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A LGS ASISTENTES A LOS CURSOS DEL CENTRO DE EDRUCACION
CONTINUA

Las autoridades de la Facultad de Ingenieria, por conducto del Jefe del
Centro de Educacibén Continua, otorgan una constancia de asistencia a =
quienes cumplan con los requisitos establecidos para cada curso. Las
personas que deseen que aparezca su tftulo profesional precediendo a -
Su nombre en la constancia, deberan entregar copia del mismo o de 'su -
cédula a mds tardar el SEGUNDC DIA de clases, en las oficinas del Centro
con la sefiorita encargada de inscripciones. ) ’ a ‘

‘

El control de asistencia se llevar& a cabo a través de la persona encay
gada de entregar las notas del curso. Las inasistencias serén computa-
das por las autoridades del Centro, con el fin de entregarle constancia
solamente a los alumnos que tengan un mfnimo del 80% de asistencia.

Se recomienda a los asistentes participar activamente con sus ideas y
experiencias, pues los cursos gque ofrece el Centro estén planeados para
que los profesores expongan una tesis, pero sobre todo, para que ceoordi
nen las opiniones de todos los interesados constituyendo verdaderos se-
minarios.

Es muy importante que todos los asistantes llenen y entregen su hoja -
de inscripcién al inicio del curso. Las personas comisionadas por al-
guna institucién deberén pasal a inscribirse: en las oficinas del Centro
en la misma forma que los dem&s asistentes, entregando el oficio respec .
tivo.

Con objeto de mejorar les servicios gue el Centro de Educacidn Continua
ofrece, al final del curso se hard una evaluacién a tr&ves de un cues--
tionario disefiado para emitir juicios anSnimcs por parte de los asisten
tes.
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INTRODUCCION A

LA PROGRAMACION Y COMPUTACIOWY ELECTRONICA

CAPITULO I: INTRODUCCION A LA COMPUTACION DIGITAL.

M. en C. MARCIAL PORTILLA R.

Octubre, 1978.
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El objeto de esta & evs esefio sebre lav computadoics e'eznidn ez y s s
mdltioles oplicaciones a! servic o del homore, es trensmitic al lector una completa vi-
si6n de conjunto, mediante un lengucie sencillo gue sermite comorender concer tual-

mente los temas tratados, sin necesided de conocimientos previos en la materia
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contenido, permitan, a quienes las lean, ingresar o} maravilloso rundo de fas méguinas

automdticas
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Este sefior se llama Cont-ol Trabcja er unc pequefa habita -
cién. Tiene a su disposicién una mdquina de calcular que su -
ma, resta, multiplica y divide Tiene también el sefor Control
un archivo parecido al cosillero que existe en los trenes rorc~
clasificacién postal
Hay, ademds, en ¢ hcbitacion, dos ventaaillas identificadas
con sendos carteles “Entrada™ y "Salida™

-1 - - . ’ z

et o fe . [ S

desenvolverse corn estos elementos, s clguier le pide que - -
haga un trabajo.
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Una persona quiere saber el resuliade de un complicado célcul=

Parz ello, escribe ordenada, precisa y detalladamente, cada une
de las operaciones que, en conjunto, integran ese célculo, anoto
cada instruccién elemental en una hoja de papel y coloca todos -
las hojas en orden en la ventanille “Entrada”.

El sefior Control, al ver los hojas, lee en su manucl que debe to
mar escs hojas con instrucciones, una por una, y colocarlas corre
lotivamente en su archivo. Y asi lo hace. -
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Uno vez ubicadas todas las instrucciones en el archivo, el sefor
Control consulta nuevamente el manual. AllT se le indica que, -
a continuacidn, debe tomar lo instruccidn de la casilla 1 y ejecy
tarla luego, la de la cassilla 2 y ejecutarla, y osi sucesivemente
hasta ejecutar la Gltima instruccién. Algunos instrucciones indi -
caran que hay que sumar una cantidad o otra ( instrucciones - -
aritméticas ); otras, que el sefior Control debe ir a la ventanilla
“"Entrada"” para buscar algin dato que intervenga en el céleulo --
( instrucciones de "entrada/salida" ), dato que la persono que le
formuld el problema habrd colocado ya en dicha ventanilla, en-
otra hoja de papel.

Finalmente, otras instrucciones indicarén que debe elegirse una
de entre dos altemativas ( instrucciones 18gicas ): por ejemplo, -
supongamos que una parte del célculo ~ desde la instruccidn que
estd en la casilla 5 del archivo hasto la que estd en la casilla 9

sbe sjzsutarea 15 veces noraue el cdcule as7le exige

En tal caso, 1o instruccidn que estd en la cosilia 10 indicara que,
si los pasos 5 a 9 se han ejecutado menos de 15 veces, se debe -
volver al paso 5. Cuando se hayan realizado las 15 repeticiones
y no antes, el sefior Control seguird con la instruccidn de la co-

silla 11,
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Después de ejecutar todes las insrruccicnes del archivo, nac.endc -
con la maduina de calcuier las ope-aciones en elles indicados e! -
seficr Control entrege, a troves de la ventanilla "Salida’, los resul-
tados cbtenidas . . . y se sierta o esperar ur nuevo trabajo

1133 35 35 75 36 |
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Obsérvese que la actucc én del sefor Control es puramente mecénizo
sélo sigue las indicaciones de sy ., y cumple de acerde con-
ellas las instrucciones que recibe o traves de la sentendlia "Ent oda™.
Toma decisiones, pero solamertecuando se le sedalan los altarnativas

que existen y con qué criterio debe elegir una de ellas

El sefior Control puede reso!verros cualquier problema, por complica

do que éste sea. Pero para ello debemas indicarle pasoa paso, er la-
forma mas elemental y detatlade, todo 1o que debe hacer para 1esof -

verlo, sin olvidornos absolutamente nada poique, e1 ese caso, el se

for Control no sabria continuar oor si mismo. -

Haga el ,, + . la prueba de formular un problema cualquierc de mo -

do tal que una persono que nc conozca nada ocerca de ese probleme

pueds resolverlo sin necesidad de hacer consultas Vers que es una-

experiencio interesantis ima .

£l esquema zue zccbomos ge representar med.ante el Lepzr Cliqal yous ele -
rent~s de rshojc, corresponae axactamente 3! esquema de func.onamigats fe uns com-
outadore electror.ca

A zontinuccidn presentoremos una breve descripcion de los elementos de la cor
putadora cué corresponden o los elementos de trabajo del sefior Control.

Los unidodes de Entrada ( representadas por la ventanillo “Entrade® )

Son en la computadora, dispasitivas capaces de leer irfarmacidn { Inciri =2 =ne
o Datos ) con el objeto de procesarla . Existen uno gran variedad de elementos de entr:
da, entre ios cuales tenemos

Torjetas de Cartulina y Cintas de Popel.Que son perforadas de manero

que cada perforacidn representa un nimero, una letra & un simboio =5~
pecial de acuerdo con un cédigo predeterminado.

Cintas magneticos. Conocides como'memorias externas” tienen lo ven
taja de permitir almacenar lc informacién en forma mas cencentrele ~
( o razén de 80 o 2400 carocteres por pulgada de longitud ) y de ser -
mas veloces, yo que pueden enviar o recibir informacidon a la wnidad -
de control y velocidades que van de 10,000 o 680,000 caractere: por -
segundo Pueden ilegar a tener hastc 730 m.de longitud.

Disco Magnético  También conocidos como “Memoria externa en ge -
neral tienen un didmetro aproximodo de 30 cms. y pueden grabar hasta-
400,000 letros , numeros. Y caracteres especicles, tormancc pe'cbras, -
cifras, & registros completas se pueden grabar o leer ¢ razée de 77,000
a 312,000 caracteres por segundo y su tiempo de access a wn registrs

alcanza un promedio de 60 mili-segundos.



Una diferencia importainte entre las cirtas y leos disces ex lo s guteare
En las cintas los registros se grapcn o ieen secuenciolmenre

En los discos se tiene "L'bre Azceso ' o us registro cuclaurers, en for-
mo inmediato, pues ceda registro se local.z5 por su posicidn fisico der-
tro del disco.

Lectora Optica de Carccteres Impresos  Puede leer un documento im -

- - . - - - B R L I L RO PRSI R R TRVIS

o por lo impresora de una computedora a una velocidad de 30,000 carac
teres por minuto

Unidad de Representacion Visual  Esta unidad de entrado/salida sir-

ve para hacer consultas 3 la computadora, por medio de un teclado de
méquina de escribir, y »btener la respuesto reflejoda en una pequefia -
pantallo de television

La imagen estd formada por hasre 12 renglones de hasto 80 caracteres -

( letra, numeros, 6 signos especioles ) cada uno

Vemas aqui otra Unidad de Representucién Visual, més evalucionada cue
la enterior, la comunizacion homoi e-~63uina ouede establecerse en ella
por medio de qréficos, es decir aue la entrade y la salida de dotos se ha

cen por medio de imdgenes.

Cuenta estc unidad parc ello con un dispos tivo con, forma de l&piz, que. .,

tiene en su punta una célulo fotoeléctrica. Ln delgado haz de luz parte
en determinado momento de un punto de la pantalla y la recorre en Jor -
mo de zig-zag. Si se apoya el "lépiz" en cualquier posicién de lo pan -
talla, su célula fotoeléctrica detectard en algin momento el haz de luz
Por el tiempo transcurrido desde que el hoz de tuz comenzé su "barr. . "
hasta que fue detectado, la computadora determinag en qué puntc de lo -
pantalla se encuentra apoyado el "ldpiz".

Como el barrido dura una fraccion de segundo y se reclizan muchos ba -
rridos por segundo, se puede “escribis” con el "ldpiz" sobre la pantalia
y el dibujo “ingresa"” en la memoria de la computadora como una suce -
sion de puntos codificodos

La pantalla estd imaginariamente dividida en 1.040.576 puntos, de ma -
nera que los trazos que se obtienen son practicamente continuos.

Pueden dibujarse asi curvas, estructuras, letras, nimeros y cualquier ti
po de gréfico, y esa informacién ingresa automdticamente a la computa
dora. )

Por otra porte, los resul tados obtenidos por fo computadora son represen
tados en i pantalla también como curva, letras, etc., bajo control - -

del programa almacenado en la memoria.

Lectora ®ptica de Manuscritos : Salvo algunas pequefias restricciones en

cuanto al formato de los caracteres, esta unidad puede “leer” documen

e :
tos escritos por cualquier persona y con cualquier ejemplo o una velocided

aproximada de 30,000 coracteres por minuto
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E! registrador/anclizedor Fotogrifico es una Unidad ae Enirado, “Salida
de datos que realiza ias siguientes funciones
1) Registra los resultodos de lo computadoro sobie microfoto
grafios, mediante un tubo de rayos catédicor, que inc.-
den sobre una pelicula forogréfica, y cuyo haz electrd -
nico actda gobernodo por el Progroma Almocenado. La -
pelicula se revelo autométicamente dentro de o unidad
y 48 segundos después estd lisra paro ser proyectoda.
2)  Proyecta sobre una pantalla tronslicido tas microfoto - -
grafias registradas.
3)  Anadliza imdgenes reproducit;as en negativo sobre pelicu
lo transparente, los digitaliza y las transmite a fa Uni-
dad Central de Procesamierto. t
Lo pelicula utilizada tiene 30,5 milimetros de ancho y 120 metros de -
longitud. La Entrada o Salido de imégenes puede cansistir en letrcs, nG
meros, s mbolos, dibujos, gréfices, mapas, curvas, etc. Bn una micra
fotografia de 30,5 mm X 30,5 mm pueden registrarse hasta 30,600 le -
tras y nimeros, o hasta 16.777.216 puntos correspondientes ¢ imégenes.
Lo velocidad de Registracion/Anélisis es de 40.00C letras, nimeros y =
sfmbolas por segundo, o su equivalente si se trata de imSgenes.
Mxquina de Escribir { Teletipc _) . Los_unidoda de almacenomiento o me
morias ( Representadas por e! archivo del sefior Contro! ) permiten re -
gistrar las instrucciones y los dotos para resclver un problema; entre es-

tas se tienen.

Los Anillos Mognetizantes * Estos pueden magnetizarse en un

sentido 6 en otro “Recordando” asi un 1 o un O respectiva —
mente. Con 8 de éstos anilles se forma una posician de meme
rio, en la cual puede regis trarse una letra, un digito 6 un s
ricter especial ,segin las distintas combinociones de anillos-
"Il "y "M 0% de acuerdo a un cidigo predeterminado .
Las Memorios de Flip - Flops

Las Cintos Magnéticas

Los Discos Magneticos

&l dispesitivo aritmético ( representado por la méquina de célcular )

realizo los custro operacienes aritmétices.

Los unjdades de salida ( representadas por la ventanilla “Salido® ),

que pueden ser :

Impresoras

Mogquinas de Escribir { Teletipos )
Grabadoras de Cintas Magnéticas
Grabodaros de Discos Magnéticos
Unidad de Representacién Visual
Registrador Analizader Fotogréfico

Unidad de Respuesta Oral con la cual lo Computadoro puede
hablar en todo el sentido de lo polabra.

Contiene una Cinta magnetofénico en la cuol un locutor ha
grabado un diccionario de una gran variadad de palabros, en

cualquier idioma.



Finalmente, un dispositivo electrénico de controf( repres entado por el senor

control ) ayudado de un progroma especial o sistemo operativo ( representado por el ma-

nual del sefor Control ), gobiema todas los operaciones de todas las unidades que -

companen la computadora.

Habiendo descrito las partes que componen la computadora podemos

mostror el siguiente esouerrc aque lo representa :

ALMACE -
NAMIENTO

+ 1
UNVIDAD YN/DAD
exroana | ei" m:‘ ¥ saiiva

sposirivo

ARITMET/CO
Skl

O en forma mds resumida :

UNIDAD e

uwoapd | o\ OWIDAD | oo

enrraoa | 7| CENTRAL

Siendo

. ALMACENAMIENTO
UNIDAD
CONTROL

'

. DISPOSITIVO ARITMETICO

CENTRAL

Hemos hoblado hosta este momento de la computadora electénica desde el pun -
to de vista conceptual. Durante los dos §ltimas décadas se han producido avances tecnold
gicos tan extraordinarios en materia de electrénica que la computadora ha sufrido enormes
transformaciones. Veremaos ahora cémo se ha ido modificando la idea original hasta llegar

a los més modemnas sistemas de procesamiento de datos .

Las primeras computodoras tenian circuitos con vélvules de vacio. Los -
tiempos de operacin se median en ellas en milisegundos ( milésimas de
segundo ) . Cuando aparecieron los tronsistores, el diseﬁq de los circui-
tos se mejord notablemente y la duracién de las operaciones en las com-
putadoras que utilizabon esta "Tecnologio de Estado Sélido “ se midio -
en microsegundos ( millonésimas de segundo ) .

El hecho de que las nuevas méquinas fueran miles de veces més répidas -
que los anteriores frajo aparejada la creacién de unidades de entrada, sa
lida y memorio extema mucho mds veloces.

La invencidn de un nuevo tipo de transistor ( “chip " } provocé una verda
dera revolucién en los circuitos electrdnicos y sus procesos de fabricacion
el n’uevlo el emento es tan pequefio que en un dedal de costurc caben més
de 50,000 chips. Puede observarse en la figura, marcado con wn circu -
I‘o, un circuito completo basado en esta nueva “Tecnologia de Légica -
Sélida”. Debido a su tamafio, se los denomina circuitos microminiaturizados
o microcircuitos. Los tiempos de operacién se miden ahora en nanosegun
dos ( milmillon&simas de segundo ) . Ha nacido en esto forma la tercera-
generacién de computadores, y los altas velocidades alcanzadas posibilt
taron un nuevo enfoque en el disefio de los sistemas de procesamiento de
dotos. -



Enunciaremas brevemente los adelantos que esta tercera generacion

ha introducido con respecto a la tecnologia anterior

. Lo computadora se autogobierna y trabaja sin detenerse, pasando

de un trabajo o otro sin demora olguna.

. El Operador interviene sélo cuando algin problema excepcional -
ocurre. La comynicacién entre hombre y méquino se realiza s8lo so-

bre la base de "Informes por Excepcin” .

. Siocure una folla en los circuites o en la parte electromecénica

la méquina realiza un autodiagnéstico e indica cuél es la anomalia.

. Lo velocidad de Entrada-Proceso~Salido se ha incrementado extra

ordinariamente.

Todas los operaciones del sistema se realizan en forma simulténea.

. Los lenguajes de programacién han evolucionado de manera notable.

. El autocontrol y la autoverificacion de operaciones han alcanzado

nivales insaspechadas.

. Pueden realizarse, con mdximo rendimiento, varios trabajos distin-

tos simultdneamente.

PROGRAMA RABSOLYTO -

2aMOUTADORS |

Hasta ahora hemos visto muchas unidades que, en
distintas combinaciones, configuran computadoras -

electrénicas para las més voriadas aplicaciones. Aho-
ra nos detendremos para analizar el monejo de di -
chos sistemas.

El Programa de Instrucciones almocenado en la
Unidad Central de Procesamiento, consta de una se-
cuencio de érdenes y comandos, expresodos segin -
una codificacién especial denominada “Lenguaje Ab-
soluto de Mdéquina®. Las primeras computadoras se -

" progromchan” en este comoleio lenguaie. Habia en-
tonces una enarme diterencia entre nuestro idioma y
aqué! segln el cué! debiamas comunicarnos con la
méquina. Esto obligaba & un gran esfuerzo comin -
entre el anolista que conocio el problema, y el -
programador  que conocia la computadora, pues ambos
hablaban del mismo proceso pero en distintos lengua
jes.



Se crearon, pora solucionar el problema, len -
guales intermedios coda vez mds parecidos o nues
tro idiema. Es decir que cado nuevo lenguoje in
termedio se ocercaba més al problemo y se alejo-
bo més de la maquina. Para coda uno de estos -
lenguajes se cred un programa ftroductor llomado -
*Compoginador® © “"Compilador®, que tenfa lo mi -
sién de hioducin el ileguaje imemmedio al owoiuto
de mdquina. Ahora, el anclista y el programodor -
*hablan un mismo idioma"® :
ambos conocen el problema y la solucién.

Pero la computadora seguia desarrollandose, y pron—
to los lenguajes intermedios fueron insuficientes para
formulor intrincados problemas cientificas o comercia-
les. Nacleron, entonces, lenguajes especializodas: dos
de ellos, el FORTRAN y el ALGOL, permiten pro-
gramar problemas cientificos -técnicos utilizendo uno
notacidén casi idéntica o la notacién matemética co-
min . E! COBOL es un lenguoje comercial cuyas sen-
tencias configuran oraciones y frases en forma tol que
una persono que no sabe qué e una computcdora, -
puede leer un programa y entender perfectamente qué
es lo que hord lo méquina cuando lo tenge almace-
nodo.

Cada uno de estos lengugjes tiene un programa Com -
piladar paro cado tipo distinto de computadora eapoz
de procesarlo. Esto significa que un programador que
sabe FORTRAN, por ejemplo, puede progremar una com~
putadora aln sin conocerla. B decir que estos tres -
jangucjes comstiivyen W esperwnic” de las maquings .-

La tes¢era generacién de computadoras permitié abor-
dar complejos problemas que incluion, entre ofros, aspec
tos comercigles y cientificos . No hebia un lengusje que
abarcaro todas las especialidades.

Entonces se reunieron todos los lenguajes conocidos en un
superlenguaje llamado PL/l, cuyo compilador es ton po -
deroso que posibilita la sectorizacién de la programacidn
en la forme que muestro el dibujo: varlos programadores

pueden programar distintas portes del proceso, incluso en
diferentes lenguajes, y el programa compilador entregard

como resultado las instrucciones del proceso completo, en
Lenguoje Absoluto de Maquina.

Hemos llegodo asi’ o que la computadora nos “entienda®,
en lugar de que se limite o recibir érdenes en su idio-
ma.

PAROGRAMAIDOR CAENT/FACO
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Chapter

A
]

Probicm solver

\

-
Alvonthm

/

Lanygu e

Machine

Elements of computer problem
solving.

Algorithms and computers

Computers arouse curiosity in most of us. Articles in popular
magazines and newspapers, current books, and TV shows
heighten this curiosity, but such sourzes cannot be expected
to present information in the carefully ordered sequences that
is possible in a book like this. Whether you are drawn by
curiosity alone, or economic necessity, or both, conscientious
study of this book will help you to break through to a new
level of understanding about computcrs, their uses, and theur
consequences. )

Computer science deals with pecple who have problems
to solve and with algorithms, the solutions to these problems.
The solutions are expressed in special languages that represent
stored data and communicate to machines the manipulations
that are to be carried out on that data.

Each of these four elements (problem solver, algorithm,
language, and machine) affects the ot iers in interesting ways.
For example, depending on its richness, a language can either
Iimit or extend our ability to express complex plans of action
effectively. And, depending on its capabilities (e., 1ts archi-
tecture), a machine can execute some j-lans of action on certain
data representations more effecuvely 1han on others. The loop
of interaction closes when the problen’ solver changes the plan
of action, the language, or the machin. architecture to suit his
purposc.

This book introduces all four components of this inter-
action. Every chapter takes you around this “four-cornered race
track” and, with every circumnavigaiion, you gain a deeper
and clearer understanding of the interplay among the four
elements. You, of course, play the problem solver using a
computer. To get the most out of th.s experience, laboratory
practice is almost indispensable. But even if you can’t have
actual computer expertence, a caretl rcading of this book
should illuminate the computer scienice scene far better and
far beyond what you have previously perceived.
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FIGURE l-1
First flat-tire flowchart.
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What 1s an algorithm? An algorithm s a hst of 1nstructions
for carrying out some process step by step. A recipe 1 a cook-
book 1s an excellent example of an algorithm. The preparation
of a complicated dish 1s broken down mto simple steps that
every person experienced 1in cooking «an understand. Another
good example of an algorithm is the chorcography for a classical
ballet. An intricate dance is broken down into a succession of
basic steps and positions of ballet. The number of these basic
steps and positions is very small but, by putting them together
in diftferent ways, an endless variety of dances can be devised.
_ In the same way, algorithms executed by a computer can
combine millions of elementary steps, such as additions and
subtractions, into a complicated mathematical calculation. Also
by means of algorithms, a computer can control a manufac-
turing process or coordinate the reservations of an airline as
they are received from ticket offices all over the country.
Algorithms for such large-scale processes are, of course, very
complex, but they are built up from pieces, as in the example
we will now consider:.
If we can devise an algorithm for a process, we can usually
do so in many different ways. Here is one algorithm for the
everyday process of changing a flat tire.

1. Jack up the car.

Unscrew_thc lugs.

Rcmm}e the wheel. :
Put on the spare.

Screw on the lugs.

ISANE LI

Jack the car down.

We could add many more details to this algorithm. We
could include gctting the materials ou: of the trunk, positioning
the jack, removing the hubcaps, and ioosening the lugs before
jacking up the car, for example. For algorithms describing
mechanical processes, it is generally best to decide how much
detail to include. Still, the steps we hzve listed will be adequate
to convey the idea of an algorithm. When we get to mathe-
matical algorithms, we will have to be much more precise.
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A flowchart 1s a diagram representing an algorithm. In
Figure 1-1 we see a flowchart for the fiat-ure algorithm.

The ' and 60!)

in the flowchart remind us of the but:ons used to start and
stop a picce of machinery. Each instruction in the flowchart
is enclosed in a frame or “box.” As we will soon see, the shape
of the frame indicates the kind of instcuction written mside.
A rectangular frame indicates a command to take some action.

To carry out the task described by the flowchart, we begin
at the start button and follow the arrows from box to box,
executing the instructions as we come to them.

After drawing a flowchart, we always look to see whether
we can improve it. For instance, in the flat-tire flowchart we
neglected to check whether the spare was flat. If the spare s
flat, we will not change the tire; we will call a garage instead.
This calls for a decision between two courses of action. For
this purpose we introduce a new shape of frame into our flow-

chart.

Inside this oval frame we will write an assertion instead of
a command.

The spare 1s flat

This is called a decision box and will have two exits, labeled
T (for truc) and T (for false). After checking the truth or falsity
of the assertion, we choose the appropriate exit and proceed
to the indicated activity. Incorporating the flowchart fragment
on the left into Figure 11, we obtain the flowchart in Figure
1.2,

There is another instructive improvement possible. The
mstruction in box 2 of our flowchart actually stands for a
number of repettions of the same task. To show the additional
detail we could replace box 2 by a step for each lug:
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The awkwardness of this repeated rnstruction can be elimi-
nated by introducing a loop.

As we leave the box, we find that the arrow leads us right
back to repeat the task agamn. However, we are ¢aught in an
endless loop, since we have provided no way to get out and
go on with the next task. To correct this situation, we require
another decision box, as shown on the left.

Replacing box 2 of our flowchart with this mechanism and
making a similar replacement for box %, we get the final result
shown in Figure 1-3.

Now that you have followed the development of the flat-
tire flowchart, try to devise one of your own. In the algorithm
of the following exercise, you will probably discover some
decisions and loops. There are many different ways of flow-
charting this algorithm, so many different-looking flowcharts
will be created.
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Prepare a flowchart representing the following recipe.

Mrs. Good’s Rockv Read

Ingredients:
1 cup chopped walnuts } cup evaporated milk
! pound block of baker’s chocolate 1 cup corn syrup
1 pound of marshmallows 1 tcaspoon of vanilla
cut 1n halves 1 pound of butter
3 cups sugar § teaspoon of salt

Place milk, corn syrup, sugar, chocclate, and salt in a four-quart
pan, and cook over a high flame, stirring constantly until the mixture
boils. Reduce to medium flame and continue boiling and stirring until
a drop of syrup forms a soft ball in a j:lass of cold water. Remove

_ from the flame and allow to cool for 10 minutes. Beat in butter and

vanilla unul thoroughly blended. Stir 1 walnuts. Distribute marsh-
mallow halves over the bottom of a 10-:inch square, buttered baking
pan. Pour syrup over the marshmallows. Allow to cool for 10 minutes.
Cut in squares and serve.

Now we are ready to examine an algorithm for a mathematical
calculation. As a first example, we consider the problem of
finding terms of the Fibonacci sequence:

0, 1,12 3,5, 8, 13, 21, 34, 55, . . .

In this sequence, or list of numbers, the first two terms given
are O and 1. After that, the terms are constructed according
to the rule that each number in the list is the sum of the two
preceding ones. Check that this is the case. Thus, the next term
after the last one listed above is '

34 +'55 = 89

Clearly, we can keep on generating the terms of the sequence,
one after another, for as long as we like. But, in order to write
an algorithm for the process (so that a computer could execute
it, for example), we have to be much more explicit in our
instructions.

