for
which, in this case, Ihe growih 1ale {iniremenial growlh per
release) hat exsecded twice 1he average) have slipped delivesy
dates, a poof quality record and 3 subsequent need for drartié
correchive activity, Fig. &{c) and Table Il indicate that RIY
will lie jn this segion and that R18 had high incremental
gruwih. That ja, K19, once rehensed, i3 bkely Lo prove 2 poor
quality base. The lirtl evidence emerges hat mayhe RI0
shituld be 3 clean-up release,

¢} Growih rete in mouduley far rélesie: The same indign-
1on lollows from Fige. &a} and {b) where the :ipple penods
are wen 1o be three, four, and Tive intervals, tospeclively aver
the Tirst three eycles. In ihe Tourth cyele, six intzrvals of jn-
vicasing growlh rate have parsed wilh the RIE-RI19 growih
the Jargest cwer, Without even considening 1he planned grawih
10 R20 {Poinl X), il scems appacenl thal ¥ clean-up ieloass v
duc.

4) R20 Flan Anelyin!

a} Inigisl analyyis: The el obgervalion on the plan us

summarized by Table FH siems from ke columne (&) of TR

t-6-12
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focrors. 11 has not been celowdsied fur llena |, 2,204 1D pince
these represenl sclivities thst orly rerely require the provision
of entircly new {nonreplaccinenl) madutes. For ilenia 4-9 the
ratic hies in the range 5.2 £ 1.5 remarkably snmil range for
widely varying functional changes. Yer the predticied ratio for
[TS is anly 2.4. Ooe must ask whether [ i reasonable 1o 1up-
pose hal the coile naplementing sn inlerselive facilily i far
moie looscly coupled 1o Lhe remaining system than, [or cxarm-
ple, o specialist facihoy such a5 paper Lape supporl? I iL nod
far moee likely that ITS has been insdequaiely desipned;
viewed perhaps as an independent [acility that :equites only
jpose coupling inte 1he exubing sysiem? Thul, when il is inte-
grated with the remainder of the systemn to form R20, will it
nol 1equire many more changes to obliain correct and adeyguale
perfarmance? From Lhe evidence before uy, 1he question is
undecidabic. Experience Lased intuilion, howover, supgesls
that it is rather Likely 1ot Ihe number of changer required
clsewhere in the syslem has bécp underestimaled. Thus » high-
prionity design wappraisal 15 appropriate, I the suspicion of
ingomplele planning proves to be coicect, it would supgest
delaying R20, 5o 1hal the planning and design procezses may
be completed, An allernative stratepy of delaying at least 775
1o R21 sthoutd also be evalusied.

&) Number of madelrs 10 be changed' The siiualicn may
ol coutse not be quite a5 bad as direcl comparison of [he
present eslimate af the ITS interconnection ratie (IRY with
that of the other items, sugecsts. In view of the 750 new
nicdukes invalved, 115 IR lactor could not excoed 6.4 cven
2t 4R00 modulcy of R19 were elfecied by the TS addition,
Such a 100 percemt change i1, in Cacl, very unhkely, but the
IR faclor of ?.4 remains ¥ery suspeck,

Moreover, even with the low ratio for ITS (he sum of the
individual OMC estimates Tor (he enlite pan e sceeds the
number of modules in R19. This suggesls a new sitwation.
Multiple changes applied {o the ame module musl have beconie
& ugnificant occurrense. Even ignoiing Lhe Tacl (hal ¢ven a-
dependenl chanpes applicd in the onc releasc 1o the mmr
module pencrally demand  sipnilicantly mare 2llun than
similar changes applhied (e independent modules, the foial
effart snd 1ime requiced must clearly incicase wilh holh 1he
number ol changes implemented and the aumber of modules
changed. The presently delincd measure “modules chonped ™
i inadequate, The aew sidvation demands consulerglion of
maore pensilive measutes such zs "aumber al module changes™
and "avceage aumber of changes per module. ™

These vaanol be derived from the avallable data. We may,
however, proceed by considering 2 mode! based on the dats
of Ihg 6ld}y. Extrapolating ihe fraction changed trend, reveals
thal K10 may be enpected Lo require a change of, say, &4 per-
Lent, or 3725 changed modulcs ¥ Cumparing 1his estimale
with the toral of 6210 abieingd il the estimates for individupl
ilems are summed, 1f appears thal the average number ol
clanpes 1u be apphied 10 H19 modules according ro the pesenl
Flan as at leasl of grdér {wo, We have alresdy obserecd Thal
multiple <hanpes cause addiliona) complications. lence any
prognusis medc under Lhe imphied assumplion of singple changet
{ur ol 4 womewhat lower indcrconnection ratio] will lrad 10 an
aptimislin A55ES5ME N,

FHoatiencal More: In The pyslem on whigl (lng enumpile in Based he
relr g it hodeng The ondeiscliog Tacilily whiimetely savualved soome 58
e of modaiey changed  MATEDeer i Mirnl 1ede ase vedn sigmilic ngly
delaped, pnd war of kmitad qualdy asd performanye, Mol Lhan 7Oper

cent ol gl modulcs had subsaduerliy do he changed agnih Lo allard 2R
Sdprable prodasi. Clat arlimad B cleariy gocd,

4-6-13
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o} Rave of wark! The cutrent plan cally fer R20 with g
3725 modyle changes Lo be avallable in 18 monlhe, that is 545
days. This implica » chenge raie of leas then 6 4 mfd. Tha
relatively low rale, (ollowing a peried of wverege rale aclivity
BURREELT thal work rafe prossures arc unlikely 10 prove s rourge
of uouhle, even with multiple charges to many of the madules.

d} Growih rate; In Figs. 6{a} snd (b}, we Ruve ingicalcd
the positian of RID ag per plan, with an X, Bolh modules in-
Jivale 1hal (ke plusined growlh represenls 3 majar deviation
fram the previous history, Thus confirmalion thit Lthe plan is
rcalistic foguires & demonstraticn that 1he ypecinl pature of che
retcase, of changes in methodolopy, makes il reasopable to ex.
pecl & sipnilicant change in the sysicm dynamice. |n the ab.
sence of guch & demonstration, the puspicion (hal all is nou
well is strengihened.

¢} Incremensal growth: The current R20 plan calls for
rysicm growih of over 1000 modules, This figure which iz
[ive Limes the wverage and [wo and a hall limey e recom-
mended mesimum, must be inlerpreled as a danger signa),

We have gtieady suggested (thal Lhe low interconneclion ralio
far ITS suggests Lhal the planners saw the new companent as a
ttand alape mechunisor that werfaces with the remainder of
the syslemy vy & narrow and regieicled inlerface. If 1his view
rroves jusiified, the Large incromenlal prowth reed not be dis-
turking.  But ot seems reasonsble Lo question it Wilth the
architleolure gud sicuclure thal system X i= known 1o have,
such 4 relatively narrow interface is unlikely 1o be able to pro-
vide The cumurunicalion and conlrol bandwidih thar safe,
wileclive, and high capacily aperalion musl demsnd.  This
is apparcnl from comparnsens with, say, Lhe paper lage or
sk suppoarl changes or the RIE addition. The onus must be
pul onliz the LTS designers to demonstrale the compleleness
ol their anylysg, Jesign, and implemeatalion, !

Withuwl such 4 demongicalion one must concfude that che
present ptan i5 not technically wiable. Markeling or other
cansiderationt may, of course, muke il desirable o slay wilh
the presen) plan cven if 1This implies shpped delivery dates,
poos and unrelisble performance of the new release, limited
facilities, and s on. Rul if wich considerstions force sdoplion
of Lhe plgn, 1he implications nust be netcd, and coreective
achion planned. Ways and means will have 10 b2 ¢realed La
cnable uscry Lo cope with the sciultant s¥s1em and usage prob-
lems and che ipevilable need For & mapr ¢ean-up rclease, N
mighl, for eaample, be wise 1o tet up specialized cuslomer sup-
porl teama to assist in (he installation, local adaplation and
tuning of the syitem,

! Relegse imicrval: Fig, 6{g) indwales (wa possible model
for 1he prediction of (he mosi hkely {dcgirabley] relcase inte;-
val for K10 snd R1Ll. Linta exlrapolsiion sugpesls 3 relcase
perigs of under one year for each of The two releascs, If thi
is valid, the ppparcnt desire for v release afler the 18 manths
is of ilscll unlikely te prove s source of problems, On the
Lasis of evidence not reproduced here, howewer, the £xponcn-
tial exlrapolation 14 likely o be more realistic and 1his yields
an R20C release inlerval forecast of aboul 15 monlbhs and ag
K21 inleival of some 3 yedns.

£) Rrcgmmenderion-Sonuaary: On the basis o Lhe avald-
ahle data we have voncluded Lhat

1} to proceed with the plan as it stunds o couriing debwery
and quality rroblems for R 20; :

2} a clean-up telcase appears duc in any casr;

3 failuyre to provide it will lcave a weah base for the nrag
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reltape; at Lhe very least ithe number of expected laults
{Table LI, item 2) is likely to prove an underestimate;

4) toe shaoluse size of the ITS component and 1he relstied
incremental sysiem gprowlh would represent 8 major
thallenge cven on a clean base;

1) there are indicatione thar the (TS sspect of the release
design is Incamplete;

o) change rate needs far R20 are not Likely to prove a
aozce of problems;

1) aor is the demund for atisinment of § next :chease in
cighleen monihe.

Tae loliawing recemmendations follaw:

a) initiate immedialely an intensive and derailed reexaini-
nation of 1he ITS design and itt interaction with the
remainder of Syslem X}

g9y frem the integraiion records of R and by comparison
wilh the records of earlier releases, make quility snd
error (ate models and obiein & prognosis for K1V and
an impioved estimale for R20 correction actinly; inlc-
gration and €rror rale modely have not been considercd
in Ihe present paper bul have besn extensively pudied
by ihe present author and by alhers [B5];

[0] assces 1he buzinesy consequences of, on the ont hand, »
shppage of ont or two years in the relessz of TS and on
Lhe orher, 1 poer quality, poor performance releasc wilh
s dippage of 52y, some months {due to scceptable work
fale but ¢ acestive growth);

I3] in the skpence of positive indication of & porentind lor
major devialions [rom previous dynamic characteristies
ar the exwlence of a genuine butiness need (hul 11 mare
prewsing than 1he lozses that cuuld arise from o poor
guahily product, sbandon the preseat plan;

13) wnsiead redengn rclease 20 to yield R20': 2 clean, well-
grwciuted, baie on which to build an 1TS refease, R21°;

" 13} tennablively aclease intervals of § months and |5 months
are proposcd for K20 and R21°, respectively:

14) B21° should be a restricied rclease for installalion in
wlected silgs]

14) i would e Iollawed afier | year by & genersireleme

ki1

3} Recommendations—Deraily; Atsuming that the futther
swsgaiioh 4y per parafraphs B 10 10 ol Section ¥V.B4g rein-
1oacey 1he contlusions reached  1h7ee relcases would have Lo be
sefined. We outhne here pmpnnls for R20" and R21. The
prd, R will be s clean-up buf its conlens cannot be idenn-
\wd in denail warl & Teel for the perfermiance and gengral

quiality of R21" has developed. The detniled anatysis 33 lefl ag
AN cxercise (o the reader,

The inherent problem in 1the degign of the ITS releam i3 the
frct thal 1he component has a tize slmos1 twice the maximum
recommendsd incremental growih. Mortaver, with the poss-

ble cxceplion of its telecommunicalions suppoct [Table 11,

item 3¢}, none of the componenl subtysiems would receive
usdge exposure in the absznce of the athers. Thus a clegn ITS
release cannot be achieved except by releasing ihe mmporunl
in one fell swoop. Similecly, d]"'l'l-ll'l'ill: slarage madLgemenl
{DSM) b exposcd 1o user Lealing only whep the ETS facility
v operationsl, We may, however, inwestigate whﬂhcr the rele-
communicalion facilily (3¢} will be usable in cunjum:non wilh
the RJE facility, item 5. il it is, there wil} b: some advpniage
1o be gained by releasing 3¢ and § before the r€muinder of ITS
and D5M. .

Strictty wpesking, Fig. S{c) zuggens m;'mu‘ should be »
very Jow comtent release dedicaled to :ylit.m ciean-up and re-
siracturing. Hut the sia preceding relensex were acheeved wilh
sverage change falvs and, From thal painl of view, did not
stress Che process. Thus, if R20" is 1ls0 an sverage rale relesse,
it should not cauvee problems, ard It would seem o low risk
strategy 1o inglude R20' in all those items s m Table 1Y, thel
will simplify 1the subscquent creation snd integration of the
excestively lasge [TS relcase. ,

The ligd, in priotaly order, of the new proposal shows & masi-
mum incremental growth [(159) welt under averzge. 11 is &
matter of some judgment and expericnct whelher it would be
wiscl to delay item 3¢ with 58 new modules ard iem § with
37 to E21' thrrely achieving ihe vory low conrlenl roleass
mentioned above, Wih the infarmalion beflore the repder it
s nol pusable 1o resablve ns queshion since additional nfar-
malian, at the wery least answert Lo the questient raned in
Section V-H4p, would be requited., However, the desire 1o
minumize K11° prablems suggosts the adoplion of the com-
pieic plan a3 in Tables 1V and V.

bn assessing achizvable relcase intervzls for these releatcs, we
base our estimafes onpky on the modwle change count and
change ratc. The consirpals an the poesent cxanple do oot
perriit the full snalysis which wouwld constder models baaed
an Fig. 6(gl, and lake into sccounl additional dala. Al 10
mfd change ezie, impheinentaiion of the complele plan sppears
I3 reqguire 253 days, say 9 monthy, whercas eacledon of 3
and 5 would seduce the prediceed Hime ey uired Lo somy acven
mantits. This recommendation cennol be Laben Tarther wilh-
ol more infermation af both a lechnesl and o matkeling
naturg, and an exannaalwon af alher nterval models. Bol
Lhe necd Tor a clean base o0 RI1' suggesis adoplion of Lhe

y-6-14
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maalmum scceplable rebease intereal, R21" will now include,
8l che wvery Jeast, 1TS (cacepl dc} and DSM, This involves atl
least 920 new modules, an £XCessive growth that cannol usc-
fully bc lurther aplit between fwQ Or more releases. Assum-
ing & change fraclion of, ay, 70 percent (Fig, 6(d)), of » sys-
tem that i3 capected to conlziv 593! modules, we cplimaie
% 1ota} of 4200 changed -modoles in the releasc, mapy with
multiple changes. Since there will now have been seven near
avcrage change-rate relzases, it scems ponible 1o plap for &
chaage roie of L3=-20 mfd, yielding & polential reiease interval
of under % months  Thal by, it would appesr that, by sdopting
the pew steategy, alt of the arigingl changes sand addilions
could be achievtd in aboul the tame time, but much more
reliably. More complete snaiysis, however, based on addi-
tispal data, other modcls and taking intoe aceounl Lthe gpecial
anjure of (he relesses mipht well Iead to 2 recommendatan Lo
increase the combined release interval (o, say, two years,

A Turther qualilicazion mult also be added, As proposed in
the revited plan, R will siill be & pelease with £xcepive in-
eremental growlh and is therefore likely 1o yicld signilicant
problems. The addifigns] Tacl thal the evidence indicates in-
complete  planrung, reinforees condern and expeclalion of
trauble ahead. |t 9 cherefore alsa recommendoed that R71° be
announced as an cxperimentisl relesse for exposure 1o usage by
selected users in & wariely of envionments. 11 would be (ol
lowed after an inlerval of perhaps gne year by an ®37', a
£ltaned up sy¥siem, suirable lor further e volulion.

H Finad commenrs: The preceding scelion has presented 2
critique of & plan, and cutlincd an alternative which it belizved
techinicaily more sound, The cate considered 15 bated on a rcal
situzlion, though in the abtence of complete information de.
Lails hawe had to be invented. Bul the deyails are not importaal
singe the obicctive has been to demonstratc » methodology.
Scafyware planning can and should be based on process and
syslem meastuces apd models, oblained and mainiained as a
conlinuing process aclivity. Flans musi be relsied Lo dynainic
charscteristics of Lhe process and system, and to Che sEplisticy
el change. By ronting the planning process in facer, figurer
and mpdels, allernalives can bt quonLtaively compared,
decisions can be related 1o realiy and risks can be evaluaied,
Sollware planning must no lenger be based sulely on apparenl
business needs and markel considerations: on menegement'’y
local perspective and intuition.

Vi ConvLusian

Thus paper ralionakizes The widely heid vicw, firsl capreed
in Garrmpsch (B2, that theee is an vigent nced for 3 dicipline
ul software enpineerpag.  This shogld Taoldse ihe cost-
vlfeciive planning, design, construclion, and niiatenange of
ellecuve pragrams thal provide, and then conhnue 1o proside,
valid soluliens o gtated (possibly changing) problems, or
salisfuctory implementations of {postibly changing) compuler
apphcationt

Following # bricl discussion of Lhe pature ol compuier usape
and of 1he programs, the paper introdoced 1he new SPL class.
fication (hal addresses the essenlial evoluljonary naluic ol
valiows Iypes of programa and cslabhishes the custence of a
vtlermining specilication as 1he criterion for nonevolulion,

In the subsequen; discussion of the concepls, signilcanie
wnd phaied of the program life cyclt, no details of Wife-vyeke
PHpning and mansgement models. 3s such, hive beep in

cluded.  In partcular, we have © ere digeussed Gom, fo-
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tource, and scliabilily models [83]-1588),  Approaches 1g
procest modeling based on cgntinuvous models | 73], [75§ hawe
alio not been included, nor has the vilsl wopic of soliware
complexity [B6]-[89].

Recognizing the intringic naiuee of piogram change, the
taws that appesr to govern the dynamics of rhe evelution pro.
cest weore inlioduced,  Among their other implicstions, Lhe
laws indicale that project plans muit be related to dynamic
charsctenistics of the process and system, angd 1o the statislics
of change. By rooting Lhe planning process in fucts, figures
and mopdels, slternatives can be yguinlitalively compered,
decisiany ean be related to reabily wnd risks can be evaluaicd,
Sofliware plonning must po Jonper be bazed salely on sppar-
ent buzlpess needs and markel contiderations; on mansgs-
menl’s Jocal perspective and intuition. To illusirate this, we
have inchuded & briel example of the apphcabion ol evalution
dynamics models b relecase planning,

Many of the conceptr and 1echniques presentcd in this
raper could find wide applications outside the specific srea
of sofllware systems, in ciher industries, and 10 zocial and
tvanomic gysiems.  LUnforiunately thal theme cannol be
purtued here,

ACKMOWLEDUGMENT

First gnd faremost, Thanks must be exlended 1o L. A. Belady,
8 close collaborators for aimodl teo years. Many others, parlic-
ularly colicagues and axsociates al ALMSA, [HM, Impenial Col-
lege, and W0 2.3 have contributed through their comments,
guesiioty, crilijue, and orjginal thoughts. Al of them deserve
and recejve the suthor's graleful achnowledgments and thanks
for wh indivishoal sand epdlective contributions. The authaor
would Like (o single oul Pral. W, M. Tuik] for Lhe major can.
tribution he made oa his recent visil 10 London. Alse, sincere
Ihanks 1o Br. G, Benyon-Tinker, B, P. G_ Harcson, and Dr. C
Janer Tur their detailed and construclive crilicism of an early
deraft of thixpaper snd R. Bailey for his artistic support. Finally
the author would ke to acknowledge the constan suppodn o
his wile, without which meither the work itsell ror thit pape
would have been postible,

REFERENCES -

i1l ) Guidberg Ed, I8 Prog Sypmp. Ahipa Coay of Sofreare [Navy
Fonp.graid, Schusd, Monierey, CA).  Manko Park, TA: SRI, 1973
130 pp.

. Ilp. Ltaman, ""The cavwomedo) of dmign methodology,” Koy
oty Addeen, bh Froc, Srmp Formal Dengn Werhodolopy, T, 4
Cog, E4. {Carmboldge, England), Ape. 197, Herlow, Enginng
STL Lig., 1980, pp. 1538,

—, "The sliirprc cngmneering enrrpamenl ™ lafoech Suit o
Ihe Ael Rep., "Sliwitured yofiware desslopmenl, ™ P I, L, Wallp
Ld_, wal, 2, pp. 187-003, 1079,

W oA, Welf, “Laligoates ynd siruciured programs” in Currea
Trend) im Prograsuning Meshodalogy, R, T, Yeh, Ed, Engk
weguad Chifig, B): FeeRbLice-Hall, 1577, pp. 13- 40,

L.a Beladr, td., Pror. JEEL Sprcial linve ga Software Enginee

mp vl a8 Bepy, {YRG,

U W, Wb CHoliware singoneering,” JEEE Tranr Compul., va
2%, pp. 1238 1140, Dieg, #4970,

W. M, Tunki, Compurer Progrommng Megholology.  Londo
Logiand: Hepgen, 1978, 204 pp.

B W, poehm, “Software cngmectinE=A1 it ig," in Proc. &

Int. Canf Sofrwere Engineeriug {Munich, Geaimeny), pp, 11=11

Sepu, 0979, {ILEE Ca1. na 190 4TY-A0)

L. & Briady and M, M, Lahmas, “CBaficicrmiecs of barge ay

[cMi1,™ v Resrareh Direepiunt i Sofreace Tochnplogy, FoWepm

Ed, Cambrodge, MA: WLILT. Irew, 3979, part |, oh, 3 pp. i

143 fprimsored By Ine Ty Seevices Commppes ol LoD, wnd,

Froe, Conf Nestwrch Diprpniong v Softwary Trennptoty (Buns

Yaendiy, Frovideses, 1), Lok, £0-17, 1971,

M. M, Lehman, "Uengramy, ik, sFudtni—Limin Lo growis

Inaugural Leciug, May 14, 878 J0ST Ingwpurgt Lecture Sen,

121

131

141

131
lug
i
i

%1

Ivoi



LEHMAN:

wol. ¥, Fr- 21 F=22%, #WTU- 1974 aund a0 Frugraniming Moo
plogy, T Lirits, I, Wew ¥Yourk! Spotgur-Yorlag, (9719, ppo42-

al :‘_.._ ety nndarsianding lawy, evnlule® mnd conagrvalios is (A
I Large profrEnt hfazyein,”™ 4. Eyse Zoftwaes, wol, 4, wo. 3}, pp.
713-342, 1900,

W, M. THIERD, "HEm i s SHE apansorsd viell e Iniperigl

Cotirge,'” Dep. Computing, lmpsnzl Volloge of Sciwace and Tech

wlizgy, Univ. of Loadun, Leidnn, Eqplend, Ocl 1999, 3 pp.