Before subjecting this process to closer scrutiny, let us
review a litle of the interesting history of this sequence. It
was introduced in 1202 A.p. by the Italian mathematician,
Fibonacci, to provide a mode! of population growth in rabbits.
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His assumptions were: (1) 1t takes rabbits one month from
birth to reach maturity; (2) one montli after reaching maturity,
and every month thereafter, each pq'ir of mature rabbits will
produce another pair of rabbits; and (3) rabbits never die.

One senses that this model 1s not completely realistic. But
the essence of mathematical modeling is to start with a crude
model thatemphasizes the important aspects of the situation
and suppresses less important linfgjrmanon: A more refined
model can be developed later, profiing from the experience
with the crude model. Thus we might eventually improve the
Fibonacci model by obtaining more accurate figures on the
birth rate, taking mortality into account, considering the limita-
tions of food supply, the effects of predators, disease, and
overcrowding, and the like. - :

In spite of its frivolous origins, the Fibonacct sequence
has many fascinaung properties and plays a role in the solution
of a number of scemingly unrelated mathematical problems.
There is currently a published quarterly journal enurely de-
voted to the properties and applications of the Fibonacc se-
quence. |

After this long digression, let’s see how the rabbit-pair
population model gives rise to the F;Bpnacgl sequence.
Fibonacci starts with one pair of newborn rabbits at the begin-
ning of month one, and he then lets nature take 1ts coufse.
This is shown in Table 11, which we now cxglaxq.

Beginning of

Month 1 2 3 -4 5 6 I 3
Infant rabbit pairs 1«0 el PRy »2 o3 75 «8
Mature rabbit pars 0 171 27 37 3 8 13
Total rabbit pairs 1 1 2 3 5 8 13 21

Look at the arrows in the ‘table. The number of pairs
of infant rabbits in any month (after the first) 1s equal to the
number of pairs of mature rabbits in the preceding month
(c\ondiuon 2 1n the Fibonacer model). This explains the gieen
arrows. In cach month after the first, the number of pairs of
mature rabbuts will equal the towal number of rabbit pairs 1n
the preceding month (condition 11 the Fibonacer model). This
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explains the gray arrows. Following the arrows, we see that,
from the third month onward, the tot:] i any month 1s the
sum ot the totals in the two preceding rmonths. Thus the rabbit
population model generates the Fibonacer sequence except for
the initial zero, which can be taken as the total number of
rabbits in month zero.

Eliminaung the reference to rabbits, we can tabulate the
calculation of the terms of the Fibonacci sequence in Table
1-2.

Imually take the next-
latest term to be 0
and the latest term to
be |

fey
L
i

(15

A
Find the sum of the latest
term and the next-latest

term

3

This sum 1s greater \T
then 1000

F
v 4
~ l T - Write down
h 0\} un?onfl 1¢ latest term the vaiue
to the 1ole of next- of this sum
latest term
L 5

Now let the sum just
calctlated he designated
as the latest term

FIGURE 1-4
Flowchart for Fibonacci
sequence.
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Neat Latest Latest

. Sum
Term Term

0 1 0+1 = |

I 24732 =3
"

2 3 243 =5

37 se—3T5 =g

5o ga—STE T 13

g 13 5+ 13 = 21

We can sce that in each step the latest term gets “de-
moted” to the role of next latest term and the sum becomes
the new latest term.

Let’s construct a flowchart for finding the first term to
exceed 1000 in the Fibonacci sequence (Figure 1-4).

After going through the loop of flow chart boxes numbered
2 to 5 enough times (it happens to be 15 times), we eventuaily
emerge from box 3 at the T exit and proceed to box 6. This
box is seen to have a different shape because it calls for a
different kind of acuvity—that of writing down our answer.
The shape is chosen so as to suggest a page torn off a line
printer, once the most common of computer output devices.

(a) Suppose 1n the rabbit problem we had started in month one with
one pair of infant rabbits and three pans of mature rabbits. Make
a table simlar to Table 1-1 to show the state of the population
over the first eight months.

(b) How would you modify the flowchart of Figure 1-4 so as to
generate the first term of this modified sequence greater than
1000?

Repeat Problem 1 with three pairs of infant rabbits and one pair of
mature rabbuts.

(1) For the Fibonacet sequence in Table 1-1, calculate from month
two through month twelve the ratwo, 1, of the total number of
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Variables
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rabbits 1 the current month to that nn the preceding month
Eapress each rauo as a deaimal and carty out the caleulanon to
the nearest thousandth. -

(b) Express 1n your own words what scems to be happening to these
ratios.

(¢) Find the reaiprocals of cach of the ratios in Problem 3a.

(d) What relationship between the ratio r and its reciprocal 1/r seems
to be becoming more and more true? Express this relationship
as an equation.

(c) If this relationship held exactly, what would be the exact value
of r? That is, solve the cquation for r.

Repeat Problem 3 using:

(a) The table in Problem 1.
(b) The tble in Problem 2.

The algorithm of the preceding section can be expressed in
much simpler notation that 1s, at the same-time, more nearly
acceptable by a computer as a set of instructions. To do this
we must introduce a conceptual mocle] of how a computer
works. This conceptual model is so exiraordinarily simple that
we will call it the SIMPLOS computer. It is amazing, but true,
that such a simple view of how a computer works is completely
adequate for this entire course. We will present a more realistic
picture of a computer in later sections of this chapter.

In computing work, a variable is a letter or a string of letters
used to stand for something. For now, this ‘“something” that
a variable stands for will always be a number. (As we progress
through this book, we will take an ever broadening view of
the sort of thing a variable can stand for.) In the formula

A =LXW
the letters A, L, and W are variables. In the formula

DIST = RATE X TIME

.DIST, RATE, and TIME are variables.

At any particular time, a variable will stand for one partic-
ular number, called the walue of the variable, which may
change from time to time during a computing process. The
value of a variable may change millions of times during the
execution of a single algorithm.

In our conceptual model of a computer we associate with
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each variable a storage box. On the top of each box there is
a removable gummed sticker with the associated variable in-
scribed on it, and 1nside the box there is a strip of paper with
the present value (or current value) of the variable written on
it. The variable is a name for the number that currently appears
inside.

Each box has a lid that may be removed when we wish
to assign a new value to the variable. Each box has a window
in the side so that we may read the value of a variable with
no danger of altering its value. These boxes constitute the
storage of our computer. In Figure }:5 we see one stage in
the execution of the Fibonacci sequence algorithm of the pre-
ceding section. Here NEXT stands for “next latest term” and
LATEST stands for “latest term.”

To summarize, the data storage of a computer is to be
thought of as subdividable into a number of information con-
tainers or boxes. Each such storage box may be given a mean-
ingful name (sticker), and each may be given (assigned) a value.

Some people view a computer as an electronic and me-
chanical system having a data storage similar to that just de-
scribed, along with a number of other interconnected units or
modules, each with a special set of functions that, when acu-
vated appropriately, carry out algorithms. Figure 1-6 1s one
way to depict the organization of such a computer system. If
we were to pursue the explanation of this system according
to the module view, it would be necessary to define the func-
tions of each module and explain the significance of the ar-
rowed lines into and out of each box. But it would also be

Program storage
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The Model and
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FIGURE 17
The Master Computer and his
staff.
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necessary to bring the diagram to hife by e,\'plan‘nng the action
sequences that occur in which each module serves the nceds
of the others so that the overall effcct 1s to process information
(1.e., to compute) in the desired fashion.

A sccond way to view a computer is to picture the active
modules as robots working as a tearn. The actions of each robot
always follow a fixed pattern, according to a set of relatively
simple rules. We shall take this view in our conceptual model,
SIMPLOS.

We visualize a computer as a number of storage boxes together
with a staff of four robots—tihe Master Computer and three
assistants, the Assigner, the Reader, and the Sticker Affixer. All
these components are quartered 1n one room, isolated from
those who will use the computer.

The Master Computer corresponds to the control and
processing unit in Figure 1-6. H. has a flowchart on his desk
that sets forth the instructions according to which he delegates
certain tasks to his assistants (Figure 1-7). “Note that the flow-
chart corresponds to the information kept in the program storage
module of SIMPLOS.”

Master Computer A« igner Reader Sticker
Affixer

To see how this team operates, let us suppose the com-
puter”is in the midst of executing the Fibonacci sequence
algorithm of Figure 1-4. One of the instructions in this. algo-
rithm was: l

2

Find the sum of the
latest term 1nd the
¢ neat-latest ierm

4
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In a simplificd flowchart notation, thus instruction will take the
form:

SUM « LATEST + NEXT

!

Inside this flowchart box we find an assignment statement.
Reading this statement aloud, we would say, “Assign to SUM
the value of LATEST plus NEXT.” or more simply, “Assign
LATEST + NEXT to SUM.” The arrow pointing left is
called the assignment operator and is to be thought of as an
order or a command. Rectangular boxes in our flowchart lan-
guage will always contain assignment steps and will therefore
be called assignment boxes.

To see what takes place when the Master Computer comes
to the above statement in the flowchart, let us assume that the
variables LATEST and NEXT (but not SUM) have the values
seen in Figure 1-5. The computation called for in the assign-
ment statement is spelled out on the right-hand side of the
arrow, so the Master Computer looks there first.

SUM « LATEST + NEXT

He realizes that he needs to know the values of the varia-
bles LATEST and NEXT, so he seqids the Reader out to fetch
copies of thesc values from storage.

The Reader then goes and finds the storage boxes labeled

>
£,
iy

Riader
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LATEST and NENX'T. He recads the values of these variables
through the wimdows (Figure 1-8), jots down the values, and
carries them back to the Master Computer (Figure 1-9).

Muster Computer Assigner Sticker Affixer
FIGURE 19
The Master Computer receives The Master Computer computes the value of
the copy. LATEST + NEXT wusing the values of these variables
brought to him by the Reader:
8+ 13 = 21

What does he do with this value?
The Master Computer now looks to the left of the assign- .
ment arrow in his instruction.

SUM < LATLST + NEXT

He sees that he must assign the computed value of
LATEST + NEXT, namely, 21, to SUM so he writes “21”
on a slip of paper, calls the Assigner, and instructs him to
assign this valuc to the variable SUM.

The Assigner goes to storage, finds the box labeled SUM,
and dumps out its contents (Figurc 1-10). Then he places in
the box the slip of paper containing the new value, closes the
lid, and returns to the Master Computer for a new task.

In other words, assignment is the process of giving a value
to a variable. We say that assignment is destructive because it
displaces the former value of the variable. Reading is non-
destructive because the process in no way alters the values of
any of the variables in storage.
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In Figure 1-11 we present the entire flowchart of Figure
1-4 in simplified flowchart language. The old and new flow-
charts arc placed side by side for easy comparison.

The translation requires very little explanaton. It should
be obvious that the statement 1n box 1 on the left is equivalent
to the two statements in box 1 on the right. The new version
of box 2 has been discussed in detail.

We see that the two statements in boxes 4 and 5 of the
old flowchart are compressed into one box, box 4 of the new
flowchart. This is permissible whenever we have a number of
assignment statements with no other steps in between. How-
ever, it is very important to understand that these assignment
statements must be executed in order from top to bottom, not
in the opposite order and not simultaneously. The order in
which things are done may be extremely important.

You can see that the statements 1in box 4 mvolve no com-
putation but merely change the values in certain storage boxes.
This sort of activity occurs frequently in flowcharts.

In box 6 of the flowchart we see only the word SUM.
The shape of the box (called an output box) tells us that the
value of the variable SUM is to be written down or displayed.
If, in some other algorithm, we wished to write down the values
of several variables, we would list these variables in an output
box separated by commas, as illusirated on the left.

We will now describe the duties of the Sucker Affixer.
We consider that the computauon s begun by the transnutral
of a flowchart to the Master Computer. The first thing the
Master Computer does is to scan the flowchart, making a list
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Ity take the nost- - N -0
latest term o be 0 und LATIST = 1
the Litest torm to be N
3 2 y 2
Find the sum ol the Tatest
term and the next-atest SUM « LATEST + NEXT
term .
v 3 \ 3
< Lhis sum s greater \T ) ( | T
than IOO(D‘ SUM > 1000
F F
A 4 X 4
Nn\lv :lcnln‘ncflh‘e lallestAlcrm NENT — LATEST
to the role of next-atest LATEST « SUM
ferm
y 5
Now let the sum just
cdleutated be designated
as the latest term

Wnte down
the value of
this sum

(a) Old. - ~ (b) New.

of all the variables used. In the case.of the Fibanacci sequence
flowchart of Figure 1-115, this list would have the form

NEXT
LATEST
SUM

The Master Computer hands this list to the Sticker Affixer,
who now springs into action. He inscribes each of these varia-
bles on a sticker, goes to a bin of unlabcled storage boxes, and
slaps one of these stickers on each of three boxes (Figure 1-12).
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Sticker
. Affixer

FIGURE [-]12
Sucker Affixer at work.

Tracing the Flowchart

Now the instructions in the flowchart are executed until the

. instruction is reached. At this juncture, the Master

Computer directs the Affixer to unpeel all the labels and throw
them into a recycle bin.

To understand better what our flowchart in Figure 1-115 does,
let us trace through it, executing the steps as the Master Com-
puter and his assistants do them (sce Table 1.3). ’

In this trace, for ease of reading, the values of the variables
are reproduced only when assignments are made to them. In -
between such steps, the values of the variables do not change
and therefore have the most recently recorded values. For
example, in step 33, where a test is performed, the values of
the variables are

NEXT = 55, LATEST

89, SUM

144
In step 34-the values are
NEXT = 89, LATEST = 144, SUM = 144

You can sce that in step 48 in the exccution of our algo-
rithm we finally leave box 3 by the frue exit and pass on to
box 0, wherc we output the answer, 1597, and stop.

The utter simplicity of our conceptual model avoids and
removes certain pitfalls. There is an ever-present danger of
thinking of assignment as equality or substitution. (We will say

/
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NENT
0

13

21

55

89

144

233

377

610

Values of Varuables
LATEST
1

13

21

34

55

89

144

233

377

610

987

A TIRSE COURSNL

SUM

13

21

34

55

89

144

233

377

610

987

1597

Test

2>

3>

5>

8 >

13 >

2l >

34 >

55 >

89 >

144 >

233 >

377 >

610 >

987 >

1597 >

1000

1000

1000

1000

1000

1000

1000

1000

1000

1000

1000

1000

1000

1000

1000

True
or
False
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more about this later.) This and other potential sources of
confusion, such as the effect of a certain sequence of flowchart
statements, can be cleared up by thinking in terms of the
SIMPLOS model, which will always give the right answers.

In fact, an excellent way to understand these 1deas of
reading and assigning values to variables is to make some
storage boxes and, with some friends, work through several
algorithms as described in this section.

What is the effect of changing the order of the two assignment state-
ments n box 4 of Figure 1115 so as to appear as seen below?

LATEST « SUM
NEXT « LATLST

Trace through the flowchart with this modification until you find the
answer.

(a) To compare the effects of the assignment statements

A+«B and B« A

find the missing numbers in the table bclow.

Values Before Assignment Values After
Execution of To Be Exechiuon of
Assignment Executed Assignment
A B A B

713 A<—rﬂ > 2

- S

7 ‘13 F:_—\ ? ?

b NALAMEmCRl k. sl oA mw A, e v

(b) In which of the two cases 1s 1t true that A = B after assignment”
(c) Are the effects of the two assignment statements the same or
different?

3.  Modity the flowchart in Figure 1-115 so as to carry out the algorithm

of Problem 1, Excrcises 1-2.
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4. Modity the flowchart of Figure 1-114 so as to output cach term of
the Fibonaccr sequence starting with the thod (1 e, onut the mitial

0, and 1).

5. Revise the flowchart of Problem 4 to calculate the ratio, r, of LATEST
10 NEXT (as calculated mn Problem 3a, Exerases 1-2) and output
this rauo (as well as LATEST) at cach step.

6. Revise the flowchart of Problem 5 to calculate at each step ihe recip-
rocal of r. Add this value to the output list.

1-4 Imagine that you are a bookkeeper 1n a large factory. You have
I.-‘:i‘ut output ~ records of the hourly rate of pay and the number of hours
worked for each employce, and you have to calculate the week’s
wages. Of course, this can be done by hand, but assume there
are ncarly 1000 workers in the plant, so that the job would
be quite tedious. Naturally you prefer to have the computer
execute this task for you, but you will have to devise a flowchart
to convey the instructions to the computer.
How will the hourly wages aud the hours worked come
into our computation? Must each new value of RATE and
TIME be represented by a scparate assignment box? This is
certainly a possibility, but it would require thousands of flow-
chart boxes—a most undesirable state of affairs. This unpleas-
ant necessity can be eliminated by using the concept of input.
[: We now introduce a new shape of frame, the wnput box,
into the flowchart language. The input box has this shape to
‘suggest a “punch card” (a frequenily used input medium, but
not the only one). Inside the box vill appear a single variable
or a list of variables separated by commas.
RATE, TIME What happens in our SIMPLOS model when the Master
Computer encounters such an instruction? To answer this
question, we must endow the SIMPLOS model with an addi-
tional feature not previously needed (Figure 1-13). SIMPLOS
has a conveyer belt (called the input belt) that carries slips of
paper from outside the room into the environment of the com-
puting staff. On the outside end of the belt the “‘user” or
“programmer” (who is not a member of the computer staff)
places these slips of paper, with values written on them, on
the conveyer belt in the order in which he wants them to be
used.
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Master
Computer

Input
conveyer
belt

Treadle

When the Master Computer comes to the input instruction
he does the {ollowing.

1. Steps on a treadle running the conveyer belt until the next
slip of paper comes within reach.

2. Remove his foot from the treadle, stopping the belt.

3. Takes a slip of paper from the helt and hands it to the
Assigner with instructions to assign the valuc thereon to the
variable, RATE.

When the Assigner returns from this task, the Master
Computer rcpeats the above process, but this time tells the
Assigner to assign the new value to TIME. When this is done,
the Master Computer follows the arrow in his flowchart to the
next instruction.

We sce that an input box is a command to make assign-
ments, but this command 1s essentially different from that in
an assignment box. In an assignment box the values to be
assigned arc to be found 1n computer storage or are computed
from valucs alrcady stored, wherees with an input box the
values to be assigned are obtamed from outside the computer.
No calculation is called for in an mput box. Moreover, the
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Payroll algorithm.
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values 1o be input never appear i the flowchart itself. Only
the variables to which these values are to be assigned appear
in the input boxes of the flowchart.

In an acrual computer (not our conceptual one) the dis-
tinction between the two kinds of assignment nced not be so
sharp. Assignments called for 1n an input box wswally involve
some mechanical motion such as transporung a punched card
or other unit of recorded information past a reading station
where the coded contents may be copied. But to gain speed
the dara often are transported into a special sccuion of storage
called an input buffer, well before the data are actually needed
by the executing algorithm. In this case, when the input step
is executed, what actually happens is that data values are simply
copied at electronic speed from storage boxcs of the input
buffer to storage boxes of the variables that are specified in
the input step of the algorithm. -

Now let’s see how to use the input box 1n our hourly rate
and payroll problem. Should we input the data from all the cards
before we start our calculations? If so, we would need a great
many storage boxes in which to store all these data. Instead,
we will calculate the wages after each data set is read. A
description of our method 1s as follows.

1. Input one value of RATE and one value of TIME by the
process described above.

2. Multiply the RATE by the TIME to get the WAGE.
3. Output the values of RATE, TIME, and WAGE.
4. Return to step 1.

In the flowchart of Figure 1-14 cach’of the first three steps
of the above list appears in a similarly numbered box. Step 4
is represented by the arrow returning from box 3 to box 1.

You may wonder why the flowchart does not have a stop
button. SIMPLOS always terminates execution of an algorithm
when an input step is being executed, and the input belt con-
tains too few values to match the variables in the input box.
Execution of the payroll aigorithm will therefore always halt
after the last rate, time pair of data values has been processed
and control once again reaches box 1, where it is discovered
that the input belt is empty.

It will also be useful to visualize output in a similar way.
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FIGURE 115
SIMPLOS showing both belts.

Records versus Streams

We endow SIMPLOS with a second conveyer belt, the output
belt. This belt runs out instead of in and runs continuously—it
needs no treadle. Each time the flowchart calls for output, the
Master Computer writes the proper value on a slip of paper
and drops it on the output belt, which carries the slip through
the wall to the outside environment of the user. A view of this
situation from the top is seen mn Figure 1-15.

Our conveyer belt model of input-outpur suggests that data
values move as a stream into and out of a computer system.
Although in actual computers this 1s not always strictly the
casc, the analogy nevertheless 1s quite close. To pursue this
idea let us consider the punched card reader, one of the most
common input devices on actual computers. First, a scquence
of data values 1s punched on cards. The cards are then placed
in proper order in the wiput hopper of the card reading device.
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Usually the card deck 1s placed face down so that the bottom
(first) card in the deck 15 the first one to be read. Each time
more input data are required, another card 1s drawn from the
bottom of the deck and 1ts contents are read, either electro-
mechanically or photo-optically. Once read, the card 1s dropped
Into an output stacker and thus discarded.

Card deck =~y N
== cading

/ unit Output
stacker

\

Input hopper

. E

The information contained on a single punched card
need not in principle be limited to one value. For example,
depending on what a program is designed to expect, an 80-col-
umn card may contain up to eight 10-digit integers or up to
twenty 4-digit integers.
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When preparing data cards one is always faced with the
decision of whether to utilize their capacity fully or to punch
on each only the values required for the execution of one input
step in the algorithm. The latter choice, although somewhat
wasteful of card space, makes the data cards easier to check.

Our payroll problem provides us with a case in point. If,
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for convenience in locating data preparation errors, we restrict
the contents of each card to onc rate, finie pair, then each time
box 1 is executed, one and only one data card will be drawn
off the input deck, read, and discarded. We could be more
wasteful and punch only one data value on each card. Then
successive cards would contain first a rate value, then a tfime
value, and so on. In this case, each execution of box 1 must
cause two data cards to be drawn from the deck and read, and
the analogy between the input conveyer belt and the card read-
ing activity is very close indeed. That is, when the Master
Computer hits the foot treadle to bring in one data value, the
actual computer will signal the card reader to draw off one
card and read it.

The analogy is less apparent if we allow the data cards
to contain more than one rate, time pair and if we expect the
pairs to be considered in turn during successive executions of
box 1. In this case, box 1 can no longer mean “read a card”
but, instead, “assign respectively to rate and time values from
the next data pair in the deck. If the next pair cannot both
come from the current data card, then draw off another card
from the deck and read it. If, on the other hand, there is at
least one more data pair yet to be processed from the most
recently read card, then process that data pair.” This inter-
pretation assumes that an input buffer 1s filled (and refilled)
with data from each newly read data card and that values are
assigned to rate and time by simply copying information from
this buffer into the respective program variables, always re-
membering for future use which items in the buffer have not
yet been copied.

We see, thercfore, that using an input buffer guarantees
that each data pair in the sequence will be processed in turn,
no matter how many pairs are punched on each data card. None
will be missed or skipped over. It is in this sense that the stream
analogy is preserved even though the sequence of data items
is grouped into arbitrarv-sized card records.

The SIMPLOS model is a primitive machine. It has only
stream-oricnted input and output. After values are placed on
the conveyer belt to be output and are carried to the outside
environment of the user, how are they displayved? We certainly
are aware that 1n actual computer systems all values are printed
or displayed on a screen in some sort of “format” with a
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particular number of columns, but the only fact we are inter-
ested 1n with respect to SIMPLOS s that the values arc output.

When 1t comes to interpreung output boxes of a flowchart,
the situation is somewhat different. The output box on the left
is considered to be a command to print the current values of
the three vaniables, RATE, TIME, and WAGE on one line.
(If the list won’t fit on one print line, more lines are used.)
Furthermore. if the same output box 1s executed again, the next
set of three values will appear on a new line below the first
set. If the three variables appeared in three individual boxes
instead of in one single box, then each would be printed on
a separate line. Thus cach execuuon of an output box 1s con-
sidered to begin printing a new line.

No doubt you have wondered why, at the very start of our
study, so much attention has been given to a conceptual model
of a computer and 1ts details. Can a2ny model, especially this
one, which seems so simple and at the kindergarten level for
some readers, be that important or that valuable to us? You
may develop similar doubts about the value of flowcharts as
you proceed further. '
The model and the flowcharts we develop are abstractions
of real machines and of real computer programs. Once we sce
the connection between an abstraction and the concrete or real
thing, we can often gain more understanding of the real thing
by studying and manipulating its abstract counterpart. So, high
on our list of priorities should be an attempt to understand
and appreciate the connections between the abstract and the
concrete. For example, in the next sections of this chapter we
cxamine how an actual computer is organized and how it
works. Thereafter, it will be casicr to see why the conceptual
model, no matter how silly it may have first appeared, is a
very useful, simplified view of a real computer. Likewise, just
as soon as we try to write and test actual computer programs,
we shall see that the flowchart gives us a simpler but more
revealing way to think about computer programs for most
purposes. o
Experience has taught us that problem solving with com-
puters is very effective if we can work first with a simplified
model of a machine and a simple descriptive algorithmic lan-
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guage in which to express our problem soluttons. Then it 1s
comparatively casy to map these solutions over to programs
written 1n some convenient programming language such as
BASIC, FORTRAN, ALGOL, or COBOL, so that the pro-
grams can be executed on some real, convenient computer.

Modify the flowchart of Figure 1-14 to provide for an overume
feature. All hours 1n excess of 40 are to be paid at nme and a halt
You will have to place a decision box somewhere i the flowchart
to determine whether the worker actually put in any overtime. The
formula by which his wages are computed will depend on the outcome
of this test.

Now we are ready to examine how our conceptual model of
a computer can be realized in an acrual machine. For the first
25 years of modern computer history (1949 to 1974), nearlv
all actual machines were built following a more or less stereo-
typed pattern suggested by John Ven Neumann (1903-1957).
A prototype machine following this pattern is discussed in this
and following sections. We will call 1t SAMOS. SAMOS 15
a very simple machine; that 1s, it 1s stripped down to the bare
essentials. Some features of its operation are described in con-
siderable detail, while others are glossed over. The program-
ming of SAMOS is described briefly in Section 1:6 and in
more detail in the Appendix, the purpose of which is to help
the reader see a closer connection between language for ex-
pressing algorithms and machines that execute them.