F. 4. hawer, H_ Focach, P Prbber, sad H, Wesgner, “NGies un Lhe
project-Ci¥: an autilne ¢l aireasfarmptson srgiam, * THM-INFQ
1711¥, Tech, Limiw, Munjch, &7 2p, 1977, ]

(] 4, Larimngiien, 'ragra g WRanalormalion: An Wrroduectlon
| et purve¥ " Comptid Aul uer. 2 ne 71, pp. 27 -24, Uec. 197Y,
| H. A, Simon, The Sceemer af she Acsificial. Cambrldpe, MA:

MLT. Press, 194%, 123 PP
A A. Demdlu, R, Litnon, and A, L. Perlia, “Sasisl proceas
and progit of thtorema wnd programe, ™ Commue. Al Compur,
Macx., vol. 13, neo &, PR I7:-780, My 1§79 and oo, |1,
pp. &3 p-530, Mar. 107%.

C. A. K Hosre, *Revew Gf o paper by Demudla, Liptos snd Teriy!
ocial proceysds pnd prooly af iheoremy and programe ™ ACH
Compur Nre, vab 231, a0, B, rev. no, 4037, o, 314, Aug, 1979,
E. W, Dylsirs, A& cunslructies sppradch 10 the problem of pro-
gram £of rrC1Rkas,”” Mordisk Trtarift for Inform ions, Sedandiing,
Xuaden, vod. B, pp, ) M- 0 Ba, 1989,

[ ] C. A H, Murare, ™ Aw paiompin batis for cum pulsr prolspmming,

Commun. Arr. Compul Meck, wol. 12, no. 10, pr. 3T6- 583,
Chi. 1969

(1] . L Permal, “a be crilena 40 Be used in decompoual 1riIems
it mpdvices,” Commun An Campat. Mach, vol, 15, Ao, 1Y,
pR. 1053 103E Dac, 1871,

jarl M, Wk, “Frugram developihent BY Nupwiee refinemen;”
Cownmpn Als Comipar Mach,, yol, 14, bu. 4, Ape. 1971, pp
111-217,

(131 E W. Duktifa, “Neies 00 sifetloed Propamming,” (0 Foree.
nered Progrecumag, 0. ). Dabl, E, W, Dljksery, and C. A, H,
Huogre, kds, Hew Y ock: Academic Preas, 1973 pp. 181,

[31] M A lsckaon, Poncipled of Program Oerygn, Lundon, Chgland!
Ackdemac Mesa, 1974, 299 pp

oo M Wern, “The mudube A gyiiem sirweturing facillly in high-
Irvel pioglemonng languagen,” i Proc Swap Progrommmg
Languagey aad Frogegmming AMephody [Sydney, Auslrab ), 1,
Jabuke, Ed  Lucss Hig,, New Soulh Wales: AAEC, 1979

fatl B Liskuw srd 5. Zdlts, " A0 wnireduciios fo formal ypacafication
of dats absieaction,™ yn Currenr Trondsin Prorammang Meh od.
alogy. val. |, Saftwwre Specificanion and Depign, B, T, Yeli, Ld.
Englewond Chlly, M); Prenlice.pioll, 1977, pp. =33,

p14l C. Jures, Eraftvwary [dowrivgineni-A Kigoraur Approach, Engle-
wirgd Clotle, N2 Frennce-Hall, 480, 00 pp.

{311 WM. Shaw, *1oe unpect ul sbilrection concrtni on Moders Brg.
prammgng WAgusges, ' LA W, pp. 111%=1134,

'"r M., M. Lehmian, “The Tunndi=p fopctionad chennel,” hinperlsl
Cullege, Liep. Computing, Univ. of Lapdon, e, Iep, 71129, luly
19717, b4 pPocamd JRY Feek Oitcforors Bul., 1978

[3*] O ). Dahi, E. W, Dyswera, and C. A K, Homie, Siruitdred Pro.
fromming, MWew Yorh: Academic Fren, 1971, 3110 pp.

| KO0 Lmger. wnd ¥, D0 Mille, “On the develupment ol large,

reible pruptemn” jn Cuxrreal Treads in Fragramming Mrihagd.
elogy, vot. |, SofTwary Speoiflcasion and Dergn, R, T, Yeb Ed,

_  Esgkwisgs CHIMs, NJ: Preanice-Hall, £977, pR. 11G<1 39,

[¥1] M. M. Lehmas, 05 wE-MYY loap rangs piognuads,” Frivie

roatmuni S, MWL 104, 13 pp, Aor, 15, 1975,

|”| T, A, Dulotis and J. B. Muggdy, "“an tntroduclion 1o 1he grg.
grammer'y workbeach,” in Froe Iad Ini Conf Softwars Engi-
arcing (Sem Frpwrmea, CAY Oxi, 1974, (TEEE Ca. no. TaCH.
Fizs-af Dgt 19Te, pp. 164-160)

{10 AL P dlgichieps, I, W, MoGiarhn, A S, Elialen, U M, Trawier,
pnd I, N Weaimagoii, "CADES=Saffware snganeerong i Figg.

' med,” Prog Ath inr Cunf Software Engineecing (Munh, Ger.
manpl, St 1978 EEL Caf, &g, 79CH- 147948, S, 1979,
[T TR

13 L K. Uwalua, "Regwireanente for ADA programming L ppur)
roswonmet =STONLMAN,"" U5, Dep. of Dafenge, Wathingran,
1o, 44 pp, Ians pymo

pa T, E. Bell, ¥ €. Buateg, amd W, E. Dyver, “An tnitagdsble approsch
o compuler-mded poftwdfd frgquirement enpincenng,” JEEE
Trana Software Eng, wal, SE.3 pp. Ae-58 Jan, 1977

16l M W ANterd, CSafiwpre feuliementy engingdring melhodulopy
(SREM) ot 1he ape ol ywo,” in Proe, COMPSALD 18, pa. 121-317%,
hon 1910 (ILEL Cur, mo, 780 HE33S. 30 Y

WM & Hrmingsf, “hSpecHping requitements Ld compled apstema
hiw lechaiyuwet pnd thar appicanen,™ in Prog. Specifloetion af
Rriablr Softvirs Conf., pp. 1-14, Mar. 199%, {I¥YLE Ca1, na,
MCHLAR | -4C.)

(sl BT Yk, s P, Bart, "Specilfping o7 -vare require mami, " chis

1421

(13l

(e

[i+

el

[rat

PROUHAMS, LIFE CYULES, ANIF LAWS DF SOFTWARE EVOULUTION

|ag}
{40}

J4:1

1+3]

143]

|*%]

|45}

|46

1471

lag]

158

151t
1521

(EE]

[E1 Y]

154}

217

157}

s8]

1391

Ja}

161t

(L]

Tedl

laq)
145

1Y

4-6-16

1071y

awe, . 10TT=-1DAE,

Wit Rtaween, €. ), Myerg, wpd L, L- Cunstanding, "Siruciuied
draign,” F8M Sprr S vl 13 8o, 1, Pp 115-139, 1974,

G, 1. Myars, Compagita!Strusjuncd Dirign, Haw York! Vam
Mozrand Ktlnhold, 1910, 134 pp.

1. T, Heas, pnd K. £, SChiman, “Saructuring analysis [ur ragujre.
mgnis telinition,”™ (REK Yrang, Sofearc fng , vls 3153, pp. -
3, Jun VT,

was, hitwgluted angdres [SA): A agusgr bt comERuACElIng
uheap,” FHEE Trumt SofTware Enmg, v SF-), pp. b=3], lua,
1977,

T, emareo, Trructored Analyns and SPIrem Specification,
York: Yourdon Freax 1974, 332 pp.

0 W. Lwkor and ¥, Mavsicn, “An pppraskes ul propram ppeceiics.
Inwa, ™ i R pearch Direetions in Sufr=are Trohuokgy, F, Wiygner,
Ed, Comhwldge, MA: M. LT, Prew, 197 Fyrg 2.0, ch. 7. pp. 1 0%-
147 (spnnpuiad by the Trh-Servicay Commartae of Dedj; snd s
Prog, Conf, Rescarch Dircetiong ja Softwary Technolopy (Lbgwn
Umivei gl ¥, Pravidencr, R1), pp. 274=-300, 21, 18-12, 1972,

1. K. Bunios, and £, Ramddi, Edg,, “Sf1ware enpiarsing 16 h-
nmgwey," Hep, Cuafl, gpienpeicd by ibr MATU Sqenke Commniies
(unee, lisly), Oty 1969, (Drusgels, 44 pp, 1970.)

Y. Vun Laar, “Tap.down develupmen] whicg o pragram dasgn
Ianguage, 88 Zyrr Foowol 15, s, 1,00 453- 170, 1078
Talchroew smd E, A, Warphey [EE, “FSLFSA: A compuléd - nided
chague For Biructared dycumeniyiios png poalyiis Gl informy -
liun processing ayslemd,™ FEEE Trame Sofimare Eag., rol, SE-3,
pp. di-48, Jea. 1917,

R, K. Yeb, “Currenl irenis in programmmng saciaodulugy ' vl
b, Xofiwsre Sprcification sad Desigw. Englewond Clifle, NI
Fraailce-Hall, 1977, 275 pp.

T. &, Cna, Ed, Proe. Symp. Formal Depngn My insdolopy (Cam-
Iwidge, England), 1277, Hastuw, Englaod: STL Led. 198D,
150 pp.

F. w, Iwrchey sad B RABJeil, “jcaiutive mulli-leve]l modelling —
A mecithodalogy for compuisr gyalem dewign,” I Pror JFIP
Congr. I 988 (Edinburgh, Scatlang), pp. D1 J8-143, Aug. 1988,

b Perern, “Soltwors dbilgn caginearing, " thia imwe. pp. 1083~
1091,

G, H, Swaum, Top-Dawn Siachured Deplipn Trehnlquer
Yurk: Pelrccelll books, 19TR 140 pp.

E. Mullct wad W, 12, Howlon, Fyds, *Tulistiad :Solowure lesting and
wulldhilnn echaigue,” JELE Comput X, 413 pp, 1970,
(R EL Cal. au. KO- 4 J-8,)

1, A, fuodengugh and L M, Clement, “Sollwgae qualily sapbur
wirve baling s validabinn,"” (hic issue, P 1OV D-1UYA.

oW Gesndeapugh and 5. L, Cerliart, “Towasd g thewry of vl
ik pclvctlan " JELE Trona Sufrware Eug rul, 500, ppo 1 48-
173 June 1975,

L. A, ikvizdy aad ', M, Mytha, “tmiving paiy and felsiivmy=A
modal AF spstem Famalien,” 1M Koo Hep. HICEETT, 14 pp, Aui,
197,

M, M, Lelman pnd L. H, {'vinam, Edr, "Suliwal® phensmen-
tdugy, wurkig papers nf the {fieae) selivears e Lrele maange-
mnl winlahnp {Aohe, VAL Apg 977, Fure Oedvoie, Va:
IEBHAIAIEMICS, Compuive Sysiemn Unmmiand, US, Army,
g, 1977, 617 pp.

U. R, Dagili, E. Ely, avd I3 Young, £d5., "Sceand soliware Lify-
CFCH MERSEAAENL worlibop, 3)-73 Awg. L9708 {Allare, GA)"™
120 pp., THc. 1976 [EEFE Fubi, ma, TACH 1398 40%)

C. K Ldin and O, K, Waliiaa, A method of programming mea-
tmrfnent and wpiimgiiuh,” SO Sype Fovil, 16, no, 1, pp. 14=72,
1877,

L. H. Puingm snd B W, Wolrtrion, “Quaaditsfier Managprmeonl -
Sofimare conl vl whnlinE,"” 1a Pros, Cawep Sov 717 IEEE Cone.
puter Software and Applicationg Coaf. {Tesoral) 116 pp,,
Hnr, 4¢77. {IEEE ¢ut. to, LHOE2G. 7))

L. N, Fetnam, "The influgnce of 1 ame D Foublly Tacioe in
lntgr e dwvelopmeml™ oa Proc  Saftwerd Pheaomeaviory
Wording Papers af ske [flrac) Sofimant [afrocypcic Aanapeminat
Workphirp (Ariie WAY Awg. 1927, Forr Delvisr, YA [SHA LY
ARMICS, Compuler Syaivia Commaend, LS Aranr, Dec, [¥Y,
rp JDY-2112.

. W, Lhichm,_ gnd H, W Wulverton, "Sofimate gyat modcling -
Sume eiiong lrarned ™ o Prov. Zad Sofimix Lafe £ poic Masage-
ncal Workrkog, Agg, 11=-32, 1878 [Allanta, GAY pp. 179-131,
Dy, 1970 [LELE Fubl. nu TRCH | J90G-4C})

F.N, Putr, “An gliarnnlive to the Rayteigh curvr model fui sofi-
wara devetopmanl offo.™” FEEE Traad Lofiware Eag., vol. SE-a,
May 1480, Fp 191 -1%k

S C. Aren, The Mrogratm D wrlopment Srocem, Pard IT The Pr,
grammrnr Team, Readiag, MA: sdduon-Wealcy, | 930,

M, Haluitad, Elemanars of Safiwery Soenee. Meow York: Elsrear,
1977, 137 pp.

A, Fiunygimmons and T. Lowr, “A spiew and gvelustion of sohr-
wite 1rAce, Computing Sunery, vod. 10, mo, 1, pp 1-10, Mar,

Hew

Hew




5.- BIBLICTECA DE SOPORTE DE PROGRAMAS L
S-/-0

INTRODUCCICN

EL PROPOSITO DE BESTE DOCUMENTO ES EL PRESENTAR A INVESTIGADOR
DEL DEPARTAMENTO DE ANALISIS DE REDES EL USO DE LA BIBRLIOTECA DE
SOPORTE DE PROGRAS, ASI COMO EL PAPEL QUE JUEGA ESTA EN FL DESARROLLO
DE 10S PROGRAMAS Y SISTEMAS,

et~/

ASFECTOS GENERALES.
EN GENERAL Y DURANTE MUCHO TIEMPO HA SIDQ RESPONSABILIDAD DE LOS -
PROGRAMADORES EL DISERAR, PROGRAMAR Y MANTENER LOS PROGRAMAS Y EL CODIGC
GEWERADC. DADD DUE DSUALMENTE EL TAMARO DE LOS PROYECTODS TIENDE A
AUMENTAR ASI COMO SU COMPLEJIDAD E INTERFAZ CON OTROS SISTEMAS, EL
PRCELEMA DE MANIPULAR Y MANTENER PROGRAMAS SE TORNA EN UNA TAREA
DIFICIL. LOS ARCHIVOS DE ENTRADA ¥ SUS MODIPICACIONES NO SON .
FACILES DE MANTENER: MODULOS FUENTE OBRJETO Y DE CARGA PUEDEN NO SER
EQUIVALENTES, CAMBIOS PEQUEROS EN TAREAS PUEDEN TENER EFECTOS CATASTRO-
FICQS EN EL SISTEMA, DEMAS RESULTA "RARC" QUE EL MISMO PROGRAMADOR
SE PRUEBE SUS PROPIOS "ERRORES™, FES DECIR SER JUEZ Y PARTE

POR LOS5 MOTIVOS ANTERIORES SE HACE
DE VITAL IMPORTANCIA CONTAR CON UN SISTEMA DE CONTROL CENTRALIZADO EN
EL, CUAL SE LLEVE LA ADMINISTRACION DE LOS PROGRAMAS Y SISTEMAS
DESARROLLADOS.
SE ASIGNA UN "BIBLIOTECARIO™ EN LA TAREA DE MANTENER LOS PROGRAMAS
DAR RESPALDOC A LOS MISMOS. ASI COMO LLEVAR UN CONTROL DE LOS
ELEMENTOS Y PROGRAMAS QUE CONFIGURAN EL STSTEMA,

LRy

ggg DOCUMENTOS QUE FORMAN LA BIBLIOTECA DE SOPORTE DE DPRCIRAMAS

PROGRAMAS FUENTE

PROGRAMAS OBJETO

PLAN DE FRUEBAS

NORMAS DE CODIFICACION

NORMAS DE ANALISIS

NORMAS DE DISERNQ

NORMAS DEL ROL

ARCHIVO DE ENTRADA

ARCHIVOS DE SALIDA

REPQRTES

MANUALES

ESPECIPICACIONES

RBC,

DDPC

Y FORMAS DE LA BIBLIOTECA
5-s-z



PROPOSITO DE LA BIBLIOTECA

EL PROPQSITO DE LA BIBLIQTECA DE SOPORTE DE PROGRAMAS (ESP)
E5 EL DE PROVEER UNA METODOLOGIA SISTEMATICA ¥ CCONSISTENTE PARA:

. ASEGURAR EL CONTROL TECNICO ¥ LA EVOLUCION DE CADA ELEMENTO
DEL SISTEMA.

. PERMITIR UNA FORMA DE ADMINISTRACION Y CONTROL DE LOS5S PROGRAMAL

.80, MANTENIMIENT( Y RESPALDO DE LOS ELEMENTOS DEL PROGRAMA
ASI COMC TENER SIEMPRE LA ULTIMA VERSION DE PROGAMA ¥
DOCUMENTO A DISPONIBILIDAD DEL USUARID.

LA_BSP'SE COMPONE .DE DOS PARTES, LA BSP EXTERNA ¥ LA BSP

INTERNA.
5=

LA BSP EXTERNA CE COMPDNE DE:

1.- DOCUMENTOS RELACIONADOS CON EL PROYECTO,
2,=- DOCUMENTOS RELACIONADOS CON EL CONTROL "INTERNO DE LA BSP.

LAS RESPONSABILIDADES DEL BIBLIOTECARIO SON LAS DE MANTENER

EL CONTENIDO DE LA BSP EN UNA FORMA ORDENADA Y SISTEMATIZADA

Y LAS LABORES QUE TIENE QUE DESARROLLAR SON LAS SIGUIENTES:
=CATALOGAR TODOS LOS DOCUMENTOS, LISTADQS Y MANUALES. PROVEER

A LOS USUARIGS PERIDDICAMENTE DE UNA LISTA DE PRODUCTOS DENTRO DE LA

BIBLIQTECA.

-DISTRYBUIR COPIAS DE LOS ‘DOCUMENTOS ¥ PROGRAMAS DE ACUERDO
A LISTAS DE DISTRIERUCION

-TENER LISTAS DE LOS PROGRAMAS "TERMINADQS" EN PODER DE LA
BIBLIOTECA,

DISTRIBUIR ¥ GENERAR LISTAS DE ESTATUS DEL SOFTHWARE,

LA LIBRERIA INTERNA CONSISTE EN TODOS LOS ARCHIVOS Y DOCUMENTOS QUE
FUERON GENERADOS Y QUE ESTAN BAJO LA CUSTODIA DEL BIBLICTECARIO.,

EL BYBLIOTECARIO ES LA UNICA PERSONA AUTORIZADA, PARA MODIFICAR LOS
ARCHIV(QS, EL RESTO DE LOS INVESTIGADORES S0LO PCDRAN LEERLOS, MAS NG
MODIPICARLOS SIN LA PREVIA AUTORIZACION DE LA BIBLIOTECA ¥ SIGUIENDO
LAS REGLAS PREESTABLECIDAS ¥ LAS QUE SE EXPLICAN EN ESTE DOCUMENTO.
10S ARCHIVOS INTERNDS DE LA BSP SON:

PROGRAMAS Y CODIGD FUENTE

PROGRAMAS O ELEMENTOS DE PROGRAMA EN CODIGQ OBJETO.
CAMBIQS,-TODOS LS CAMBIOS QUE FUERON LLEVADOS A CABO EN
ARCHIVQOS PROGRAMAS MODULOS MANUALES ETC., ASI COMO LA PAPELERIA
QUE DIO LUGAR A DICHDS CAMBIQS.

PLAN DE PRUEBAS Y RESULTADO DE LAS MISMAS,

w5



PROCEDIMIENTOS DE LA BSP INTERNA

LAS SIGUIENTES FUNCIOQNES SON LLEVADAS A CABO COMO PARTE DE LA OPERACION
CoN EL OBJETIVO DE MANTENER ¥ GENERAR EL CONTENIDO INTERNO DE LA BSP.

1.~ GENERACION INICIAL DE ARCHIVOS,- CUALQUIER PROGRAMA, TAREXA, SUBRUTINA
MANUALES ETC. HAY QUE HACER NOTAR QUE LOS PROGRAMAS QUE HaN SIDO ENTREGA
A LA BSP SON Y HAN SIDO PROGRAMADOS ¥ ADEMAS CUMPLEN CON LAS NORMAS DE
CALIDAD, DISERQO Y EL LENGUAJE DESCRIPTOR DENTRO DEL ENCABEZADO DE CRDA
MODULO O PROGRAMA. CUALQUTER ELEMENTO DENTRG DE LA BS5P ESTA CONGELADO

SIN EMBARGO CUALQUIER CAMBIQ DE ESTE PRODUCTO "CONGELADO" SE DEBERA HACER
A TRAVES DE LOS PROCEDIMIENTOS DE CAMBIQ/CORRECCION/ ALTERACION DE LA
BIBLIOTECA DE SCPORTE DE PROGRARMAS. LOS5S ARCHIBOS DE LA BSP ESTAN A
DISPOSICION DE LOS5 INVESTIGADORES DEL GRUPO DE AR,

2.- MANTENIMIENTQ DE ARCHIV(OS.- CUALQUIER CAMBIO DE MODULOS BAJO

EL CONTROL DE LA BSP SE DEBERA HACER BAJO LOS LIMITAMIENTDS DE CONTROL
DE CAMBID. Y ESTOS DEBERAN TENER LA AUTDRIZACION DE MAUDRICIO.