It would be {oolhardy to assume that SAMOS-like ma-
chines are the “be all and end all of computers,” since the
architecture of computers is still undergoing rapid change. For
this reason, aspects of two other machines are discussed briefly
in this book. Onc machine, called BITOS, appears later in this
chapter; the other, called POSTOS, is considered in Chapter
8. Each of the three machines exhibits certain distinct charac-

teristics for the implementation of our conceptual model, SIM-
PLOS.

SINPLOS o7 7T T - - Conueplugl model

SAMOS BITOS POSTOS <7 — Actual machines



befy

SANMOS

Core Storage

FIGURE 1-16
A magneuc core.

FIGURE 117

Where two wires cross.

COMPUTLR SCIENCE: A FIRST COURSL

In order to study this book it 1s usefnl, although not essen-
tial, 1o gun a good understanding of how an acwal computer

works. We suggest that vou read once through the matenial of

the next two sections without attempting to master it. As you
work excrcises that relate to SAMOS, or have occasion to study
SAMOS in the Appendix, you will no doubt come back to
the next two sections for a more careful study.

How are all those storage boxes of SIMPLOS realized in
actual practice? The storage of actual computers is built of
electronmic components in a variety of ways and with a variety
of materials. Here we describe one way that a SAMOS storage
can be built.

SAMOS storage, packaged 1n a rectangular box, is an arrange-
ment of tiny magnetic doughnuts as small as 1/40 of an inch
in diameter. These doughnuts are called cores (Figure 1-16).
The cores arc laid out in 61 horizontal layers or trays called
core planes. On each of these layers, wircs are strung evenly
in two directions like the lines on a sheet of graph paper. There
are 100 wires in each direction. At each point where two wires
cross, the wires are threaded through a core, like the thread
passing through the eye of a needle (Figure 1-17). (Sull other
wires are threcaded diagonally through each core within cach

plane. Their function is not important to the discussion that

follows, and they are therefore ignored.)

Figure 1-18 is a picture of a core plane from an actual
computer built in the nud-1960s. Since there are 100 X 100
crossings in each SAMOS core layer, we See that there
are 10,000 cores 1mn each core plane and hence
61X 10,000 = 610,000 cores in the entire SAMOS store
(storage).

These cores are capable of being magnetized in either the
clockwise or the counterclockwise sense (Figure 1-19). Because
of this a core can store information. We could think of clock-
wise magnenzauén as meaning “yes” and counterclockwise as
meaning ‘“‘no.” We will instead think of clockwise as standing
for “0” and counterclockwise for “1.” In any event, the infor-
mation contained in the magnetization of a core is the smallest
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unit of information and is called a bit of information. We see
that one core can store one binary digit, 0 or 1, but a collection

of ‘cores can store a very large number of bits. We will discuss
this idea later, after a digression on how the cores get their

_— .
_ h 7 \ magnetism.
S @N N O S First, you must know that a pulse of electric current

moving along a wire generates a magnetic field running around
the wire, as shown in Figure 1-20. The strength of the mag-

FIGURF 1-19 netic field is strongest near the wire and dies away as we move
Magnetzation of cores. further from the wire.

FIGURL 1-20
A mugneuc ficld resulung trom
a pulse of clectric current

, If the direction of the current is reversed, the direction
of the magneuc field 1s also reversed (Figure 1-21).
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FIGURE |-23
A row of cores in a magnetic
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Thus, when a pulse of current passes through a core, the
core will become magnetized in one direction or the other,
depending on the direction of the current (Figure 1-22).

s S S S

N N

—— e e

N N

/

Buthow can we manage to magnetize just one core instead
of the whole string of cores (Figure 1-23) through which the
pulse passes? The answer lies 1n the magnetic properties of
the material from which the core is made. In this material,

00000 o

if the pulsc is too weak, the direction of magnetization of the
core is only temporarily altered, and after the pulse of current
has passed by, the core mercly returns to its former magnetic
condition, whatever that was. .

On the other hand, if the current is strong enough, the
core remains magnetized 1n the sense established by the direc-
tion of the current, regardless of the former magnetic condition
of the core. The situation is analogous to trying to throw a
ball from the ground to the flat roof of a building. If you have
enough power in your throw, the ball will land on the roof;
otherwise it will bounce against the wall and fall back to the
ground.
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FIGURE 1-24
Doubling the magnetic ficld at
the wire crossing

SIMPLOS and SAMOS
Stores Compared
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The strength of the pulses is carefully regulated so that
one pulse is not sufficient to permanently magnetize a core,
but two pulses acting simultaneously will exceed the threshold
strength and result in permanent magnetization. Thus, pulses
passing along two of the wires (Figure 1-24) will permanently
magnetize just the one core that is located where the wires
Cross.

Let’s leave the individual core planes and consider the entire
store of the SAMOS computer, composed of the 6] core planes
(Figure 1-25). Each vertical column of 61 cores constitutes a
computer word. Thus, the storage of the computer is composed
of 10,000 words. These words have addresses that are four-digit
numbers from 0000 to 9999 and, like house numbers, the
addresses idenufy the words. Each of the 10,000 dots suggested
on the top of the box 1s the top of a vertucal column of 61
cores (or a word). The method of assigning the addresses is
indicated in the figure.

Each of these words corresponds 1o a storage box 1n our
conceptual SIMPLOS model. For each variable 1n the tlow-
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word

chart there i1s a SAMOS word with a definite address. The
word contains a certain pattern of bits determuned by the direc- -
tions of magnetization of its cores and representing the value
of that variable. “Assigning a value to a variable” is effected
by putting a certain pattern of bits into a word (Figure 1-26).

When we say “the Master Computer tells the Assigner
to assign the value 1597 to the variable SUM,” what actually
takes place is this. The variable SUM is represented inside
the machine by means of its address; suppose it is 0103. Now
all the 61 X 2 = 122 wires passing through cores in the word
addressed 0103 are encrgized with pulses of current in the
proper directions so as to achieve the pattern of bits represent-
ing the number 1597. In a modern computer this assignment
process can be performed in a fraction of a microsecond; a
microsecond is a millionth of a second.

Characters In the binary system of represent:;tion, a number such as 1597
is coded as a string of 1’s and O’s, for example:

11000111101
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A bit pattern 15 assigned to a
computer word by
appropriately magnetizing each
of the cores for that word A
core 1s magnetized by passing
an electronic pulse through
each of the two wires that
intersect at that core. The
diagram rdenufies the wire
pairs that must be selected 1o
assign a but pattern for the
word at address 0103
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Address

For SAMOS any string would be preceded by a string of zeros
to fill out all the bit positions of the word of storage. While
numbers are coded in binary form in many computers, binary
is certainly not the only choice. In a machine such as SAMOS,
for instance, computation is carried out in the decimal system,
which means that bit patterns in a word of storage must be
coded to represent decimal digits instead of binary digits.
Moreover, we want to store letters as well as decimal digits.
For this reason, we subdivide our 61-bit SAMOS words into
11 character positions as shown below.

— A A A
6 bits 6ty 0 ats 6 bits 6 buls

I bt

The first position (one bit only) 1s reserved for a code that
designates the sign, + or —. Here 0 is suflicient to represent
the + character and 1 signifies the — character. Each of the
other positions consists of six bits and can be used to store
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Derailed bit patterns for two
computer words.
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FIGURE |-27
Character code

a digit or a letter, that is, character, according to the code shown
in [igure 1-27.

For each group of six bits, 2° or 64 disunct combinations
of zeros and ones are possible. In Figure 1-27 we have used
up only 37 of the 64 combinations possible with a six-bit code.
This leaves 27 additional combinations for other special sym-
bols such as +, >, and the like. One of the 37 combinations
of special interest is the blank space, [J, which is coded as

110000

With this code you can see that the two 61-bit computer
words displayed vertically in Figure 1-28 turn out to be

and

From now on we shall represent our SAMOS computer
words as strings of 11 characters instead of strings of 61 bits.
In a number of conventional computers of similar design eight
instead of six bits are grouped to represent character codes,
making it possible to distinguish among a considerably larger
set of characters than is the case in SAMOS. This distinction,
however, has absolutely no effect on the principles of character
representation and manipulation that occur in ensuing chapters.

The construction of the main storage for any actual com-
puter is of great interest mainly to computer engineers and
designers. Storage components currently are built from various
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SAMOS Processing Unit

FIGURE 1-29

The principal components of
SAMOS.
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types of physical devices and materials, including magnetic
cores, magnetic thin films, and transistor flipflops. There 1s
considerable variety in the circuitry used to organize and utilize
such components and in the methods of packaging and mima-
turizing them. Their physical characteristics, such as size,
speed of access for storing and retrieving information, energy
requirements to operate them, and cost of fabrication, vary also.
Nevertheless, schemes similar to that used in the word-
organized core storage of SAMOS have been used to assemble
and incorporate all of these types of storage units into conven-
tional computer systems. You might be surprised at how much
understanding of this subject you can gain with a relatively
small investment of study time. (See, for example, one of the
references on this topic 1n the reading list at the end of this
book.)

Now that we have seen how the SAMOS storage is structured,
we will consider how the storage is used in executing an algo-
rithm.

Our computer has several other components besides the
store. These are shown in Figure 1-29.

CONTROL UNIT ==
I
1 T T
i 4 B
! ! 1
] ¥ oy
i { i
! PROCESSING UNIT) | | !
i I
| ] i
| 3 | |
I [
.
INPUT L 4! OUTPUT
(card or - STORE kg — -3 {typewnter or
tape reader) 1 line printer)

The solid lines indicate the directions in which values or
mstructions may be transferred. The dashed lines indicate the
exercise of control. The control unit and the processing unit
perform the duties of the “Master Computer” and his helpers.

An important part of the processing unit is the accumula-
tor. This special computer word holds the result of each arith-
metic operation.
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Furthermore. a simple assignmient such as

!

LATEST <= SUM
'
is carried out by first obtaining a copy of the value of SUM,
placing it in the accumulator, and then copying the value in
the accumulator into the computer word belonging to the vari-
able LATEST. The value of SUM 1s unchanged 1n this proc-
ess. Notice, however, that values to be input or output do not
pass through the SAMOS accumulator but go directly into and
out of storage.
When the control unit receives and interprets an order,
some computer operation is activated. The orders are in the

form of coded instructions stored in the computer; we will see
about them presently.

Machine Language Getting an algorithm into a form a machine can execute involves
several translations that we can represent as follows:

(Q FLOWCHARI @ [ IR @ MACHINT

ENGLISH LANGUAGL N FaNcUAGE

You have already had a little experience with the first
translation step. The second translation step is the process of
converting a flow chart into a procedural language such as
FORTRAN, ALGOL, COBOL, or PL /1. You learn how to
do this in your language manual. If approached properly, this
translation step is quite mechanical and can be performed by
a person (or by a machine) who has no idea what the algorithm
is all about.

In many computers of advanced design, the third transla-
tion process can be omitted because the machine’s language
and the procedural language are effectively identical. When the
third translation step is necessary, and it is for a computer such
as SAMOS, the process is completely mechanical and is nor-
mally done by the computer 1tself. This process is called com-

piling.
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- It is not necessary right now to know how compiling 1s
done, but it may be interesting to know the reason for doing
it. Each make and style of computer has 1ts own language—that
is, its own set of instructions that it can understand. Use of
a procedural language allows us to avoid a tower of Babel in
which a programmer would have to learn a new language for
each machine he wishes to use. A procedural language consti-
tutes a kind of “Esperanto” that c¢nables a programmer to
communicate with many different machines in the same lan-
guage. Moreover, a procedural language is generally much
easier to learn to usc than machine language. The programmer
merely prepares, say, a FORTRAN program on punched cards
and feeds it into the computer, which “compiles” a sequence
of machine language instructions. This sequence, called a ma-
chine language program, is then placed in the computer storage.
In many systems the prdgrammer may transmit his program
to the computer storage by typing it a line at a time, using
a typewriter or other keyboard instrument to serve as the input
device of the computer system.

Successive SAMOS instructions are placed in consecutively
addressed storage locations starting with 0000. After the com-
puter has executed an instruction, the control unit will always
take the next nstruction from the next address, unless there
is a branching instruction providing a different address from
which to take the next instruction.

To see how this works, consider the instruction taken from
the Fibonacci sequence flowchart (Figure 1-116), shown here
in Figure 1-30.

The procedural language equivalent will not look much
different. Thus, in FORTRAN this instruction would appear as

SUM = LATEST + NEXT
and in ALGOL as
SUM := LATEST + NEXT
and in APL as
SUM « LATEST + NEXT
and in BASIC as
LET S."=L-. T4+ N&.T
and in COBOL as
COMPUTE SUM EQUALS LATEST
PLUS NEXT



+ LDA 000
+ ADD 000
+ STB 000

FIGURE 1-31
SAMOS instructions for
Figure 1-30.

A Complete SAMOS
Program

0101
0100
0102
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In the SAMOS machine language, a variable cannot be
referred 1o by name but only by the uddress in storage associated
with the variable. Suppose that NENTL LATEST, and SUM
have becn given, respectively, locauons 0100, 0101, and 0102.
Then in the SAMOS language, the flov chart instruction trans-
lates to a sequence of three machine mstructions, as shown in
Figure 1:31.

These instructions have the form of 11-character words,
although the first character is unimportant and the fifth, sixth,
and seventh are of no interest to us here. The type of operation
to be performed 1s coded using the three letters in positions
two, three, and four, and the four-digit numeral at the right
1s the address associated with that operation.

The letters LDA stand for “LoaD) the Accumulator.” The
whole instruction

+ LDA 000 0101

means, “Make a copy of the value stored in address 0101
without altering the original, and store the copy in the accumu-
lator.” Clearly, this is the function of the Reader in our con-
ceptual model. We will not go into the derails of the electronics
involved in carrying out this instruction. It 1s sufficient to know -
that when a copy of that instruction 1s brought to the control
unit, certain switches are set by the control unit that allow a
pulse current to pass through the cores of the word 0101. The
magnetized cores cause a change in the current that, in turn,
allows a copy to be made.

The second instruction 1n Figure 1-31 mcans, “ADD the
value in the word addressed 0100 to the value already in the
accumulator and place the result in the accumulator.” The
third instruction means, “Copy (or STOre) the value in the
accumulator into the word addressed 0102.” Executing a STO
instruction is analogous to the work of the Assigner in our
conceptual model. Speeds vary fron: machine to machine, but
in modern computers, the time required to carry out such
instructions is usually on the order of a millionth of a second.

We are almost able to translate the enure flowchart for the
Fibonacci sequence algorithm (repeated herc in Figure 1-32)
into SAMOS language. First note, however, that constants
never appear explicitly in SAMOS instructions. Instead, an
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NEXT +« O
LATEST < |

Y

{91

SUM « LATEST + NEXT

V_ 3

('sum > 1000 T

F
\ 4 4

NEXT < LATEST
LATIST « SUM

FIGURE 1-32
Fibonacar sequence algorithm.

FIGURF 1+33

Fibonacet sequence algorithm,
The 2 column and columans
5, 6, and 7 may be left empty
on lines containing
Imstructions
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instruction to fetch a constant must refer to the storage address
where the desired value may be found. Of course, this also
applies to variables. Thus part of the compiling process in-
volves providing storage addresses for the constants (as well
as for the variables) appearing in the program. We allocate the
locations 0017, 0018, and 0019 for the constants 0, 1, and 1000
appearing in the flowchart and specify the proper values for
these words.

We assume that the storage locations 0100, 0101, and 0102
have been allocated for the variables NEXT, LATEST, and
SUM, but that no values have been placed in these words. As
execution of the SAMOS program for the Fibonacci algorithm
starts, the state of storage is shown in Figure 1-33. This figure

Storage Operation Flow chart
Location | * Code Addres Equivalent
(Address) } 11 2 2 4|5 6 718 9 10 11
0000 bl ofooo o 7 s
000 S 0l 0 9o vt Q NEXT ~ G
1b
0 2 1 b yvO 0ol a8
0003 S I O 0 0 v 1 v 1 LATEST «~ 1
-
0004 b v on efor 0o =
0005 v }) EI U vl VIRV SUM « LATEST + NEXT
0006 ST o100 0la 1 0 2
3
000 Db 0oy oty 019
000 Cbfyoofn g2 S
000V B M if{0o 9 ola0 1 3
0010 [ P I ¢ B N T I U IR |
001l S LGl oy a0 10w NEXT — LATLST
7 3h
0012 | D IR VA ooty 2
00131 15 tnfu 0 Clo i 0l LATFST — SUM
0014 - o el ou o Arrow trom flowchurt
i | bos 4 10 box 2
1 ! S
— 4
0015 AU S L AN T S R R ¢
SUM
001l o bt Lo wvw oot o 0 0
001 7 I AT AT B TR R The const it 0
[VIVEN Y L o U B The constant 1
vo o] ‘L—”\_,:L’_,\”Li_’/’\ The contant 1000
V ol 3
m r’\/‘—j Lhe viriable \[\'T
0101 The vanishle LATEST
0102 The vanable SUM
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also illustrates a “coding form” on wiuch one might have
written the SAMOS program (gray-colored informauon). You
will notice several new SAMOS operations not previously seen.
These are explained in the following discussion.

The instructions in storage addresses 0004, 0005, and 0006
have already been discusscd. Before looking at the other in-
structions, remember that the variables are in storage locations
0100 through 0102. .

From previous discussions you should see that the instruc-
tion found at 0000 will, when executed, copy the value in 0017
(1.e., the number 0) into the accumulator. Next, the instruction
in 0001 copies the value in the accuniulator into the word at
address 0100. Together these steps arc equivalent to assigning
0 to the variable NEXT. Similarly, the instructions in addresses
0002 and 0003 are equivalent to assigning the value 1 to the
variable LATEST. '

Remember that the control unit cxecutes the instructions
in order until 1t comes to a branching instruction. The first
branching instruction is found in address 0009, reading

The code BMI stands for “Branch on a MInus.” The whole
instruction means, “If the value in the accumulator is negative,
go to address 0015 for the next instruction; otherwise, go on
as usual to the next numbered address (0010).” We will see
shortly that the value in the accumulator at this time is just

1000 — SUM

so that the value in the accumulator will be negative only in
the case that

" SUM > 1000

1s true. In this case, the branching instruction sends us to ad-
dress 0015, where we see the instruction
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which means, “Writc the WorD in address 0102.” This
amounts to printing out the value of SUM.

Now why is it that when the instruction in uddress 0009
is reached, the number in the accumulator is

1000 — SUM

Well, on looking at the instruction in address 0007, we see that
it instructs us to load the accumulator with the contents of
address 0019, that is, to put the number 1000 in the accumu-
lator. The next instruction, the one in 0008, tells us to “subtract
the contents of address 0102 from the accumulator and put the
result in the accumulator.” Since the contents of 0102 are just
the value of SUM, this-amounts to the placing of

1000 — SUM

in the accumulator.

You should be able to verify for yourself that the instruc-
tions in addresses 0010 through 0013 accomplish the assign- -
ments indicated in the right-hand column of Figure 1-33.

The instruction in address 0014 needs to be described.

BRU stands for “BRanch Unconditionally.” The meaning of
the entire instruction is, “Go back to address 0004 for the next
instruction and continue in order from there.” You can see that
this corresponds to the arrow from flowchart box 4 leading back
to flowchart box 2, where we repeat the summing step.

The instruction in 0016, of course, stands for HalL'T and
amounts to stopping the computing process.

You can best understand all this by tracing through the
SAMOS program by hand, keeping a record of the following
details.

1. Which instruction is being executed.
2. The value in the accumulator. .

3. The values in the addresses 0100, 0101, and 0102 (the
values of NEXT, LATEST, and SUM).

Notice that the instructions in addresses 0000 through
0016 are never altered, nor are the contents of the locations
0017 through 0019 (the constants 0, 1, and 1000).

e e o~
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Construct a List of SAMOS wstructions tor the flowchart m Figure
1+ 14. You will need two addiional types of imstiuctions The first
15

OPLRATION ADDRILSS
) N 2 4 2 t 7 X v 10 11
R w t 0 (] 0 I 4 0 s

which 1s an nstruction to read a value from a card into the computer
word addressed 1005.
The second is

M P Y g 0 0 i 0 z 3

which is an instruction 1o mujuply the value mn the accumulator by
the value m address 1023 and put the result in the accumularor, (Of

course, In the address part of these instructions, we may put any
address we wish.)

This question relates to the flowchart fragment and proposed SAMOS
translation of 1t shown below. For cach of your answers the assumed
objective 15 to make the proposed SAMOS fragment consistent with
the given flowchart fragment.

Loc Opcode Addr
. L
. . l |
. {
z+-2x X | 0018| LDA ]ooo;osoo
0019 MPY | 1 0351
v 00201 MPY | 0351
0021; STO | | |0451
z 0022 WwwD 0451
0023, LDA ' 0351
0024 SUB 30401
0025 003G
0026 LDA N351
0027 SUB 0502
0028 STO 0352
0029| BRU
XoXx=t 0030
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(a) With what memory location must the vanable X be associated?

(b) What operand address 1s needed for the BRU nstruction that is
shown at location 0029?

(c) What should be the operation code for the mnstruction at location
00252

(d) What operation code 1s needed for the instruction located at 0030?

Ths question relates to the flowchart fragment and proposed SAMOS
translation of 1t shown below. For cach of your answers, assume
the objective 1s to make the proposed SAMOS fragment consistent
with the given flowchart fragment.

Loc Opcode Addr

|

|
C

0017! LDA |000,0100
0018| SUB [000 foz_oo
0019! BMI {000 0024
Y- RxP Y- v 0020 LDA '000 0105
0021 | WPY |000,0107
0022 STO [000]

tJ

\ 4 0023 BRU |000]
0024 LDA |00010100
Y 0025| STO |000|0201

\_,r’ 0026| WWD |000|0201

(a) With what location must the variable X be associated?

(b) What is the operand address that should be filled in for the BRU
instruction shown at location 0023?

(c) What should be the value of the address field for the STO instruc-
tion at location 0022?

(d) If at location 0022 the STO were replaced by a BRU operation
code, what then would be the appropriate value for the address
field?

1

This question relates to the following SAMOS program and the four
data cards displayed to the right of 1t; you are to assume- that the
given SAMOS program executes with the data cards shown. The DIV
(divide) instruction produces an wteger quotient (see Appendix A).
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s SAMOS program should not exccute anv wput steps Storage
locations will be required for instructions and for all constants, -
cluding 22, 7, the current radius, 1 (1o increment the radmus to the
next vafue), and a number (11, 12, or 13, depending on vour particular
flow chart) to test against to determine when to branch to Zalr.

Question Wil SAMOS give the same result when vou compute
(22 /7) X r? as when you compute (22 X r?) 77 If not, which gives
a better result? Why?

6. Draw a flowchart and wnte and run a2 SAMOS program to do the
following:

For the values from 1 to 10 inclusive (1e, 1 < X < 10),
evaluate the following mathematical expression:

F = 5X2+ 10X + 6

Print out the value for X and F after each evaluation.

Lvample The first value of X will be 1. For this value,

F=sn+iom+s
F = 54 10-+-6-="21

/ﬂhe numbers 1 and 21 will be printed out, and F will then

be evalunted tor Xo= 2, 3, ... 10. The complete vutpur wall
consist of 20 numbcrs:

1 s (h:)‘{ vdlue

I

i H

1
31 s 21w the Fovalue

10
606

Note Additional Information for Problem 6

—

No data cards will be nceded for this program.- .

2. The values from 1 1o 10 need not all be stored at the beginning
of the program.

3. You must include some way to terminate your program after the

final value has been processed and printed.

7. Draw a flowchart using varables C, X, TALLY, SUM, and AVG,
and write and run a SAMOS program to do the following:

(a) Read a value for the variable C.

{b) Read a value for the variable X.

(c) Check to see whether X equals 9999. If X does not equal 9999
then check whether X equals C. If X equals C, then return to
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!
step (b) It X does not equal Cethen add once to a counter called
TALLY and add X\ to the variable SUM and then return to step
(b).
If X equals 9999, then no more data cards are to be read At

this point prt out the values of TALLY and SUM. Compute
AVG, the quotient of SUM and TALLY (AVG =SUM
TALLY). Print the value ot AVG.

Note  Addiional Information for Problem 7

1. In vour flowchart the average will be a variable AVG. The vaniable
TALLY will hold a count of how many values of X are nor equal
to C. The assignment

TALLY « TALLY + 1

will be needed. The sum of the values of X not cqual to C will be
called SUAM. What should be the mnitial valucs of TAILLY and SUM?

2. The value 9999 is called a sentinel value Its purpose 15 1o indicate
that all the values of X have been read and processed. (In computer
language a sentinel value is said to represent the end of file, 1., the
end of data.) Therefore, your data deck will consist of a value for
C, the given values for X, and the value 9999. (Sce Section 2+ 2 for
additional discussion of sentinels.)

3. In SAMOS the only conditional branch instruction 1s BMI (Branch
On Minus). The programmer faces a problem when he needs to check
whether the values of two variables arc equal or whether the value
of a vanable 1s equal to some constant value. The following is one
method of determining whether the values of the varnables A and B
are cqual. First, subtract the value of B from the value of A and,
if the result 1s not negative, subtract the value of A from the value
of B If thus result is not negative, we can conclude that the values
of A sad B are equal.

LExamples
(@ A =6and B=29
A-B=6-9= -3

Result: A # B since A — B is a negative number.
() A=5ad B =5
A-B=5-5=0
B-A=5-5=0
Result: A = B since neither subtraction produced a negative

number.

(c) A=4and B =3
A—-B =4-3=1] .
B—A=3—-4= —]

Result: A # B since B — A 1s a negative number.
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4. The data for Problem 7 arc as follows:

[Sa- . —-—{ Ihis s the value tor the varnible €
< L e e
20
:] (\__A_ —— e ——
- The remainmg data values are 1or the varigble X {
3 = ——
10
15
12
17
9999

1.7 Most of the storage capacity of a 61-bit SAMOS word goes
O LU unused when a small integer, for instance, 2, is represented.
Conversely, even though a number is known to very great
precision, a 61-bit word has a fixed capacity to represent digits.
Character strings, such as names and addresses, for instance,
vary greatly in length. In general, information comes in many
sizes and lengths, and it would be exceedingly convenient to

have computer storage responsive to this fact.

The SAMOS language is_heavily_influenced-(i:es—con—"""""—""
" straincd) by its word-organized storage system. We briefly men-
tion here another kind of computer storage called BITOS
(BIT-Organized SAMOS), whose storage is structured in a
more flexible and natural way—natural for the processing of
different types of information. The BITOS storage is best
thought of as a single sequence of bits instead of a single
sequence of words that are, in turn, sequences of bits. For
example, a BITOS store roughly equivalent to the SAMOS
store contains 610,000 bits whose addresses are O through
609,999 respectively. To fetch a unit of information of some
known length, orfe must specify the “bit address” of the begin-
ning of the desired information unit together ‘with its “bit
length.” Thus,

op code . address length
LDA 24972 39

1s the way one might write out a BI'TOS instruction to load
the accumulator with a data value 39 bits long beginning at
bit location 24972.

The information containers in a BITOS machine resemble
the storage boxes of the conceptual model SIMPLOS in that
the capacity of the containers is arbitrary.
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Therc is a sccond mmportant way 1n which the containers
of SIMPL.OS and BITOS resemble one znother. In both cases,
values stored in these containers are se//~deseribing. Note that
the SIMPLOS Reader is able to deduce that a storage box
contains a character string value as opposed, say, to a numnerical
value, because he is able to sce the quotation marks. The
fetching mechamism of BITOS can convey the same type of
informaton to its processing unit because the data object 1n
each contaner consists of two parts: a code that describes the
type or nature of the value and the data valuc itsclf. For
example, suppose the container associated with X 1s located
at bit address 3901, and suppose character coding for the
BITOS store employs the same 6-bit representation used in
SAMOS. We might expect to sce at that location:

S PAUL
Slnye/% N'\Dnu
letter—type value

code

where the type code S stands for string. Then, to represent
a string of 4 characters would require 24 bits for the string
itself and 6 more bits (for the letter S) to 1dentify the 24 bits
as a string. For a string of 91 characters, 546 bits are needed
for the string and 6 more for the type code—or 552 bits in
all. If a nonnegative integer variable, AGE, never requires
more than three digits we can picture the corresponding
BITOS container as

for a data value of 52. Here the type code I denotes integer.

To recapitulate, in BITOS one defines the size of the
container to fit the need. That is, the store 1s divided up into
containers that reflect their actual use. Every reference to a
container consists of the bit address of the container and its
length. The container itself holds as part of the data object
a code that makes the remainder of the information in the
container self-describing. Each time a new container is needed,
a section of the store large enough to hold the required number
of bits is “partitioned” for this purpose. When this container
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1s no longer nceded, that section of store and others like it are
reparutioned, that 1s, reused, typically 1n different container
sizes, to suit new needs. To make an analogy with SIMPLOS,
umagine that all storage boxes are constructed to fit dimensions
of the data values they are to contain. (The Affixer who pastes
the sticker on the storage box can also adjust the size of the
box if necessary.)

1.8 Only a few of the ideas about SAMQOS and BITOS need to
Mool - ot be remembered. One of the important 1deas is the scquential
FCpPreseniaion manner 1n which the computer works, that is, the step-by-step

way in which the computer performs 1is tasks. The order in
which the tasks are performed is just as important as what is
accomplished.

Another property of computers that we must understand
1s the fimite word length. We have seen that SAMOS words
consist of 10 characters and a sign, so that the largest number
representable 1n this coding system is

+9,999,999,999

a rather lérge number, but still finite. Although BITOS store
may use very “long” containers, they are still finite, so the
limitation on what can be represcnted, although less con-
stricting, still exists i principle. From a practical viewpoint,
integer containers, whether in a SAMO35-like or in a BITOS-
like store, are sometimes very unsuitable. Consider a variable
that, from time to time, has various values assigned to it, some-
times very small integers and at other times very large integers.
The storage container for such a variable cannot always be used
efficiently if it must be large enough for the largest possible
integer value that will be assigned to it. : .
To cover this situation there are other ways of coding
numbers that not only solve this problem but also allow us
to work with real numbers as well as integers. One of the most
common of these alternate codings is floating-point form, which
is related to the so-called “sciennfic notation.” .
To see how this works, recall that any decimal numeral
such as ) '

— 382,519



IIGURE 1-34

Anatomy of a floating-point
nuimber for a fixed-word size
store.

FIGURE 1-35

Floaung-point coding of
numbers 1n a fixed word-sized
store.

COMPUTEFR SCILNCL: A FIRSI COURSE

can be expressed as

—.382519 X 103

in which there 1s a decimal point (just after the sign, i’ any)
followed by a string of digits (the iirst not zero) and muluphied
bv a suitable power of 10. We can code numbers in this way
by rescrving three character positions for the exponent. The
result 1s shown in Figure 1-34 for — 382.519.

Sign of Sign of
number R exponent
. ; R
\
- + 0 3 3 8 2 5 1 9 OJ.
Exponent Precision
part part

Some examples of how to code numbers including integers
in this system are given in Figure 1-35. In this figuré, we
see that the 8-digit representation of =, as given in the first
column of the third entry, has to be chopped to 7 digits of
precision because of space requirements. The same holds true
for 1/3 and 11/7 at the bottom of the table. Thus we see
that in a computer even a simple fraction such as 1,3 cannot
be represented exactly, but only to a close approximation. This
characteristic of “finite word length” presents important prob-

Number Floaung-Pont Form Coding of
Liraer z-Pont Form
4 4 X 10! + +014000000
- —.9-99999000 —9999;; Xl‘()" T W— +099 9§ 9 9 9 0 ‘
'3:1415‘;26‘1 - ‘.312115926 X 10} o + '+ 013 1.4 1-59 2.
Tlamia —2mlax 10 ~ 1032731400
0008761 .8761 X 103 o + ‘—- 0 3‘8 7 61000 )
.73 73 X 10° + +007300000
i .333333333. X 10° + +003333333
u .15714285;;‘1‘;)“““ +‘ + 04 11‘5:7 ; 428
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lems that will be discussed 1n various places i this text, espe-
clally Chapter 11.

In floating-pomnt form we can represent large numbers,
but for computers such as SAMOS with fixed-word size stores
the price we pay is giving up three places of precision. Were
SAMOS to use floating-pomt numbers, the largest number
representable in floating-point form would be:

[ b + q 3] 3] ¥} Y 9 ] " { 9

which represents the number

999.999,900,000,000,000,000,000,000
000,000,000.000,000,000,000,000,000
000,000,000,000,000,000,000,000,000
000,000,000,000,000,000

Similarly, there is a smallest positive number that could be
represented:

— O} 0|0 0 V] 8] J

.000 000 000 000 000 000 000 000 000
000 000 000 000 000 000 000 000 000
000 000 000 000 000 000 000 000 000
000 000 000 000 000 000 1

which is very small, indeed.

Coding 1n floating-point form for a BITOS-like machine
could be quite similar to the scheme shown in Figure 1-35.
Ori the other hand, since the size of the container may be
chosen to fit the particular “needs” of a given variable, the
size of the precision part could casily be permitted to vary as
required. For that matter, the size of the exponeft part could
also be expanded or contracted to fit the need.

In summary, both SAMOS-like and BITOS-like ma-
chines are often built to operate on numbers coded in floating-
point form. However, in our discussions of SAMOS, in partic-
ular 1n the description given in the Appendix, the machine is
imtially described as if it were not capable of dealing with
numbers coded in floating-point form, but only with numbers
coded as integers.
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EXERCISE -8 1. Several mithon pocket-sized cledrome aaleulators are now bemng
produced annually  They are beconmung relauvely accessible to the
average student Many ot these caleulators, such as the one shown
n Figure 1+ 36, use floaung point anithmete,

i
A 8. 9 !
. ; -~
- 1 2 3 -
! \ e —_— el
o
| , N
0 . I+ !
b
\ .
FIGURE 1-36 o Al e . .4

- A popular hand-held

calculator.
1

(a) Locate an electronic calculator and compare the method it uses

to represent floaung-point numbers with the method used in
SAMOS.
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HERIBERTO OLGUIN ROMO

RICARDO CIRI1IA MERCE

FORTRAMN

ELEMENTOS DE UN SUPERLENGUAJE DE PROGRAMACION:  F@RTRAN

Introduccifn al lenguaje F@RTRAN

1.1 E1 alfabeto

" Nimeros

2.1 Constantes enteras

2.2 Constantes reales

2.3 Variables enteras

2.4 Variables reales

Operaciohes aritméticas

Expresiones aritméticas L 4
4.1 Reglas para las expresiones aritméticas
4.2 -Funciones predefinidas disponibles en lenguaje FPRTRAN
Enunciados

5.1 Los enunciados aritméticos de asignacion
5.2- Los enunciados de control

5.2.1 El enunciado GP TQ



5.2.2 E1 enunciado IF
5.2.3 E1 enunciado DP
5.2.4 El enunciado ST@P

5.3 Los enunciados de entrada y salida
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Introducci6n al lenguaje FORTRAN

E1 lenguaje FPRTRAN, cuyo nombre corresponde a las primeras
letras de las palabras .inglesas.FORmula.-{f6rmula) y-TRANslation .
(traducciéﬁ). es un lenguaje de programacién orientado a proble-

> wat ewaticos . .

mas’y se’emp1ea en casi todas las computadoras del mundo. Debido
a su parecido con el lenguaje aritmético comin, el FPRTRAN simpli-
fica la preparacion de problemas que pueden resolverse mediante
una computadora. Los datos e instrucciones se pueden organizar
mediante una secuencia de enunciados fortran; estos constituyen
el 1lamado Programa Fuente.

Todas las computadoras que "entienden" e1-1enguaje FORTRAN,

tienen 1o que se 11ama un Compilador Fortran, 1lamado también tra-

ductor o interprete, el cual analiza los enunciados fortran y los

~ traduce a un Programa Objeto, el cual queda en Lenguaje‘de Maqui-

na.

Un programa escrito en lenguaje FARTRAN se puede procesar
en cualquier maquina que tenga un CompiladJC'Fortran. Esto nos in-
dica que el lenguaje es independiente para cada maquina, o sea que
el compilador se debe preparar en cada ca;o teniendo en cuenta la
mdquina que ha de usarse en particular; puesto que las maquinas

difieren en su organizacién interna, se ha desarrollado un nime-

ro de "dialectos" del Lenguaje FARTRAN, cada uno de los cuales es

apropiado para una clase de mdquinas. Las diferencias entre los



varios dialectos son minimas y se ajustan el uno al otro facilmen-

te.
1.1 E1 alfabeto-

E1 alfabeto FPRTRAN esta constituido de\caracteres que son
simbolos familiares de escritura y de teclados de mdquinas de es-
cribir, asi como de dispositivos especiales de perforacidon; dichos
caracteres son: | '
Alfabéticos: A BCDEFGH

I JKLMN

*PPQRSTUVHWXYZ

'Numéricos: 012345617829

Stmbolos:  +-*/=.,()"' @

De este alfabeto se construyen todos nuestros simbolos, expresio-
nes y enunciados que se utilizan eﬁ el lenguaje F¢RTRA~. |
Nimeros :
”

Los nimeros pueden representarse en diferentes formas, las
cuales se asemejan a los simbolos de la aritmética general; pero
debido a 1a estructura interna de las computadoras se establecen
las convenciones de: Punto Fijo y Punto Flotante que proporcionan

facilidades para su manejo en FPRTRAN. Los simbolos de punto fijo

* La Tetra O la expresaremos como @ para diferenciarla del N° cero. .
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se usaran solamente con niimeros enteros y 1osAcélculos asociados
se denominaran aritmética de Tos enteros o modo entero; mientras
que la aritmética de los niumeros reales se hard en la forma de pun-
to flotante y se 1lamard aritmética de los reales o modo real. De-
bido ‘a que también es necesario distinguir las constantes (nime-
ros que no cambian durante toda la ejecucién de un programa) de
las variables (nimeros que pueden cambiar), surgen cuatro clases

de simbolos para los numeros.

2.1 Constantes enteras.

Dependiendo del tipo de computadora se podran representar
por un cierto nimero de digitos, asi para IBM-1130 se representan
mediante cinco digitos sin el pun;o decimal. Si el entero es nega-
’;\tivo,'ios dfgitos deberdn ser pfecedidos del signo menos; si E]:
entero es positivo el signo es opcional.

Ejem. .vSimbo1os para constantes enteras pueden sef entre
otras:
1976 -;+1 0 +1976 ’ -1976
Simbolos aue no se aceptan para constantes enteras:
7483282 (mds de cinco dfgitos)

1976. (el punto decimal no se permite)

2.2 Constantes reales

Dependiendo del tipo de computadora, las constantes reales

se podrdn representar por varios digitos, pero en el caso de ia

I



1BM-1130 s6lo se admiten siete digitos con punto decima]lpudiendo-
se colocar al principio de los digitos, al final o entre dos digi-
tos cualesquiera. Cuando aparece un punto en una constante su tra-
tamiento sera de puﬁto flotante. Si la constante real es precedi-
da de un signo menos, se indicard que es negativa, si es positiva

el signo es opcional.

Ejem. Simbolos paravconstantes reales pueden ser entrelo-
tras:
1976. -.00001976 +12. 345 -12.345
-.007 .007 5.348 0.3

Simbolos que no se aceptan para constantes rea]eé:
"123456789.32 (mds de siete digitos significati-
vos)

5343 (falta el punto decimal)
Para representar las constantes reales existe también la 1lamada
forma exponencial; esta la podemos representar mediante una letra
E y una constante entera de uno o dos digi#os, bositiva 0 negativa.
Esta constante entera es un exponente del nimero diez; el signo
menos es para 1os exponentes negativos y para los positivos, é]
signo es opcional. En FPRTRAN, la presencia del exponente hace que

el uso del punto decimal sea opcional.

Ejem. Forma exponencial Forma no exponencial
1.328E2 132.8
1.328E02 132.8



1.328(00 132.8
-4.72kE-03 - 004724
+7.61E3 7610.

- -6432E-3 -6.432

2.3 Variables enteras

Estas se representan por combinacipnes de.una a cinco letras
y digitos (1BM-1130), no se permiten otros caracteres y el primer
caracter deber3d ser una de las letras I, J, K, L, M N. EIl pri-
mer caracter de una variable es el que indica si es entera o real.
Durante la ejecucién de un programa, las variables enteras deberan

restringirse a valores enteros.

Ejem. Simbolos para variables enteras pueden ser, entre
otrosf
NUMCT KILO N1 N2 M10 KONT
11ALC JCLAV MARY  KONT1 L1976

Simbolos no aceptables psra variables enteras:
CUENT (el primer caracterdhepe ser 1, J, K,
L, M& N).

KONTADOR (demasiados caracteres)

12.34 (s6lo se aceptan letras y nimeros)

2.4 Variables reales
F~tas se representan por combinaciones de una a cinco letras

y digitos (IBM-1130), no se permiten otros caracteres y el primer
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caracter tiene que ser necesariamente una letra diferente a I, J,

K, L, M6 N,

Durante la ejecucidn de un programa dichas variables

se deben restringir a valores reales.’

Ejem.

Simbolos para variables reales pueden ser, entre otros:

FUERZ VELOC ACEL1 CUENT Al - A2
ALFA VIELA RA42 X1 PROD SUMA
Simbolos no acebtable;Apara variables ?éales:
A3.8 (el ﬁunto no es letra o nimero)
CORRIEN (demasiados caracteres)

3 BASO (el primer caracter debe ser una letra)

MUMCT (el primer caracter no puede ser M)

Operaciones aritméticas

Las operaciones aritméticas y los simbolos que se utilizan

‘en FBRTRAN son:

. Ejem. Algebra FORTRAN
Adicion + ; a‘+ b A+ B
Sustraccioén - : a-b" A-B
Multiplicacién * ab A *B
Divisidn / %' A/ B
Exponenciacidn ** . az - A% A
a? Ak 2

Expresiones aritméticas

En base a lo expuesto anteriormente podemos ahora formular



expresiones aritméticas en lenguaje F@RTRAN y nos daremos cuenta

que son muy similares a las expresiones aritméticas del algebra

comin. (
Expresiones F@RTRAN Expresiones Comunes
A*#2-Bk%2 a?-b?
B**2-4 *A*C b2-4ac
(A+B) /2. %Ya+b)
2*K-J+N 2k-j+n
C+B-3.*A ‘ c+b-3a

4,1 Reglas para las expresiones aritméticas
Las reglas a las que debemos sujetar las expresiones aritmé-
ticas son necesarias debido a la estructura de las computadoras y
al observarlas tendremos un ahorro en el tiempo de ejecucidn de un
programa.
Regla 1 Si nos fijamos en las expresiones FARTRAN anteriores
nos damos cuenta que: Todas las cons;antes y variables
- en una expresion deben estar gn el mismo modo, esto
es, todas deben ser enteras o todas deben ser reales.
(Como toda'regla existe su excepcidén que mencionare-
mos més adélahte).
Es necesario consultar los manuales de cada miquina,
ya que como hemos mencionado anteriormente dependera

esta regla del tipo de computadora. Por lo pronto

la consideraremos como se ha indicado.

..10



Regla 2

Regla 3
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Ax%x} = |*%) y A**B son exponenciaciones permitidas.
En el caso A**| se mezclan los modos y es la excep-
cién a la Regla 1, pero sabemos que esta exponencia-
cién significa multiplicaciones sucesivas (asi B**3=
B*B*B), mientras que las potencias no enteras impli-
can cdlculos mas sofisticados. Nos damos cuenta que
1%*A, no es forma de exponeﬁciacién permitida (en
algunas maquinas s7 se permite).

Deberi tenerse en cuenta que las operaciones se eje-

cutaran_con las siguientes prioridades:

1) Las operaciones indicadas dentro de los parén-
tesis mds internos se ejecutan en primer lugar.

2) Exponenciacién. ‘

3) Multiplicacién y divisién;

k) Adicién y sustraccién.

.Entre las operaciones de igual prioridad, el orden

de ejecucion es de izquierda @ derecha.

Ejem. Si A=5., B=8. y C=2,
A+B-3.*C se calculara en el siguiente orden:
3.%2,=6. . 5.48.=13. 13.-6.=7.
B**2-4 *AXC se calcula en el siguiente
orden:
8.#%%2=64, 4 *%5,=20. 20.*2.=40.
64,40 =24,

o1
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" si A=5., B=B., C=2. y D=1.6

Entonces (A+B)/C se calcula en el sig;ien-
te orden:

5.+48.=13. 13./2.=6.5

Mientras que A+B/C se calcula en el siguien-
te orden:

8.72.=4, 5.+4.=9.

Ahora si deseamos calcular (A+C)**2 condu-
cira a:

5.42.=7. 7.%%2=49,

Mientras que A+C**2 conducira a:

2.**2=L. 5.+4.=9

Ahora si: (A*B)/(C*D)=40./3.2=12.5
Entonces: A*B/C*D=40./C*D=20.*D=32.
Finalmente si tenemos paréntesis dentro de
otros paréntesfs se tiene:

(A% (B+C) ) **2= (AX10 **2=50 , **2=2500,

B+C tiene la mas alta\prioridad por encon-
trarse en el paréntesis mas interno.
(A%B+C) **2= (40, +2) **2=42  **2=1764,

A% (B+C) **2=A%10, **2=A%100.=500.
A*B+C**2=A*B+h =40, +4 =4}

Debemos tener cuidado en expresar lo que

deseamos realizar.

..12



Regla 4

4.2

FBRTRAN son de tipo de biblioteca.

12..

No deberemos colocar un signo de operacion antes

de un signo mds o menos, esto es, no deberemos po-

ner dos signos de operacion juntos.

Ejem. A%*-B"

” M-+N

Estas expresiones deberan sustituirse por:

A*(-B)

Funciones predefinidas en lenguaje F@RTRAN

M- (+N)

Estas funciones predefinidas que proporciona el lenguaje

Para utilizarlas usaremos el

nombre de 1a funcién seguido de un argumento que deberd estar en-

tre

paréntesis. Dichos argumentos pueden ser variables simples &

con subindices, constantes, expresiones aritméticas u otras fun-

ciones predefinidas en F@RTRAN.

Para IBM - 1130 tenemos:

TIPO DE TiPO DE

NOMBRE FUNCION EJECUTADA ARGUMENTOS ARGUMENTO(S) FUNCION
SIN Seno trigonométrico

(argumento en radia- g

nes) Real Real
cos Coseno trigonométrico

(argumento en radia-

nes) Real Real
ALOG Logaritmo natura)l Real Real
EXP Argumento de potencia

del nimero e. ) Real Real
SQRT Rafz cuadrada Real Real
ATAN Arco tangente Real Real

c}a& Y pere C

..13
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ABS Valor absoluto 1 Real Real

| ABS Valor absoluto 1 Entero Entero
FLOAT Convertir argumento de

entero a real 1 Entero Real
IFIX Convertir argumento de

real a entero 1 Real Entero
SIGN Transferencia de sig-

no (Arg.; recibe sig-

no de Arg.:) 2 Real Real
ISIGN Transferencia de sig-

no (Arg.; recibe sig-

no de Arg.3) 2 Entero Entero
TANH Tangente Hiperbdlica 1 Real Real

Ejem. SQRT (B*#*2-4,*4 *A*C) indica que a 1o que se encuen-

tra entre paréntesis se le sacara la raiz cuadrada.
SIN (BETA) indica que se obtendra el seno trigono-
métrico de el valor de la variable BETA.
5.- Enunciados
Los enunciados son las unldades'basicas con las cuales se
construyen los programas FERTRAN. Podemos cf;sificarlos de acuer-

<

do a su funcidén en grupos como:

1.~ Aritméticos de asignacién
2.- De control

3.- De entrada y salida

4, - De especificacion

5.1 Los enunciados aritméticos de asignacidn

Se forman con las expresiones presentadas anteriormente y
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nos indican los calculos particulares que deben hacerse. Su for-
ma es:
Variable = Expresidn aritmética

El significado del signo = es el de asignacién, esto es,
que deber3 calcﬁlarse el valor de la expresion a la derecha del
signo = y su valor se asignard a la variable que se encuentre a
la izquierda del signo, la cual tiene una localidad en la memo-
ria de la computadora.
Ejem. Si>A=5., B=8., C=2. y D=1.6

X=(A+B)/C se le asignar3d a la X el valor 6.5

ALO=(A+B) **2 se le asignard a ALO el valor 169.
RAI=SQRT(B*C) se le asignard a RAl el valor 4.
Algo diferente al algeBra normal es el enunciado
A=A+3, el cual no debe alarmarnos ya &ue indica que
a la localidad de memoria con el nombre A se le asig-
nard el nuevo valor A+3. e;to’es:
Si A=5, y A=A+3. entonces: o
A=5.43, 'A=8. o sea que la variable A se le asig-
na el valor de 8. y el valor anterior que fué 5. se
pierde.

5.2 Los enunciados de control

Debido a que los, enunciados de un programa F@RTRAN se eje-
cutan en el orden que aparecen y que en muchas ocasiones queremos

transferir la ejecucidn a otros enunciados si se satisface una

..15
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cierta condic%én, FORTRAN nos permite numerar dichos enunciados.
Un ndmero de enunciado debe ser una constante entera de uno a cin-
co caracteres.sin el signo mas o menos; el nimero se coloca a la
izquierda del enunciado.
Ejem. 3 CONT = CONT+1.
24 RAIZ = SQRT [A*#2+B*%2)
5.2.1 El enunciado G@ T@
Este toma la forma G# T@ N en donde N es un nimero
de enunciado.
El1 G@ TP produce un salto incondicional; asi G& T@
3 envia la ejecucién al enunciado ndmero 3 que puede ser
la instruccién de conteo del ejemplo anterior. G# T8 24 pa-
sa el control al enunciado 24 que puede ser el del ejemplo
anterior. |

Ejem. Supongamos que unos de los enunciados de un progra-

ma son:
] = 1 Esto nos reghresenta la suma de
ISUM = 0 los nimeros enteros, desde luego

1 ISUM = |SUM+HI es necesario ponerle otros enuncia-
I = [+1 dos pero por el moqgnto nos aclara
G T8 1 lo indicado.

5.2.2 El enunciado IF
Debido a que las computadoras estan disefiadas a ba-

se de circuitos 16gicos y el pensamiento del ser humano debe

..16
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ser de este tipo, nos concretaremos el |F 16gico, ademds de que

el alumno ya tiene elementos de algunos operadores de relacidn

como OR, AND y NOT.
E1 IF 16gico es de la forma:
IF (L) s
L

o Falso.

expresién 16gica que puede tener dos valores: Verdadero

S= cualquier enunciado FARTRAN diferente de: un D@, un enun-

ciado de especificacién o de otro IF 16gico.

Si L es falso (.FALSE.) entonces se ignora S y la computa-

cién continda al siguiente enunciado. Si L es verdadero (.TRUE.)

el enunciado S se ejecuta en seguida.

Resulta interesante hacer notar que si L es relativamente

complicada, éste IF puede ser el equivalente de varios IF aritmé-

ticos.

Para formar las expresiones 16gicas (L) utilizaremos los

operadorés de comparacién y los de.relaciéqp

Operadores de comparacién:

Simbolo Simbolo
Matemdtico Significado F@RTRAN
< - Menor que | LT,
> Mayor que .GT.
< Menor o igual a .LE.
> Mayor o igual a .GE.

Significado
Inglés

Less than

Greater than

Less or equal

Greater or egual

.17
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= igual a EQ. Equal
# Diferente a
6 No igual a .NE. Not equal

Operadores de relacion:

] ' Unidn .OR. 6 ("o inclusive)
N Interseccién ~ .AND. y ("'al mismo tiempo)
- Complemento .NOT. no

Para valuar una expresién l6gica se hard con las siguien-

tes prioridades:

1.- Expresignes entre paréntesis

2,- Operadores aritméticos

3.- Operadores de comparacién (.LT., .GT., .LE., .GE.,
.EQ. y .NE.)

4 - .NOT.

5.- .AND.

6.- .OR.

En caso de igual jerarquia la evaluacién serd de ezquier-
da a derecha. v
Ejem. (1) X=5, y=0.5
IF (X.GT.3..AND. ¥ .LE.2.)  Z=sX*%3+X*¥
Significa que si X>3. y (al mismo tiempo) y<2.
se asignard a Z el valor que se obtenga al cal-
’ ‘cular X3+XY, esto es Z=125,+2.5=127.5
(2) IF (A.LE.X.AND.B.GE. Y .OR.C.GT.Z) G T8 12

Significa que si A<X y (al mismo tiempo) B>Y es

.18



18..

verdadero 6 C>Z es verdadero 6 ambos, entonces

se transfiere el control al enunciado 12.