MIER MUTH, C DE ROLANDO NIEVA, ADEMAS SE DEBERAN DE LLEVAR LOS PROCEDI-
MIENTOS QUE INDIQUEN SI DICHO CAMBIO SE DEBRE A ERROR EN EL PROGRAMA,
NUEVQ PEDIDO DE CFP-CENACE. ERROR EN LA ENTRADA, ERROR EN EL RPC,

ETC. LA BIBLICTECA SE HARA CARGO DE REGRASAR EL MODULQ AL GRUPO QUE LE
HARAR LA CORRECCION ASI COMO LLEVAR A LOS PROCEDIMIENTOS PARA ACTUALIZAR
CUALQUIER OTRO MODULO QUE RESULTE AFECTADO, LA BSP TENDRA LISTADOS
"DFICIALES"™ DE LA VERSION A SER DISTRIBUIDA.

L-Ff-x
1,- CONSTRUCTOR DE MODULOS DE CARGA.— LAS VERSLONES ACTUALIZADAS LR
LOS MODULOS DE PROGRAMAS DE COMPUTADORA SON ENCADENADOS POR EL GRUPD
DE DESARROLLO DE PROGRAMAS, TENIENDCSE UN MODULO EJECUTABLE. ES
RESPONSABILIDAD DEL BIBLIOTECARIO EL VERIFICAR QUE DICHOS MODULOS
CORREN, ESTAN COMPLETOS, PASAN EL FILTRD DEL VERIFICADOR DE CODIGO,
ASI COMO EXISTEN LOS DOCUMENTOS DE RESPALDO, UN ARCHIVO O MODULO
CENERADO ES PROPIEDAD DE LA BIBLIOTECA ¥ POR TANTO SUJETD A SUS REGLAS
¥ PROCEDIMIENTOS,

4.- REPORTE DE ESTADO DEL SISTEMA.- CADA VEZ QUE SE LLEVA A CABO ALGUN
CAMBIO FN LA CONFIGURACION DEL SISTEMA {ACTUALIZACION, CONSTRUCCION

DE MCDULOS} LA BIBLIQTECA PROVEERA REPORTES PERICRICOS SOBTE ESTADO
DEL SISTEMA.Y SU CONFIGURACION. ESTE REPORTE CONTIENE EL MODULO

ASI COMO TODOS LOS COMPONENTES DE QUE SE COMPONE. SE GENERAN

TAMBIEN REPORTES DE CAMBIO EN LA CONFIGURACICON,

5.~ REPORTE EN PROBLEMAS DE SOFTWARE,- ERRORES Y DEFICIENCIAS ENCONTHADAS
EN LOS PROGRAMAS O ARCHIVOS DE DATOS DEBEN DE SER REPQRTADOS A TRAVES D&
LAS PORMAS QUE YA EXISTENTES, TANTO POR LOS PROGRAMADORES, COMO POR

105 USUARIOS A LA BSP. ES LA RESPONSABILIDAD DEL BIBLIOTECARIC LA DE N
NUMERC DE ENTRADA A LA FORMA Y SEGUIR LOS PROCEDIMIENTOS ADECUADOS PARA
QUE EL ERROR SEA CORREGIDO, SE DARAN TAMBIEN REPORTES DE PROBLEMAS DE
CERRADOS QUE SON LOS QUE YA HAN SIDO CORREGIDOS. SE DAN TAMBIEN
PRICRIDADES EN LA CORRECCION DE PROGRAMAS,

5=t~ 7
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€+ ALGININS OUCHMFSTUS DE La 5P EXTSTEN PRIOPTNADES RECOMENDADAS
4084088 EX <L FNAFTH GE FRAOR 0 DEL CABIO F4 EL SISTEMA. ESTA PRIORIDAD
£% F1JANA 202 €1 LINER NEL PROYECTA, N JEFF DEL GRIPQ EMCOMJUNTO CON EL
FL SYUPA DE DRENDITEACTON, EXISTEM TRES CLAYFS DF PRIORINADES:

CPTYTRA. ., ¥STa CLASE TIRNE UN IMPACTD SFVERO EN FI. SISTEMA D
QESMLTANNS o A°TI4ER , ¥ 8¢ NEAE ACTUSP INMERTATAMENTE EN EL REPDRTE
CALTFIMARD AN OF CRTTICO. .

L

MFRTAND, . €S5YF PRAALEMA TENDFRA UM QMPACTN OEL TIPG MEDTANQ, LO
CIIAL PUTERE AEFL® 1 SF ESTa PRCCESANDO ALGINA INFORMACION ERRONEA
STA FABRREA € FOORYaria CORY £N CINNICIONES “HORWALES®", £STE ERROR 38E
NEIF CNROZATR $HTES 0f ENTRERAR EL PRARUCTO,

A8dn,, FSTE TTOf AE IRANLEMAS RE CATALAGAM LO DUE £4S1 NO TIENEN
. IMPACTN Fd R FL STRTFAAL MY BRFE REQUIERE LIMA SOLUCTON INMEDIATA.

5-/-/0
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FI. NFPARTAYFANTO MF a*al TSTY OF IFrie% ki GFMFRANA LMA SERTE DF FORMALS
FIE FARMEN BAITF RT 10§ AANWYENTHE FYTERMAS PE | a ASDP "V QE AMEXAN
EqTﬂ.q F'ﬁﬂuﬂ.ﬂ &. i':r\-:iTr'-.-’lllﬂTﬂh ll-'i[ Eﬁﬂn Fl__ ||5|| 3 L# HIS"'AE .

GFMEIACTINY AT LAT=Tars, (N8 ToyesTIRanaRES PEL GPHPO NF OFSARRDLLD NE
PRITGTIAYAS IS ard=3na & SPL Y | ONPAC PANKRLMAMARAM MAODHLGS ¥ STSTEMAS,

LAS HALER OESE €A At and® (NNFA<“aR L& TNATLACTONFS DEL, PLAN DE PRUEBAS. £5
LA 3CSOANRAATLINAN Nk APAGY AR ENTRFEA® neRuLdS COMPLETOS A, LA
RIPLIOTFLA LR SOPUeTh nE PRIGILAS, ESTNS rrlLRS pEBEM CUMPLIR CON TNDAS
TAS WwAPMAY YA DBICESTFILECTIHAY -

A .

ENCAIE? 800 W MANIWLES

ESTE FARVRE ©q LA PTr7ea  FAGTma NE £a02 paFslAL, Y SE ACTHALIZA DF
aCUF2INO A 1 28 SUTRIANFS HIF TEMIL KL YA HaLZDnCHMENTA/PROGRAMA,

RE ATHEERNN &0% e WERBTRNFY FLT2FRLNAS PNR | 4 RSP VERSF L&A FORMA Y EL
FJFveLn,

FORwA [f TRAESUTETNN NS SAFTRALE .= 1) PROGRAMAS FUENTE SON
FATRRANNS A LB “T3THIACA wla ‘deb FURMAZ NE TRANSAIR IO DE SOFTWANE. (FT§1?
AT LoCOE TR SR . ar Efstsiy Paky Pnﬁ& VERSINN nF CLBa MOOLLR OVE SE
ErTOFRANA 3 |n ATar TTEARL Y4 S7¢% ORTLQE8 VEFESTOMES £ PHOGRAMAS
COPLEATAAT, A ACTIALITACINNES, €F NEEF Megtv PEFCOFNFIS FRFSTSA AL RPC
P AL aNOp, F8TE Sukad mBF TedNEs ty ADERND OF eDnTHEL URIEN AsIGrRADND
PRE L& ATSLTATESA IFE erpnaTE NE PLOOGRI ARG,
PEMTEA AR BHT. 238 St TOFLA 8F AFWE OIFFRENMCTAS ST LA FITPEhh AUE &F
HALF RS sanp P9l Fi, werfTine B4ta CREAZ |r =P TIWRAVERSTAM NETCTAL
NE Cqf wnNuln Sm |4 L IRTESA 0 FL iy $TRIEYE NOoFVD L0 CUHAL RUTERE
TCTE AUE EC Gna ARA)ETELOTI 08 [ SUARTTIepA YA ENTEFEGAONN ¥ OUE 5F HSA

wA A IR T 1L RSTTERA MUFEVAY, B4 FLL REMELOGN DE SPS &€
DERE BMATAY ST S, TRaTr NFE ims JUERSINY GFNFEARS OOY [ PROARLEMEA EH
SAFT-A3E [ B4R a7 [A0TA S 18580 T02T4 (8SCTY,
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FUNDACION A3TURO SOMENSLUETS
Para ¢! Avance do la Clongcla, A.C,

X

Ny

REPORTE DE PROBLEMAS EN SOFIWARE

TITULD DEL PROYECTO: ; .o - FECHA

NUMERO DE PRITYECTO: PROGRAMA , SUBPROGRAMA
ELABAR: Al [ORTZO:

FECHA REPORTANG POR

FECHA CORREGIDO . FOR

PROGRAMA

VODULO O SUBRUTINA

PRUEBA EFECTUADA

PRIORIDAD DE CORRECCION [ | GRITICA [ JIMPORTANTE [~ ] Poo

IMPORTANTE
JESCRIPCION DEL ERR(R _

!

I|
[ ] SE INCLIVE LISTAID

PROGRAMADOR ASTGNADO __ ' FECW
REFERENCIA RPC _ | REPORTE PROBLEMA DE SOFTWARE

[T ERROR BN POCIMENTY (] VERSION YA CORREGIDA
[ ERROR PRUERA '] ERROR EN RPS
{__]omo . ‘ [] ™IS ERROR REFORTE #

_ [ ] PRIGRIDAD
... . ~ -

(BSERVACTONES 5.9-2
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g»l'fépunmclon ATTUIO OdENBLUETH
NS |

Para ¢! Avenco de ln Cloncia, A.C.

RESUMEN REPORTE ERRMR EN PRNGRAMA

P - REPORTZ EN PREPARACION

E - REPORTE ENTREGADO AL (XMITE
DE CAMBIOS A LA CANFIRRACION
(cC)

A - REPORTE APROBADN POR OOC

R - REPORTE RECHAZADO FOR O0C
I - REFOTE IMPLEMENTATO
X - REPORTE REFERIDO

A OTRA PERSCHAL

7.3

TITULD DEL PROYECTO: ; FECHA
NUMERO DE PROYECTO: PROGRAMA L, SUBPROGRAMA
ELABORD: AUTORIZO: 3
REP F | _DESCRIPCION |+ STATUS OBSERVACTONES

STATUS



::-L:S?‘%FUHDACIOH ARLUIO FOIENILUETE
Ny

Para el Avanco de Ia'Clencla, A.C,

FORMAS DE TRANSMISIDN DE SOFTWARE

TITULO DEL PROYECTO: FECHA
MMERQ DE PRONECTO: . PROGRAMA SUBPROGRAMA
ELABORQ: AUTORT 203

NUMER® NE CONTROL DE BIBLICTECA: '

RPC DDPC

("] PRIMERA ENTREGA
RPS 4'S

CAMBIO DE DISERO SCI/RPS #'S

[ SISTEMA NUEVO
NOMBRE PROGRAMANOR

ARCHTVOS ENTRADA
AIENTE

ANEXD
 DESCRIPCION DE 1A ENTREGA:

CAMBINS

OTROS ARCHIVOS QUE REQUIEREN CAMBIO:

DOCIMENTOS  (UE SE AFECTAN:

[} ARGHIVOS PARA PRUEBAS N



8%
%? émnmmon ARTURO TOIENSLUETE
S

Para el Avonco de In'Ciencja, A.C.

AVISO CAMBIO ESPECIFICACIONES

TITULO DEL PROYEGTO: FEC#A
NUMERO DE PROYECTO: - | BORRA . SUBPROGRAMA

ELABORD: __ - AUTORIZO +

RPC DDPC SCI

-

ESTE AVISO INFORMA QUE LAS ESPECIFICACTONES INDETIFICARA POR.EL NUMERO ( ¥ DOCUMENTOS DE
REVISION ) HAN SUFRIDO CAMBIOS, LAS PAGINAS QUE SE HAN ALTERNADD SE ANEXAN

L

ACE No.| : PAGINAS CAMBIADA { ENCERSION/ELIMINAR s| 1

FECHA

B e TARTAY TTUAR THAATAIL  ALFI v
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Para ol Avonce do la Clonela, A.C.

EVALUACION RPC/SCI

TITULO DEL PROYECTO: FECIA
NUMERO [IE -PROYECTO: _ _PROGRAMA ' . SUBPROCRAMA
ELABORD: ' o AUTORI20: -
sCI ¢
TN
() (O  ISTE CAMBIO CORRIGIO LA DEFICIENCIA BV.EL DISERD
_ (VALIRES O REQUERIMIENTOS)
(O (O  SE AFECTAN INTERFASES O CAMPATIBILIDAD O'W EL SISTEMA
O (O  SEAFECTA 1A MONLARIDAD, INTERCAMBIABILITA ETC.
(O (O SE AFECTA LA SEGURIDAD DEL SISTEMA
O ()  SE RBQUIERE RETROALIMENTACICN
(O ()  SE AFECTAN LAS PRUERSS, OPERACIONES TEL SISTEMA
" © MANTENIMIENTO D PROGRAMAS
(O (O SE AFBCTAN MANUALES - O moven () usuario
(O (O  SE AFECTAN 10S PROCEDIMIENTOS DE PRUEBA
(O (O SEAFCIA EL ENTRENAMIENTO DEL PERSOMAL
S1 CONTESTO ST A CUALQUIER PRECUNTA ANTERIOR, ENTOCES LA SCT ES DE CLASE I
SE AUTORIZA CAMBIO DE INGENIERTA =[] &1 1 wm
j#  RIZO CAMBIO: FECHA: '

NBSERVACIONES. 5-2-6
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o> %Funamon AITURO RODENSLUSTH

‘ Para ol Avanco de Ja'Clencin, A.C.

2

REPORTE CORRECCION DE ERROR

TITULC DEL FAWECTO:-. | . . . . FHHA
MMERQ DE PROYECTO: -  PROGRAMA  SUBPPGRAMA,
ELABCRO: * AUTORIZO:

PROGRAMAI(R ¢

REFERENCTA RPC:

VERSION # :

DESCRYPCTON ACCION OORRECTTVA

LISTA CAMBICE EN CODITD .

DIRECCION DEL CAMBIO CODIGO PRESENTE _ CODIGO CORREGTDO
B .
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Para ol Avance de la'Cloneia, A,C.

3%,

' MATRIZ CORRESPONDECTA PRUEBA

TITULO DEL, PROYECTO: . - FECHA
MMERO DE PROYECTO: PRIGRAMA SUBPROGRAMA

ELABORD: AUTORIZO: _
METODO DE VERTFICACION TIFO DB PRUERA

NA - NO APLICABLE NIVEL'{ - PUEBLA CrAPONENTE

1 - INSPECCI(N NIVEL 2 .- PRUEBA RPC .

A - ANALISIS NIVEL 3 - PRUERA SISTEMA/SUBSISTEMA
D - DEMOSTRACION 2o .

P - PRUEBA oo

r f ' 1 .
No. DE PARRAFD . METOM DE NIVEL {% - VERIFICACION DEL No, DE
REQUERTDO o VERIFICACIOR PRUEBA Z | PARRAFO REQUERIDO
T 1AL D 3 [ 3]

LR
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("'?IR\ Para. ol Avoneo de la'Clencin, A.C,

FORMA DE TRANSMISION DE DATOS

TITULO DEL PROYECTO: _ ‘ FECHA
NUMERO DE PROYECTO: ' PROGRAMA SUBPROGRAMA
ELABORD: B | AUTORIZO:
No. DE CONTROL DE BIBLIOTECA: —FECHA PROCESADD: ~
IDENTIFICANNR: : _ REFERENCIA DDPC: .
[—1 DEFINICION DE DATNS [ __INEFINICION ENSAMBLANOR T JDATOS PRUER/
PRNGRAMADNR ; ' APROBRANO : |
RAZON DB LA FORMA ‘
1 ENTRERA NUEVA " [C—"3 SISTEMA NUEVD
# REPORTE DE PROBLEMA DE SOFTNWARE:
# SOLICITUD DE CAMBIO DE INGENIERIA

v
1- .
ARCHIV() ENTRADA CAMBIO

DESCRIPCION -DE LA ENTREGA:

RA -USN DE LA BIBLINTECA:
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unDMlon AITURIO ROSENILUELH
Para el Avanco de In’ CIunnlu A.C,

REPORTE DE ERROR EN PROGRAMA

PROGRAMADO POR:

TITULO DEL PROVECYQ. FECHA.
MMERN DE PROYECTO. PROGRAMA_ .. SUBPROGRAMA
ELABORD: ' © AUTTORIZO:
FROYGRAMA -
REFERENCIA PAG, # RPC:
OTRA REFERENCIA:
REPORTADO PCR: . |
DESCRIPCION DEL PROBLEMA, :
ERROR DE OPERADOR - . FRROR DATOS E/5
ERROR DE QOMPUTO PROBLEMA DE ECUIPO
ERROR DOCUMENTO
ERRNR PROCRAMADG SISTEMA NE SNPORTE
ERROR INFORMACITN LIBRERTAS
TROS
OBSERVACIONES :
ML DE PROGRAMA FEGIA CARRADO CINTA O DISOD




= )

FUNDACION AITUIO ZOIENILUEIE
Gﬁ& Para ol Avanceo de la'Cilencla, A.C.

CATALORO PRAVISIANAL DE PROGRAMAS EXISTENTES

i

TITULO DEL PROYECTN: .. C FECHA
NUMERN D% PROYECTO: - PROGRAMA SUBPROGRAMA
ELABORN: - AUTORT 20

NCMERE NEL PROGRAMA:

PROGRAMADOR  (ES)

A ULTIMA VERSION

UBICACION
CrMPUTADCRA HETEO:
NIERE DEL ARCHIVY: _ TR0 INENTIFICADOR:

I

dltims versifn efectuada por:

OEJETIVGO DEL PROGRAMA:

[ T X 1Y
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3REVE DESCRIPCION DEL PROGRAMA. {Algoritmo)} Utilice otras hojas si se reguiere

*ORMA DE CORWERLO. {INCLUIR DATOS DE ENTRADA (UE REQUIERE EL PROGRAMA y datos
{mportantes). Utilice otras hojas si requiere,

S5-2-¢2
:QMMM___@_&W_E:} SE ANFVE weswes-
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("ﬁ Para of Avanco de Iz Cloncla, A.C.

—— o ——— -

REQUERIMIENTO SALIDA DE RESULTADOS

TITULD NEL PROYECTD:

" FECHA
NAERD [ PROVECTO:. PROGRAMA " SUBPROGRAMA
ELABORD: e AUTORTZO;

NOMBRE DEL REPORTE - | DONDE SE| TONDE SE LINEAS'

(RENERA RECIBE No, ME| LANGITUD MEDIO FRECUENGIA' QOBSERVACIONES
FUENTE .| DESTING..| .COPIAS | MARNITUD. | .. . . }J..... ... . .

€/-¢-5
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RENUEPIMIENTOS DE DATOS

TITULD DEL PROYECTY):

FECHA _
NUMERG DE PRAYECTO: ° PROGCRAMA SUBPROFRAMA
ELABORO): AUTORIZO:
NOMBRE DEL ARCHIVG ENTRADA FRECUENCIA
{0 VARIANTE) No. RECDRDS TAR . MEDTO usn

Ar~T-5
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& Para e! Avance de In'Clunc_lu, A.C.

. SOLICITUD DE PRODUCTO

TITULO DEL PRIOYECTQ: - ] . - FECHA
NUMERO DE PRYECTQ: PHK‘M!A SUBPROCRAMA,
ELABORD: AUTORIZO:

S5ISTEMA QUE SOLICITA: .
STSTEMA AL QUE SE LE SOLICITA:

PERSONA QUE SOLICITA: AUTORIZO: __

PERSCNA ASIGNADA:
FECHA QUE DEBE ENTREGARSE:

DESCRIPCION DEL' PRODUCID OUE SE SOLICITA

REFERENCIA RPC: : IDPC:

“OTIVO DE LA SOLICITUD

RESULTADOS QUE DERAN.DBTENERSE (FORMATOS ER)

RUEBAS QUE DEBERA CIMPLIR
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(‘ﬁh Paro ol Avanee do la Clonein, A.C,

REPORTE GLOBAL DE PROGRESO ( CASTO )

“TITULO DEL PROYECTO: FECHA
NAMERD DE PRIYECTY: PROGRAMA SUBPROGRAMA
ELABORD : AUTNRIZO:
4 cosro REAL
____________ ESTIMADO
T
{
T
!
M
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Para ol Avanco do In Cloncia, A.C.

2

X
2

4

CONTROL DE PERSONAL

TITULD DEL PROYECTD: FECHA
NUMERO DE PROYECTD: PROVRAMA SUBPROCRAMA
“[ELABORO: ) AUTORIZO:
ACRAL ' ESTIMAIN
?_ ! PERSONAS
e — = -
llmmvmw ) ,
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& Para ol Avanco de ia Clongin, A.C,

Ch

[ITULN DEL PROYECTN:

» MERD DE PRYECTD:
LABQRO:

— i S e e s e e

PROGRAMA
AUTTNRT 70

CLBPTYTIAMA

FECHA

FEGHA DE
LA REINTN

CTMPRAMISOS CrNTRAIING

FECHA DE
REALTZACION

1

OMERATSNS CIMPLITOS

5l

NG

TFECHA

RESPMNSABLE

7 el

gl s
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’*ﬂR\‘ Para ¢l Avanco de ta Clencin , A.C.

REPORTE DE ACTIVINADES {" PERSCONAL/SEMANAL }'

-

[TTULD Di+. PROYECTO: FECHA
NUMER) DE PROYECTO: PROGRAMA . SUBPROGRAMA
I'LABORD: _ ) AUTORIZO:

DESCRIPLION DF Lrs ACTIVIDADES DESARROLLADAS:

RESULTADOS OBTENIDOS:

] -/~ 5
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PROGRAMA DE ACTIVINADES ( PERSONAL/SEMAMAL ).

7/

TITULD DEL PROYECTO: . RN FEGHA
MJMERN) TiE "PROVEETO: ~—PROCRAMA | SUBPROGRAMA

ELABCRO: : ' AUTORIZO:

HORAS MAX : - EOUIPO 0 INFORMACTON NECESARIA

ESTIMADAS MIN: '\

DESCRIPCION DE 1AS ACTIVINADES A REALTZAHEN LA SEMANA:

RESULTADOS QUE SE DEBEN (BTENER:

E-/- ¢
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ESTIMACTON DE RECURSOS  © /-7
DIAS CALENDARIOS
IIAS ‘PERSONA '
HORAS PERSONA PERFIL
COSTO DIRECTO $
3
$

RECURSOS. CRITICOS

ACTIVIDADES CRITICAS

.............................
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Para el Avence qu’ln Cilonclo, A.C.

TARJETA PARA EL CONTROL DE ACTIVIDADES

TITULO DEL PROYECYO: FECHA
NUMERO DE PROYECTO: . PROGRAMA SUBPROGRAMA
ELABQRO: AUTORIZO:
PREDECESOR DEFINICION

' DE

1 . DE

' DE
SUCESOR

. g

DEFINICION
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DIAGRAMA DE BARRAS

[TITULO DEL PROYECTO
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-
- rea . _ . ] )
ACTIVIDADE S PRAINCIFALES T L - N 7 1T I 1TT7IT )
EME PR sdan amm ey gun Ul Jeao (seefocr Mow oG, [Enrfres biamdann laav gun | [aso|see [ ocT [mow, m:_.ﬁ.NTECEUENTES 1
. .
—— 1 H 1 L 1 1 ] 1.1 1 ] 1 1 1 L 1 1 I % L 1 L 1 H
2 -, '
_ —_ 1 1 H L i L 1 Li_} i | [ 1 1 1 il i 11 L ¥
! ‘ _.
? I
| 1 L 1 1 1 1 | 1 ] 1 1 L1 11 L. 1 F L 1 Lt
& l ! a
| 1 1 i e 11 1 1 I S N N TV O IO O W I 1 | B 1 1 P,
. i
s | t I
_l;_l | 1 1 L 1 1 i 1 1 a1 1 1 i 1 1 1 1 1 1 E _|_i H
[ . . *
L 1 L L 1 L - 1 L | 1 - H 1 5 I 1 i 1 L i 1 I 1
7. ) -
z 1 H ] 1 1 1 i I | I T N O A O L | 1 1 1 i I 1 1 i 1
z I ' - |
B ; : : i :
- —_— LI (Y RO A 1 1 Lo _}_;__._ Lol PO | 1 ] L 1 L Ll i i 1
A : T _
™ . 1 !
— e vt b e — ——— I O W Y | 1 1 1 1 i 1 _l_+_[_1l_l,_ i 111 L.t 1 1 L ] 1 L =
i
e i '
et A e —ia A —— ma . 1 1.1 1 | ] | 1 1 | 1 Y (O O N A Y | 1 1 1 1 i 1 L 1 g I
. | ;
U U N PO G S, I Y 1 1 H I Ao 11 i =4 1 L 1 | | | I} 1 1
|
(=3
e e —— 1 111 L L 1 1 | 1 R U R Y R WU [ A [} 1 [ 1 1 1 1 1 1
1% -
n P T B . I B . 1 N [




DIVISION DE EDUCACION CONTINUA
FACULTAD DE INGENIERIA U.N.AM.

ADMINISTRACION DE FROYECTOS DE SOFTWARE

M. EN C. MARCYAL PORTILLA ROBERTSOM

FEBRERO, 1982

Palacie de Mineris Calle de Tacuba 5 piimer phia México 1,D. F. Tel: 521-4&.29 A pdo. Postal M-2285



Perspectives on Software Engineering

MARVIN V. ZELKOWITZ

-

/

Institute for Compuler Sciencer and Technology, Notional Bureou of Standerds, Washingion, D.C. 20234,
and Department of Computer Scignce, Univeraity of Maryland. College Park, Maryland 26742

Software engineering refers Lo the process of crealing software systeme. [t applies Yoosely
te techhiques which reduce high softwire cost and complenity while increasing relisbility
and modifisbility, This peper sutlines the procedurss psed in the development of
computes software, emphasizing largescale softwars developient, and pinpointing arsas
where problema eaist and wolutions have been proposed. Solutions from both the
management and the programmer points of view are then pven for many of Lheas

problem wress

Kraorts end Piroser, certification, chief programme: team, Brogram Cormecinem,
progrum design lapguage (PDOL), softwars reliuhility, software developrent life cycle,
software enginerring, structured programming, Lop-down desigry, Lop-down development,

validation, verification
CR Coteporiex: 15 40, 4.6

a ]
=

INTRODUCTICN

Software development usually proceeds in
one of two ways: either the programmer
works alone in designing, implementing,
and testing a software pystem, or he is &
member of a group of from thres up to
peveral hundred, working together on a
large sofiware system. Although software
engineering embraces both approaches,
here we are interesied mainly in large-scale
program development. .

When the Verrazano Narrows Bridge in
New York City was started in 1959, officialg
estimated that it would cost $325 millien
and be completed by 1965 It is the largeat
suspension bridge ever buily, yet it was com.
pleted in November 1964 on target and
within budget [ENR&1, ENRG4]. No gimi-
lar pattern has been obaserved when we
build software systems larger than those
which had been built previously.

Software is often delivered late. 1t ia fre-
quently unreliable and asually expensive to

mamtain. The IBM OS5 project, which in-
volved over 5,000 man-years of effort, was
years late {BROOT5]). Why ia bridge engi-
neering 5o exact while mﬂum engineering
fleunders so?

Part of the answer lies in the greater ease
with which & civil engineer can gee the
added complexity of a larger bridge than a
software engineer the complexity of a targer
program. Part of today’s “software prob-
lem" stems from our attempt to extrapolate
from personal experiences wilth amnaller pro-
Erams 1o large systema pragramuming proj-
ects.

We begin here by outlining the general
approach used in developing program prod-
urts, emphasifing aspects which are still
poorly undersiood. Later, we enumerate
the technigues which have been used to
solve these problems. We do not attempt to
cover all of the relevant topics in depth, but
we give many references for further read-

Software engineers are currently study-
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ing the cawses of these problems and the
mechanisms of software development.
They seek bath ceonstraints on program-
ming which will render software lees expen-
sive and more reliable and nlso the theorst-
ical foundations upon which programs are
built. Software engineening is not the pame
es programming, although programming is
an impertant component. 1t is not the stady
of compilers and operating systema, al-
though cotpiler writers and operating sya-
tem implementors use similar techniques.
It is not electrica) engineering, although
electronics does provide the basis for imple-
menting the computer [JEFF7T].

Software engineering is interdiaciplinary.
It uses mathematica to analyze and certify
algorithms, engineering to estimate costa
aend define tradeoffs, and management sci-
ence to define requirements, assess risks,
overses personnel, and monitor progress,
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1. STAGES OF SOFTWARE DEVELOPMENT

The comgplexity of a large software system
surpasses the comprehension of eny one
individual, To better control the develop-
ment of a praject, software managers have
identified eix separate stages through schich
software projects pass; these stages are col-
lectively called the sofiuare development
life ovele

* Requirements analysis;

* Specification;

, % Design;

» Coding;

® Testing; -

* Qperation and maintenance.
Figure 1, a pie chart, shows the approxi-
mate emount of time each stage takes, The
stages are discussed in the following sub-
Eections.

L

3 "

Requirements Anatyals

This first stage, curiously absent from many
projects, defines the requirements for an
acceptable solution to the problem. The
statemnent “"Write a CopoL program of not
more than 50,000 words to produce payroll
checks™ 15 not a requirement; it is the par-
tial specification of a computer solution to
the problem. The computer is merely a tool
for solving the problem. The requirements
analysis focuses an the interface between

REQUIREMENT
1%

e | -

INTEGRATION =
s

L

Ficurrr 1. Efort required on ywriocs development
activilist (Fxcluding mainlerarce),
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the tool and the people who need to yse it
For examgple, a company may consider sev-
eral methods of paying its employees: 1)
pay employees in cash; 2} use a computer
to print payrol! checks; 3) produce payroll
.checks manually, or 4) deposit payroll di-
rectly into employees’ bank accounts.

Other aspects, sych as processing time,
costs, error probabiiity, and chance of fraud
or theft, must be censidered among the
basic requirements before an approptiate
solution may be chosen. A requirements
gnalyxis can aid in understanding both the
problem and the tradeoffs among conflict-
ing constraints, thereby contributing to the
hest splution.

' Hard requirements and Lhe optional fea-
tures must be distinguished. Are there time
or space hmitations? What facilities of the
sysiem are likely to change in the future?
What facilities will be needed to maintain
different versions of the eystemn at different
lucations?

The resources needed to implement the
gystemn must be determined, How much
inoney is available for the project? How
much is actyally needed? How many com-
pulers or compuler services are affordable?
What personnel are availahle? Can existing
software be used? Aler the first questions
are answered, project schedules must be
planned. How will progress he controlled
and monitored? What has been learned
fram previous efforts? What checkpoints
will be inserted to measnre this progress?
Once all these yuestions have been an-
swered, specification of a computer soluticn
ta the problern may begin,

Spacitication

While requirement anal ysis seeks Lo deler-
mine whelher to use a8 computer, specifl-
cation (also called definition [F1FETT])
seeka to define precisely what the computer
is to do. What are the inputs and oulputs?
In the payrell example: Are employes ree-
ords in a disk fAle? On tape? What is the
format for each record in the file? What is
the format for the output? Are checks lo be
printed? Is gnother tape to be wnitten con-
taining information for printing the checks
offline? Will printed reports accompany the
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checks? What algorithms will be needed for
computing deductions such as tax, unem-
ployment and health insurance, or pension
paymenta?

Sinca commercial ayStema process con-
siderable amounts of data, the database ia
a veniral concern. What files are needed?
How will they be formatied, accessed, up-
dated, and deleted?

When the new system supersedes an
clder process (for example, when an auto-
matic payroll system replaces 8 manual sys-
tem), ithe conversion of the existing data-
base to the new format must be part of the
design. Conversioh may requite a special
program which i¢ discarded after ils first
and only use, Since the company may Le
using the older Bystem in its day-lo-day
operation, bringing the new system unline
presents a problem. Can the old and the
new systems run side by aide far awhile?

The answers to these questions are set
forth in the functional specificotion, & doc-
ument describing the propesed computer
solution, This document is important
throughout the project. By defining the
project, the specification gives both the
purchaser and the developer a concrete de-
scription. The more precise the specifica-
tions are, the less likely will be errors, con-
fusion, or recriminations later. The specifi-.
cations enable test data to be developed
early; this means that the performnance of
the gystem can be tested abjectively, since
the test data will not be influenced by im-
plementation. Because it describes the
scope of the selution, this document can be
u=ed for initial estimates of time, perscnnel,
and other resources needed for the project.

These specifications define only what the
system is to do, but not how to do it. De-
tailed algorithms for implementation are
premaiure and may unduly constrain the
designers,

Design

In the design stage. the algorithms called
for in the gperifications are developed, and
the overall structure of the computer ays-
temn takes shape. The system must be di-
vided inte small parts, each of which 1s the
responsibility of an individual or a small

Computing Surveys, ¥ol. 10, Na, 2, Juna [578
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team. Each such module thus defined must
have its constraints: ita function, size, and
speed,

Ag submodules sre specified, they are
représented in a tree diagram ehowing the
nesting of the system's components. Figure
2 fllustrates this for a typical compiler. This
fllustration, sometimes called a baseline
diagram, is nov by itzelf an adequate spec-
ification of the syrtem.

Because the solution may not be kaown
when the design slage starts, decomposition
into small modules may be quite difficult.
For older applicationa (mich as compiler
writing) this process may become standard-
ized, but for new ones (such as defense
svslems or spacecraft control} it may be
quite difficult.

A common problem is that the buyer of
a syslem often does not know exactly what
he wants, especially in state-ol-ihe-art
areas such as defense aystems. As he sees
the project evolve, the buyer often changes
the specifications. If this occurs too often,
the project may flounder. We discuss this
problem later.

Coding

Cading is usually the easiest stage. High-
level languages and structured program-
ming simplify the task. In one atudy,
Boehm [BoEH75} found that 64% of all

.

i Y ER
cont
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errors pocurred in design, but only 36% in
coding. Hamilton and Zeldin [HAMI76] re-
port that in the NASA Apollo project about
73% of all errora were design errors, We
have mastered coding better than any other
stage of software development.

Tasting

The lesting stage may require up to half of
the total effort. Inadequately planned test-
ing often results in woefully late deliveries.

During testing the system is presented
with data representative of that for the
finished system; thus test data cannot be
chasen at random. The test plan should, in
fact, be designed early and most of the test
data should be specified during the design
stage of the project.

Testing is divided into three distinet op-
erations:

1) Module testing subjecta ezch module
lo the test data supplied by the pro-
grammer. A test driver sirnulates the
software etwvironment of the module
by containing dummy routines to take
the place of the actual subroutines
that the tested module calls. Module
testing is sometimes called uait fest-
ing. A module that passes these testa
is relensed for integration testing.

2} Integralion teslting tesis groups of
componenta together. Evenlually, thia
procedure produces a completely
tested system. Integration testing fre-
yuently reveals errors missed in mod-
ule tests. Correcting them may ac-
count for about a quarter of the total
effort.

3] Systems testing involves the test of
the completed system by an outside
group. The independence of this
group is important.

The buyer may also insist on hin own
systems test, o acceptance fest, before for-
mally nccepting Lhe product, Comparison
of the performance of several systema [such
a5 those of a given software product already
available from eeveral sources) is called
benchmark lesting.

During testing, many criteria are used to
determine correct program  execution.
Among cther important criteria, the pro-
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gram is considered correct ift

1) every statement has been executed at
least ance by the test data;

2) every path through the program has
been executed at least once by the test
data; end |

3} for each specification of the program,
test dats demonsirste that the pro-
gram performa the particular specifi-
cation correctly.

These three different criteria show that
there is no single acceptable criterion defin-
ing n “well-tested” program. Goodenough
and Gerhart [GooR76]) proposed a set of
consistent definitions for "testing” and
showed that some of these definitions of
testing are, in theory, insufficient. We re’
turn to this sabject later. For a survey of
good tesling techniques, see [Huan7s).
= Closely related to testing are verification
and validation (Y /V). A system is validated
when testing shows that the system per-
forms accerding o its specifications. A sys-
tem is verified when it has been proved to
tneet it6 specifications. Current technology
iz inadequate for achieving both these ob-
jectives. A validated system may misbe-
have for cases not included in the test data.
A verified system is correct relative only to
the initial specifications 'and -assumptions

- about the operating environment; formal -
“proofs tend to be lengthy, making them

subject 10 error or incredulity, Certification
sometimes refers to the overall procesa of
creating & correct program by validation
and verification, .

In certifying a program, three teyms must
be distinfuished. A faidure in a sysiemia an
event which marks 8 violation of the sys-
temn's specifications. An error is an item of -

. information whick, when processed by the

normal algorithms of the svsiem, produces
a [ailure. Since error recovery may be built -
inte the program (for example, ON unita in
PL/T), not every error will produce a fadlure.
A foult in g mechanical or algorithenic de-
fect which genersics an errar (for example,

B programoming “bug”} [DeEsnT6a). "

Reliability is # concept which must not
be confused with correctness; A correct pro-
gram is one that has been proved to meet
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its specifications. In contresy, a reliabfe
program need not be correct, but gives ac-
ceptable answers even if the data or envi-
ronment do not meet the assumptions made
abput themn. We would like a gystem 1o be
highly robust, that is, to accept a large clasa
of input data and to process it correctly
under adverse conditions. Parmnas { PARNTS]
describes a correct syetem as one that is
free from faults and has no errers in its
internal data. A program is reliable if fail-
ures do not seriously impair it8 satisinctory
operation.

Operating systems with “fail-soft” pro-
cedures illusirate the difference between
reliability and correctness. A detected error
causes the system to shut down without
losing information, possibly restarting after
error recovery. Such a system may not be
correct because it 15 pulyect to errors, but
it is reliable becnuse of its consistent oper-
ation A real-time program may be correct
85 jong as a sensor reports correctly, but 1t
may be unreliable if bad sensor readings
have not been considered.

Cperation and Malntenance

Figure 1 shows the disposaiticn of software
costa in developing & new project. But this
can be the wrong chart! The aciivities noted
in Figure 1 are only 25% to 33% of the effort
required during the life of the system. Fig-

- ure 3 dlustrates that maintepance costs ul-

timately dwarf development costa.

No computer systern is immutzable, Since
a buyer seldom knows what he wants, he
seldem is satisfied. Probably, he will re-
gueat changes in the delivered gystem. Er-
rors missed in testing will later be discov-
ered. Different installalicns will need spe-
cial modifications fer local conditions. The
management of multiple copiea of & system
is another difficylt problem that must be
handled . eazrly.in. development. Once the.
first line of code is written, the structure of
the resulting maintenance operation may
already be fixed, so it is best 10 plan for it
then

The division of effart indicated in Figure
3 grently. affects aysiem development. Be-
cause Of hidden maintenznce costs, techs
niguea that rush develepment and provide

Campyting Surveyn, Vol 10, Mo, 2. June 1958
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for very early initial implementation may

be trading early execution for a much more

exlensive maintenance operation.

The meaintenance problem is sometimes
referred to as the “parts number e:plnsmn "
For example, a8 certain system contains
components A, B, and C, Installation ] finds
and reports an error. The developer fixea
the error and sends a corrected module A’
1o all installations using the saystem.

Installations IT and Il] ignore the replace-
ment and continue with the original system.
Installations [ and [I discover another error
in module A. The developer must now de-
termine whelher both of these errom are
the same, since different versions of module
A zre involved. The correction of this error
involves correction of both A’ (for I) and A
(for I} yielding A" and A™. There are now*
three versions of the system.

To avoid this growth, systems often re-
ceive updates, called relvases, st fixed in-
tervals. A useful tool for dealing with myr-
iad maintenance problems i & “svstems
database” started during the specilicalions
stage. This database records the character-
igtics of the different installaticns. 1 in-
cludes the prucedu:es for reporting, testing,
and repairing errars before duﬂ.nbuung the
corrections. -

Themes of Sottwara Enginesring -

. It should be clear that each software devel-
cpment slage may influence earlier stages,
.The writing of specifications gives ferdback
for evaluating resourre requirements; the

Computing Surveys, Vol 10, No. I, Jure 1578

design ofien reveals flaws in these specifi-
cations; coding, testing, and operation re-
veal problems in design. The goals of soft-
ware engineenng are thus to:

* Use techniques that manage system
complexity.

# Increase system reliability and correct-
ness, -

# Develop techniques to predict software
costs more accurately.

In the following sections, we discuss ap-
proaches to some of these problems. The
list of techniques is divided inte manage-
ment and programmer issues. Management
issues concern the effective organization of
personnel on B project. Programmer issues
concern the techniques used hy individual
programmers to improve their perform-
BTICE,

2. MANAGEMENT ISSUES

A manager controls two major resources;
personne] and computer equipment. This
section Burveys techniques for optimizing

. the use of these respurces.

* Sire and Cost Control

A projert may fail when management is not
aware of developing problems; a year's de-
lay comes “gne day at a time” [Broo75].
Faced with catastrophic faiture (for exam-
ple, needed hardware is delayed ; six
menths), a respurceful manager can usunl]}r
find aliernatives, However, 1t 18 easy to
ignore day-to-day problems (such as sick
eraployees or many errors during testingl.

Muosal problems oceur at the interfaces of
modules written by different programmers.
Since the number of auch interfaces is cn
the order of the square of the number of
individyals involved, the prublem becomes
unwieldy when the number of persons in a
development group grows to four or more.

.As an example of the communications
problem, assume that & single programmer
is capable of writing a 5,000-line program in
a year, and that & programming system

requires about 50,000 lines of code and is to -

be completed in two yeara, Five program-

.mers would seem to be suMicient (see Fig-

ure 4a).

L]
*r



However, the five programmers must
communicate with one another, Sueh com-
munication takes time and also causes some
loss in productivity since finding misunder-
stood aspects will require additional testing.
For this simple analysis, assume that each
communication path “costs™ g programmer
250 hines of code per year, Each of Lhe five
programmers, thurefore, can produce only
4,000 lines per year and only 40,000 lines
are completed within two years {see Figure
4bl.

This means that eight programmers pro-
ducing 3,250 lines per year ure actually
needed in erder te produce the required
50,000. A manager is required lor direction
of this large effort. Therefore, in summary,
eight programmers and a manager, each
producing an average of 1,000 lines per year,
are actually needed (see Figure 4¢).

Az we shall see, simply counting lines of

Perspectives on Software Enginvering . 20
B
[}
Ficure 4tb). Five-member group: 400 lines pet

code 18 not a good way Lo estimate produc-
tivity. The figures in this example are only
given to illustrate a point, but they are
representative of the problem. There are
also techniques designed 1o limit this com-
munications “explosion™ and 1o increase
programmer productivity,

Frojoct Persannof

Software can usually be divided into three
calegories: 1) conlrol programs (such as
operating systems), 2} systems programs
{sach as compilers), and 3} applications
programs (such as file management sys-
tems}. A single programmer working on a
control program can produce ahoul 600
lines of code per year, whereas he can pro-
duce about 2,000 lines if working on a sys-
tems program and about 6,000 if working
cn an applications program [WoLv74). The
type of task certainly affects the productiv-
ity that van be expected from a given pro-

R228%

Fisure 4(a). Single projects: 5000 tines per year =

year = 40,000 Jines in two years (ten rommunicarion
patre).

FiGuaE dic). Nine-member team: 3,000 |ines per year
= 50,00 Tines I 1wo yeary {36 communicathon
pairs), .

grammer, However, &= the previeus exam-
ple demonstrates, the organization of per-

50000 lines in two years ine commumeation be-  Sonnel also affects performance. For exam-

[Wetn PrOETRITIMErs).

ple, with the approach of deadlines, docu-
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mentation is ofien given lower priority.
However, since 70% of the tolal systemn cost
may occur during the maintenance state
. [where the documentation is heavily used},
this may be a false economy of efiort,

Use of a librarian is one way ta avoid thia
problem. A librarian provides the interfacs
between the programmer and the com-
puter, Programs are ceded and given to the
librarian for insertion into the enline proj-
ect library. The acmal debugging of the
madule is carried out by the programmer,
but changes to the official module in the
library are made by the libranian, The use
af a library is further ¢nhanced when an
online data managerment system is used.