(3) I =1
ISUM = 0 Esto nos indica
1 ISUM = [SUM+! . que sb6lo sumare-
1 = 141 mos los ndmeros
IF (1.LE.100) G@ T8 1 enteros del 1 al 100
sTOP

5.2.3 El enunciado D@

Este toma la forma:

DB K |

L, M, N

DEKI =1L, M R

La segunda forma séld‘se aplica cuando N=1, lo
que es bastante frecuente.

K representa un nimero de enunciado

{ representa una variablelentera

‘L;‘M,"N-son variables enteras +# constantes sin
signo.

E1 DF produce la ejecucién repetida de todos los
enunciados que le siguen, hasta el enunciado nimero K.
La primera vez que se ejecutag estos enunciados la varia-
ble | es igual a L, en cada paso subsiquiente | se incre-

menta en la cantidad N, hasta hacerse mayor 6 igua] a M

en el paso final; en este momento se termina el 1lamado
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lazo D y el control pasa al enunciado que esta a conti-
nuacioén del enunciado K. Asi, L es el valor inicial de

la variable | y M su valor final. | se 1lama el indice
del enunciado D@ y su valor corriente se puede usar en
calculos durante la ejecucion del lazo. Todos los enun-
ciados que le siguen al D@ hasta el nﬁmero K inclusive
constituyen el rango del D@. También es pcsible que la
variable | no se encuentre en ninguno de 1os enunciados
del rango del DP y esto nos indica que se realice la eje-
cucién de todos los enunciados del rango del D@ M entre

N veces (la parte entera de este cociente M/N). Debere-
mos tomar en cuenta que: el Tndice | se incrementa secuen-
cial y automaticamente durante la ejecucion del lazo y
que se puede, en estos momentos, tratar como cualquier
variable entera; el Tndice | queda indefinido después de
terminado el lazo del D@ y puede utilizarse para cualquier
uso general. El enunciado K no debe‘;ertdn enunciado de
especificacion ni una transferencia de control esto inclu-
ye cosas como GB TP,.IF y DB, asi como FORMAT, END y al-
gunos otros. Debemos considerar que no se puede desde nin-
gin punto del programa llegar a un enunciado dentro del
rango de un DB. Y que la entrada a un DP deberd hacerse
a través del enunciado D@. Y por Gltimo es muy frecuente

que un D@ esté completamente dentro de otro.

..20 -
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Ilustrando graficamente tenemos:

Correcto Incorrecto
D@ D@ D@ . D@
Qﬁ Dd D@ )]]
D@ D@

Ejem. Utilizaremos un D para sumar los nimeros enteros
del 1 al 100, ejemplo que ya hemos visto anterior-

mente.

ISUM = 0 Nos damos cuenta‘que el D@ tie-

DF 11 = 1,100 ne la—misma—funcidn_que_un |IF,

1 ISUM = |SUM+] un G# T y un contador; como po-
STOP ~d}5 observarse con el ejemplo an-
lterior.

5.2.4 -E1 enunciado ST@P
Este aparece simplemente como STPP y es el que
n65~indlca que ha terminado la ejecucidn y*eh~els§aso-de
I1BM - 1130 la computadora se detiene‘;‘el.operador‘tendré
que hacer que continie trabajando. Debido a ello se reco-
mienda que se utllice el enunciado CALL EXIT, el cual pa-
sa el control a un programa monitor que hace que la com-
putadora continde ejecutando los otros programas que Si-
guen a continuacién. "

Tanto el STAP como el CALL EXIT podran aparecer

después de cualquier enunciado.

.Q21.
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5.3 Los enunciados de entrada y salida
Estos, como su nombre lo indica, sirven para introducfr
y sacar informacidén de la computadora.
5.3.1 El enunciado READ
Este enunciado tiene la forma READ (1, N) LISTA
I y N son enteros sin signo y LISTA representa una lista
de nombres de variables para las cuales se leeran valores.
| designa el tipo de periférico de entrada que se utilice
(lectora de tarjetas, consola, etc.). N es el nimero de
un enunciado FPARMAT asociado al READ.
Ejem. El enunciado READ (2, 101) J, B, H
Producird la lectura de tres nimeros: un entero y
dos reales y se almécenarén en las localidades de
la memoria de la compgtadora deéignadas con las
variables J, B y H en su orden. Las comas que se-
‘paran_éstos nom@res de vériables en el READ son
&ndispénsaﬁles,'z es la unida8 de entrada y 101
un FPRMAT,
5.3.2 El enunciado WRITE
Este tiene la forma WRITE (1, N) LISTA i y N son
enterod 8in signo y LISTA representa una lista de varia-
bles para las cuales se imprimen valores. | designa el
tipo de periférico de salida que se utilice (Impresora,

cinta, etc.). N es el nimero de un enunciado FBRMAT aso-
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ciado al WRITE.
Ejem. El enunciado WRITE (3, 108) L, X, Y
Producira que se impriman los valores de las va-
riables L, X y Y que se encuentren en las locaii-
dades de memoria con esos nombres, en el formato
especificado por el enunciado nimero 108 y por
la unidad de salida nimero 3; las comas que sepa-
ran éstos nombres de variables en el WRITE son
indispensables.
5.4 Los enunciados de especifiéacién
Este tipo de enunciados no inician por si mismos los cal-
culos, no producen transferencia de control ni estimulan el flu-
jo de informacién, pero proveen al compilador FPRTRAN de los
detalles esenciales para la traduccién del programa fuente en
FORTRAN al programa objeto en lenguaje de maquina 6 para -la con-

version de datos.a la entrada o,la salfda.

a . - 2

Si quéreﬁgs introducir datos ahia ;oﬁyUtado}; lo pddemos
hacer mediante un enunFiado que'esté dentro del programa, como
A= 31416, ésto es lo que po&rfamos llamar inicializar una va- A
riable; y el programa se compilaria .cada vez que quisieramos
darle un valor diferente a A, lo cual resulta muy costoso, ya
que las compilaciones son laboriosas. Para evitar esto se usa
el enunciado READ y los valores que se le den a A podrén estar

en tarjetas de datos, los cuales son independientes del progra-
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El enunciado FBRMAT

Este tiene la forma: N FPRMAT ( , , , ...) en

la cual -N-es-el -naémero del--enunciado -FORMAT-y correspon-

de al N de los enunciados' READ y WRITE. Los espacios en-

tre las comas estdn disponibles para las especificaciones

del tipo que se describen m3s adelante, siendo el nimero

de espacios uno o mas, de acuerdo a las necesidades del

programador.

Ejem. “Valor :de los -datos

5.4.1.1 La especificacion |:lw

AquT | indica un valor entero y W es
un entero que indica el nimero Ae columnas o an-
cho de campo, que ocupa ese valor en la tarjeta
de entrada o en el papel de impresion. El nimero
w deberad incluir un lugar para el signo de ese
valor, siendo + opcional.'ﬁi,g\_

de entrada o salida: 1130 +1620 -370

‘Espgciflcacién: g 15 4
5.“.1J2IKZL5§;;;;é1ficaci6n F:Fw.d

Aqui F indicaun valor real, w indica

el ndmero de columnas que ocupara el valor en la

tarjeta de entrada o en el papel de impresién; d

3

0 +14

I

indica el nimero de cifras que se encontraran des-

. .24
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pués del punto decimal. w deberd incluir un lugar
para el signo y otro para el punto decimal.
Ejem. Valor de los datos de
entrada 6 salida: 32,787 ~.007" 1130. +3.70
€specificacién: F6.3 F5.3 F5.0 F5.2
5.4.1.3 La especificacién E:Ew.d
| Aqui E indica un valor real en forma
exponencial y w indica la anchura de campo para
ese valor y debe de incluir el signo, si lo hay,
el punto decimal, el lugar para la letra E, un
lugar para el signo del exponente, si es negati-
vo, y dos lugares para el exponente; d indica el
.numero de digitos a la derecha del punto decimal.
- Ejem. ;L§ Valor de los datos
fwT “dé entrada o salida: .1403E04 ~—.7E-02 .1442E+04
‘,?Especificacién{ ES.Q : 'E7.£;§<:1E9.h

AT BN ‘ A, “ ¥
s -
~.Es conveniente que guando deseemos sacar
o .

n et

informacién de la computadora, tomemos -en cuenta
para el ancho del campo lo siguiente: f‘
1.- El »signo, ain cuando el + generalmente

no se imprime.

2.~ El pdnto decimal para las especificacio-
nes F yE.
3.- Por 1o menos un digito a la izquierda
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del punto decimal, puesto que muchas
maquinas imprimiran alli un cero si o-
tro digito no ocurre.

b, - Suficientes lugares pars todos los di-
gitos significativos deseados, debido
a que para los digitos que no se les
deja espacio se truncan o redondean.

5.- Cuatro lugares para el exponente de la
especificacion E.

6.~ El primer lugar se deja en blanco para

el control de carro,

5.4.2 El enunciado END ' .

’

Este se lee simplemente END e informa al compila-

dor que el programa fuente ha terminado y debe ser el al-

!
e PR . bl S

timo enunciado de:cualquier programa‘iﬂRTRAﬁ: , V

Tom
-

6.- Arreglos -

Frecuentemente tratamos con .un ‘grupo de variables -que for-
man 6 pertenecen.a una clase o coleccién.. Cuando las variables
forman un, conjunto ordenado, pueden relacionarse unas con otras
por la notacién de subindices; entonces designamos esa coleccién
como arreglo y las variables qué pertenecen a ésta serie son
los elementos del arreglo. A veces se emplea como sindmimo de

; .
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arreglo el nombre de matrfz y, en consecdencia, hablamos de ele-

mentos de la matriz. .

6.1

Variables con subfndices

Un conjunto de-nimeros-que pueda arreglarse.en.un-renglon

6 columna se considera como un arreglo lineal & unidimensional,

y ésta serie puede llamarse vector. ldentificamos los elementos

de un vector renglon 6 columna por un sélo subindice.

Ejem.

La columna de nimeros del vector llamado A, con-
siste de los elementos A, hasta An inclusive y
se representa como sigue:

Notacién asoctumbrada Notacién FORTRAN

A3 A (1)
« As k A (2)
-Hl!\'aa\ ' ’ :‘\ﬁff A-(3)
R . Lr
‘ : ! -G‘: : o
AT N oA 1) S
: ) - . ((F.'\‘ -:: e - 51 .
. NN N e . ;o
v -‘.‘J',- e ..;w;, 4 . vf.m\-.i\, o g
"-rkv-t;; " L ot e, ! '1 . g N i
, ) %\;}'%A{‘ g %‘ ‘ 1“f w # “‘i’ ,.rAyN) %fﬁ s
v b Al » ’f‘ s ‘5' W‘?

“Cada una de -estas A(l), en donde ! varfa de 1 a N,

. ¥

‘son el nombre de una variable, el conjunto de to-

5
T4

‘das ellas -es slo rque Ilamamos arreglo. s

o
¥

Si se usan dos subfndlces para identlficar los elementos

de un arreglo se considera éste como un arreglo bidimensional.

Los cuadros de un tablero de ajedrez, pueden considerarse como

-un arreglo bidiminsional. Y si llamamos a cualquiera de los «na-

\
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dros con la variable CTAJ tendremos 64 variables; pero como el
tablero tiene 8 renglones y 8 columnas, podemos referirnos al
cuadro que se encuentra en el f;nglén 3y la columna 5 con la
variable CTAJ-(3,5).

Dependiendo del tipo de computadora serd el nimero de sub-
indices que podremos asignarle a un arreglo; en iBM - 1130 sélo
se admiten arreglos con un mdximo de tres subindices.

Las variables que se utilicen para designar arreglos de-
beradn observar las reglas que se dieron anteriormente a{ hablar
de variables enteras y reales considerando que para los cinco
caracteres alfanuméricos son independientes de los indices que
se encuentran entre paréntesis.

6.1.1 Reglas para los subindices.

tegla 1 Un subindice debe ser un entero, puede ser

. constante, variable 6 una de las expresiones
... + .aritméticas siguientes:
” A“"*V+b A*V-b
en donde v es una variable entera y a y b son
constantes enteras sin signo.
Ejem. Algunos subindices pueden ser:

1 1972  10*KONT  2*| J

1976*N-8  2*1-4  2%|+3

No se pueden usar como subindice:

1+1 -1 2-10*CONT  -1932  -KILO
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Regla 2 Un sﬁbfndice s6lo debe tomar valores positivos.
Regla 3 Un subindice en si no debe ser una variable con

subTndices. AsT X(1(2)) no es permitido.
Regla L Un simbolo que representa un arreglo, una va-
riable con subindice, no debe usarse sin sub-
indices para representar otra variable diferen-
te en el mismo programa. Esto es A(1) y A no
deben referirse a variables diferentes. Como
siempre hay una excepcién que por ahora no
tocaremos.
Ejem. Los simbolos para variables reales con
subindices podrfan incluir:
X(1)  SUM(k+2) A(1, 2+J+1)  B(INT)
Para variables enteras con ;ubfndices
podemos tener:
INT(M,N)  1(J) 1CTA(J,2%1)
6.2 El -enunciado DIMENSI@N o
Siempre que en un programa utilicemos variables con sub-
Tndices deberemos poner como primer enunciado el 6IHENSI¢N, el
cual indica al compilador qué tanto espacio de memoria se debe
reservar para las variables con subindices. Su forma es:
DIMENSIBN u, v, w, ...
Donde u, v, w, ... son nombres de variables, cada una de
las cuales va seguida por el maximo nimero de elementos en el

3
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arreglo correspondiente. Deberan observarse las siguientes reglas:

Regla 1

Regla 2

Regia 3

Cada variable con subindices se debe mencionar en
un enunciado DIMENSI@BN antes de su'primer uso en
el- programa.
Los simbolos representados anteriormente por u, v,
w, ... deben tener la forma:

nombre de variable (mdximo nimero de ele-

mentos)
el nimero entre paréntesis debe ser una constante
entera sin signo.
Ejem, DIM ENSION A(20), B(4,8), CARR(5,3,4)
Esto indica que el compilador reservara 20 loca-
lidades para el arreglo A, sus veinte variables se-
rén A(1), A(2), ..., A(20) al mismo tiempo se reser-
vardn ‘32 (4x8) localidades para las variables ﬁ(l,l),
B(1,2), B(1,3), ..., B(1,8), B(2,1), B(Z,Z&}, .y
B(2,8), 8(3,1), 8(3,2), -..,"8(3.8), B(4,1), B(4,2),
..., B(4,8) y por Gitimo se reservaran 60 (5x3x4)
localidades para las variables del arreglo CAR, con
tres subindices caéa una. >
El arreglo que se use en particular, dentro del pro-
grama podra tener menog elementos que los especifi-
cados.en la magnitud del enunciado DIMENSION , pero
no mas.
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La variable tal como aparece en el enunciado DIMEN-
S1ON debe tener exactamente el mismo nimero de sub-

indices que en cualquier otra parte del programa.

..31



7.1-

31..

SUBPROGRAMAS.
Los subprogramas, también 1lamados subrutinas, son programas que pueden

ser puestos en uso por otros programas cuando sea necesario.

Las funciones de biblioteca © funciones del sistema constituyen una va -

riedad d& subprogramas.

FUNCIONES

Cuando el valor de una variable depende de una & mas variables & constan-
tes y adem3s de una serie de cdlculos,y dicha variable ha de calcularse repe-
tidamente y en diferentes puntos de un programa, es posible definiria como --
una Funcidn. En otras palabras, Ademas de las funciones con que cuenta la bi -
blioteca del sistema, el usuario puede escribir sus propias funciones para uso
especifico de su programa.
Tomemos un ejemplo para visualizar lo anterior:
Supongamos que para un programa en especial, en el cual trabajamos con grados
en lugar de radianes, deseamos calcular continuamente SEN@ (X), sin el uso -
de funciones serTa necesario transformar el argumento deseado de grados a ra-
dianes y después 1lamar a la funcién del sistema SIN (X). A continuacién pre-

sentamos una funcidn que calculard SENO (X), (X en grados) :

FUNCTION SENg ( X )

X = X * 3,14 15 92/180. L .

"SEN® = SIN (X) g v
RETURN '
END

que es llamada desdeei programa como:

GRAD= SEN@ (GRADPS)

En base a éste ejemplo podemos generalizar el uso de la proposicion
FUNCTION . |
a) Debe ser codificada en forma independiente del programa

que la usara, es decir, no debe aparecer '‘dentro'' del programa.

b) Debe empezar con la palabra FUNCTI®N
..32
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FUNCTION nombre (parametro )
c) A continuacién se escribe el nombre con que serd 1lamada.
d) Después, entre paréntesis y separados por comas, aparecen los argu -

mentos.

7.1.1 EJEMPLOS.-

FUNCTION RAIZ 1 (A,B,C )
RAIZ1= (-B + SQRT (B *#*2 - 4 * A *xC)) / (2,xA)
RETURN

END

FUNCTI®N RAIZ2 ( A, B, C )
RAIZ2 = ( -B - SQRT (B**2.4.* A *C)) / (2.* A )
RETURN

END

C EC. SEGUND@Z GRAD@

READ ( 2,100) A, B, C
100 -‘FORMAT ( 3F10.5)
X1 = RAIZ1 (A,B,C)
X2 = RAIZ2 (A,B,C)
WRITE (3,200) A,B,C, X1,X2
200 FORMAT ( 5 { ,F10,5")
CALL EXIT .
END ‘
Este ejemplo es solamente para mostrar el gso de la proposicién

FUNCTIBN y no contempla algunas situaciones como raices complejas, etc.

7.2 SUBRUTINAS
Como es facil notar, la proposicién FUNCTIBN nos "regresa' un sdlo va -
lor y 1o hace a través de su nombre. En muchos casos es conveniente 6 -
necesario que se nos regrese mas de un valor, para éstos casos usamos la
proposicion o enunciado$ .
SUBROUTINE,
Una subrutina es un subprograma que puede ''recibir" cualﬁuiet nanero -

de parametros ( desde 'cero hasta un nimero determinado por el tipo de com-

pilador) y puede '‘regresar'' diferentes valores calculados.
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Veamos algunos ejemplos: -
Supongamos que al imprimir resultados de un cierto programa tenemos que -
.escribir algdn titulo usando los primeros renglones de la hoja. En tal caso po-

demos hacer uso de una subrutina como sigue:

SUBRBUTINE ENCA
WRITE (3,200)
200 FORMAT -(/,1X, 'REPORTE SEMANAL' , /)
RETURN
END

Como vemos no hemos pasado ningln paradmetro 6 valor a la subrutina. Para -
que se ejecute ésta se debe hacer uso de la proposicién CALL, de la siguiente for

ma:

CALL ENCA
dentro del programa y en el lugar donde deseemos que ocurra la impresion.

Disgutamos ahora un ejemplo muy simple para ejemplificar el uso de parametros,
Hagamos una subrutina que ''reciba'' como entrada dos nimeros, los sume y el resul -
tado lo ''regrese' en otra variable. Sean Ay B los numeros a sumar, y C la varia -
ble en donde se pondrd el resultado. ‘ |

_SUBROUTINE SUMA (A,B,C ) ind
C=A+8B
RETURN
END
Es importante detenerse a ver el significado de los pardmetros para las sub -
rutinas®

La subrutina anterior SUMA puede ser 1lamada de diversas formas:

CALL SUMA (AA,BB,CC)
CALL SUMA (4, 7, X )

etc.

Como vemos, las variables A,B y C que aparecen en la subrutina son variables

..3b



34..

mudas o dormidas y solo tienen sentido dentro de la subrutina. Veamos lo -

anterior:

Supdngase el siguiente programa:

X1= 3.

X2= kL,

CALL SUMA ( Xx1,x2,X3)

SUM= X3

WRITE (3,200) X1,X2,X3, SUM
200 FORMAT (4 F10.5)

CALL EXIT

END

Se propone como ejercicio al lector que haga las veces de la maquina y es -

criba lo que ésta imprimiria.

La maquina imprimira :

3.0 k.o 7.0 7.0

s0.Y
Una de las facilidades mas utiles en subrutinas es la de‘/grreg]os como

parametros, ej!

SUBRAUTINE MAXIM (A, MAX )
DIMENS ION A ( 10)

RETURN
END

Supdngase que ésta subrutina encuentra el elemento del arreglo A (10) con
mayor valor y lo regresa a través de la variable MAX. Es importante notar que
si pasamos como parémetr; uno 6 mas arreglos hay que dimensionarlos otra vez
dentro de la subrutina, lo cual se puede hacer de al menos dos formas: 1)

.

poniendo la dimensién que aparece en el programa que lo llama’

2) Poniéndole dimensidn 1 (vno)

Ejemplo:
..35



DIMENSION A (10) , B (20)

CALL PRDEN  (A)
CALL MAXIM  (B)
CALL MAXIM  (A)

CALL EXIT
END

Caso 1:

SUBRBUTINE BRDEN (X)
D1MENS [ON X (10)

“RETURN
END

Caso 2: .
SUBRBUTINE MAXIM (Y] s <"

N "(::2@:;“:‘ !
~DIMENS 1ON Y Q) e e

RETURN
END
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7.2.1 COMMON. -

Como es posible visualizar en los parrafos anteriores, las variables
usadas en las subrutinas, o mejor dicho, dentro de las subrutinas, son total -
mente independientes a las variables usadas en el programa principal. Muchas -
veces es conveniente que tanto las subrutinas como el programa que ‘las llama -

tengan variables-en COMUN. Para-lograr&sto-existe la declaracidn
COMMON

La forma general de ésta proposicion es:
COMMON 1lista de variables
dondgﬁ"lista.de yariab}es“‘es un conjunto de yarigbles y/o arreglos separados
por comas a las cuales queremos adjudicarle§ la propfedaa anteridr, es decir,
sean comunes a varios Subprogramas.
Ej.
COMMON A,B, x (10), AB (30)

Esta declaracion debe aparecer al principio de cualquier programa o sub-

rutina en que se desee usar. Veamos un ejemplo:

c SUMA DE DOS NUMEROS | ‘
COMMON A, B, C . L .
C M . R o T oA - Ry
CALL SUMA = |
Z=¢

WRITE (3,200) A, B, C, 2
200 FORMAT( 4 F10.5 )

CALL EXIT :

END
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SUBROUTINE SUMA

COMMON A, B, C
C=A+B
RETURN

END

Este programa debe imprimir :
3.0 7.0 10.0 10.0

Una propiedad importante del COMMON es que si un arreglo es especificado
en COMMON que da au;ométgcamentg dimensionado, es decir, no hay que especifi -
car dicho arreglo a través de la declaracion DIMENSION .

En las siguientes pdginas se muestran veintidn programas, que incluyen sus -
diagramas de flujo, codificaciones, datos y resultados; el objeto es que el -
lector pueda complementar la parte teSrica con la practica, amén de que debe

réd hacer los propios y procesarlos en una computadora 2 su alcance.

! ._l # 1& ;; . P
: x Ty G
. o
' [r !

g
.
i -
T
D
¥
o
, (('/ .
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A
-4

A
[
w4
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"CONVERSION DE GRADOS CENTIGRADOS A
GRADOS FARENHEIT"®

" INICIO

CEN= 37.45

FAREN=CEN x 9./5.+32.

FAREN

)

PROG -1



// JOB
/7/ FOR
e IST
®ONE W
#J0CS(
Comnemne
C
C

100

/7 XEQ
/4%

T

SOURCE PROGRAM

ORD INTEGERS

CARDs1132 PRINTER)

recrcecel) N Oecc-ccccce=
CONVERSION DE GRADOS CENTIGRADOS A
GRADOS FARENHEIT -

FORMAT(F10,%)
IMP=3
CEN=37.45
FAREN=CEN®9,/5,4+32,
WRITE(IMP+100)FAREN
CALL EXIT
END
RESULTADOS ~
} . -—

e e S v~ e

PROG.

1



"CONVERSION DE GRADOS FAR A GRADOS
CENTIGRADO S

(INICIO )

1

FAR

_ JCENTIZ(FAR-32.) x5./9.

EAR, CENTI

PROG -2



// JOB T

/7 FOR

o IST SOURCE PROGRAM <
#ONE WORD INTEGERS - “ T : ;
21OCS(CARD,1132 PRINTER) ' :
Crmmmemcccncana) () Seccrecncan=-

c CONVERSION DE GRADOS FARENHEIT A
(o GRADOS CENTIGRADOS
100 FORMAT(F10,4) - - ) ' '

101 FORMAT(F10.4922H GRADOS FARENHEIT SON ¢F10.4920H GRADOS CENTIGRADO
1S.)
LEE=2
IMP=3
200 READ(LEE+100)FAR - -
c FAR IGUAL CERO INDICA TERMINO DE DATOS,
IF(FAR)210+2209210
210 CENTI=(FAR=32,)%5,/9,
WRITE(IMP,101)FAR,CENTI
GO TO 200
220 CALL EXIT
END
/7 XEQ
1260000
1260 ”
-1«.
18026
0.0
/6

—wm. g e T T p— ey

VSN T S

PROG - 2



"CONVERSION ENTRE GRADOS FARENHEIT Y GRADOS
CENTIGRAIDS

FAREN=GRADx9./5. + 32. ’ , lcEwh(G RAD=32.)x 5./9.
L GRAD, CENTI
GRAD, FAREN




/7 JOB T~

// FOR

*LIST SOURCE PROGRAM

@0ONE WORD INTEGERS

4JOCS(CARD»1132 PRINTER)

CremevcncnccecaT R f S-ccceccca=

C CUNVERSION ENTRE GRADOS FARENHEIT -

C Y GRADOS CENTIGRADOS
100 FORMAT (1H1) : y
101 FORMAT(I1,F10,3)

102 FORMAT(F10.2¢15H FARENHEIT -SON 4F11e3+13H CENTIGRADOS)
103 FORMAT(F1042+17H CENTIGRADOS SON 4F9,3411H FARENHEIT,)

LEE=2

IMP=3 SR

WRITE(IMP,+100) ST
200 READ(LEE+101+END=220) INDI+GRAD

IF(INDILEQ.17G0 TO 210

c INDI DIFERENTE DE 1 DATO EN GRADOS FARENHEIT.

C SE CONVIERTE A CENTIGRADOS.
CENTI=(GRAD=32,)#5./9,
WRITE(IMPQIOZ)GRADQCENTI

B S

GO TO 200 . e
210 CONTINUE
C EL DATO ES EN GRADO CENTIGRADNO,
c SE CONVIERTE A FARENHEIT,.-

FAREN=GRAD*®#9,/5,+32, .
HRITE(IMP9103)GRA09FAREN

GO TO 200 R
220 CALL EXIT ' ~
END -

// XEQ

1 12000

0 11,48

1 0.