The use of a librarian hes another bene-
ficial effect. All changes in mudules in the
project library are handled by ane individ-
ual and are casy 1o monilor; they are often
reviewed by the project manager before
insertion. This prevents  “midnight
patches'” from being quickly incorporated
into a system and forces the programmer o
think carefully about each change. It alse
gives Lhe manaper disciplined produet con-
trol and helps with audit traila,

On larger projects, a technical wriler may
perform much of the documentation, thus
freeing programmers for the tasks for which
they nre most skilled,

The culmination of this trend is the chief
programmer feam concept developed by
IBM [Baki?7Z]. The concept recognizes
that programmers have differcnt levels of
compelence; therefore, the mest competent
should do the majer work, while others
funciion in supporting roles. Ag the earlier
cxample shows, interfacing problems
greatly reduce programmer productivity.
The chief programmer team is ene way of
limiling this complexity.

The chief programmer, an excellent pro-
grammer and a creative and well-disci-
plined individual, is the head of the teamn.
He may be Aive or mere times more pro-
ductive than the lowest member of the
team [BoEH?T]. He functions as the tech-
nical manager of the project, designs the
gystem, and writes the top-level interfaces
for all major medules.

If & project is large, a team may also have
an administrative manager to handle such
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responsibilities as budgeting time, vaca-
tions, office space, and other resources, and
reporting 10 upper-level management., The
administrative manager often administers
several programming teams.

The backup programmer works with the
chief programmer and fills in details as-
signed by the chief programmer. Should
the chief programimer leave the project, the
backup programmer would take over. This
meens that he also must be an excellent
programmer. The backup programmer also
fulfills an important role by providing the
chiefl programmer with & peer with whom
he can discuss the design.

There are also iwo or threg junior pro-
gramnmers assigned to the team to write the
low-level modules defined by tha chief pro-
gramuner. The term “junicr” in this context
menns “less expurienced,"” not “loss capa-
ble” As Boehm states, the best results oe-
cur with Fewer and better people.

Using the example illustrated by Figure
4, a chief programmer team of five individ-
uals has only seven communications paths,
and the chief programmer, being that rare
individual, can produce more than his
quota of 5,000 lines (see Figure 5). Thus
productivity per programmer could be
greater than 5,000 lines per year, instead of
the previcus figure of only 4,000.

The team has a librarian to manage the
project library—both the online medule li-
brary and the offline project decumentation
(also called the project nolebook). The
project notebook contains, among other
things, records of compilations and test
runs of all modules, It is important 1o the
team structure, gince all development is
now acceuntable and open for inspection,
and code is ne longer tha “pvate property”
of any individual pregrammer.

Programmers have traditionally beet re-
luctant to exhibit their products until com-
pletion, since discovered errors have tradi-
tionally been viewed as n personal failure.
The absurdity of this approach is clear
enough. If the ego element is removed from
Programuming, Programmers Inay openly
ask others for advice when they need it,
instead of trying to solve all problems them-
selves [WEINTI],

The tearn may include other supporting
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personnel such as secretaries and technical
writers. Experience showa that ten is the
upper bound Lo teamn size.

This gtructure, however, will not salve all
problems in development. With a emaljer
numher of ' individuals” involved,” compe-
tence is crucial. It is not possible 1o “work
around” a nonproductive individual as one
might do in & large project, There are also
extremely large projects where & group af
ten is simply too small to teckle develop-
ment. Larger teams are ot efficient.

A man-month, or the amount of work
performed by one individual in one month,
is a deceptive measure for estimating proj-
ect productivity. A project requiring four
programmers for & year cannot be com-
pleted by 48 programmers in one month
The example - of 1the - 50,000 line Eystam
needed in two vears shows some of the
problems inherent in trying to exchange
programmers for time. *Adding manpower
to a late eoftware project makes it later”
[Broo?s]. New personnel divert existing
personnel needed to train them; they re-
quire more supervmun.. they complicate
communication and interfere with the de-
sign since they are unfamiliar with the proj-
ect structure.

However, man-months do serve & pur-
pose a8 a useful measure of project costa.
By sdding more data, such as the rate of

z using man-months, accursie cost estimas .
“tion techniques can be utilized. These are
explained in the following subsection, I

Cstirmalion Techrigues -
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to complete a project. As previously men.-
tioned, the Verrazano Narrowa Bndge in
New York City was completed at the pro-
Jected time and within the estimated
budget. How was such accuracy achieved?

Most engineering disciplines have highly
developed methods of estimating resource
needs. One such technique is the following
[GALLBS]:

1) Develop mn outline of the require-
" ments from the Request for Quotation
{(RFQ);
2} Gather similar information, for ex-
ample, data from similar projects;
3} Select the basic relevant data;
4) Develop estimates;
5} Make the final evatuation.

- Although this approech has been advo-
cated for software develnpment, software
projects have difficulty passing Step, ]
[WoLv74). Engineers have been building
bridges for 6,000 years but sofiware systems
for only 30 years. Prior experience to de-
velop the true requirements may not be
available. Moreover, with very little back-
ground to build on, the developer has little
knowledge of similar systems to use in eval-
uation (Step 2),

In developing the estimates (Step 4], the
following tasks must be undertaken:

e - W

4a) Cempare the project to similar pre-
ViOUs projects.
4b) Divide the.project into units and
compare each unit with similay units;
= dc} Sehedule woprk and estimate re-
rources by the month.
4d) Develop standards that can be ap-
plied to work.

Note that for Step 4a), the lack of pre-
vious . EXpETIENCE presents a  continuing
problem. Also, for Step 4d), an adequate
set of standards does not vet exist.

Experience is the key. to accurate esti-.

-

mation. Even civil engineering projects may °
+ fail badly when established techniques are ©

not followed. Allhcugh the Verrazano Nar-

-rows Bridge was the world's largest suspen-
. Bion bridge, its engineers had much experi- | .

ence with other gimilar structures. On the

4

-

¢i-- One of the most important aspects of engi- = other hand, the Alaskan oil pipeline was H-;-{.

nOeeTing is estimating the resources needed

estimated Lo cost $900 million, yet by mid-

Computing Survsys, Vol 18, No. 2, June 1978
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1477 the ¢pst had risen past $9 billion
[ENR77} In this case, the design was al-
tered continuously as thoe federal govern-
ment imposed new environmental stan-
dards (that is, changing specifications}, and
new technelogies were needed t¢ move
large yuantilies of ¢il in & cald weather
environment. Previous experience was only
marginatly helpful.

Rezults from eomputer hardware relia-
Lility theory are now starting to play a role
in software estimativn [PUTK77]. The cu-
mulative expenditures over time for large-
seale projects have been found 10 agree
closely with the following equations:

MV Zelkowitr

E= Kil=g")

where E is the total amount spent on the
project up te lime f, K is the total cost of
the project, and o is & measure of the max-
imum expenditores for any one time period.
This relationship is usually expressed in its
differential form, called a Rayleigh curve:

E = 2Kate ™'

where E' is the rate of expenditures, or the
amount gpent on the project during year
number £, Since 70% of the cost of 8 profect
occurs during the maintenance stage, it is
not surprising that the maximum expendi-
tureg will pecur just befora the produet is
released, a time when it is usually assumed
that the effort is winding down befare ter-
mination (see Figure 5).

The Rayleigh curve has two parametars,
K and a; however, a system can be de-
seribed by three general characieristics: 1)
total cost, 2) rate of expenditure, and 3}

SNt TIE T

O R Qe P T, e ki MR

a |
L IAT | Fomd L MymIra

FicurE S Yearly rate of expendiluns approzimates
the Hayleiph curve. Total cost EI.I'I'I under curvel
w A AT rate = 2Kate™™ .
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completion date. Twe of these characteris-
tics are enough to determine the constanta
K and a. When a project is miliated, the
proposed budget is an estimate of K, and
the available personnel permits a to be
calculated, Assuming that  requircment
analysis determines that these figures rep-
resent an accurate assessment of the com-
plexily of the problem, the vstimated com-
pletion date {the date when the expendi-
tures reech & maximum) can be computed,
and thus cannot be set arbitrarily duning
the requirements or specification stage.
This method prosvides the basis for a cost
estimation strategy that has heen applied
to smaller projects in the 100 man-month
range [Basi78]. We may be clese to a math-
ematical theory of cost ertimation which
will greatly reduce vur need to “guess” at
project costa.

Milaslonas

A mifestone i3 the specification of 8 demon-
strable event in the development of A proj-
ect, Milestones are scheduled by manage-
ment io measure progress. "Coding is 3%
complete” is not a milestone because the
manager cannot know when 90% of the
code is complete until the praject itself 1s
complete.

There are meny candidales for mile-
stones: publication of Lhe functional speci-
fications, wnting of individual module de-
signs, module compiling withoul errors,
units that have been tested successfully,
and s0 on. Milestones are schedoled faicly
often to delect early slippage, PERT charts
imay be used to estimate the effects of slip-
page in ane Stage on later slages.

Reporting forms can give mformation
useful for eslitmating when a future mile-
stone will be reached. A general project
sutnmary, describing such overall charae-
teristicA as system gize, vosl, cotnpletion
dates, or complexity, can be resubmitied
with each milestone. Change reports can be
submitted each time a module is altered.
The use of a libranian probably means that
such a form already exists. Weekly person-
nel and computer reports monitor expend-
itures. Alihough they add a minar overhead
to the project, the information helps man-
agement keep abreast of progress [Basrfg,
WALST?].
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Developmean! Tools

Compilers and certain debugging facilities
have been available for some time. In con-
trast, other programming nids are new and
experience with them is less estensive.
Cross referencing, attribute listingz, and
symbuolic storage maps are examples of such
nids. Auditors or database gystems can help

to rontra] the organization of the develop- .

mg system. The Problem Statement Lan-
guage/Problem  Statement  Analyzer
{PSL/PSAY of the 18005 project -of the
University of Michigan is ane of the firat
database systems for providing a module
libraty for stering seurce cude, amd includes
e language for specifying interfaces in ayg-
tem design which can be checked antomat-
ically [TE1CT7]. REL/S5L 15 a similar sys-
tem designed to specify requirements and
to design interfacea via a data management
system [Davi?7].

An elternative approach is the I'rogram-,

mer's Workbench developed by Bell Tele-
phore Laboratonies [DoLo76). A PDP 11

" based system provides a el of support rou-,

tines for module development, library
maintenance, documentation, amd testing.
Froper use of these facilities allows acceas-
ing information in an easier, vontrolled en-
vironment.

e R L. ) (XY S T AT RS PO

Reliabllity
Conceptual integrity "

Concepiual integrity, uniformity of style
and simplicity of structure, are usually
achieved by minimizing the number of in-

dividuals in-the project. A chief program.,

mer 1ear greatly enhances mnteptunl in-
tegrity.

A small group minimizes contredictory
aspects of a design, In the PL/T [angunge,
for example, the PICTURE attribute dec-
laralion may be abbrevisted as either PIC
or P'but"in format specifications it may =
anly be F [ANS176] In FouTRAN, the right
side of an assignment statement can be an
arhitrary arithmetic -expression, but DO
loop indices musi be integer constants or
variables, and subscAipls 1o Arrays are lim.
ited to seven basic forms [ANS166]. These
are difficult idiosyncracies to remember,

They llusirate a lack of conceptual integ-

FPergpectives on Software Engineering .
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rity that can anse when many people with
different objectives become invelved in a
project. A consistent design is less prone {o
errors because the user can follow a simple
set of rules. ;

Continual Sysrem Validation

A walkthrough is a management review 1o
discover errors in B system. In one study,
THW discovered that the cost of fixing an
erTor at the coding stage is about twice that
of fixing it a1 the design stage, and caiwching

it In testing costs about ten times as much

a8 3t does in design [BoEHTE]. -

A walkthrough 15 scheduled penodic.ull}'
for all personnel. In attendance are the
project manager {chiel programmer), the
person reviewed, and several others knowl-
edgeable about the project. One section of
the system is selected for review and each
individual is given informetion about that
section {for example, design decument for
a designwalkthrough, code for a coding
walkthrough} before the review. The per-

«a 8an being reviewed then describes the mod-

ule under study,

The walkthrough is intended o detect
errors, not to correct them. Also, the
walkihrough is brief—not more than two
hours. By explaining the design te others,
the person reviewed i3 likely Lo discover
vague specifications or missing cenditions,

An important point for management is
that the walkihrough is not for personnel
evaluation. If the person reviewed perceives
that he 13 being evaluated, he may atlempt
to cover up problems or present a rosy
picture. . e

An informal }ret very eflfective vergion of
the walkthrough is code reading. A second
programmer reviews the code for each mogd-
ule. This technique frequently tumns up er-
rors when the second reader, failing to un-
derstand some aspects of the code, asks the
-author for an explanation. -
~

3. PROGRAMMER ISSUES

Each stage of the software development ife
cycle has its own set of problems and solu-
tions The most advanced techniques apply
to the last stages; the first atages are the’
least developed. For example, testing and

Computing Syreryn, Vol 10, No. 2, Jupre 1573
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debugging problems are apparent o vvery
programmer; these tools are the aldest and
merst advpnced. Technues fir improving
voding were developed nexe. The most re-
cent develupments have related to reguire-
ments antd sperifieations, Alltkenigh ngony
technical problems have not been aolved.
an effective methodology is emerging. Some
of these techaius are presented in the
following subsections,

Yerlfication and Validation

Verification and validation (module and in-
tegration besting) of & syaterm oceu)n abieat
half of thr development time of a project.
Mapy debusaing aids have been developer)
Lo facilitate this effurt: most wre imgpe-
miented as programs to test some feagure of
a systern.

Aulomaroed Togis

The varliest and most primitive debopping
toky were the dump ol the trige, A el
5o lsciog ol the entiients of the mackine's
ey, This listig vin olften reveal un-
intelligitde data or ereees, Unboriamately, o
dump may oot ke aken omdl leng “alter
the fact™ and the causc ol the eorog may i
then he apparent. A fraes =00 printoot
showing the values of seleeted variables
after each statement s executad, [0 mav
help o progrimimer (o discover eorors.

These techniques are not usually very
effeviive because they sapply much data
with lictle or oo interpretation. More -
vanced methods are needed 1o neduce 1his
daty (o an intelligible 1orm,

Flowgraph aoalyvzers are eapable of de-
tecting reterences (o varables which are
nover imtialized or never regsed afier re-
coiving a volue: these wsoally bedicare vr-
rors. Test data generators are also avil-
able, Ascertion chochers valicdate thin given
conditions e trye o indicired poings ot o
program.  Aulomatic verilication sysieina
have been impdemented for small inguapes
(R | ool svebolic eseentivn bos been
proposed asa o tival mesaings for validaong
PrOogrEins 1 maore cormples Tangaage, e
PRLAPSEA svstem i an o eamnple of a0 ol
for assi=cing o desimn ool specificacion.
Syimbolic dumps aoed trioeea are generated

Computing Surtd ve, Yol UL So 2 dure 1905

with compilers like PL/C [Coxw T3] or
PLUM J2575] Ramamoorths and Ho
[Iaradd] survey many of these toals,

Cerhicaton

Frograms can be verified at several bevels.
Conway [Coxw 8] lists vight different ver-
ificacion conditons

* A program oontains e syvotaclic er-
TOMS,

* A program contains no compilatbm er.
rors or faults during program vxegu-
tion.

s There exist test data for which the
DINERAM Eives correct dRSweTs,

+ For tvpical sets of 125t data, the pro-
CTam gives coTech aisiers,

o For difficult sets ol tesr data, the pro-
ETAIN Flves COFrecl ANSWOES,

o For all possilile sots of dote whivl arg
valicl with resprect to the problen spec-
ilication, the program Zives coirect an.
SWAT,

* Fur all possible sets of validd te=t data
ard all Ykely conditions of crrotous
input, the progrgn plves cornal an-
mWLL R,

s For all pessilde input. the poupram
H]\.'{'h CUTEERE L e s,

Sonw: people are oplimi=Te that ane day
ceunplete auteinntic program serification
will e prassible, Todae's tmls operite o
pusteriarl, dernonstrating that o given pro-
cram works. Tomorrow's tools will alse op-
eride o priori, helping todevebop progrooms
which are rorrect helore they are ever ren,
sSuch tools can reduce the amount of tesine
rewqeieed for oo crnnploged progect [THvE],

Verification techbigues have the follin.
g penerad struciures, A Program s repire-
sented by o flewelharn, Assactared with each
arc it the Roswchirt iz a predicate, called an
assertion, W4 1 the assetrion associated
with an e potening spienment S, el L
iz the assertign on the are foellieving e
statement, then the statement "0, s true.
atd 1 Siatement 52 eaocuted, then isser-
tion AL will be teue” must be proved (e
Fignre 7, ;

This provess can L repeate] for cach
aplenent i gk progeam, Ay = dhe asser-
tion wmmdiately preceding the Input node
1o the lowchary tohar a4, The il sser-
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Frzt'iee 7. Awaertiona A, snd A, sureound ach atate-
mehc of & prograco.

Liony, and if A, &5 the assertion ag the exit
nade {or vxamptle, the hal assercion), then
the statement "If A, Is true, and (he pru-
gram is exeented, then A, 05 true™ will b
the thearcin that stutes that the program
meets its specifications (A and A} (see
Figure 81, This approach was formalized by
Hoare [HosarB8] who defined a set ol aa-
iems for determining the ellects upon the
assertions (precunditions and  posteondi-
tinns} by cach statenent tepe i langnage,
Thus verifving progriim  corregfiess  re
ducvs to proving a twotenm of the predicats:
calvulus.

Crertification technigue developnent s
still in a preliminary siage and does pot
meel the challenge af w melern Lange sos.
te, 1o acilition, axioansiie certifeation s
wi-ak in the sense thab the outpu asertion
i~ proved trae eoly it the pregram veemni.
Al Axionutic mnethods are incpable of
proving tertnination, However, termination
can uften be proved informally by the pro-
EranneT.

A typical approach t powviog that pro-
gram lacps terminate is the Tullowing:

1 Find some numlor P oohae 35 always
notmegative within the luop,

2} Show that for each exevution of the
luop, I* i decrenwented by at least a
fixed winount,

[f both conditions are alwaye true, the luop
st perpinate bedore P hocomes pegative,
A progratniner who uses sucl rules, even
informally, will seldom write nonterminat-
ing lowes.

Cangide s 1his prograees fragioent:

while 1< do
Eowog

end

Let quantity £ Lie the exprossiog v—g, ol
let P8y refur we the value of £ during the
fth exevutien of the loep, Beeiinse vy st
be trae fur cach new teration, s—a s al-
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wavs nonnegative and condition 1} = satjs-
fied for each execution of the loop. Since
the loop contains the stalemem ¥ = a+1,
P+l = Pry=1, satisfving condition 23,
Thetelore the joop must teeminate.

Certification will un solve all cur su{-
ware jrablems, alchowel it 15 an impoartant
tool. Gerhart prd Yelowiiz {GEHNGR] haye
shown that there are many putdished “cep-
vifieed” programs that conaln eeroes. Even
SXPETLS CFE.

Formeal Testing

Goodenough and Gerhart {Gonnts] have
clarified the concepts of testing. A dumamn
i ther mi-L aof poerindsaibli o cs v progrinn,
and w fesd Ix g subeer of the domain, A
tesfing eriterion specilies what 5 1 he
tested (for example, specilications, all state.
ments, all pathss,

A test s compfede i the test misets all Vhe
Feuiretnetes of the testinge oriterien, ol o
comnple e tesl 4 secessfied ol e
gives conrect resuelts or ciech e in the
1wt

Wi these definitions, we canpdletine poe
gram reliabibicy and vaiidity, A prosoon is
refiable il every touml error is pevealed by
CVRTY COIHE G LSt Y g ke ¢ add Qo
every o prror sorevealsl byoseme comploge
Censl,

With tlwse delinitions, several o bl
resubs e be proved, Among these are

* If a progran i= hoth reliable amd vadid,
thuen iU bs carrect IF and onbe 1 ans
cotnplete tesl 1= abse successiul,

® The criteriun “erecute overy path”™ s
not valid; there exist programs all ar
whese tewl sers sueceee], Loy wluelh papo-
tuce the wrong results for smme input.

While this framework s somes hat weeh.
nical wrwl 3= dor applicalile 1o all procrin-
ming, it is an imporiant step in tforuabiziog
this atva, W now have a basis tor tadking

FROSER M

LIIER IS g
X
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Frovan s Predentes Apamd Uy ey et amigod
Debrigs Lo of 2 DELgLNIL,
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grammer's task = marde easier when the
computer does 1are work.

Structured Programring

A major development in facilitating the
programming task 1= known as serucfured
programming, which has been erroneausly
called  “gotoless™  programeing Forta-
nately, the debate ahoul 10 Foto or not Lo
gpato” has mostly disappeared, and some
clear ideas have emorged, The premize of
structured programming s to use a snall
set of simple control and data struciores
with sitaple prool netes, A program then is
built by nesting these statemens jpsida
each other. This metha! restricts the num-
ber of connections hetwetn program prarts
andl therely improves the comprebensibil-
ity and reliability of the program.

The if-then-else, while-da, and  se-
QUERCE SLEleenG: are § cootnanly sog-
pested set of contio strnctures for cthis pepe
ul propramming: huswevet, there i nothine
sitcred abuoot e, Kool [KserT4] Lias
argued Lhat the gota siitetnent s oree]e-
vant e the Lruv goals of struciored [Hyrs
Rrinming,

These aimple controd steuclures Lelp pros
Erammers cerlify prosnans, even at an in-
lormal level, Foo oxample, & program coan
bae represented as o funetivn troam s inpat
dala to its outputl daca, Suppse [0 rep-
Tesents fosertoent of a program given by
the tullowitg i-then-else statement:

Mgl then s clee Ei,

Recause funetions g and & are stmpler thian
(unction f, their specitications should be
simpler. If their specitication: ate known,
the overall funetion s deftoed by

Fied = (il =« puxiens {okxh - AL

The programmer ean expless the formal
detivation of £ ip terms of the stipler deti-
nitions of gand A,

Languapes suwh as Apcob, Pascar, and
certain subzets of PLA contribute to goad
progracnning praciices by prroviding these
Facilities. Inorgler (o repatr Fonritas™s Luck
of =irueiape, over S0 JEPRICUESOTE T
transhating well-structuresd peewde-Foog,
THAN programs ke e Fowemias lose
been developed [1RREETG] AR if-then-else
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has bevn added to the few ForTean.ov
standzrel, alchouply o geperel while is still
missing Tom the [anpuage,

Systerm Design

A technigque related to structured program-
wing s fop-donn desige, i which a pros
grommer Nest forrmubates o sulritine as a
single stotement, which is then vxpanded
into ane or two of the basic cantrel sore-
wipes mentined sirlice. A each level the
function is ipanded in increasingly greater
detail wntil the resulting descrption -
comes the actual source banguage preogram
it sanie rogratiting language.