2 32,00 S ’

1 =16, ° ST

1 18, : e

/0 . .

RESULTADOS

{s,w-......_.... P - e s g
. [ A\

PR . . s e o e e -

B

}

PROG - 3

i

-
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“CONVERSION DE GRADOS A RADIANES"

WEIN DEL PRO|
| GRAMA" ~

'| GRAD=-(GRAD-180)

]

- |RAD=GRADx 3.145926/180.

L

‘GRAD, RAD.

PROG - 4



/77 JOB T
/7 FOR
2. 1ST SOURCE PROGRAM )
@ONE YWORD INTEGERS : o ~
©JOCS(CARD»1132 PRINTER) )
Corovorename=el U A T R Orcam=
Cc CONVERSION DE GRADOS A RADIANES
16} FORMAT(F8,3) :
‘102 FORMAT (F9.3912H GRADOS SON 0F6o3910H RADIANES.)
103 FORMAT(///010X016HFINgDEL PROGRAMA)'
LEE=?
IMP=3
200 READ(LEE+101END=230)GRAD
210 IF{GRAD.LT.360)G60 TO 220

c EL DATO -ES IGUAL O -SOBREPASA LOS 360-GRADOSTSE AUUSTA)

GRAD=GRAD~360,
GO TO 210
220 CONTINUE.

c SE TRABAJA ENTRE +180 Y -180 GRADOS,
. "IF(GRAD,GE«180.)GRAD==(GRAD=180,)
RAD=GRAD®#3.1415926/180.
WRITE(IMP,102)GRADRAD
GO TO 200 .
230 WRITE(IMP,103)
© 'CALL EXIT
. .END ‘
// XEQ ' : .o .
90000
“900
3600,
'3800
0.0
185,27
132¢4
=79.9 ' . oo,
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FIN DEL PROGRAMA
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“DETERMINACION DE NUMEROS PARES E IMPARES"

e

T et ;',.-v,, N

NTARJ .

1= 1,NTA

o\

/

NUM

NUM
iND=(-1) ™

NUM
“ES PAR"

. [ NUM
“ES |MPAR"

PROG -



(4 vvo ]

/ FOR

LIST SOURCE PROGRAM
ONE WORD INTEGERS
I10CS(CARD,1132 PRINTER)

cocceencecenel | N C Occcce-=

DETERMINACION DE NUMEROS PARES
E IMPARES

100 FORMAT(13)

103 FORMAT(I4+8H ES PAR,)

102 FORMAT(I4¢10H ES IMPAR.,)
LEE=2
I1MP=3
READ(LEE-100)NTARY

; NTARU INDIEA NO. DE TARJETAS co~ DATOS.

DO 202 1=1+NTARJ .
READ (LEE»3100)NUM ~
IND=(=1) ®®NUM
IF (INDo.LT,0)60 T70.200
" EL NUMERO ES PAR,
WRITE (IMP,101)NUM
GO TO0 201
200  CONTINUE
" EL NUMERO ES IMPAR, "~ 7
7 WRITE(IMP,102)NUM
201 CONT INUE ,
202 CONTINUE ' :
CALL EXIT
END
// XEQ
005
17 ) .
1 ' ‘ : .
14 . S
291
8 - T
1z o

TR F Gl'».l_ .

L e

»d' ) G
""?"ﬂ"?"'vm v-'w-.qm — e '
S <

R e e ) \—P-‘—-ww N
'

1K)
1 ES IMPAR.

B E

PROG -5



"DETERMINACION DE.MULTIPLOS DE UN NUMERO"

(Cwed)

,,,,,,

1= 1,NTARJ / S—

IDIV= NUM/IBASE
RNUM= NUM

RDIV= RNUM/IBASE j
' NO MULT,!

‘MULT,

JNUM, I1BASE

PROG -4



7/ JoB ¥ T DA ’ . TV e e, ';',-.“’{::-f-;-

// FOR
@ IST 'SOURCE PROGRAM S
eONE WORD INTEGERS ! . ~ Ce T e T T
#IO0CS{(CARD,+1132 PRINTER) ‘
Covrmcmcnnccnes £ | Secccccees - T ' C T
c DETERMINACION DE MULTIPLOS .. . . .. -
(o DE UN NUMERO - : -
100 FORMAT(I3) ‘
101 FORMAT (34H1NUMERO=MULTIPLO DE-NO MULTIPLO DE)
102 FORMAT(2Xs13,7Xe13) -
103 FORMAthx.Isozxx.ls) -
LEE=2
iMP=3 ]
WRITE(IMP,101)
200 READ(LEE»100.END=240) IBASE
READ(LEE2100)NTARY '
DO 230 I=1,NTARJ L o - .
READ(LEE-100)NUM ) ’ T
IDIV=NUM/IBASE
RNUM=NUM
RDIV=RNUM/ IBASE
IF(RDIV,EQ.,IDIVIGO TO 210 N
c \ NUM NO ES MULTIPLO DE 'IBASE. "
WRITE (IMP¢103)NUM, IBASE ‘
GO TO 220
210 CONTINUE )
c NUM SI ES MULTIPLO DE IBASE. . . ..
WRITE (IMP¢102)NUMo IBASE
‘220  CONTINUE
230 CONTINUE -
GO TO 200 . u N -
© ~240 CTALL EXIT ' T T
END -
// XEQ' - ‘
’ '.' -002 .,._-.4’— e v e we --‘ - ‘._...'I\. . -, - N
005 . IR . L .
17 ‘ 4 S T ' ) , I '
N 1 S R
16 1ot 2t et . - . .- ,...r_:,.;.?c;-., 3 . o, . oo !h
291 . . P .,‘:w...,.. PR ..‘ N.‘_ . o o A:_.J";E\'-‘. L 'ﬁ,’"&?- . l‘_ . .
LB TR T TR o mmee s mo e pn e L ARIA
003 : S o of e,
002 ‘ '
s A - \
11 S - -
005 - N
001 RE SLJL1'AI)()S L T
009 I T S R
/. »
?"._' e e mom e e ot — e ev ame e ——— R - —————
1
NIIEEFRU'M“I 11 PLO DE=NO Myl Ixsi 0 DE ]
14 2 : 2 -
291 o 2
g : e :
11 -3 ‘
9 5 HA R !
PROG - 6
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* NUMEROS, PRIMOS

INICIO

v

la.

N O

RS BN NUM ST
IND=

1)

A S

'NO PRIMO

NUM

Eral



“ NUMEROS PRIMOS *

IMAX= NUM/2.

" £ 9999

2a.

i o

IDIV= NUM/I

RNUM= NUM

RDIV= RNUM/I

‘NO PRIM'
NUM

I=3
F
'PRIMO!
NUM
ol
)
| =




10
11
12
13
15
17
19
2l
/b

RESULTADOS

U W)

<
o ols

=3
[ X,
{

o | e
Uiy

——
0
—— - —_
o - ——vae g et e
Ex'A b 3 [
el LSERE BN v ~o o RN WA <
- AY

e e e e e - o

PROG - 7



//

JoB T

// FOR

eLIST SUURCE PROGRAM . . .

@ONE WORD INTEGERS
°10CS(CARD.1132 PRINTER) v

c

nuneaos PRIMQS
. .100 FORMAT(I3) :
101 FORMAT(19H1PRIHOS ~NO PRIMOS)
102 ruunnr(zx.xax oo
103 FURMAT(14X¢13)
LEE=2 N
INP=3
WRITE(IMP4101)
200 READ(LEE+100+END=290) NUM
IF (NUM.GT.3)60 T0 2}0
NUM ES MENUR 0 1GUAL A 3(TODO NUHEKO NATURAL MENOR O IGUAL
URITE(IMP-IOZ)NUM o
G0 TO 280
210 CONTINUE
NUM ES MAYOR QUE 3,
IND= (=1) #ONUM ;
IF(INDJLTL0)160 TO 220
" NUM ES PAR(TODO NUMERO PAR MAYOR uue 3 NQ ES PRIMO,).
uRITE(an.xoa)uuu “ '
G0 TO 270
220  CONTINUE
' 'NUM ES IMPAR(SE INICIA PROCESO DE PRIMO O NO=PRIMU),
IHAX=NUM/Z e eem
1=3
230 IF(1.GT.IMAX)GO TO 240
~ SE OBTIENEN LAS' DIVISIONES ENTERA Y REAL DE NUM/T
CON' ] DE 3 HASTA 'NUM/2,
IDIV=NUM/I '
RNUMSNUM e o
RDIV=RNUM/I -
IF (RDIVLEQ.IDIV) 129999 L,
129999 INDICA "QUE NUM es PRJMO.
L _ I=lel ) .
: ‘ 60 TO 230 S o ' /
2640 . _ CONTINVE _ — ‘
IF(I.LT, 9999)60 TO zso '
NUM NO ES PRIMO, )
wuxtecxnp.103>uun
G0 TO 260
250 CONT INUE
NUM ES PRIMO, ..
WRITE (IMP¢102) NUM
260 CONTINUE

/7

270 CONTINUE

260 CONTINUL

60 TO 200 E .
290 CALL EXIT :

END
XEQ

I NIV S WN -~

PROG - 7
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" SERIE DE FIBONACC| *

‘ INICIO ’

| NMI, NMI

sl =2, NTERM

—

N UEVO=NMIT§§1A‘.312

NM2= NM]

NMI= NUEVO -
| L r

PROG - 8



- .- .  r e = e = e . . - - ~

“//7 JOB Y T LT E
// FOR _
@ _.IST SOURCE PROGRAM X : L i ‘ ..
®ONE WORD INTEGERS . : N .- T
@JOCS(CARDy1132 PRINTER)
Corovecnacwe=e) C H Oeccnncaceae o . .
c SERIE DE FIBONACC
.100 FORMAT(13) :
101 FORMAT(I4¢3X,IS5) - ~
LEE=2 : '
IMP=3
READ(LEEo100)NTERM «
c NTERM REPRESENTA EL NUMERO DESEADO DE TERMINOS
NMi=1 -
NM2=0
WRITE(IMPo101)NM1 9yNM]
DO 200 I=2+NTERM
NUEVO=NM1 + NM2 L
NM2=NM1
NM1=NUEVO
C SE IMPRIME LA POSICION Y EL VALOR DEL TERMINO
WRITE (IMPo101) IsNUEVO
200 CONTINUE

CALL EXIT
END

/7 XEQ

015

/e ; S

RESULTADOS

1 ; o
~ 2 e et
SN , :
5 E i
J—
8 2%‘
| B 2% g
i 144
i e
iS 310 i

- PROG -8
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‘w FACTORIAL *

NUM, IFAC

' C INICIOA> .

\/—I

FIN
IFAC=1FAC x |
%
IFAC = 1
=
IFAC =1 J
PROG -9



/77 JOB 7 .
/7 FOR S

@ 1ST SOURCE PROGRAM o ) . . .
©ONE WORD INTEGERS - ‘ N
@JOCS(CARDs1132 PRINTER) '

c--------n----N U . E v E---V.;--~ T ) l .- . ‘ oo ) - i ) —_—-:'_ oo

c FACTORIAL _ -
. 100 FORMAT(21I1) i :
101 FORMAT(I2)
102 FORMAT(I3,3X,15)
c SE LEEN LAS UNIDADES LOGICAS DE LECTURA E IMPRESIONN
READ(20100)LEEIMP
200 READ(LEEleloEND‘ZZO)NUM
IFAC 1 S -
DO 210 I=2+NUM e
IFAC=IFACe]
210 CONTINUE .
IF(NUM.EQo,0) IFAC=]
IF(NUM.EQ.1)IFAC=] o
C SE IMPRIME EL NUMERO Y SU FACTORIAL
WRITE (1MP9102) NUM,IFAC . -
GO T0 200 i
220 CALL EXIT
END
/7 XEQ
23

o 3 ' . -
04 : - o

00

. /G - - - R - SRR ' _:‘:

cimen n e —RESULTADOS oo

.. PROG -9




la.

"CAMBIO DE BASE , DE DECIMAL A BINARIA *

o=

. NUM

'EN BASE 10'
NUM

NE2=NUM/ 2

NB = NUM-NE2 x 2

‘

NB

NUM = NE2

_PROG - 10



/77 JOB T
/77 FOR
©f IST SOURCE PROGRAM .
20ONE WORD INTEGERS ¥ N
#JOCS(CARDs1132 PRINTER)
Cormonncannacal) ] [ ITececcnn=e
C CAMBIO DE BASE 3} DECIMAL A BINARIA
,100 FORMAT(I5) : ‘
101 FORMAT(1XoIS019H EN BASE DECIMAL ES)
102 FORMAT(1XeI1)
103 FORMAT(17H EN BASE BINARIA,)
LEE=2
1MP=3
200 READ(LEE.100+END=250) NUM
WRITE(IMPo101)NUM
210 IF(NUM.LE.1)GO TO 220
C NUM ES MAYOR QUE UNOs SE SIGUE DESCOMPONIENDO
NEZ2=NUM/2
NB=NUM=NE2®#2
C NB ES UNO 0O CERO
HRITE(IMP,102)NB
NUM=NE2
GO 70 210
220 CONTINUE
IF(NUMJEQ.1)YGO TO 230
C SE IMPRIME EL ULTIMO CERO EN LA REPRESENTACION BINARIA
i=0
WRITE(IMPo102)1
GO 70 240 )
230 CONTINUE - -
Cc SE IMPRIME EL ULTIMO 1 EN LA REPRESENTACION BINARIA
I=1
WYRITE(IMPs102)1 e v
240 CONTINUE ’
WRITE(IMPS103) v o
"60'70 200 —~ v o o ; T i T
250 CALL ' EXIT
. END T . .
/7 REQ ) "'“"f““”“‘“““' ,
163 - : T R T T 'j?:jf",‘*",;' - gl
R ¥ B A A AR A S R JENESA AT
- 00001 o ’ . o :
011}
=131

75

13
/9

PROG -10



b

“ CAMBIO DE BASE DE DECIMAL A BINARIO *

["EN BASE BI-
NARIA®

2a.

PROG - 10

/0



v

RESULTADOS |

163 EN BASE DECIMAL Es‘

=<0 C

—t
|

ASE BINARJIA.
= TMALES ‘

- EN

b O

1 EN BASE DECIMAL Es

EN BASE B]NARIRo
3

i

11 EN BASE DECTMAL Es

NA IAG .
N BASE DECIMAL ES

BASE BInNAR
§131 E 3
»Ew~sﬁsgme NARTA o

4 ad

Ee

A

.0
- EN BASE BINARIA.

TN
-

VT, e P er————
~ "

e

"
ph

O Smiiben
<,
v,

e —- -
I

PROG - 10
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" CAMBIO DE BASE , BINARIO A DECIMAL*®

13,12,11

IDEC =0

J=1

IDEC=IDEC+J x I1
J=2x J

IDEC= IDEC + J x I3

1

"en BINARIO
13,12, 1

"EN DECIMAL] =~
_IDEC

PROG - 11



// JoB 7
// FOR
®LIST SOURCE PROGRAM S
2ONE WORD INTEGERS T N
¢JOCS(CARDs1132 PRINTER) ) '
Cormencncncenc) N C Erccccenaa -
c CAMBIO DE BASE BINARIA A DECIMAL
100 FORMAT(311}) :
"101 FORMAT(1Xs 311919H EN BASE BINARIA ES)’
102 FORMAT(1Xo1I5917H EN BASE DECIMAL.)
LEE=2
IMP=3 .
200 READ(2:1009END=210)13612411
IDEC=0
c J CONTIENE LAS POTENCIAS DE 2,
J=1
IDEC=IDECOJ“11
J=28y ’
IDEC=IDECey®]2 .
J=2eJy
IDEC=IDECe+J*®13
WRITE(IMP,101)13912611

c IDEC CONTIENE LA REPRESENTACION DECIMAL DEL NUMERO BINARIO,
HRITE(IMP,102) IDEC
GO 70 200
210 CALL EXIT
. END
// XEQ
001
010 _
011 )
100 )
101 * T o s
‘110 Co- :
111 w \
/9 = ommero " ST o s e T _" T ": Tt """

1

m»

| TR RSt AR |
| :

011 EN_BAE BINA |
100 £ ‘EAEESQIEEE}“"E' .
0 4”55 EAgtIos
O N R BasE-DER
_"___LLQ_EunﬂAgi-EI%AR
6 EN BAS EC

PROG - 11



“CAMBIO DE BASE, BINARIA A DECIMAL USANDO ARREGLOS"

C,.IITIIC.ZIOD o

|(J), J=1 ; 10

FIN )

IDEC =0

A Tl L= -k
" IDEC = IDEC + I(L) x J "»a
S :-Ist‘ .
J 4 5

¥
“EN BINARIO®
I3),J=1,10

"EMN DECIMAL
IDEC

PROG = 12



—— e kg

GO TO 200
220 CALL EXIT
END
/7 XEQ@Q
1
15
1000100010 - SO e - -
1 o v
1 l T T e v T
“1001001 v A
00 o .
VA .o .
~ e s e e e e e S e T ol -
JET R A
. ESDL?ADK)S”’*M““ : ‘“ngﬁﬁv
e s e me me ._..I“W( '.,,,,, " TR u”;;:‘» -”J -~ ‘lr? . '-; LA LY
00 °ﬁ E§§M
MA
1oo 100010 c BINARIA Es’
lo 0008808 E E B NARIA ES
N BA éﬁi?MEEN“RIA
EN ‘AEE Eé?E ef““"‘“ 's
oooogogoo E BESE BINARIA ES
Ve ALT
PROG - 12

7/ J0BY T T
/7 FOR
oL IST SOURCE PROGRAM . L
©ONE WORD INTEGERS : S N
®10CS(CARD+1132 PRINTER)
Commmmmenaae ==D 0 € E=em=c—==-
c CAMBIO DE BASE 3 BINARIA A DECIMAL
c USANDO ARREGLOS
* DIMENSION 1(10)
100 FORMAT(1011) ‘
101 FORMAT(1Xs10I11019H EN BASE BINARIA ES)
102 FORMAT(1X+I5+17H EN BASE DECIMAL,) .

LEE=2
iMP=3
200 READ(20100,END=220)1
IDEC=0
J=1
DO 210 K=1e10
C SE ANALIZA EL VECTOR I DE DERECHA A IZQUIJRDA'
L=11=K
IDEC=TIDEC+I(L)®J
C J CONTIENE LAS POTENCIAS DE 2
J=Jep

210 CONTINUE
WRITE(IMPo101) (I(J)ed=1+10)
WRITE(IMPo102) IDEC




—~

“ CALCULO DEL NUMERO DE BILLETES ” la.

-

laoj> )

4 .

FIN

NM=0
NQ=0
N100= 0
M50 =0
N20 =0
ND =0
N5 =0
NU=.0.
. v

'‘ENCABEZADO'
NUM

h 4

NM=NM + 1
NUM = NUM - ]000

l

NQ = 1
NUM= NUM - 500

—a

PROG - 13



“CALCULO DEL NUMERO DE BILLETES" B “2a.

N100=N100 +1 ]

NUM= NUM - 100 -

NUM<£50

N50 =1

NUM= NUM - 50

"-JA?.’NVP-,-%NVI PR

L i T ' ‘ LEY
-3 - . ‘ ‘.w .

NUM = NUM - 20

PROG - 13




" CALCULO DEL NUMERO DE BILLETES" © 3a.

N5= 1
NUM =NUM -5

4 l

NU =NU+

NUM=NUM -1

ot 3

NM

'
-

N50

\gl PROG - 13




ND

PROG - 13



/7 JoB T
/7/ FOR

*LIST

®ONE WORD INTEGERS Lot . . : Cos

SOURCE PROGRAM

*JOCS(CARDy 1132 PRINTER)

c
100
101
102
103
"104
105
106
107
108
109

200

210

220

230
240

250

260
270

280

290

CALCULO DEL NUMERO DE BILLETES T
FDRMAT(IA) ’
FORMAT(/+11H EL NUMERO-.14.24H oo-PUEDE DESGLOSARSE EN)
FORMAT(ISe 7TH DE MIL) :
FORMAT (IS,14H DE QUINIENTOS)
FORMAT(ISe 8H DE CIEN) B
FORMAT (159131 DE CINCUENTA)
FORMAT (IS»10H DE VEINTE)
FORMAT (IS, 8H DE DIEZ)
FORMAT (1Se» 9H DE CINCO)
FORMAT (1Se 7TH DE UNO)
LEE=2
IMP=3
READ(LEE+)00+END=330)NUM
NM=0
NQ=0
N100=0
NS0=0
NV=0
ND=0
N5=0
NU=0
WRITE (IMP101)NUM
IF (NUM.LE.1000)G0 TO 220
NUM ES MAYOR QUE 1000 -
NM=NMe¢ ] » .
NUM=NUM=1000 N o m T '
GO T0 210 J
CONT INUE o
IF (NUM,LE.500)G0 70 230 . T
NUM ES MAYOR -QUE 500 ' {MAXIMO UN BILLETE DE 500)
NQ=}
NUM=NUM=S500 ~— - : ‘\ - o
CONT INUE ' NN

“IF (NUMoLE<100) GO~TO 250 RV

NUM €S "MAYOR QUE- 100'“ - T "'4' Tt T T
N100=N100+] ' B
NUM=NUM=100
GO TO 240 oo

CONTINUE

IF (NUM,LE.S0YGO TO 260
NUM ES MAYOR QUE S0 (MAXIMO UN BILLETE DE- 50)

N50=1
NUM=NUM=50

CONT INUE

IF(NUM,LE.2016G0 YO 2890
NUM ES MAYOR QUE 20
NV=NVe]

NUM=NUM«20
GO T0 270

CONTINUE -

IF(NUM,LE.10)GO TO 290
NUM ES MAYOR QUE 10 (MAXIMO UN BILLETE DE 10)

ND=]
NUM=NUM=10 PROG

CONTINUE

IF (NUM,LE.S)GO TO 300

- 13



c NUM ES MAYOR QUE 5 (MAXIMO UN BILLETE DL %)

NS=1
NUM=NUM=5
300 CONTINUE
310 IF(NUMJLE.0)GO TO 320
c NUM ES MAYOR QUE 1
NU=NUe¢ 1}
NUM=NUM=1
GO TO 310
320 CONTINUE
WRITE (IMPo102)NM
WRITE (IMP,103)NQ
WRITE(IMP,104)N100
WRITE(IMP9105) NS0
WRITE(IMP106)NV
WRITE(IMPo107)ND
WRITE(IMP,108INS
WRITE (IMP9109)NU
GO TO 200
330 CALL EXIT
END
/7 XEO
9000
1314
6893
1000
500
13

PROG



RESULTADOS
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“ORDENAMIENTO ASCENDENTE DE UN VECTOR "

INICIO

FIN T ~
DE i FIN )
DATOS

A(l), I=1,N

¥

"VECTOR
LEIDO™"

A(l), =1 , N

1

LIM=N -1

)

la.

PROG - 14
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" ORDENAMIENTO ASCENDENTE DE UN VECTOR" 2a.

A4
ATEMP = A(K)
A(K) = A(l)
A(l) = ATEMP

"VECTOR
ORDENAD O ’

PROG -~ 14



// J0B
// FOR
el 1SY

SONE W
#J0CS(

c-o---

c

100
101
102
103
104

200

210
220

230

T

SOURCE PROGRAM
ORD INTEGERS

CARDs1132 PRINTER)
eeecee=eC A T O R C E===

ORDENAMIENTO ASCENDENTE DE UN VECTOR

DIMENSION A(100) -

FORMAT(12)

FORMAT(BF10,0}

FORMAT(13H VECTOR LE1D0+/7)
FORMAT(10(1XsF1l1,4))

FORMAT (16H VECYOR ORDENADOs//)
LEE=?2

IMP=3

READ(LEE+100+sEND=240)N

N REPRESENTA EL NUMERO DE ELEMENTOS A ORDENAR

READ(LEE«101) (A(I)o1I=1oN)
WRITE(IMPs102)
WRITE(IMPo103) (A(I)eI=1oN)
LIM=N=}
DO 230 I=1lsL1IM
Jzlel
SE ASUME QUE A(1) ES EL MENOR
DO 220 K=J+N
IF(A(I)oLELA(K)IGO TO 210
A(I)Y FUE MAYOR QUE a(K)
ATEMP=A (K)
A(K)=A(D)
A(I)=ATEMP
CONTINUE
CONTINUE
AHORA SE TIENE EN A(I) EL MENOR
CONT INUE
WRITE(IMPo104)
WRITE(IMPo103) (A(I)¢yIm=loN)

GO Y0 200
CALL EXIT
END
1, "'3. 170 ' -
-2870 '32.
'320 llo 0.

PROG - 14



RESULTADOS N

mm e 4 e e ——— = ——— ———— o = = -

—VvECTOR T EI00
=T 0000 T%600C <3,0000 17.000¢
VECTOR gRDENADO ==
*=43,0000 =3+Q00V 1.0000 172000¢
LEI00 >
U«0000 =287+600C 3240000

VECTOR QRDENADO

';87.08?8 0s000U 32.0000

28400 =32.000U 110000 00000
VECTOR: OROENADD < V0% *0
®3200000 =284000Y 000000 - 114000Q

N v

-:...’, [l S ::--«— -;q.lv . U‘f ﬁ,y@kn
2 ﬁ'( i ~ hﬁ;

oot s R 2 T e ¢ Jsate 'V-‘r.a*l.’c- ..‘
. <

pROG - 14 [+



" MAXIMO COMUN MULTIPLO ALGORITMO DE
EUCLIDES *

C'j:w) |

©

IDIV= M/N
RN =N
RDIV = M / RN

IDIV=RDIV

M = N
T= (RDIV-IDIV) x N
( N= IFIX (T) . ?
IDIV=M /N,
RN=N
RDIV= M /RN

PROG - 15




/7/ Jo8
// FOR
®LIST
®ONE W
*10CS¢{

T

SOURCE PROGRAM o
ORD INTEGERS Y ~
CARDs1132 PRINTER)

- C

o
100
101
102

200

210

220

230

7/ XEQ
5 7
3 6
-8 16
11 98
16 24
8 12
Ve .