L-ing this approach, alse catlied sfepteise
repiemrent PWerTL WHer T L ok prrogram
i Diieratehically seructural and s desepibed
by sucressive relinements, Bach relinemem
is interpreted by relerring oo other retine-
nshes ol which i is o comparent, Congern-
ing this method, Wireh -bntes

| sdimaltl ko vesgross Ll e sdieaztd faa Lae Sl o
LR A TNLA TR LT T P TEN R M TR THR T
awe boa bl wrcanieel, -traneiilorwara. “griean”
mnter. aler pelinctnent siepis tsn oliele shen
Thuel cardicn alee -iens are st o e il pag-
wed M Iy ey
feeony of @ progran sceves by wa e S

Tu- evgomsinleree. But thi- e, &e-

Tt e rved il et Bl b eeedio ey oo
.|,.;|-.-L1)|l'.'. Lo egpliann Thar progroane ©w m stucibeieee
anut o onaeselE W rase Lo les el ot cpnlelence in
the prazradin and 1o condugt nfsenal, and eten
Fit tnad ool ol coneertness, The sisw e e el
wlarny dn paoticularly welonea o programs e
i b dndjusted Lo chanped o exdonided spevicha-
b, W T po25

Operating svatemz are often muedeled as
hivearchivs ol ghsfract ar eirtpef Machines
[Bitsa v ] A the fowest Tovel of the svalem
in the plhovsicol bavdware, Fach oew level
provides additwnal copabifitiea, or allowa.
Bler fowtieen= v dita, sl Dides soee of
the detatls of a lvser lev ol For exansple, it
une level ieve~cx the paging hardware ot
the cormpter snd providos o Lage virtaal
mcemoary beeall other prrowesses, ther il
it achines ab Bighier level vint bes e
plomented i 1 vhes b widienioed meners
it this deradd = conralled beoa lower
levul.

The concept of 3 peageai ofestan fon.
ariceage APPYLY toail o s devebopoment

Lt Sures s, Vel T o 2 luee e
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about such cuncems as reliahility and cor-
reciness,

Mean Time Belween Faifure

While useful for focusing our atiention, an-
alogirs with other engineering helds must
be used with care. Relinbility is one area of
incomplete analugies, The coneept of stean
time between faifure (MTHEE) dovs not ape
ply directly to software although it =sgmue-
times is used as il it does,

Byusrems built from physical components
wear out; transistors il mators burn outs
soldered joines break. Thiz 15 alse true tor
the hardware of the computer. Howeyver,
the logteal cormponents of soflware are -
rable, & given program will always produce
the same answer tor the same input, 25 lonyg
as the hardware does not Tail. When 8 solt-
ware module “Inils™ i has beon presented
witl an inpot e fimally revesled an epror
present from the start,

The MTBE nw-asures thye dme Letween
reselatiots vl crvors. This, inomgon, depenls
e the kimeds ot nputs prescaled, A com-
piler wred oanby Tor <hort jobs from studenis
may have a long MTHE: u it it issuddendy
wseil doe ather applications, is AUTREF may
decrvnsy sharpdy as unsuspected erroars are
eacrcized. A large MTUBF can thus be inter-
preted only ws oan inlcasion of possibile
rediahility, it as o prood of 11

Error Da}.s

Sinew formol certfieation of large ¢lisses of
progrants = still unattainable, technigues
for csumating the valulity of programs are
il being considered, Maost of these el
nipues mesope the poesbor of ereoes dis-
covered, whivh are assumed o be repres
sentalive of the totad numiber of vrrors pres-
ent tn the svspem, and henee a peasure of
the reliahility of the syvstene,

Mills [AcT6] defioes an ceror iy as a
measure stating that ehe vIvoT [einains un-
devectedd o svsiem for one dav, The wotal
mamber af ereor davs o svalen = come
puted by zununing. for each errer, the
lengeh of time that errar woas ot svsiem,
A high error day count may reveth many
errars [poor designd or Jooe-bived  ereors
{paor developnwent).

Compuitizg Sureia, Vel T 25500 2 fune 1A

The assumption = made that it a pro-
grant is delivered with o low error day
count. then there is a powl chance that it
will temain low during fiare wze. Howesor,
two major prublims remain betere this
reasure can be widely used, Fiest, it is
difficult to discoser when a particular error
first etiered o svstem. Second. 3t mav he
Jdifficult to obinin such infortmativn frum
the developer ol i delivered prodoct.

Programming Technigues

Several authers have wentoned that the
number of lnea of vode produced by z
programmer in a given time letwls o he
idependent of the langouge used, 'This ine-
plics that hicher evel languapes enhange
productivity [ Hieoodh, Ha=00L This s
true pvert though assemble langoape pro-
grams are potentially e eflicient; their
potential i seldom realized o peactice.

The otz in v eloping early higher lewd
lanpruaes wepe He be able o exppress vlearky
an algorithon arel Granslare 30 ingo o ioent
machine Eanguage programes, The eificicey
of 1the resulzing code was all imparsam, This
leeed Loe s aweanalice 0 Foen s s
From the steugtore of the TN T boe whicl
it was developed (fur example, v three.
way branch of the arithimeric I Aveo,
whicly was developed me: oo nuwliee e
pendent way of expressing algorithne, con-
Lined concepts whose implementation on
canventional hardware was ineffivient teg.,
recnesion, eall-hivepamed; this nuee explain
why Mol s ot winlely wsed,

By the lare 19080 it was aceepied thn
the Langrunpe shondd facilitate writing the
progion aud thn che maeline shoald e
closigtedd o cpesle an elfivient run-tieme eo-
vironment, Taday there 1= a delinite =hilt
wward wstne the langimiee 1o make pene
grondeg aeed dlocwnen et ion wisker wned o
produce reliable amnd corpect sofiware.

This does not mean, however, that G-
cieney s o ed woday, Wherens PLA por-
mits Lhe wedtiog of sinple progragms whose
exocyubion timy is guite oo, Pasead was
desipned 1o exelinde cunsionets whse ma-
chine code 35 inetleient, Simce bindware is
lesss enpuensive thee progeammers, celualal-
ity has become 2 magor Gwetor The pro.
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has been defined [Cainv3). This type of
language containg 1wo structures: “puter”
syntax of basic statemenn types, such as if-
then-else, while, wwl sequence lor con-
necting components, and an “inner” syntax
that curresponds to the application being
dosigned. The inner syntux is inglish sure-
ment cricated, and is expanded. step by
step, until it expresses the algorithm in
some propramming lnnmuage. Figure 8 rep-
resents an example sfa PO desian,

It should be poted here that PRLAESA
and PDL complement  vach  other.
PEL/PSA 15 a specilieations tool that valis
ttes enrrect data teafe hoetween twn rod-
ules finterfacesy, A svstem like PDL s use-
ful for describing o given module a1 any
lovel of detail, Both PS5 ASA and 1ML
can contrilmre oo saveess o laege peoject.

Even though designed lrom e top
down, many ~yv-tems are implemenied from
the Bottiere up, Loswelevel ronatines ao- fiest
codell with drivers o tesg thens then new
macigles, wsing choese low.lovel rootines, are
added, anel the svstem is Ll oy

Pepredgen gdee eleprent is mnother Gech-
migue for dagdementing hierarchiondly
structured brograms, Here the opelevel
routines are written firae and bower lesy]
routines, called sefes e wreitien o inter-
fuce with these. The stubs cetuarn ool
alter printing a simple pessiage aml may
return kome fios] smmple west values, The
sl is cventually ioplaced by the Tall mel-
ule which now jncludes calla o other sogbe,
I this manper an entire sysiem can be
gradually developed.

If used carefully, this weehnigue enn he
valuable; however, e sustem s corresd i
15 assumwer], pot proved, until the Las stuh

g FPROUTICTE stk

4% Fuul puanmoai eleogent i liat *F

PECLARE s, eadl intecer:

THELARE st Tist o nitepaere,

nksainnaen = Brsl elemeon o et

1% WHELE twre vlenpent e i LisLn
sl = eyt eleent of et
anitom = Larges ot of met aid meamwom.
Fslr

RETUEN ol

Edllngs:

Fravrue v 1L of & progfam 1o fod Ve Lirge=t
elerent moa Li=p Gongfer S9I1aT 18 11 AR Cagrar, IHEE
EVILLLE T [0 o el

-
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has been replaced [1DExxTRal. The decu-
mentation =pecifies the assumptions on
wich stuln For example, if

fizt = if ptay Lhen gied elne Alxd

ix a program fragment calling slubs g and
Fothen fwll be corrert oply iF the mgdles
eventually replacing the stubs g oand 4 are
correct.

Via twp-down development, a user sees
the topelosel (ntertaces i the system vory
varly, He can then make changes relatively
visily arel snon. Another appreoasch with the
sane goal 15 gerarit e enhoncement [1 st
78] Using this technigue, a solwer of the
problern i first designed and implemented,
This rives the user a runming svatem early
in the e ovele when chappes are easier 1o
muke. This process 15 repeated o develng
gigesively farger subeets until the final
troduct is delivered,

Brooks [BinaTal webivves that the first
vorsion of 4 svstenn 1% galwavs Cdhirewn
away. buritse the concrete s peciflications
for a svawem are often not delined ungil the
setertt i dottpleneds o time when the indtiad
product tevts those specilliciinns padier
poorly. I s often cheaper ol taster
rebuild a systen from serawely e to ey
b mmeal il sre existing prodoet o meet (hese
specifeatinns. However, o doveloper witl
aften deliver —uch o modifivel svztem as a
“pire-release” if a deadling is swear and the
purehaser 1% demanding pesulis, The buver
ther aadters wich this version, replete with
errors, until he throws it away or has ihe
product rebuilz, Tterative enhancement can
make rebuilding bess chiotic sinee thee s
Gorunnang Syt e inot meeting all the re-
fuiremenistvarly in the develapment cvele.

Performancn Issucs

The chosen algorithuns and data stmwtares
have a much greater influenee un program
performone than eode opnizition er 1he
progromming boynunee, Belore choosing an
algorithan  the  pregraommer Bwes  these
Questiune-
o Can previously written softwane e
e
¢ 1i a mew module piust be weitien, what
algorithms and data stiroctures will
glve att cificient soluon)!
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Programming lanpuages vsuglly melude
standard mathematical funcdens sach as
sing, logarithm, and square moot, Tey give
the programmer ready aceess o libraries of
standard software packages. This allows
the progrimnier sy resulls o] prievioes
work. In preparitg programes lor standard
Libraries, analysts have incloded many op-
tions i single package, The clteet v e
a lorpe cumbersome packare which = inel.
ficivnt becagse onlv o sl part of 11 s
applicalde at any one taine, This can be
avoiled by installing muliiple sersions of
the morduhe for each special case,

Aiapy apportinities e for e
packaging and yse of exisiing sotowsee FIL-
fieulties in achivving this include

* Ldentifving which stamlard algerithin
e packape, This i casier in mathe.
matical aregs sucl as <1acisrical 1esting.
integratien, tillereGtion, and matey
Eﬂmli‘utﬂliljﬂﬁ Ihﬂ.ﬂ- in LLLE TER PLELLER I b

merical areds such s businness appli-
CARTOES,
* Triunsporting  and  interlacigge with

pavkaged sollwine, Some progress lias
leen pnde with proprmns =tored o
read-unly memoeries which plug it
mleroprocessiuys, op o with  inerkey
eSO Ctetplpnber melwarks. A
major prabbem area lies inintertacing
soltware ditecily o other softsare,
sinee Thepy ore moo colventions, Sonme
help s altorled Ly osoch concepis as
the “pipeline” o VNN whiclh pro-
vidlos o general cormumications chine
nel between programs [Hore7s).

Algrarthim Analvsis

Sonetines the progiam specilionticn s
et changendde, mmd the gmalvs st g
the hest puoeejble wlmormhm. Sometinnes,
however, the speciioarions ean T aliend
to perimit a nwae ellicrent =olatwn, iy seme
instantes we can shuw 1lut there are no
alporithins guaranioed o e elficient i all
cazes; here appeosiiee algenthos chat ane
efficienl i most vases bot need nol gisve
exacl solutoms st be aed.

The fast Fourwer branstoen illusteates the
mast efficient Torm lec compiting the Four-
ter Leatisform, a wehnigue usetul inowin e

21

firm mirabyss [Conn ] This eranslionm s
bl o & Miute o of peints rather than
o enmples inteprel whiely iz barder 1o
compnie, Lanpguape analssis (parsing) o 2
enmpiler ilastrares beew chunging the spees,
Wicationn eall poermit o more elficivnt solu-
ton, Any string of % symbobs inoan arbi-
trary contest-tree Linguare con e jeesed
i i of order G0N 0SB0 Y 0 saT L huoe
vver, a programming Linguape need oot in-
clude all feature= ol an arldreary contex) -

Free lungnage. Pascab is an example of a

lancuage which can be parsed by o deter-
nustie fop-don i parser In averigy line oof
arder (N PANGTZL B we are e o set
lanraag- specilications, we can choose thi
Ianguape atnd Lo rewardeld with olRebent
ek lors,

Aany practical problems, such as jub
sohealuling or tetwork counmodiny !]n':.l.', me
salve ennmeration ol s comddnaineial|y
Birpe pimber of afternadites and scelecgion
ol a1 Dest solurion, b troe-e civses i ity Ine
Lienter toe pestricl the search By o il
il by pood anewer, We Lerananeepeg 3iee
ppeer b A elle AW RTDRTT Tap o afiscaatoh
afl thee pusrees el oy slileonl-Lhe-adt s ey
ol algaritlin amily sis.

Etficiency

In many cases the results of alaorvithmibc
alfvsis e rel extensve erinigh o help
Lhe prograntner; Lhis we need o offer 1evh-
nieues: whivh eany help lwate god 1omene
sepirces of iedlivieney, Ure soch tonl 15 an
apiimizing compiler which, for some fan
puages, can vield stpoilbeann mproverones
[Tarnwusdi], "The vidue of soch tools Boa-
ever, s linited [KxerTL] sl may be re-
alleed only Tor programs which are psel
olton emongh Lo Jusgily the fay estnwene in
G kst e,

e ol the most powertul abds 2 (le
frogprtenes fristogean, which eeveals how
ubtent eavly 2Eienent ol @ program s exe-
endfed, To b net por=oal to g chiag 1ot ol
Elae st eqne 1 es arera il For 2007 ol the exae-
catbon time [R5 1L A progronter whu
Ldee i tes o theay “botbeneck=" th s
algorithne can realivze sigoitivant pertree-
alee QNIFOs MG ol 8 mininuIm iy est-
mend, This technigue as been osed fa0somne
ileraerive opertmg o systens, saeh oS

Comnpuntisg Autves s, Wl 10 S 20 b 2175
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UNIX and MULTICS. which sarted out
as hiph-level languape ppermting syvslems
Botilenroke have heenoeplaced by jessem-
bly language routines in less than 2% of
the syRlem.

Theory ol Spacilications

One arcd of soltwary eopineering thet s
tnow under study is svatem specifications.
The ohjtclive is 10 slate the specilication:
curly uaing a metalangonge. This plives
restrictions on Lhe design and may help
establish whether the specilications are
thieL.

A enrly examnple of such a specification
was the se-called “gotoless programming”
[1REE, KaerT L e 3s preperlys enlled
*structured progranuning.'” It resuqis the
form ol $tatements a programmer may u-e,
bt this 1e-trietion contribnges Wocengire-
bensibilitye sunl enhanees o0 correctiess
proof.

A secmnd seb of such rules emplins the
st b Teveds al alwlraetiog, Tnlorme-
tion hitling, ancl module interlacing (o ore-
stricl access to the interpal structuie ot
data, s | PaisT2] foemabiaed tiese
irdeats which were standand practices ol ex.
poert programers, e delites data ns a
colloction of Lol olyjocts, wolywrt by oot
of allowabie states. Proeedures ean then be
writlen t hide the representation of these
vhjects inzide separate modoles, The wsey
manipulates the objects by calling gl spe
cipl provedures,

Several langoages (e faclitme the use
of these conecpls hove been developed.
Among these are Evcran [Porps7] CLLU
[LEsTTL and Acveiann: [Werkiia] These
Lymapes permit progranuners o deline
abarract daca tvpe= having the propenty o
sneapeilnn e the seprosentatiot of the logl-
cill ol [ LSt S When concuarreney iz
am e, the wse ol Sbetract ohieers mast
he controlled by syndhronization tor ex-
anple, loglks, signodse e this e Lhe ahe
SR e nuubagzers ave Called frogfors.

Anwother RKimd of ~peciflicotion consists of
“Iigher order softwae astonas” IS
[TLaauii), which sire o sel of <% dxioins that
specify alliwable interactions among proc-
eases T real time svstem, o axiom pre-
hibits o process trom conttolling s own

Urrtnpatiig Sy pvess, Yol T Ny 8 e [T

exvculion, thereby ruling out revarzion in a
desinn, Anorher axiony states e po mod-
ule controbs its own i data sprace ol s
therefore wnable wo alter i inpot varialdes,
While these axioms are not cwndete, they
arc a first seep an foemalizing =pevifications
for svatem dexigin

SUMMARY

Bochm bha- slated seven principles that
have helpee ogranize the echiigues dis
cuesed 1 this paper [BoeEnT6)

Iy Minape wsing a sequertiod hife oucle
gfeen, This means to fullow the spfiware
ileveloprent e ovele outlined carlier, Lt
allows [or tredback which updates previous
slages as Lhe conseiienees of provious de-
cisions Twecame cokbinwn. 10 encourages
Il ESEONES L IsesUre proTress,

2 Pvrpeen coaiiiiois Doaftdeefon, Cer-
Ll cach i relimentent of a modole, Lse
walkthroupghs and corde reacdiie, Phsplay
the hivrarchical atruetone of the ssiem
eleaely ol dio mseniaise

3 Miageain fiscipfaned prowdyer can-
rredl AL oz piat o o prrogqueet —Despen -
R R TN Y O RN 1T T TR Y PRI ITRT P R
and so iwtn—sbiotebd b tormal iy o ed.
Chunpes Lo deouments and st 3ileors
Frow ot T w0yl 10y few oeeod aeied il
Code reiding, project pepneing forne-, e
brarans, 8 development {ibvary, and a prog-
et nutebuok all vonteilmoe e this coal,

AV s eakaneed fopedoien steactieed
programuneege. PLAT amd Pasean have
pocd  contreb oand dagn sorictures, e
pvcessors exist which auginent Forrias
fur these structure-. Degeriptasn technigues
stivh as stepuize refinenwnt, neated daa
alstractivns, aod divta osw et s should
bre vced.

ab Muintein ehear aecouendofilits, Use
AL Lo anes i ee g veess, el 3 g
vt tlelok 1o menitor cach ingividhead'-
wHors,

e Beeter amd fewer peagie, The
chiel progrmumer teatn, in whiel eoch -
dividoal ix kil and accouninble 1or his
Actiots Mud goew | resola are ressinp el ands
i this ethory,

T Matatain  cospreibment foo pnprisey
petecesss Sortle ool o the Deesay sapive dor
fmpeesenent, e open 1o mew geselops



Perspectives on Suftuare Enginvering .

menta in software enpineering, bul do not
sacrifice reliahility for modifiability while
pursuing then,

Progress has heen made in understanding
how large-scale sofutware systems are built,
yet more nevels to be done. Manapement
aids must be improved and project contrel
technigques developed, The role of sofiware
mAanagement % coming more o resemmble
that of enginvering management in other
disciplines. We can no longer alfond costly
mistakes when svstems are so large and we
depend s0 much on them. Most impuor.
tantly, we must be patient; we need 1o gamn
experience o which future theorivs can
rely.
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B To S tructured Programming

Y

MaklngThe Move

by Edward Yourgon

The best way to ensure that people will resist the change 1s to try to im-
plement all the new techniques at one time.

The most common ohjection 1o struc-
tured programmiog ., (akes the form,
Gosh, it soundsy grear and we'd like o
do i, bul, . - .7 More specific atacks
kave been leveled apainst the pERFORM
statcment and other forms of subrou-
une calls, agatnsi nested 1F statements,
and against the climination of cote
statements. A more subtle and power-
ful form of atlack i this: "0h, vou're
just talking about modular program-
ming: we've been do:ng that for ten
years™

For struciured programming to have
the proper opportugilty 1o show ils
sirengthy and not be rejected ouirighs
by @n orgamization, consideration
should be given to these questions:

1. Whar will the specific ghjections

" Are there any potential disadvan.

i that may be eaperienced as 3
iaUlt of using the technigques?

2. Which of the echniques should
be attempred first, assuming thal you
cannot wse them all? For example,
should you attempt 19 use structured
pecgramming Rat, and, then 1y lop-
down design on a later projecr?

3. What Lkind of programming
protect should yvou begin with et an
experimend lo demoosirate the bepe-
fus of the RAructured programming
techniques?

4. How thould you evaluale the

. success of Lthe experiment?

Common abiections

o= -1t would: be . uprealistic to -assume

tbat “atrscrored progremiming. Cope
down design, chiel programmer leaems,
struclured  walkthroupht  {one  pro-
grammer explam his code 10 cthers},
program hibrarians, and nirectored de-
tign would be accepied withowt argu.
menl in an¥ OTganization, Here are
some of the more common ohjections:
“I. Many managers and program.
mers point out that the structured pro-
= ming techniques are  primanly
led for, new development proj-

» _. for mankenanee of cxisting un.
siructuted programs, they seem 1o be
of limiled use (though the librardan
contspl and the sructured walk.
through concept would still be quile
useful}, This point is basically valid,
theugh it is usualiy possible 1o 2dd pew

seciions of code in a top.dawn strue-

leced manncr, 4. “hl.‘."i compietely
new featurss are being added to a sys-
lemn at the request of a user.