MAXIMO COMUN MULTIPLO
ALGORITMO DE EUCLIDES
FORMAT(213)
FORMAT(3H N=y[343H M=y13)
FORMAT (8H M, C. D.=|13o//)
LEE=2
IMP=3
READ (LEE+100+sEND=230)NoM
SE CALCULA EL RESIDUO
IDIV=M/N
RN=N
RDIV:M/RN
IF(IDIV, EQ RDIV)GO TO 220
M=N
T=(RDIV=IDIV)eN
N=IFIX(T)
IDIV=M/N
RN=N
RDIV=M/RN
GO T0 210
CONTINUE
N REPRESENTA EL MAXIMO COMUN DIVISOR
WRITE (IMP,102)N

GO TO 200
CALL EXIT
END B .
Py \
“~ -

RESULTADOS

W.CelDe® |

MeCoDez 3 |
MeCeDe= 8

MeCoeDe® 1 :
M,C.,De= 8

MiCaDo= 4 _

PROG - 15



" GRAFICA DE SEN (X )" ] 2a.

LIN (J) = IBLAN \
1)
]

X = X +DELX

PROG -~ 16
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" GRAFICADE SEN (X ) "
(INICIO ) )

IX , 1Y , IAST, IBLAN

:

DELX = 6.28318 / 56

X =-3.14159

FIN

)

\P

LIN (50) IX

J =49 x SIN (X)

LIN (J) = IAST:

LIN (J)=1Y

PROG - 16



/47 JOB T

/77 FOR

@) IST SOURCE PROGRAM _ . .
2JOCS(CARDs»1132 PRINTER) - e T e T -
20NE WORD INTEGERS '

Cocececennncwa=D) | EC I S 1 E T Ecace=

[» ESTE PROGRAMA CALCULA EL NUMERO DE GRANOS DE MAIZ QUE COBRO EL’
C INVENTOR DE AJEDRES
c FILES
LEE=2
IMP=3
C FORMATOS

100 FORMAT (10Xo6HCUADROs9X+s4HSUMA,//)
101 FORMAT(3XeI2¢2E15.7)
102 FORMAT(///)
103 FORMAT(S3Xe]llHowantunaaas)
104 FORMAT(53Xo11H® FIN ®)
URITE(IMPo100)
SUM=0,0
DO 200 I=1064
CUA=2,02% (]=1)
SUM=SUM<+CUA
WRITE(IMPo101)IoCUAoSUM
200 CONTINUE
HRITE(IMPo102)
HRITE(IMPo103)
WRITE(IMPo104)

HRITE(IMP.103)
CALL EXIT
END
7/ XEQ .
VA
A - e T
. —_———— J -

PROG - 17



7/ JOB T
// FOR -
L 1ST SOURCE PROGRAM
®*ONE WORD INTEGERS .-
#]JO0CS(CARDy1132 PRINTER)
CoveeconcccacaeD) | EC I S E | Seccccccaa
C GRAFICA DE SEN(X)
DIMENSION LIN(100)
‘100 FORMAT (4A])
101 FORMAT{10Xs100A1)
LEE=2
IMP=3
READ(LEE100)IXsIYsIAST,IBLAN
DELX=6.,28318/56
X ==3,14159 B
DO 200 I=10100
LIN(I)=IBLAN
200 CONTINUE
DO 240 I=1¢56
LIN(50)=1IX
J=498SIN(X)+50
LIN(J)=IAST
IF(1.NE.28)G0 TO 220
DO 210 JU=149100
c 1 FUE IGUAL A 28+ SE IMPRIME
LIN(JI=IY
210 CONTINUE
220 CONTINUE '
WRITE(IMPL101)LIN
DO 230 J=1+100
LIN(J)=IBLAN
230 CONTINUE
X=X+DELX TN
240 -CONT INUE '
CALL EXIT

END
// XEQ
Xy«

/7% Coee - SR

— -

EL EJE Y

~ PROG -16



SUMA DEDOS MATRICES , Ay B "

INICIO

'NUREN,NUCO,
NUFIN

| n *EIN* "

»’Ic.

S(1,J)= A(1, ) +B(l, J)

—v




"No. DE GRANOS DE MAIZ GANADOS POR Ei. INVENTOR

DEL AJEDRES "

< INICIO > )
*

' ENCABEZAQO

SUM =0.0

(F-1)
CUA =2.0

SUM = SUM + CUA #

v

CUA , SUM S
e
4

n % FIN * 1]




RESULTADOS

bl
L%}

6T7722F 408
108;6E+,§

3BBEQTE+QT

:

882304F+18

~
—
1
o
o
ol
[-
1
o [« ]
-3
T HC ¢
W LaJ
(3] N
N ~
o
NN
n N
- N
=0T O
(LTS N
[ el d o Yo
ladalale
* it o
[y 1t
«©
[ o]
VoD ©
L8 4
o o4
~ O
n <
o €8s
OwtNM
VON O

XA X2 XXX 24

[3

w

FIN
AR AR RAADER

- /7



." SUMA DE DOS MATRICES , AyB * o 3a.

PROG - 18



- o - - - - . -4 - - e e e

-7 CALL EXIT

END
// XE@
221
5.0 0.0 _ )
i2.2 3.6
=4,7 201
0,0 =]le2
221

90.15 "87002
S5.478 12.22
‘90.15 87.02
=5.478 «12.22
220 ’
/% RESULTADOS

-

WRTRIZ &3

135908 2:28§ !

HRTRTZ 8t

"8:388 %430

—

TR WATRYZ SyWA EST T

192308 54480 3 . T
WETRIZ KT T e :f'""m%de

LT3 Tha

|

TRTRIZ Bt Ji

ERIS reoG - 1o

TR MATRIZ SUNAEST T o -

§:908  8:8%s

TR

ARNAAE AR AOR !

P- 18




* SUMA DE DOS MATRICES, Ay B *

"MATRIZ A"

A(lLJ), J=1,NU-‘ A4
co
— -
=1, NUREN -
r )
2 B(1,J),d= 1, NL Y
co
2
"MATRIZ SU-
MA"

2a.

- PROG -18



// JOB Y

7/ FOR

#10CS(CARDo1132 PRINTER) . .
#ONE WORD INTEGERS B N T
e 1ST SOURCE PROGRAM

: Commcmncanane=) | E C 1 0 C H Omncenecca

SUMA DE DOS MATRICES: A Y B -

EL PROGRAMA ESTA HECHO PARA SUMAR DOS MATRICES DE 10X 10 MAXIMO,

SE RESERVAN LUGARES EN LA MEMORIA PARA LAS MATRICES A SUMAR Y PARA

LA MATRIZ SUMA,

DIMENSION A(10010)9sB(10¢20)9S¢10,10)

FILES
LEE=2
iMP=3

C FORMATOS

100 FORMAT(312)

101 FORMAT(10F8,3) -

102 FORMAT(///025Xe9HMATRIZ A3e//)

103 FORMAT(5X010(FB.302X)e/)

104 FORMAT(///95X99HMATRIZ Bts//)

105 FORMAT(///+5Xs18HLA MATRIZ SUMA ES:¢//)

106 FORMAT (53X¢llHosancaaaasa)

107 FORMAT(53XollH® FIN @) ‘

LECTURA DEL NUMERO DE RENGLONES DE LAS MATRICES (NUREN) Y DEL NUME
RO DE COLUMNAS (NUCO).Y DE UN DETECTOR (NUFIN)

199 READ(LEE+100)NURENoNUCO,NUF IN
ANALISIS DE NUFIN. SI VALE CERO YA NO SE EJECUTA EL PROGRAMA.DE Le
CONTRARIO SI,

IF (NUFIN.EQ.0)GO TO 1000
LECTURA POR RENGLONES DE LA MATRIZ A.
DO 200 I=1+NUREN
READ(LEEolOl)(A(Ied)oJ=10NUCO) '
200 CONTINUE ' /
c SLECTURA POR RENGLONES DE LA MATRIZ B, - .
DO 201 I=1.MUREN : ;
READ(LEEolOl?(B(Ied)oJ=loNUCO) " et :
201 CONTINUE
c SE HARA LA SUMA ELEMENTO A ELEMENTO
‘DO 203 1=1+NUREN R
DO 202 J=1,NUCO ’ o ?” -
c L S{IedImA(IeddeBLIs YT T T T T e
202 TACONTINUE 777 TTT T T T T gt eI
203 CONTINUE ’ ‘
C IMPRESION DE.LA MATRIZ A POR RENGLONES
WRITECIMP0102) -
DO 2064 I=1+NUREN '
WRITE(IMP4103) (A(ToJ) 9J=1oNUCO)
204 CONTINUE
(o IMPRESION DE LA MATRIZ B POR RENGLONES
WRITE(IMP¢104)
DO 205 I=1,NUREN
WRITE(IMPo103) (B(IeJ)eJ=1oNUCO)
205 CONTINUE
c IMPRESION DE LA MATRIZ S POR RENGLONES
WRITE(IMP,105)
. DO 206 I=1sNUREN
WRITE(IMP103) (S(1sJ)sJ=19NUCO)
’ 206 CONTINUE
GO TO 199
' 1000 CONTINUE
WRITE(IMP,106) ' PROG -18
WRITE(IMPs107)
,,,,, I WRITE(IMP,106)

- e e e e - -

O O0O00O0n

]

g Ng] OO0
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“SOLUCION DE ECUACIONES CUADRATICAS * 2a.

DIS # 0 L

F

RA1= -B/ (2.0 x A)

RA2 = RAI

v

lpis NULO™ | 4

LPAREI=-B / (2.0 x A) . =
PARE2= PARE! e

PAIMI= (-DIS) / (2.0 x A)
PAIM2= PAIMI

,L,‘ o i
"DISC NEGAT. .% |
RAICES COMPLEJAS'

PAREl , PAIMI ,
PARE2 , PAIM2

PROG =19 _




Yo



T e

=" RESULTADOS -~ -

@ e e W e

N\ ’ .

xt Cemew e =S AvEWRT oAy,

R e Al

LOSs COEFICItyTES DE LA ECUACION SOpe

pa 1,00000 ge 2,00000 C= 300000

EL DISCRIMINANTE Es NEGATIVOsPOR TANTn RAICES canLEJAs

xi=  =1200000 ¢ 1,81421 1MpA X2=  =1,00000 = 1041421 Ma
f
L0s COEFICIEyTES DE LA ECUALION sOy»
AT 5,00000 g= 10,00000 (= 500000
22}

EL DISCRIMINANTE €S NULO»POR TANTD RAICES IGUALES

-Xi=  =1000000 X2 *1.00000
i coiSe

L0S COEFICIENTES ‘B8«LA ECUACION SONe — !
AS 1,00000 B= - 30,00000 C= 27400000
EL DISCRIMINANTE ES NEGATIVO,POR TaANTn RAZICES COMPLEJAS

"Xi=  .=50.00000 -¢ 1,41423 IMA X2  =5,00000 - 1,41421 gMa
L0S COEFICItyTES DE LA ECUACION sOye
A 3,00000 B= 20,00000 (= 1.00000
EL DISCRIMINANTE Es PusSITIVO,POR TanTp RAICES REALES

T ¥1® *090503s X2 =ge61629
PROG - 19

youy/-)



“ SOLUCION DE ECUACIONES CUADRATICAS " la.

Coe)
—

A,B,C

O

H--EN CABEZA-
DO "

A,B,C
2

DIS=B -4.0x AxC ~

RAl= (-B+ -DIS ) /(2.0 x A)
RA2= (-B- DIS )/ (2.0x A)

v

“DISC. POSIY

PROG - 19
RA1 , RA2 ‘



- RESULTADOS - -~ - -- - -~

e s =

T TR R - W e e AT .

PRl LR il

L0S COEFICILyTES DE LA ECUACION SON»

pE 1,00000 g= 2,00000 (= 3400000

EL DISCRIMINANTE Es NEGATIVOsPOR TANT) RAICES COMPLEJAS

xie  =1290000 ¢ 1,41421 IMA X2=  =1,00000 = 1041421 [Ma
i
L0s COEFICIELYES DE LA ECUATION sowe
AT 5,00000 pg= 10,00000 ¢= 500000
(i)

EL DISCRIMINANTE ES NULDsPOR TANTD RAICES IGUALES

Xi=  =1000000 X2  =4,00000

e ’

L0S CODEFICIENTES :‘BE«LA ECUACION SOye —

a® 1,00000 B= ~-§0,00000 C= 27400000

EL DISCRIMINANTE £S5 NEGATIVO»POR TANTH RAICES COMPLEJAS

‘Xi= 25000000 ¢  1,41421 1MA Xg=  ~w5,00000 =  1,41421 IMa
L0S COEFJCIENTES pE LA ECUACION sOwe
AB 3,00000 gs= 20,00000 (= 1.00000

EL DISCRIMINANTE Es PUSITIVO,POR TanTo RAICES REALES

o 21T  *0+05038 X2% 5461629

PROG - 19
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/7 0BT T T T mommoeon v
7/ FOR

#L1ST SOURCE PROGRAM . :
®ONE WORD INTEGERS - N
*10CS(CARD»1132 PRINTER)

c------nﬂn-—--o I E c 1 N-U E v Enna---a T - ‘-r: ) e T T T

c SOLUCION DE ECUACIONES CUADRATICAS,
£0 FORMAT(3F11.,5) - ¢
101 FORMAT(///»2X+36HLOS COEFICIENTES DE LA ECUACION SONss//)
102 FORMAT (2X93HA= ¢F11,5¢2X¢3HB= sF11.592X03HC= sF11,50//)

103 FORMAT (2X952HEL DISCRIMINANTE ES POSITIVO,FOR TANTO RAICES REALESe

1/77)
104 FORMAT(SX93HX1=9F11,5910Xe3HX2=0F116507///)

105 FORMAT (2X949HEL DISCRIMINANTE ES NULO¢POR TANTO RAICES IGUALESo//)

106 FORMAT(SXo3HX1=¢F11,5010XeINX2=eF11:59/77)

107 FORMAT(2X+55HEL DISCRIMINANTE ES NEGATIVO,POR TANTO RAICES COMPLEJ

1ASe//)

108 FORMAT(S5X9s3IHX1=9F11:.5e2H +oFl1. 594H TMALLO0Ke3HX2=9F11.502H

1e4H IMAs///)

LEE=2
: 1MpP=3
C LEE LOS COEFICIENTES
200 READ(LEEZ100,iiND=240)A¢BsC
C IMPRIME LA ECUACION

WRITE(IMP,101) _ -
WRITE(IMPo1021A4BoC ‘
c CALCULO DEL DISCRIMINANTE
DIS=R&82=4 .08 A%C
IF(DISeLEe 0,060 TO 210
c RAICES REALES DIFERENTES
RA1=(=B+SQRT(DIS) )/ (2,0%A)
RA2= (=B=SQRT(DIS) )7 (2.004)
sRGIRITE(IMP103) ~ ~ - ‘ '
WRITE (1MPo104)RA19RA2 i
60 TO 235% ' g
210 .CONTINUE -~ —~—~ — ~ ST T o TR
IF(DIS.NE,0,0)G0 TO 220 L %
c RAICES REALES IGUALES - R
o RA1==-B/12,0%A) " T T T m e .
RAZSRAL - - . R T
HRITE(IMP105) "~ . o LT e
- - WRITEXINP,106)IRA1,RA2 Il S
GO0 YO 230 :
220 CONTINUE
c RAICES COMPLEJAS
PARE1=-B/(2.,0%A)
PARE2=PAREl
PAIM1=5QRT (=DIS) /(2.0¢A)
PAIM2=PAIM]
WRITE((MPo10T7)
WRITE (IMP4108)PARE]1+PAIM]1 ¢PARE2+PAINM2
GO TO 230 .
c ENDIF
c ENDIF
230 CONTINUE
GO TO 200
240 CONTINUE , -
CALL EXIT
END
// XEQ
1.0 0 3,0 1.
5.0 10.0 5,0 l. PROG - 19
1.0 o0 27.0 1.

-'oFlloS



=2

" PRODUCTO DEDOS MATRICES

P(1,J)=0.0
K=1, NUA >

/

v ) v
T P(1,J)= P(1,J) + A(l,J) x B(l,J)
v
n o Y
A A(l,J),J=1, NUCO1

2a.

PROG - 20




.
e e

" pRODUCTO DE DOS MATRICES " la.

CINICIO ) .
Oppr—
URE1, NUCO!1,

'INURE2, NUCO2,
NUFIN

“HEIN*

»{"NO CONFO
| MABLES"

1A(1,J),J=1,NUCOI1

B(1,J),)=1, NUCO2

< v

PROG - 20



// J08
/74 FOR
eLISY

GONE W
©J0CS(

b e - [P

T

SOURCE PROGRAM '
ORD INTEGERS - SN
CARD, 1132 PRINTER)

Comwoqmecocecey E\ 1L N T [ =eecccmemcanas

‘EL PROGRAMA REALIZA EL PRODUCYO DE DOS MATRICES DE 10 X 10 MAXIMO.

OO0

100
101
lo2
103
104
105
106
107
1
108
109
110

199

O (e Ng

(o)

200

201

202
203
204

205

UNA ES LA MATRIZ A(NURE1o.NUCO1),
LA OTRA ES LA MATRIZ B(NURE2,NUCO2).

SE RESERVAN LUGARES EN LA MEMORIA PARA LAS MATRICES QUE SE VAN A

MULTIPLICAR Y PARA LA MATRIZ PRODUCTO,.
DIMENSION A(10,10)eB(10510)9P(10010)
FILES

LEE=2

IMP=3
FORMATOS /
FORMAT (512)
FORMAT(10FB,3)
FORMAT(///95X99HHATRIZ A3e//)
FORMAT(SXo10(FBe302X)e/)
FORMAT(///:5Xo9HMATRIZ B:e//)
FORMAT(///7e5Xo22HLA MATRIZ PRODUCTO ES3o//)
FORMAT(S5X910E1Sc70/)

FORMAT (///95Xs TOHEL PRODUCTO NO SE PUEDE LLEVAR A CABO YA QUE LAS

MATRICES NO SON CONFORMABLES://7/)
FORMAT(///)
FORMAT (S3Xol]1HeRcanRautan)
FORMAT(53Xo11H® FIN ®)

LECTURA DE LOS NUMEROS DE RENGLONES Y DE COLUMNAS DE CaADA MATRIZ

Y DEL DETECTOR NUFIN,
READ(LEE-100)NURE1oNUCO1 ¢ NURE2 o NUCO29 NUFIN

ANALISIS DEL VALOR DE NUFIN, SI VALE CERO EL PROGRAMA ND SE LLEVA

A CABOo DE LO CONTRARJIO S1.
IFANUFINCEQ,0)GO YO 1000
;EE YE SI LAS MATRICES SON CONFORMABLESo
IF (NUCO1.NE,NURE2)GO TO 900
LECTURA POR RENGLONES DE (A MATRIZ A,
DO 200 I=1,NURE]
READ(LEE+101) (A(ToJ) 0J=1¢NUCOI)

CONY INUE

LECTURA POR RENGLONES DE LA MATRIZ B.

‘DO 201 I=1sNURE2 ~ I
READ(LEE 1019 (B¢IvJ) oJ=1oNUCO2)

CONT INUE

SE REALIZA EL PRODUCTO
DO 204 I=1,NUREI]
DO 203 J=1,NUCO2 ' -
P(loeJ)=0.0 o i
DO 202 K=1o,NUCO1]
PlIoJ)=P(IoJ)+A(I+K)®B(KoedJ)
CONTINUE
CONTINUE .
CONTINUE
IMPRESION DE LA MATRIZ A POR RENGLONES
HRITE(IMP4102)
D0 205 I=1,NURE] )
WRITE(IMPo103)(A(TIoJ)eu= loNUCOl)“
CONTINUE
IMPRESION DE LA MATRIZ B POR RENGLONESo
WRITE(IMP,104)

-

206

DO 206 I=1,NURE2 T
WRITE (IMP9103) (B(IsJ)eJ=1oNUCO])
CONTINUE

PROG - 20



" PRODUCTO DE DOS MATRICES " 3a.

‘ ¥

" MATRIZ
PRODUCTQ

PROG - 20



" MULTIPLICACION DE DOS NUMEROS UliLicAND U
EXCLUSIVAMENTE MULTIP. Y DIVISION POR 2"

O

TB=(8-1)/2

R=R+A

¥

A=Ax2

PN

PROG - 21

£LQ.,



“C : "IMPRESION DE LA MATRIZ P POR RENGLONES,

WRITE(IMP,105)
DO 207 1I=]4NURE}
WRITE(IMP,106) (P(IeJ)edaloNUCO2) -
207 CONTINUE ‘ - '
" . GO TO 199 "~ o - -
900 CONTINUE ' ‘
WRITE (IMPy107) - =
GO TO 199 :
1000 CONTINUE
WRITE (IMP9108)
YRITE (IMP9109) )
WRITE(IMPs110) -
WRITE(IMP,109) - -
CALL EXIT '
END :
/7 XEQ
222210
15,56 =42,07
-1.22 0.0
1950,75 =12.0
0,00} 5.0

222 210
0.2 98,75
~12.5 32.52
1000,01 0.0
-1052 15051
2 32 210
2 22 200 _ ,
/% . o
TN

< m—— -

¥s

PROG - 20

P-20



RESULTADOS

~ L . -~ - o - . -

LIS AL Ll 1T UG CRTORS T oD TIPm et
-

—-—— - . -

. — e —— -

¢ G e M

— Ao
.

MATRIZ A?

TR MY

MATR1Z B9
19500750  =120000
0ehos 20008

LA MAYRIZ PROpUCTD ESH

0d 6ig¢

314 5 =03968300E¢03
=21925000F =92 +§

=2 6400000F %01

MATRIZ A

0000 . 980750
O%QO °123500

DS

e

R

MATR1Z 81

3000:049  42:898

TA MKTRXZ'FRODUCTO ESH

015315135*0

o&990200[¢02
©s1938750£%03

03900000F ¢02

EL PRODMCTO Np SE ?ngE LLEVAR a CABO YA‘OUE LASMATRICES NO SON CONFORMABLES

SRk A RONQARR ;
o FIN * :

LA A2 22 T2 2]

- e ——

|

o ——— - -, . -

-~

PROG - 20

P-20



!
/e JOB T

.- /7 FOR

+

oLISY SOURCE PROGRAM

©ONE WORD INTEGER: LN
©JOCS(CARD1132 PRINTER) -
Cocmonmcscoescy E I N T I U N 0 vccwsces

c MULTIPLICACION DE DOS NUMEROS

c UTILIZANDO SOLO MULTIPLICACIONES Y

C DIVISIONES POR 2
© INTEGER AoBoCoRcAALBB
WRITE (30101)
101 FORMAYT (3M1)
HRITE (30102)
102 FORMAT (QXolHAoINolHAoOXo iHBobAo IH=o6X o 1HC)
200 READ (20100:END=260)AsB
166 FORMAT (2I3)
R=0
Al=sA
BB=B
230 IF(B.FQ.1) GO TO 240
BisB/2
R2sBle2
IF(B2.,EQ.B) 60 TO 220
c : £ES IMPAR
B (B=1)/2
ReRoA
60 TO 230
220 CONT INUE
o £S PAR
- B=B/2
230 CONT INUE
Az=QAcC?
GO TO 210 ‘ ~
2460 CONTINUE
zAeR
WRITE (30103%" AABB4C T
G0 TO 200 . ) L »
260 CALL EXIT : TR T :
END :
/77 RED ) ]
&0 80 ; - C T : =
19 17 o
68 35
60 11
77 99
/%
RESULTADOS




"MULTIPLICAC&ON DE DOS NUMEROS UTILIZAMD O EXCLUSIVA- ¢ 1a,
MENTE MULTIPLICACION Y DIVISION #OR 2" 4

INICIO ‘

'SALTO-HOJA

E o
BB =B
&
T
1 c=A+R
¥
AA , BB, C
B2 =
o<

PROG - 2]



* MULTIPLICACION DE DOS NUMEROS UTILIZANDO -
EXCLUSIVAMENTE MULTIP, Y DIVISION POR 2"

B (B -1)7 2
R=R+A

3

A=Ax2

PROG - 21

2a.



/7 J0B T

// FOR

@L1ST SOURCE PROGRAM
®ONE WORD INTEGERS
8JOCS(CARDy1132 PRINTER)

Commmmemmm——= “VEINTIUND =evemman
C MULTIPLICACION DE DOS NUMERUS

c ‘ UTILIZANDO SOLO MULTIPLICACIONES Y °
C° - °  .DIVISIONES POR -2 \

INTEGER Ay BoConAAoBB

. WRITE (3,101)
"101. FORMAT (1H1)
- WRITE (3+102)

102 FORMATY (9X91HA93X0lHX'4X|1H894X91H=04X01HC)

200 READ (291009END=260)A+B

100 FORMAT (213)

WRITE (3+103) AA.BB’C

103 FORMAT (3110)
GO TO 200 -
260 CALL EXIT 7~
. END :
// XEQ
_ 60 80
19 17
68 35
40 11
77 99

RESULTADOS

R=0
" AA=A
BB=8 '
210 IF(B,EQ,1) GO TO 240
’ Bl1=8B/2
B2=B1%2
IF(B2.,EQ.B)Y GO YO 220
€ ° ES IMPAR
. B=(B=1}/2
R=R<¢A
A GO TO 230
220 CONTINUE
C ES PAR '~
+ B=B/72
230 - CONTINUE
A=A®2
: GO TO 210 -
240 CONTINUE )
C=A+R

- Pt e ——————

T
{3
6¢
80 11 2429
& g5———F623

.PROG - 21
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2. ALGEBRA MATRICIAL

2.1 Introduceibn ,
' Una matniz es un arreglo rectangulan de elfementos disitni-
buidos en "m" nenglones y "n" columnas, s4L a La matniz se Le de-
nota por La Letra A, entonces al eleménto del "i-Esimo" nengldn
y de La "j-Esima" columna ée {e nepresentand porn el simbolo aLj‘
Genenalmente una mathiz se nepresenta mediante parnénitesdis cua-
drados como se muestra a continuacibn:

a11~ a12 ;,... a1;7

21 %22 ..... %n

- - _ (2.1)

13>
n

am? amZ .....

—— 4 .
Los elementos que componen una maitrniz pueden sen de diven-

808 tipos: ndmenoss neales, nidmenos complefos, funciones en el
dominio del tiempo, etc..