This preblern may be sobved &ven-
twally with the aid of “structuring en-
pnes™ that will automatically convern
apstruciured  Jogic  inte  structured
form. while such an “engine™ canpot
magically iransform “bad” code imo
“good” code, it will aL least foster spme
standardization,

2. S3ome managers poinl out thal
their programming projects are typical-
I¥ oo small 1o 1ipquire a tegmn of pro-
Erammers: therefare, they argue, they
don’t need any of the new “program-
ming productivily” techniques, Since
mest mafagoo apparcnthy are nol pre-
pated to fire mesl of their mediocre
programmers and replace them with
one highly compelent chief programe-
mer, we must aceepd this abjection as 2
tairly valid enc—but anly fer the zhief
PIOgrarmmer [eam concepl,

There iy no reason why the exisling
programmers in the organization, even
warsing by themselves, could not use
siractored programming and top-down
design.

3, Sill other managers object o the
cost of Mraiming their programmers in
the techniques of struciured program-
ming, This training eiercise 15 admil-
tedly ponirivial, though it depends on
the programmers experience. {Juniof
programmers  learn the  techmiques
mare easily than seni~r programmers;
the author's group cained 120 pro-
grammers in an Australian governmenl
agency pnor 1o beginning our pavroll
prejest, and of the 200 who scored al
the top of the ¢lass, eight were novice
prograsmery with bess than s monthu
e1peHence.)

Ease of training alsp depends on the
programming language: the technigues
are generally easiest in PLFY. reason.
ably easy in coBaL, and mere dificult
tn FORTRN and astembly lanpuage. In
geacral, we found thay programmers
require thres 10 five days of clatsroom
training to learn the techhigques, and
approaimaztely one month of pro-
grumming (when they are at Jeast as
productive as they wers praviously) to
become comferiable with the new
lechnigques, The investment in training
is thut relatively small compareZ 12 ine
benefls that were ljl‘.LU'SSCu i the pre-
ceding soTinon,

4. The cianager aften has 1o Over-
come technical ohicehany raissd by tos
proprammers: these objections most
frequentity come [rom  senisr pro.
grammels, nmuany nf whons arz oow
project leada=rs, who siiii tandly r=cahi
the “good old davs™ of the 14G7 and
the 6% Thes common pProgsimtacr-
orienied obectans are: i {5 awiward
and inconvenient &t first: the pro-
gramming language is inadequate for
the stricl disciphing imposed by strud.
tured programming. it 15 nol obvigus

- that the now approach will azpually

reap the benedts discussed ahove: and
finally, thete 15 n congern that the 10p-
dewn siructared approazh will zad Lo
tremendousty ineffizient programs.

The awkwordoess  and
mience iy largely a mailer of training.
The question of langpape adegquacy
can be a relevant one, and one answer
might be to consvince the programmess
{and their manigers'y to begin using
rL/L and the other atcoc-liks lan-
guages in preference 1o the primitive
copoL-like  and  ForyRawdike lan-
EU1ga%.

The objecrion aboul eTciency fan
only be answered by appealing 10 the
programmer’s commaon sense: the bal-
te for cthaiency i penerzlly won or
[mst ab the sysiem ar picgram despn
lesel (2.2, by makiog yure the svsiom
is runnming on an eflicient hariware
configuration, ard that o isn't doing
things i wasn'l jatzpded o do}, and
not at the hic-fddling level {ie., where
the proprummer “wisles B micrased-
ond or o indulging in a subroutine
call}.

inconve. *



Dbviglsly, there are some excep-
tioas o Lhis, in some real-time sysiems,
for example; but a3 Professor Bill Walf
of Carnegie-Mellon Univ, points owt,
“More computing sins arc commiticd
Y- pame of tfRoemoyi{wathawt nec-

ir

2 i- achicving- ity thap for any
O singe reason—iacluciag blind
stupidity ™

5. In addition to programmer re-
triining costs, many managers obpecl
10 the cost of developing new standards
10 conform 1o the new programming
technigues. Some organizations may
bave only receatly Fashed developing
stapdards for 1esting—and they tend 1o
be “botlom-up” siandards, in direct
centrast w the top-dow o methodelopy
currenity being adspcated, ¥While the
cost of developing new standards may
well be substantial, i1 i difficult o
think of any wary of avoiding . In-
deed, even if structured programming
kad nor appearcd on the scene, surely
some new lechniques would eventual-
ly appecar, forcing the voluminous
standards manuals 10 ke rewniiten - . .
it seems 1o be an jnevitable fact of
tife.

This may be an ncademic point, bt
I know of onc large bagh and one
insurance company that have appar.
ently rejecied strugiured programming
for this rcason mlond—all .ol which
et rather sad. .

“ome managery have expressed

r - that the siructured program- -

Inly concepis might 0ot work {or that
their pragrammers might not be suif-
ciently familiar with the new tech.
pigques) on a significantl project whose
failure would have disastrous conse-
quences. There is a very simple solo.
Lon to this problem: if you have not
tried atructured programming before,
you probably should not use a critical

- project as a “guinca pig.”

.} have seep three projectr in eatly
F975 fail in their attempt to Use wari-
s aspects of structurcd program.
ming. One midwesiern company used
top-down festing at the pragram jevel,
but then Iniegrated the programs in a
botiom.up fashion 1o build a systemn—
and they "Touldn't-understand whr the
“top-down™ approach had failed 1o
prve them miraculous rasults.

Another company in Wew England
made an unsuccessiyl atlempr ol osing
the program hbrarian concept, hot
appears that the Fbrarian was g secre.
ary who was required fo spend sit
hours a day 13ping envelopes and the
other two houn supporting the pro-
jra’ 1m.

: inther programming “project
farle. om itv astermit 10 ume -ahe chicl
Programuncr  concesl fcla apparent
tghorance of the whole philosaphy of
the concept, their chief programmer
did not writc aoy code during the €n.
tire project!

“on the

7. Some managers are conterned
that they may nol be ahkle 1o sec the
benefits of the new techniquer, This i3
often because they have po statistica 1o
compare their current techniques with
the new ones. To be mare blunt, many
organizations have no idea how many
lines of debugped code their pro-
gramimers generare cach day, nor how
many test ~hris (he average program-
mer requires before he delivens his pro-
Eram to the user. MNor have they any
idea how many residual bugs are found
in pragrams thal have been defivered
to the uvaer. Thus, one of the firsi re.
sults of struciered pragramming may
be an unpleasant awareness of Just how

+ bad thinps are; while this may well be

unpleasant, il ¢can also be a healthy
shock.

The lack of statistical evidence has
been used as a rcason for not using
slruciured pragramming; i wsbally
takes the form of . “Ch, well, ' pret-
t¥ surc our programmers are above
averape amyway, 0 we don’t need 1o
usc these new Lechniques ™

Sometimss 1he problem is more
blatanily political: when management
does find put haw bad ke prorram.
ming produstivns surrenily s, they ry
very hard to cover it up lo avord the
obvious accusation that they hast been
doing their job poarly for the past sev.
cral vears, A banle ol precisely this
sor1 15 gong on ja one of the larcer 2p
orpanizatipns in Detrojy, where one af
the people on the research siaff has
made $ome rather inleresting studies
based on a sample of 00,000 pL/
statermnenis: the average module size
was P00 staiements (5o much fo
small, independent modules!); only
Tour stalements were BO-WHILE State.
ments (s much for Lthe assumprion
that all PLFT programmers instincrively
know abowt the three basic forms of
structured coding): in 4 sobstaniial
number of the programs, none of the
IF stalements had an £LsE clause; and
variaus other stahisiics sugeest 1hat the
programmers have been writing “rat's-
ocst” code for the past several pears.

8. There is an interesting vanation
preceding  objection:  some
managers worry that the strucliured
programming technigques mav improve
the producnvity of their proprammers
by only 107 instcad of the Gve-fold
improvement generally adsermised, Of
counse, this may be because the pro-
grammers were already following an
wformal  semisiructured,  semi-lap-
down approach,

Mevertheless, some managers worry
that they f[and presumably their pro-
grammers as welly will be judged in-
competent 1f they espenience less thon
a five-fold improvement! One hardly
Enows what to say about this head.in-
the-sand obpction, eacept the phrious

1
point thal a 10% imprevement ia pro-
ductivity (with commensuyrare  jm-
provements in seftware reliabiliry and
maintepance} 5 belter than oo ime
provement at all!

9. Fimnally, some managers sLgeost
that the fanfare and publicily assa-
ciated with struciured programming
may be a disguised form of the Haw.
thorne effect—ie., the programmers
are more productive becpuse they
know they are heing observed. It is
hard o belizve that any marager wko
has the slightest famillariny with pro-
gramming would betieve this, though
perhaps that is the problem—many dp
managers are about as familiar with
nrogramming a5 they are with the
theory of relagivity.

Eren if the Hawthorne effect were
relevant, 3o what? Why fight it? On 1he
Australian payrd! prapect, 1 was crifi-
cired for giving the programmers fes-
shirts thal had the word “superpro-
grammer” emblazaned on the [ront.
Sorte people £l this was an “unfair”
methed of attempting 10 increase their
prodecrivity! But if i conlributed o 3
five.fold improvement in programming
productivily, it was wonh e

Picking the right combination

As meniwened earlier, somec orga-
nisations arc concerned  about the
difeulty of implementing all of the
mew  programming lechnigues simul
taneously, In most such dincussions.
four major 1echniques are considered:
structured  programming,  1Op-down
implementation,  ¢hief  programmer
teams {with siroctured walkthroughs ),
z2nd the program libranan. In even 1the
most propressive organizajion, it £an
be difficult ro implemen: all of these
techniques al the same time; other ot
ganizations feel that some of the tegh-
niques are simphy ner apphcable for
their progfamming projestis.

I is imponant 1o emphasize that
while the four technigues are usually
used 1ogazther, they do net have 1o be.
It is possible 10 wse siructured prow
grammung without dop-down imple-
mentation, or 1op-dowe implementa-
non withousr strectured programming,
Similarly, it i possible to use the chic!
programmer approsch withoul using
the librarian concepl, o vige wversa.
And it is possible to ye the chief pro-
grammer concept and the hbrarian
concepl withoul using struciured pro-
gramming ot top-down design.

While ¢ach of the concepis can be
used separarely, some of them are al-
most innilahi'!.- joincd with athers. If
an argapizanion deodes to use the
chicil proframmer 1sam approach, i
almouw ajways uses the libparian and
some form of siructured walklhroughs;
on the ather hand, [ have secn weveral
projecty where the Lbranan concepr
wht used withouw! the chic! program-
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mer eam concepl. Similarly, il strue-
tured programming b Gsed, Wp-dowa
desipn i also used: converselys if an

sization decides Lo vse top-down

_n and top-down Iesting, 1F i5 pos-
sible that they may eiect not 10 uie
siructured  programming  (this scems
especially true in cosot shops that
have been brainw athed for years tw
avoid nested tF sTalcments ).

[t is difficull to make any general
suggestions about the order in which
the techniques should be implemernted
In a rypical organization. Perhaps the
mast impottant paint o recognize 13
that a sharp distinction can be made
berween the lechnical concepts of
strucrgred. programming, Op-down
implementation, and structured design,
and between the organizational con.
cepts of chiel programmer lecams,
structured walkthroughs, and program
Lbramars. One should chooswe the
combination of techniques that wiil
give the preatest improvement for the
least effort.

The libtanian eoncepl can usdally ke
implernenied fairly casily, since it does
nol pect the user and Joos nol reguire
any major retraining on the part af the
programmers {thoush it doss gel temn
o chanpe their atntudes: “YWhaddva

ean [ can’t typr my own program

the Lmesharing lerminal? S

at if | can only tvpe two word: a
minutt? ). 0o the other hand. 1t docs
requisc some stardards to be developed
for proper wse of the hbrarian, 2y well
43 yome training for the librarsan; and
1t does cavsc some problems for orza-
nizatigns that find they have no bud-
gets, oo “job titics,” and no place in the
organlzavion charm for the libraran
Facepd tn govcrnmen| apencies and
some other large bureaueratic arpami-
zations E have wvisited recenty, these
are usvally minor probiems,

Top-domn design, strpcpwed pro-
geamming, and the chicl programmer
concept tend o have a larger impact
on AR OTRanizebian, 2mod should. be im-
plemented with more care. Strucrured
programming gencrally implics “coTo-
less” programming {or at leas) less
cata programming . which s a jolt 1o
many expericnced programimers. The
chief  programmer tcam  approach
wually includes the concept of $true.
tored walkihroughs which supgests
that each proprammer should make &
farma! prescntation of his code 1o all
nf the programmers on the fcam for

Freview and enncism, This 1ov is a

1o the average proprammer {as a
pragrammer al Shell O v London
said, “"Reading someone else’s program
is hike reading their personal mal—in's
an invasion of privacy in which tiv.
ilized people simply do not indulge™).

Top-down design and top-cown
lerting are a bil easicr for the pio-
grammer to swallow, bur they can
cause severe management disruplions
in some cates. They mply, for caam.
ple. thal § computer s available for
evling at an early stage in the proj-
ect {in contrast 10 the common man-
agemert pohey of not supphying ma-
chine ume unl the final stages of the
Proyjectt,

None of these problems is insur-
mountzble; indeed, many organiza.
tions have implemented afl of the
echniques  simultaneously  withoul
experiencing any major catastrophes
Mevertheless, the caunious managec
may wish to begin with enly one new
idea ar a time; specific conditions with.
in the grganitation will viuably digtare
which technique i3 to be implemented
first,

A pood pilot project

In some organizations, the lech-
migues of siructured progeamming and
top-down desipn, aller some eipe-
ricnce with themn, are considered “in-
titively obvious™ 1o manaesrs and
programmers alike., Once exposcd (o
the concepis, everyone begins using the
techniques  without  any  sigaifieant
proffdiae, Many  orzanizations stan
using structured programming with a
greal deal of 1repidution; in most cases.
this is done by vaing ihe lechziques on
an “expenmeatal’” project

This leads to an obvieus guettion:
what bind of project should be used as
an experiment? Eaperience with acwv-
¢ral argsnizatioas during the past twe
years suggesu the following:

|. The project showld e visible, If
the experiment s an academic project
thal nobody wifl nve, then npbody will
care about the resuls. The project
should be 2 “real” onc—one that wery
wifl e, and one whowe results propls
will care aboul [ndecd, this is one of
the reasons the Mew York Times proj-
ezl had soeh 3 profound impact wpen
av and the rest of the indusiry—i
was real.

2. The project shoold be nornrrivial,
One of the hevstones of the “siruc-
tured™ epproach s 15 attempt to break
compler lasks ioip simpler oner. By
working with less compler program
companents, the programmet is less
Bkely 1o make mistakes, and he is more
ltkely o produce semething that can
be maintained. However, i the pro-
epram i abreads quite frivial (c.5.. less
than 100 lines of coded, the iMmprove-
ment in preduclivity and mainfenance
will nel be as obvious. The expen-
mental project should ke al least * .
man-munths in duration,

3. The profect should br noncrin-
zal. Thete are enough problems in be-
coming  familiar  with  strucrured

programming and iop-down imglc-

mentalion in a relativels small proj-
ect: there I8 no point n puthing
additional pressure on the pregram-
mers by forcing 1hem 1o use the rech-
nigues On 2 critical  projesi——ane
whose failure will hase disgsrrous con
sequences i The organizanon,

On the other hand. if managemenl
and programmers agree thar 1he 122a-
nigues are "

atwilvely ohsipts™ and
feel relatively comfortable wiiz s
techniqres {a mere and more comron
occurrence. considering that mes pro-
grammers ngw praguating with 2 B S

in Computer Sgience have had a
healthy exposure 1o strugiured pro-
gramming}, then there should ke no
danger.

There is the case of an erganization
that was faced with an “impossisls”
project and in desperation tsed it as a
pilol structured programrning projesi,
The Australian Taxation Dept. {rough-
by equivalenl 1o the IRs) was urged in
1973 o adept siructured program-
ming. wWpdown deign. chief pro-
grammel  1cams, and program |-
brarians [0 assist in 4 projest invelving
canversion of machines, conversion of
languages. and redesign of malor exiss.
ing wvaems within o fHmeframe tha
wotlld slberwise have been cprsids
tmpoayttz, The rosalis wers =g
sueeeysiul.

Evaliating the experiment
Clearlv, the chizgt af aq gaRerimmont
is to pain infarmaiion for fundos cafer
ence: 3 $ructured propram iy o -
iment should pive ke orgonizatios
valuaste informaton about rhe wasfci.
necss of Lhe techrigues for fuidie prop-
ects. From the discussion in the pre.
vious seclions, we see that there are
several slatsucs the prajcct manapes
should Try 10 capnere: most of these

..gan be gazshered by answering the fol-

lowing questions:

1. Was the project finished on
schedulz? How accurate ware the v
mates [3r milestonss dunne e proj-
ect? Al various stapes during the’
project, was it possible to egtimate ag.
curately the amount of coding remain-
ing 10 be done?

k. How productive were the pro-
grameners? In pariicular, how many
debugped starements per day were they
able (o produce? Alsy, how did the
programmers distribute their working
time during the project {some lenfalne
resufts from an experiment at Actna
Life & Casualiy suggest that slightly
under 6%t of the programmer’s time
was spent on code reviews and walk.
throughs. which seem 1o squelth the
commuon complaing that these things
Lake tocr much time . .

€. How eficient were the resuling
programs? This may be difficult 1o
judge woless the program s 2 1ede.
sigoned version of an carlier (presum.
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ably unurudiured ) program, However,
the manager andfor the programmers
should be abis 10 make some qualila-
tive judpmenis ahoul the presence or
absence of substantial overhead in Lthe
Enal progrant,

d. How much tesl time was required
for the project? Specifically, was the
text  time distributed  fairly  evenly
throughoul the project?

e Whalt way (he ratio of develop-
ment coyls {0 mainiensnce costs? Is it
vignificantly better or wone than other
"unstruciured” projecis within the or-
gxnizanon? .

. How eflective were the structgred

walkthroughs? Roughly how manv .

bugs were found per man-hour of
walkthrough. and roughly how long
would it have taken the oriziral pro-
gramreer (o find those bups? More im-
portant, how many of the bugs would
have remainzd unnoliced untl the
program besen runaing in production?

I find that a reviewing audience can
casily spol five tor six bupgs in a2 200
itatement program witkin 15 miouwtes,
I is important 1o recognize that the
propremmer who wrote the code was
pswally convinced that his code was
correct, and his 1est data would usually
be a seli-sersing anempt ta canfirm
that feeling.

§ How many bugs wers diicovered
during usér accepranse testing? How
many bugy were divcovered afier sev-
eral months of produsiion? How does
this compdre with orher “narmal™ pro-
grams in the vrganization? O

MF . Yourdon, fekfdenl of Yourgon
., Mas COnsultend amd la2iuren on
program desgn sad on-life Come-
puter pystems it the U S, Cansds,
Ewrcpe, and ALsirelin, He Cagam fun
careet gt Cig tal Eguioment Corp,,
whers P Oevelped Aapgmblsog,
FORTHRAM IV EswCutcves, angd maeth
ligrarion fOr various machines. Ax
Caneral Elmctrig, he aeveioped an
opwratng kysierm ‘or 8 hosotel e
formation aysiern on the GEA38,
Fig has BuThCrer] géveral ook ang
NLMAargus Srbcles, BT o Currently
Cornplial-"f 8 DwO-vwOiurrd s8ross.
TAJeEncEd  Froegramemang Telhe
MTurs "

DRATARATION,:

M o de s . - e ma - I

Ju

ne 1975

.



Qa
DATAMATION.
reprint

An Example of
Structured Design



- Structured Design

by Bill Inmmon

Producing 11 lines of code per hour through structured design and program-
ming is one of the advantages.

Quick and accuratz development of
compurer programs is a longuanding
goal of the dma processing com-
munity, Kecently programmers and
L rpram  detigners have bkegun to
“Emalize some 0f their prasies by
Uiing concepts of struclured pro-
gramming znd struciured design, How

do thesc concepts inteTact with the .

goals of guick and accurate program
development?

An esample of how one sysiem way
developed using these tools in a limited
amousni of ume is given here. The spe-.
. tificy of the svslem may not be impor-
tant—il happened to be a cosi ac-
counting sysftem, necessitated by a
large pgoveramemt pontracl, which
broke down the cost of the final prod-
uct 1 cosis of componenl parls at the
lowest [evel. However the problems
that arosc in the deselopment o Lhis
system. and, the waty they werfs han-
dled, areimporian becsaus thess szme
basic problems wsually occur in de.
velopment of most types of systems.

System overview
Here ix 2 profile of the system under
discussion:
I. Length of system developmenl
-—4 moalhs.
2. Manpower—14 man-months (7
programmers—2 full lime, 5
) part timel. . -

* ). Scope. of projeci——easks an-
cluded internal desien 1 e, the
building of Jevsiled program-
ming specilications . from  a
broad description of the proh.
lem]). programming. unil test.

ing. inlegrated ilesling, Hocu-
mentation, and the building
and muiniepance of a large
data base.

4. Total oumber of lines of coding
—approsimately 31,000, nut
including syslem-support oo
ieg. weh as lob Control cod-
ing, test-data zencratofs, ¢t

5 Llanguage--{ouoLr  jnterfacing
the dala base with bl

6. Machine—iam 3707145, wilh
T

7. Data base environment
8. FProgrammer coding productiv-
ity {4 200 hours per month—
that is, approximalely 11 lines
pec Anur. ;
%. Number of programs and mod-
ules—350
10, Medin  module  gize — 5.4
pagecs.
Il. Twpe of application—fnancial.
12, Technical complexity—mild.
13. Progtamming togic complexity
—mderaie,
14, Design  considerations—sinac.

tured programming, structured
design.

A group of programmers was arga.
nized inlo a “thief programmer team.’”
The chicl programmer was responsible
for the design of all programs. He did
the actual coding of weme cntical pro-
grams, and organized and coordinated
the programming of, the ather pro-
grams in the system. Two program-
mcry wefc on the veam full time and
five other programmers contributed 1o
the team eilorn. Programs were des
signed adhenng %o the principles ol

surustured  desien.  Crincipally,  pre-
Erams were hepl smali and Cesigaed
“functeomally.” large programs wers
divided intg modules. The coding of
programs was struciured, No coTo
stalerments wets allowed, apd Qiler
convenitons o©f  struclered  progrdm-
mung weie followed,

The averrid:irz censitaint on the s s-
tem developmesnt was tmaz, Becanss of
conrtractual obitgalions preogram  Je-
sign, pro¢ramming. de«ougpine, and
implementation had to be completed in
four months. "The deadline was not
extendable,

The strugluring of the dala base re-
flecicd a strong user orieniilion and
was nor devigned for easv procram
manipulatien. AL the outsct of the prog-
ect, only two programmers had esten-
sive data base experience. In prepata-
tion for future on-line considerations,
Lhe system was W be updated by traps.
actions. Reports were generatzd direct-
Iv from the data base. In lerms ol
programming f{og  complevity. the
svarem was straghiforward ewcepl lur
several internal relalionshaps. Tezh.
nically, the complevity of the syslem
was nor besand the abaliny af the chicl
FFORTAMMeT trarm

" Design goals

The design goals of the syudem were
greatly nfluenced by these program
derelapment priorities:

I. Speed of deselopment

2. Prowram and algonthmic accu-

racy

X Maimiminabyiity of programs

4. Svstem Reaibilay



STRUCGCITURED
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The rraditional cansideration of

producuon run efficiency was only of

joc’ ' +al importance. I1 was not ig-
m vmply gave way to the higher
Pr 5. The major atlention was dw-
recled iow ards 1he building of a work-
able wwsiem, Once the requirements of
the system were mel, consideration wis
given to run time ethiciency (e when
thete was enough time 1o make such a
copsideration, which usually was oot
the case].

Several schemes wele contemplaled
for orraniziog the project, The only
way deemed. [easible because of the

time coostrainl wat Lo wrile program -

specifications while concurrently pro-
gramming and testing other parts of
the srstern. Obviows pitralls to this ap-
proach were recognized before pro-
ceeding; howsver, bacsusr of the lack
of time, no other methoc was possible.
This 1 pe of project arpanzation prob-
ably should be wsed ooly when the
sitsarion demands it [z such a2 case,
very close contral and courdination i
ao abselure must because poer com-
munications can lead Lo a lurge scale
waste af effort,

To altain the dovign goals, ali large
programs ware highly modularized. As
murt as passtble, 2 module was de-
5 for gencral usage, w0 that it
u ae reusable in artker paris of the
systern. In Lhis way repetitpous coding
was eliminaled or a1 least drastically
reduced. Each module was physically
separate from any ather module. ie.,
the source tzxl which comprissd a
module was Jdeveloped, compiled, and
slored apart irom any other module.
* The antemt of the despn was 1o make
modokes small. abowt four pages of
source text per module. However, 1the
size of 3 madule was uimalely deter-
mined by s [unction. Each module
had a limired and well-defined fupc-
lion, and the emvironment of the

module was hikeaise limited and weil™ -

defined. In this manner: the onerafl
functions of a pregram were broken
into amaller, olated functions.

Early in rhe sssiem desicn, it was
recognized that there were differens
levels of {uncriomality along which a
program could be dinided. An evampic
of lesels of functionality is shown by
the difference between two large updni-
ing procrams that were part of the
s¥siem.” Both mrograms wete 10 read

irr clions and update the dula hase
a. ng Lo the contents of the trans-
- [ni TOTE

Another way to view an updating
program is from the traditional scnon
of adding, deleting. or replacing dala
im the daw base, In this case. as a

_ tranction entery the program, it o1s

gateporized into onc of the three magor
functions, 3nd i handled atane those
funclional lincs.

Program flexibility and
modulanzation

The fesibilily o the programs in the
svatem was Difficull 10 assess, However
two characiernslics af the system puoinl
te the fact that structured design pro-
ducer somc flevibality. Qne s tha
changes in 1t were made with 3 mini-
mum of effort. The largeu change re-
quired four davs, and the next largew,
less than a day. The second character.
istic is the fact that ¢rrors were guighly
jocated and cotrected. It appeared that
the major faciar coniributing 10 sysiem
Hevibality was the isalation by funclion
thal was aghieved by struciured desipn.
When a prablem otcurs, il s 2asy to
eliminate many madules from consid-
eration sipee their functions may have
nathiog 1o do with the problem.

Dara coupling was cxiensively wmed
o the interfacing of modules with each
ather. {Dala coupling orurs « hen all
inpul and oulput 1o and from the
called module are passed as paramelers
Or argumenis-—i.c.. 3% dala elemenitl.
The independence gained here ene-
hanced bath the revsability of a module
and the isalarion of 2 module by fune-
tign from other modules.

In other wasys, the modular ap-

-praach accelerated the develepment of

the sysiem, The phisical separation ol
modules meant that more than ane
person could simultaneously coniribule
to a program. [n fact a1 one ume. five
Programmers were activels warking on
modules aof the same program,

A byproduct of using 2 meutular ap-
proach was the lessening af the 1glal
learming time invoived in the transla-
uon of programming specificalions ia-
1o code Thiv octurred Mmcare a5 2
proprammer completed a module, he
was assigned another similar one, He
still had the previous coding [resh in
mind and could therefrre  guickly
graap the new programming specifica-
tions.

Another feanme of adoprine a
modular appreach occurted when 3
programmer completed a module ang
wiay then free o work on other sss-
lems. In a conventonal sysiem, 1 pro-
grammer is lied to a program unlii he
fintshes w: and f 2 prablem in kivarea
of crporrise aries whife writmg the

propram, something mua yufer. Haw- -

ever, if a proagram iv broken intee wmall
modules, mamy hreshing poinds resnll
naluraliv, und the problemns invalved in
consenlional meithody of programming
are minimizred,

Despite advantares in using a modu-
lar approach, There were alsa some Jdin-
advanlages. One problem arone in the
inierfacing of modules. In spite ot

vareiul alicandan given 10 Lhe Now ol
Jala 1o and frem other modules, there
siil were seme ereors. The number and
vrder of parameters, their charagierts.
tics, and the inlerpretaton of therr
values were in some cases misunder.
wood. Another problcm arase in the
ofpantzation necesars lar the dires-
hon of several people working on
the same prablem simuhancousls,
Modules were being deveioped o
raprdly  that coardinabon of 1osting.
finking, and integrating them begame a

- lirge 1ask.

Structured walkthrough

One of the techniguet that jed to the
Quick complenon of the project was
that af the structured walkibrowgh, A
walkthrotph, or mental exesunion of
the prograrn by the programming
team, was done [or e2ch program.

Avter a programmer had compiled a
program and scrutinized it for obvious
erraes. he sear the chie! programmzr
and several other programmers in-
volved copies al his source Lexl. Afier
time was allowed for the proup 10
gramine  the 1eat {usually a few
tours ). the team met and coll=etivels
perform=2 a menial saeculion of 1he
proveam, A Rist of errors =ot made 2
gach lugrcal path was Jollowed, The
interface witn modulss either calling o:
ealled by the module bring examned
was carefully checked as weil, Al the
end of the walkthough, the il of
£rTOrS was given 1o Lhe authar.

In this mannmer most ErroTs Were
caeght Befare any testing had oo
gurref. Also, the team memb=ry who
reviewed the text became familiar with
a par1 of the sysiern other ihan their
own. Thit helped 10 establish 2 com-
men base of undersianding of all com-
ponents of the system,

Coincidentully, while 1he team re-
wicwed 1he intcrface with orher
madules erfors Tusually  from mis-
communicatan) were also spotled in
other muosdiles. It- was also not un-
commaen to have a program of medule
ervecute correctly the firsd ime b was
1eated. One ol the major faciors in the
wuccess of the sialern was (he shoriness
ol the ume spent o testing, and the
Maped CORMEGr 1o was structured
walkihroughs,

Program testing .

e reason whi lesung and de-
hupging went smixathly was the fact
that 1he dewuzp ol the sysiem included
pregrummmang  wecifications  for de-
buvging.. Nor onb did procramming
specifications Jetine the tunction ol 2
program e molule, But thes alw re-
quired variahics o he insened and
maniputaled solely far 1he purpuose o
debiering,

The muod: effective techaigue w»as
using an aclivity variable in each
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module. Initially the activity variable i
sel up a5 inaclive. At a module way
invoked. the value of the activily wart-
" able was changed to indicate that it
Twar active. As coolrel was rehin-
quished, 1he variable was returned 1a
the inactive siate, When a dump oc-
curred. 1l was gasy 1o Irace the path of
aclive modules, arriving at the final

down ol faree programs into maosdules,
aod struciured programming,

The major critenan, that of speed
of devclopment, was cenunly en-
hanced by struciured Jdesien. A modu-’
lar programming approach alone would
not have made 11 passibie to write the

~large programy aceded i the amount. .
-of time alleied,

The other desivn poaly—~Rexibilizy
and maintmnability—cannat vet be ¢l-
fectively evaluated aince the spatem
has remained relatively sable in s

1
]
[l
MG TIWE
| 1 1
e . : -_:’-. .'
. e e
ACTME HACTIVE MACTIVE
R
INACTIVE IHASTTVE ACTIWE WACTIVE J._HACTI"!'E
LT ' -
I 1
7T R
. . _ “ .:."._'_- R
MACTVE m.l.l;'rl'«l'Ei ACTVE
e X

Fig. 1. By using an “activity” vanable in each module, the flow of Zosteol tarouzh the
program can e reconstructed and nen-active modoles ignbred in ceDLERE.

one in which aciivity had occurred
(see Fig. 1.

Anather useful technique was to
display the parameters of 2 madule a1
the 1ime of iavocation. Because of damna
coupling. the campleie set of refevam
data was available for derermimng the
state of the moduie,

An additiona! technique that proved
Lo be useful was the gathering ef wanis-
tics internally by each module, Typi-
cally, 2 module would keep trazk of
how mam Times 0 had been ineohed,
the parameters il had been called with,
what tvpe of imeroal results o had
generated. «tc, Doara of this uspe made
ceconytruclion and anals.is of program
acdvity an easy task, They alye helped
to tdenlify areas of code that had never
been tested. Adso, il helped o locale
areas of code thal were crilical n Lhe
eilicicnl running of the program.

Suwmmary

The mud pleasing and  surprining
aspect of the project was the smwoth-
ness with which debugying and testing
were accanplivhed. This sruoothnns iy
reflected by (he hich programmer pro-
ductivity rate of approvimarcly 11
lines per hour. We fell that several
factors connbuted 10 1his succens—
structured walkthroughs, the break-

Reprinted From

DRATAWAETION.

shart lifetime. The few changes made
do point 1@ 2 high cegree of maimaa-
ability. Siwructured design, uszd in con-
fancuon with the complementary tech-
niqies of structured programming and
walkibrouchs, did male possible a
level of wpeed and accuracy in system
development not previously attainable,
Based upon our experience with de-
veloping This sustem, strudtlured dosien
is a3 powerful in practice as has been
predicied in thears, -]

LM Inman e ow chel orograrmmer ]

for GTE Sylyarmg Elpctromcs Sys.
Lt GRrOWD M RAGLATAIR WeoEw, alf
:He retuserd @R A T M COmMputEr
s atwenis froem few Mawuco STRE
R A |
i

Marck 1974
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1 DUCCION

la finalidagd del presente documento de andlisis es la de propercio-

nar la vision conczptuzl del
SISTEMA D= BANCO DE SANGRZ

En el se pretende contrelar de una manera efectiva todeos log probla-
mas relacionados con el maneje de informacion en un bance de sangre. =In-
tre estos podemos nombrar aguallos d2 distribucidn de sangre, manejo dz
les donaidores a:tivos. »esultado de las campafias de donacldn.

Nuestro prineipal objetivo serd entoncss llevar el mejor cantrol po-
sible da todos los factores gue afectan a un baneo de sangre lozrandioss

=)

asi un mejor sarviclo z la socielad en algo ftan importante -onc zs
capacidad de poder salvar la vids de un s2r humano.
A comtinuacion 32 oresa2ntan 3 seccicnes, las cuanles infornmzsa da la

filosofia que za ha 3

i

guido 2n el desarrolle dzl sistama.



1.- BAGE D= paT2S. DIaGRAMA DI LOS PAINCIPALZS

PROCESOS DEL BANCO OFE SANGRE.



ONMENTARIOS

-

Este sistema estd anfocade para instituciones z2omo 21 ISS57Z,
IM33, S34, que deben llevar un estricte zontrol sohre suz ¢linicaz vy

hospitales,

El sistema ez idealista, ya gu2 no s2 maneja informecion asarca
de la calidad de la sanzre, como nimero de plajuatas o leusocitoes. [0
s2 incluye este tipo d= informacidn ya gu2 no =2 congze realmenta ias
ngcesidades de una banco 42 zangre; todo lo 2xpuesto a eontinuzcion

som suposiciones de la informacion minima qu2 se daberia manejar.
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DIAGRAMA DI PROCESQS

{ PRINEEA PARTE )

Consulta
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DIAGRANA DE PROCESOS ( SEGUNDA PARTE )
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Tipos bhadoras i
20 21 datos
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e,



2,- MOVIRIENTOS D=L BANCY DE SARGRZ. REFERZNCIA CRUZADA
DE PROCESD3 ¥ ARCAIVOS DEL SISTEMA. DESARRILLO DE

LOS MI1smMO3.



PROCESO: 01 CQNSULTA ¥ ACTUALIZA.

ENTRADA: Tipo de sangre.

PROCESO: Dz consulta o modifica la cantidad existente.

SALIDA: Consulta de: a)Cantidad existenter b)Instituclones;
¢)Donadores.
Genera: Ra2clbo para recoger cel almacén la cantidad de
sahgre autorizada.

DESTING: Administrativo 9 persona gque 10 solicite.

FRECUENCIA: Cuanrdg S5e regulera.

OBSERVACIONZES: Por pantalla.

FROCESQ: 02 DATOS Y ANTECEDEMTES.

ENTRADA: RFC.

PROCESO: Dar los datos ¥ antecedentes de un donador.

SALIDA: Datos como direceion, zexo, teléfono ete,
Antecedentes como la fecha de la Gltima donacidn,
cantidad denada, peso ete.

DESTINO: Doctor o enfermera gue va a llevar a cabo la erxtraceion
de sangre.

FRECUENCIA: Cuando sc lieve a cabo una donacidh.

QOBSERVACIONEES: Por pantalla.

PROCES0: O3 DONADORES ACTIVQOS
ENTRADA: Tipo de =anfgre,
PROCESQ: Generar un listado de donedores aclivos.
SALIDA: Listado de posibles donadores.
DESTINO: Administrativo.
FRECUEHCIA: Nensualmente o cuando la cantidad limite llegue a su

minimo.

OBSERVACIONES: Limite minimo ol 404 del promedio.



PROCESD: 04 DONACIONLES

ENTRADA: Archive de personas que donarcn. Resultade de campafias

de donacidn.

PROCESO: Afladird las cantidades donadas a 1a basa,

SALIDA: Listado de personas que donaron con sus cifras de control,
Cifras de control sobre resultzdes <e las campafas de dona-
cidn,

Listado para cartas de agradecimiento.

DESTING: Administrativo.

FRECUEMCIA: Diaric.

PROCESC: 05 ALTAZ Y BAJAS:
ENTRADA: Archivo de altas ¥y bajas.
PHDCEED: ilaneja altas ¥ bajas de los donadores on la bhase,
SALIDA: Listados de altas ¥ bajas. Cifras de control.
DESTING: aAdministrativo.
FRECUERCIA: Diario.
PROCESQ: 06 ESTADO DE DOWNADORES.
ENTRADA: Base.
PROCESQ: Cambiard el siatus de los denadores.
SALIDA: Cilras de control.
DESTING: Administrativa.t
FRECUENCIA: Cuando el listado de posibles donadores sea menor qus
el 25% del promadic Ltotal de donadores,
CBSERVACIONZS: Fo se considerardn como actives a aquellas personas

que hayan donado en los UGltimos 45 dias.

PROCESO: 07 HOSPITALES.
ENTEADA: Basze.



PROCESO: Cenerz informe de cantidad distribuiéa por hospital.
SALIDA: Listade.
DESTIND: Administrative.

FRECUENCIA: Mensual,

PROCESO: 08 LIsSTADD DE DOWADORES.

ENTRADA: Base.

PROCESO: Listado geheral de donadores,

SALIDA: Listado de todos los doradores (activos y pasives) por

- tipe, Incluye fecha dltima de donacidn,
Cifras de control.

DESTING: Administrative y proceso 05,

FRECUENCTA: Hensual,

OBSERVACIONES: Incluye a todos los donadores aunque havan domado el
dia anterior.
Donadoraes con mds de seis meses sin donar serin dados

de baja,

PROCESC: 09 ACTUALIZA DATQS.
ERTRADA: Datos nuevos.
PROCESOQ: Actupliza los datos de la base,
SALIDA: Listado de datos vielos y nuevos.
DESTIND: Administrativo.
FRECUENCIA: Diaria.

OBSERVACIONES: “0r pantalla.

PROCES0: 10 ACTUALIZA BASE.
ENTRADA: Baso.

PROCESQ: Depuracicn de la base.



SALIDA: Listado general para haccr un archive histdrico.
Base actualizada.
DESTINO: Administrative.
FRECUENCIA: Anual.
ORSERVACIONES: Toda la informacion de mds de un afio de antiguadad

serd guardada en cinta.

PROCESO: 20 CARGA DE TIPOS.
ENTRADA: Archivoe de Tipos.
PRGCESO:.Carga Ge Tipos de sangre,
SALIDA: Listado de tipos de sangre cargados.
Cifras de control.
DESTING: Jefe del proyecto.
Administrativo.

FRECUENCIA: Unica.

PROCESO: 21 CRAGA DE DOMADORES.

ENTRADA: Archive de donadores.

PROCESO: Carga de donadores,

SALIDA: Listado de donadores con sus datos personales cargados.
Cifras de control.

DESTING: Jafe del proyecto.
Administrativa.

FRECUENCIA: Uniez.

OBSERVACIONZS: Se aplicardn filiros de entrada.



PROZESOO 03

Dado un tipe de sangre nos da una lista de los posibles donadores

con sus datos de loecalizasidn,

Listado de posibles
— N

Tipo de Sangre

donadlores




PROCESQ 03

DONADORES

LEwR TIPO

FILTRAR
THFORMACIO

IMPRINIR




PROCEDIMIENTO:

se leerd de terminal 21 tipo de sangre desealoc. Se ravegard por
el set DONA-TIP y se comparard la prirmera instancia del registro tipo
donaiores. Si su estatus es 0 se navegara por el set DATOS y sc ob-
tendrd su direccidn, nombre, teléfono y sexo. Lz edad se czlculard
por medio del RFC. En el -case de gue no se encuaniren estos datos se
mandara Un mensaje de error con la base.

Se escriblran eétos datoz =2n un archivo de salida, e incrementara
2l contador dé astivos. En el caso de que el estatus sea 1 se pasard
a la =ziguiente instancia Azl tips de registre donadores, ingramentanio
el contador do donadores pazlivos vy Se volvera a somparar el estatus
repitiéndose esta secuencisz hasts el fin de las instancias Zel registfu
tipo donadores.

Al finalizar se escribiran los contadores de aptives y pasivos.

Adicionalmente se generard un proceso lanzaior (03-L) qua oargars
las dreas y archivos necesarlos asi como el esguema de la base y su

subosquema correspondiente.
FRECUENCIA:

M=nsualmente o cuando la cantidad limite llegue a su minimo.
FILTROS:

El tipo de sangre debe estar antre los gue s& manejan.
El estatus tiene que ser 0 5 1.

Debe existir informazion del donador,



PRUEBAS:

Ua tipo de sangr2 no existente,
Estatus mayor de uno 4 menor que cero.
Un donador sin datos de loealizazidn.
-Que hace si existe una srea vacia.

Veracidad de los contadores (Informacid:).

OBSERVACIONES:

Se dehe manejar una rutina de errores.con la hase de datos.
Debe escribir el encabzszado correspondiente en cada hoja de imprasidn.
Estatus 0 implica gue el donzdor == activo.

Estatus 1 implica gue el dorador es pasivo.



J.- DESCRIPCION DE LOS ELEMENTOS DE LA BASE DE DATOS.



TIPO CACT

TIPOS

Set DONA-TIP Set_TIP-HOSF

RFC STATUS ' HOSP FECHA | NUM-LT
DONADORES , . HOSPITALES
Set DATOS
RFC DIRECCION| NOMBRE | TELEFONO| SEXO

DONADATOS
p l - " - i

Set DONAANT

; b

. | FEcHA-DON - NUM-GM3 PES0

DONAANT

ORGANIZACION DE LA BASE DE DATOS




TABRLA DE REGISTRO

" DESCRTPCICN NEMONICO
1.- Tipos de sangre TIPOS
2;- Clave de donadores | ‘ DONADORES
J.- Hospitales HOSPITALES
4.- Datos de las danadofes DONADATOQS

5.- Antecedentes de los donadores DONAANT



NEMONICO EORMATO
1.~ REGISTRO TIPOS:
- TIPO TLX(03) -
CACT 9{06)

2.- REGISTRO, DONADORES.

RFC ' X(1z) |

STATUS ~ G{01)

3.~ HOSPITALES.

HOSP X(30)
FECHA g{06)
NUM-L,T 90k}
4, REG?ETRG DONADATOS .
RFC , x(12)
DIRECCION x(40)
NOMBRE . _ "X(30)
“TELEFONO 9{07)
SEXO 9{01)
5.~ REGISTRO DONAANT.
FECHA_DON 3( 0&)
- NUM-CM3 9(05})
9(03)vg

PESO

- Estado .

Peso a lg fechar

S G
Tipo de sangre .
-En litros:

Cantidad actual.

*
'

- - -

Registro Federal Causantes

Nombre de la institucidn
Fecha de entrega

Cantidad autorizads

Calle, Cplonia? Cindad

Hnmbre del dcnéﬁor

Fecha de la donacidn

Cartidad donada

. Q - Activo

l - Pasivo

-

afio/mes/dia

"En litrné'

Registro Federal de Causantes

i - Nasculinu

0 = Femenino

afio/mes/dia .

En ij_

En Kg
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