AL sen una matriz un arnreglo ordenado de elementos, penr-
mite que af aplican cienta metodoLogia a dicho arneglo se obten-
ga una sendie de hesultados que responden a Las Lntenrogantes por
Las que se ornigind el anneglo; entre algunos de Los procesos en
Los que se utifizan anneglos matrniciales se tiene: ferarquiza--
edbn de actividades, almacenamiento de datos, Lnventarios, re-

pneaéntaeién de sistemas dindmicos, sisitemas de ecuacdiones,efc..
Existen cientas distrnibuciones tipicas de Los elementos de
una matriz y de acuerndo a ellas se clasifica a Las matrnices en
diferentes tipos, entrne Lod que se tienen:
Matniz Cuadrada _
Es una matriz en La que el ndmeno de nengtoheé es igual
. al ndmeno de columnas, es decin, m=n. Pon efemplo:

1 2 .
Ko . T (2.2)
3 4 '
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Matriz Nula .
Es una matrniz de ornden cualquiera, en La que todos Los e-
. Lementos son nulos; por ejemplo:

o o ,
B =0 0 (2.3)
1y |

Se acostumbra denotanla pon el sLmbolo 0.
Matriz Tdentidad
- Es una matrniz cuadrada en 2a cual Los elementos de fa dia-
gonal principal son unitarios y el nesto son nulos, es decin:

8..=0 "i‘#-{
44 1, 4i=7

Se suele denotanla como ln donde "n" Lndica'et orden de La matrniz
y al simbolo 8“. se Le conoce como delta de Kronecken. Por ejem
plo: '

. 1 0 ¢
13 = {0 1 0 (2.4)
- 0 1 :

Matrniz Diagonal _ Lo
E4 una matriz cuadrada en La que £Los elementos que no pexn-

Lenecen a La diagonal principal son nulos, es decin: .
aij =0 sLALF 4 (2.5)
Un ejemplo de este tipo de matriz serla:
3 0 0 \
“Ae |0 10 0 (2.6)
0 0 sent

Matniz Tnanbbuebta

Es una matrniz cuadrada que e obtiene a partir de una ma-
trhiz dada A intencambiando nrenglones con columnab. Se Le denota
con el sfmbolo AT y 4¢ cumple que:

7
Qi " %ig | | (2.7)
Matrniz Simétrnica ' '

Es una matriz cuadhada B pana £a que se cumple:

B - ET (2.8)
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0 equivalentemente:

] bei " bis

Entrne Las matrnices se definen dos operacdones bhsicas:

(2.9)

-suma o0 resta de matrices,
-multiplicacibn matrhicial.

2.2 Suma Matniclial

2.2.1 Objeto » \ .
Obteser La suma de dos matrices de igual orden, 0 sed:

c=A+B C{2.10)

2.2.2"'Método

Panra. poden efectuar La suma de dos matrices (A+B) se hre-
quiehe que sean conformables paia La suma, Lo cual implica que
el onden de Las dos matrices es Lgual. En otras palabhras:
84 A es de onden (mxn)
y B es de ornden (axs)
La suma C=A+B es posible 8080 84 m=n y n=s.

Los elementos de La matrniz suma estdn dados por La sdigudien

te nelacibn:

cij.= aéj + bLj (2.11)

, EL nestar dos matrnices equivale a cambian el s4igno de %o
dos Los elementos de una de ellas y efectuar La suma, esto ed:

WeX-Y=X+ (-Y) (2.12)

2.2.3 Descendipeibn del Programa
a)Subrutinas requenidas:

SUBROUTINE SUMAT(A,B,C,N,M}, esta subrutina efectua Za
suma matrnicial, el programa principal £Lee e Amprime
resultados.

b)DéécnichGn de Las variables:

25
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Para La subrutina SUMAT: : .
N cantidad de renglones de cada una de Las

mathicesd que se desdea suman,

M cantidad de columnas de cada ura de Las
matrices que se desea sdumak,

A(T1,7) matniz sumando de orden NxM

- Bl1,J) mathiz sumando de orden NxM

C({,J) o omairniz suma :

Para el programa principal:

N cantidad de nenglones de Las matrices

M cantidad de columnas de Las matrnices

AII,J)' matriz sumando de orden NxM

B(L,J) matriz sumando de orden NxM

c{1,7) mathiz suma

‘e) Dimensiones:
La proposicibln DIMENSION deberd sen modigicada tanto
Lo en el programa primeipal como en La subrutina cuan-
do: ) '
N> 10 ylo M >10
d) Formatos para Los datos de entrada:

SEC. TARJETAS FORMATO __ INFORMACION .
R (215) Ny M
" {8F10.0) Al1,J),8e dan Los elementos
’ de La matrdiz nenglén pon

nenglén.Emplean tantas fair
' {etas como se requdiena,
3 _ (8F10.0) B(I,J), Lgual que paira La
’ ' matrdiz A.

0tn08 paquetes de datos [opelonal)

no ‘ TARJETA EN BLANCO, al §4-

o | nallzar toda La Lngormas

: : . eién.
¢)Diagrama de bLoques '



| STOP

Fig. 2.1 Diagrama de bloques para el programa

princlpal
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Bquuwaba

leI+t
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Fig.2.2 Diagrama de blLoques para La subrutina

SUMAT




§) Listado:

6 PRNGPA"MA Paka EFECTYAR LA SyMa pE nDS MATRICES

€_ . EL SIGHUIFICADO DE LAS VARIAULES EnPLFADAS_ES _. ..

c MaCANTIDAD DE REFGLOMES DE LAS .MATRICES e e
'E NECANTIOAD DE COLY'™ag pE LAS MATHICES.. - ... .. . .. L
[ 4

L___ A Y Ba"ATRICES QUE SERAN._SUMADAS
CEMATRIZ 8UMA

N
1

T T DIvEMSION. Acao.no;.acxo.:o).czxo.xo)___'__ .
€ LecTuRa bE 0AToS R o o

i PEAD(S,100) ”o"
15l 2,2,%
2 CaLL L!zr -
$ 00 4 I=(,!
8 gcugta,aso) (ACIoJYpusi,N)
3y
[ ntaocs,nso: (B(1,J)¢Jdni,N)

_INPPE3I0N OE DATOS

WRITE (6, 200) o
. Dg & 17y -
b unrrcco.Ssn: LT, ), JaTTNY -
WRITE (6,300)
"
Y ngtt(b.zso) (R(1,3), i N)

¢ e —————

€ LLAMADN NE SUBPUTIMA PARA EFECTUAR LA SUMA_

. :
[}

CALL SIMAT(A,B.C,oM,N)
C
TTCTTTT INPRESION OE RESULTADOY

3
- wnxvecs.sso) o
" bp 8 T N — -
8 WRITE {er35 o) (CCT,3)0J81,N)
- e _ G0 YOy . o
¢ FORNATOS DE LECTURA E TNPRESION ~

100 FORIATE21S)
150 FOPAAT(TFIO0,0
_200 r?ﬂvgr(xux.S(/).lox.'Lls MATRICES POR SUMAR aon'.!t/’;loxl'nlvwlz_
18,/
250 FOPRAT(/,3%,10(EL0,3,2%))
_ 390 FOR117(3(/).lox:'HATRIz al,7)
T 350 ;o;ﬂnrto(/).lo!.'ﬂnrnxl sUAT, 72V
N

Fig. 2.3 Listado delf programa principal

SUBRPUTINE S'11aT(A,8,C, 1, 14)

¢ SUBLUTINRA PAoa SYU AR MATRICES
G _SIRMIFICADD DE LAS VARIASLES CMPLEADAS

[ A Y PSUATRICES QuE SE PESEA SyvaAR

c MaCinTIcAD DE RENGLOMES NE LAS MATRICES '
—C.. .. N2CANTIDAD LE CULU'IIAS DE LAS MAIRICES
PINENSION AC10,50),B8(80,10), C(lo-lOJ e e - -
00 § 191, - - - e
DG { Jsg,.n 2
1 Clr, 0)mA(], ) ¢ a(!oJ)
RETURN
e e ENOL

o

r .- D . .- PR

Fig. 2.4 Listado de La subrutina SUMAT
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2.2.4 Ejemplo

En una tienda de antlculos eléctrnicos se venden resdsten-
cias eléctrnicas de 1/4, 1/2 y 1 Watt de potencia en seis dife--
nentes valones nesdistivos. ‘

S4i Las existencias un viennes por La tarnde son:

1/4° 1/2 1
100 @ 200 380 275 |
150 2 400 250 275
1.0 K 500 175 325
-1.5 K §00 225 150
0.0 K 600 380 180
15.0 K |s50 250 220

y el. sbado se nrecibe una nemesa con Las Aiguienteb caractenis-
Xleas:

1/4 1/2 1
100 © 80 90 50 ]
150 90 100 55
1.0 K 75 90 60
1.5 K . }ss 95 55
10.0 K 80 100 60
15.0 K | 75 110 60

Detenmine Las nesistencias que tendrd en Lnventanio el
establecimiento el funes por La mafiana dado que ni el sdbado
ni el domingo hubo ventas.

* SOLUCION

TABLA 2.1 Datos para el phoblema del efemplo 2.2.4

Ne 6
Ms3
200. 380 275
400 250 275
500 175 325
A = 1800 225 150
600 380 180
{550 250 220
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30 90 50|
90 100 55
75 90 60
65 95 55
80 ‘100 60
. 75 110 60]

TABLA 2.2 Resultados delf problema del ejemplo 2.2.4

- ——————————— = =e o

LAS MATRICES POR SUMAR SON . '

- .. MATRIZ A

——— .- — U —

+200E403 J3R0E*03 J275€403
JB00E®03  ,2S0F¢03  .275E403
L JSO0Ee03 | ,17S5€403 °  ,325E403 ___

-_— - . - 4

* o800E903 T ,225¢403 «150E403
TTTTIG00E 903 L 380E403  L1AQEW03
L WSSOE$03 ___ L 250E403 __ ,220E+03 ___

MTTIXLE J900E402 ~  ,500F¢02

2900E402 Jloggr0l J550E*02
T TSTS0Ee02 T ,900€002  .600E402 .
- 20806902 T T 980£+03 T T ,SS0Ee02
" (aB00FO02 _ _,100£403 __[000£e02_

oTS0E*02 ~ 7 J110E®03  J600E®02 . . .- ——— - - - o -

———————— - e = e - e e

MATRIZ SUMA

;_;zaoe+os_ «4702403 ______.32;:003______
+490€403 +350€403 +330£,03
TTTTTYSTSEe03 T L265E403 7 T, IASEe03 T
__ oBOSE403 __ _,320E403 _ L205€403

TT T G680E403 +a80E¢03 J260E003
T OSEMOY T T 3b0Ee03 T 200403 T




1 v

32

a9

2.3 Multiplicacibn Matricial N

2.3.1 Objeto .
Dadas dos matrices A y B, obiener el producto matricial
- C de La forma: ' o

- -

e}
L]
| >
»
L=

(2.13)

2.3.2 Método |

Para efectuar el producto entre dos matrices (AxB) se re-
quiene que Las matrnices sean conformables para La mulitiplicacibn,
L0 que equivale a que el nidmero de columnas de La matrniz premul- -
tiplicadona (A) sea Lgual ai nimero de nrenglones de La postmul-
tiplicadora (B), es decin:
44 A'es de onden (mxn)
y B es de onden (nxa)
el producto matrnicial AB send posible 85080 84 n=n y el onden de
La matniz producto sera (mxs).

S{ La matrniz C nepresenta La matrniz nesultante del pnoduc-
1o matricial AB, entonces el elemento ¢, if estd dado pon:
- s -

a. L=1,...,m (2.14)
Lj :EE LL Zj ’ j=1,...,6 ‘

Es Limporiante hacer notar que el producto matrnicial no es
. conmutativo, esto es:

AxBFB LA

2.3.3 Descrnipeibn del Programa
a)Subrutinas requenidas:.

SUBROUTINE MULTMA(A,B,N,M,L,X), esta subrutina egectua
el producto matrnicial AxB.EL programa principal se
emplea para La Lectura de datos e impresibn' de nesul-
tados.

b) Deseripeidn de Las variables:
Para fLa subnrutina MULTMA:
AlT,J) - matrniz premulitiplicadora de orden NxM
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B(I,7J) matriz posimuliiplicadora de orden Mxl
X(1,7) matrniz producto de orden Nxl
Para el programa principal:
A(1,J) © matrniz premulitiplicadona de ornden NxM
B(1,J) . matniz -positmultiplicadora de orden MxlL

X(1,7) matriz producto de onden NxL
c)Dimensiones: '
La proposicibn DIMENSION debend ser modificada tanto
en el programa principal como en La subrutina cuando:
N > 10 yl/o M > 10 ylo L > 10
d)anmatOA para RLos datos de entradas

SEC.TARJETAS FORMATO INFORMACION
1 (315) ~ N,M,L
2 (8F10.0) A(I,J), Los elementos de
. ‘ La matniz se dan renglén

por nengldn.Emplear La can
tidad de tarjfetas que sea
necesdaria.
3 (8F10.0) B(I,J}, {gual que en el ca
40 anterdion.

n - : ‘ TARJETA EN BLANCO, af {4~
nalizan toda La Lnforma-
cibn

e)Diaghama de bloques:



S rhi . 1

Fig. 2.5 Diagrama de bLoques para el programa
principal



hacgrt
X(K,J) =0

hacen: XK, Jy={ -
X(K,J) + Ak, )¢
8({1,J} R I

KoKl
| LeL4]

Fig. 2.6 Diagrama de bLoques para La subrutina
MULTMA . - S



§) Listado:

¢
4
¢
€
¢
¢

1

2

.3

L]

3
¢

[]

?
[4
€

8
¢

10

11

12

13

14

i3

PROGAANA PARD EFECTUAR PHCSUCTIS MATRICIALES
SINKLIFIcACC NE LAS VARTAILFS ENMPLEADAS
ASPATAIZ PREYULTIPLICACARA OF QRODEN (NXM)
povarAl? PCSTPULTIPLICADIRA OF ORDEN (MXL)
XevaATRIZ2 PACOVYCTO CE OROEN (NXL)

DIvENSICN AC10,30),8¢10,10)2XC10,10)
IRss

Inng
LECTLRA CE DATOS
REACCI®L1C) Mool .
IFCN) 2,29]
CALL €¥IT
Wl 4 I®1sN
REACCIO,11) CACIad)odsipM)
L0 S I%1,v
REACCI®S11) (BCIsddrlut,l)

I¥PRESICN CE DATOS
WRITEC(Iw»12)
00 6 11,

KAITECTIns13) (ACTad)odutov)
HRITECTwor14)

LC ? [ogs» -
ARITECTar13) (BClouloduiol) .
WPITECTr»15) .
LLAv8CN CE SUBRUTINA PARA EFECTUAR PRODUCTO MATRICIAL
CALL wyLTwA(A»BaNsVYaleX) s

IVPRESICM CE RESULTANOS *

UC & I91en

ARITECTne1d) (NCTaddodatsl)

o 1Cc !t

FCAvaTNE CE LECTURA € IMPRESION *
FCRYAT (31%) - .
FCawaT(EF13.0)

FCAVATCAC/)oSXs 'MATRIY A, /)
FCRMATC/22%+1CCE100301Y))

FCREATCA(Z),9%s'PATRIZ B°2/)

FORVATCAC/)oSNs'MATRIZ PRODUCTO'»/)

END .

Fig.2.7 Lisztado del programa principal

OOOOANO

TaaE

SUSACUTINE WULTHACASIoNsHaLsX) . ; Ce e

SUBRUTINA PARA .FULTIPLICAR 008 HATRICES

LL SIGNIFICADC CE LAS VARTABLES EMPLEADAS ES
A®VATPI? PREFULTIPLICACORA DE QRDEN C(NsM)
BEVATRIZ2 PCSTVULTIPLICA00RA DE ORDEN (MsL)
XBVATRIZ PRCOUCTOD

GIVENSTCN AC10,10)48€10010)0XC10010)
UC § JdetsL

DQ § ¥my,n

X(K,d)mcel

GO § I9jsw

X(xod)mx{Kod) ¢ A(KsT)eg(],J)

RETYRN

EnD

Fig. 2.8 Listado de La subrutina MULTMA
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2.3.4 Ejfemplo

Cuatno componentes de un automfvil nrequieren como materia
,prima de hule, aluminio y acero. Las unidades que se requieren
de cada material para f§oamar una unidad de cada componente del
autombvil se proporcelionan a conXinuacddn:

L hute aluminio acero .
comp. 1 F"‘s '_ ‘ 5 3
eomp. 2 ’ 3 . 4 5
comp. 3 20 2 4
comp. 4 | 1 8 10 _

84 Los costos unitarndios de cada maternial son:
. $ t.

hute 25.00

atuminio | 30,00 - i

aceno 40.00

Determine el costo ftotal de cada componente debido a La
maternia prima de que estd compuesio.
% 3 .
"'SOLUCTON gz

TABLA 2.3 Datos para el problema del ejemplo 2.3.4

Ne4
M3
Le1
s 5 3
A . 4 5
= 20 2 4
| 1 8 10
25
B = | 30
| 40
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MATRIZ &

+800€+01 gsoo:odi‘; +100€40¢
¢300E401  +A00E*AL  +SOCE*Q1
+200E002  +200E401  +800E+01
+100£401  <800E401  +100£+02

NATRIZ 8 ——

+290E+402
2300€+02
«800E+Q2

MATRIZ PROOUCTO

V870E40) ,
23956003+
+720€+03
+663E40)
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2.4 Thversibn de Matrnices

2.4.1 Objeio
. Dada una matriz cuadrada A obtenen su matriz Lnvernsa 5'1.

2.4.2 Mé&todo

La matriz invernsa de una matrniz cuadrada A es otna maitniz
cuadrada que 4e representa por A -1 Yy que cumple La sdiguiente pro
piedad 34 La matniz A es de onden (n x n):

AA !l a1 = al 4 (2.15)

Se define a La matriz Linversa como:
. - !
A Ll
1Al
donde K+'ée conoce como La matriz adjunta de La maindiz A y lAI
nepresenta el determinanite de La matniz A.

De La ecuacdibn(2.16) se ingilene que para que exisdta La Lin-
versa de una matriz se requiere que |A|'# 0, es decin, que La ma-

(2.16)

trhiz sea no singulanr.

Para Ra obitencibn numénica de La matrniz Lnversa esd neceda-
nio acudin al wétodo de Gauss-Jordan modificado. Esto se 4mee de
bido a que para obtenex Af’ en una compvtadora digital mediante
Lo ecuacibn (2.16) se nequiere una gran cantidad de operaciones
y consecuentemente de tiempo. Para obtener La inversa de una ma-
‘tniz (10x10) se requieren mda de 340 mi{llones de operaciones con
el método directo.

EL método de Gauss-Jondan es un método de eliminacibn &44-
temdtica mediante el cual se transdforma La mathiz orndiginal A en
una matrdiz Ldentidad 1ﬂ y al mismo tiempo esta dLtima se trans-
jorma en La matrniz Linversa Af’ , ¢8 decirn, parntiendo del anrneglo:

| [ﬁn f -’-ﬁ] (2.17)
y aplicando algwias de Las siguientes tmanAﬁonmacLones al arveglo (2.17):
-intencambio de nenglones,
-multiplicacdién de un nengldén porn un eécatan )\f 0,

-suma de equimdltiplos de un renglén a otrno nenglén.
se £Lega al sigulente arneglo:
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l: (2.18)
LI S

EL método parnte de La suposicibn de que A e84 una matrniz™
no singulan, Lo cual implica que sus columnas son vectornes Li-
nealmente Lndependientes, en caso de no serlo el método Lo pue-
de detectar; en dicha situacibn se presenzta que todos Los ele-
mentos de un renglén de Za matriz A 0o de sus matrnices transfon-

madas, son nutaé

A §in de minimizar Los ennonres de redondeo, La elimina--
cibn de elementos se efectua pivoteando sobnre Los mayonres ele-
mentos que quedan en fa matriz A o en Las matrices obtenidas a
partin de esta dltima por transformacién; debe tenense cuddado
de no emplean como pivotes elementos de nrenglones que ya hayan
sidovutilizados como pilvotes.

2.4.3 Descnipedibn del Proghama °
a)Subrutinas requeridas:
SUBROUTINE MATINV(A,N,EPS,DET), obtiene La mainiz ALnv
= sa de La matrniz A. EL programa principal se emplea
para La Lectura de datos e Limpresibn de nresultados.

+ bl Desenipeibn de Las variables:

Para RLa subrutina MATINV:

A(1,T) =

o

N
EPS

r DET

¢cli1,7)

MUR(T) y
- wve(1)

matrndiz de £a que.se Bubdand-fékinvekbi;"
durante el proceso se conviente en La ma-
iz Lnversa.

onden de La matriz A

enitenio para determinarn 84 -el determd-
nante de La matriz es nulo

pardmetrno . que Lindica &4 el determinante
de La matrniz es nulo

matriz identidad que se emplea para obte-
nen La matniz invenrsa _

contadones que indican cudles nenglones

y cudles columnas de La matan A ya gu-
ron empleadOA como pLvotes
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RAMAX mayor elemento de La matrniz A o de sus
Lrans gormacioned que se emplea como ele-
mento pivole

2

TEMP variable de Localizacifn temporal

Para el phoghama principal: '

A(T,T) matriz de La que s8¢ ‘busca La Linvernsa, du-

nante el proceso se convierte en La

. maitrniz Lnvensa .

N . ornden de La matniz A

EPS enitenio para detemnminar 84 el deteaminan
. te de La matrniz A es nulo.

DET variable que Lndica 84 el determinante ‘de

_ A es 0 no nulo
c)Dimensiones: :
La proposicién DIMENSION def programa principal y de

1

” La subrutina debend sen modificada cuando:
N> 100 |
d) Formatos para Los datos de entrada:
SEC.TARJETAS FORMATO INFORMACION
1 (15) N
2 " (8F10.0) A(1,J), se proporcio-

- nan Los elementos de
La matriz renglbn pon
. nenglén.Emplean tantas
tarjetas como se requie
ran.

---------------------------- - -

otros paquetes de datos (opecional)

n TARJETA EN BLANCO, ak
ginalizan toda La ingor
macidn.

e)Diagrama de bloques:



def programa principal



subruting
MATINV

Limpiarn
MR(T) y
Mve()

generan matal:
{dentidad

buscar renglones
que ro han sido
empleados

obtener mayonr
elemento de
0404 rengloned)

mentos median
& pivoteo

Fig. 2.10 Diagrama de

bloques de La subrutina MATINV

) /‘
r -

»



§) Listado:

. PROGPAMA PARA TNVERTIR MATRICES Pgr E MNETODO DE GAYS3=JORNAN
-8 __SIGUIFICADN DE LAS VARIABLES LMPLEADAS

—.C—. - NTORDEP DE LA “ATRIZ A e e e — e
~C . . ASMATRIZ DE LA OUE SE RUSCA su TINVERSA .
c.__.._fJ‘SatP!TEPIQ PARA_DETEPUINAR. .;LELIBU'..Q_HOJ.A_IIWERSA..DE. LA HAIBLZ
[4 OETaPAPANETRO QUE INDICA SI EXISTE O NO LA INVER3SA DE LA MATRIZ

————.., DICH3ION A(IOalﬂ)aC(wolOl —
- ae-— IR=S e e el e
—— B,
€PS30,030001° '
< ~LECTURA DE DATOS
— 3 RLADCIRGI9) N
——— - IFQL) 2,2, e e e e e e e e
.. .2 CALL EXIT Cmen e em e e
—— _S DC 4 I3l N ..
8 REAR(IR, 26) tAtI.J) Ju,n)
4 1 PeEs10 0L DATOS .
USRI (119 § £ X'@ 11773 B TS
e DOOS 19,01 e e . .
S ARITF(1.0,22) (ACI, J),Jﬂhrl) "
—C..__ LLAMSDN OF 31BOUTI’IA PARA_OBTENER_LA_MATRIZ INVGRSA .
CALL 'ATTI.V(A,"1,EPS,DET) - ’
IFLOFT,CT.EPS) GO TO 7 s . .
———— nmxrtnn.as) - — ) ' e
. Go 70 1 . e e .- - .
T | WRXTEUI'Z‘U . e . o b
— _._DbD 8 3§, !
8 WaITF!(, '.ZZJ a3, s .
co 1N 1 .
FOBIATAS DE LECTURA E_TMPRESIQN
T 19 FoArAT(LS) __ - . - vy .
T 20 FopMAT(BR10,0) A LA A A
__21_FORNAT(4(/),SX, IMATRTIZ AY,//) C .
T2 roanATt/.zx.xotclo 3, 1)) i
23 FQRMAT(AC/),SX, 'ng EXISTE (A NMATRIZ INVERSA')
— RO !0“‘1‘_7&5_{1)_15_’(03_!!1!@25__06 LA_MATRIZ A')
END.

Fig. 2.11 Listado del pnogaama_piincépal
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SUBROUTINE WATIAVC4sNsEPSCET)

[
[ SUBRLYTAA PARA CPTINER LA INVERISA CE UNA MATRIZ
[ EL SIGHIFICA00 CE LAS VARIZHLES EMPLEADAS €S
¢ AONATRTZ? 4 LA GLF SE ALSCARA Si; INVEKSA Y JUE DURANTE EL PROCESC
¢ SE CANVIESTE EN LA vwatHI? INVERSA
[ NOQRCE™S CE LA MATRIZ
¢ CPSuCRTIIERIC PasA CETEAWINAR ST EL QETERMINANTE DE LA MAJRIZ €3
[ NULC
¢ LETRVALCR AJ2SCLUTC OFL DETERMINANTE LC LA MATRIZ
[+ CO®NMATRIZ ICENTICAD QuE SE LTILIZA PaRA CBTENER LA MATRIZ INVERSA
[ POR EL METECLC DE GAUSS*«<CRDAN MUDIFICADQ
¢ MYR ¥ “yCm®CONTALQRES OLE INCICAN CUALES RENGLONES Y COLUMNAS Ya
¢ - FUERON UTILI2ACQS cOvO0 PIVATES
¢
c DIMENSTICN 4(1€210)5CC1051C)eHMVIC10),MVC(1Q)
[+ UBSTENCICN CE LA MATAIZ I0ENTIDAD Y ACTUALIZACION OE VALORES PARA
[ INICIAR EL PRQCESC
¢
00 {1 I=lan
MVRCT)eC e
1 WVC(DI=l
. 00 & Is3sn
DO 3 Jet,n ' .
IFCReENLJY GO TO 2
(48 PR AITY
60 10 3
2 C(1,J)91.C
3 CONTINUE
c 9 CONTINUE | .
g . OBTENCION CE LA MATREZ INVERSA
00 12 ¥=i,pn
RAMAXS(Q,C
LC=g
LR=Q .
D0 6 I31sN .
IF(MVRCTIWEQeT) GC TN ¢
DO § Ja1sn

IFCMVCCJ) EQed) GO TN S
IFCABSCRAVMAX)CCEAZSCACTAY))) GO TO S
RANAXEA(ISY)
LR>l .
LC=y .
S CONTINUE . .
= 6 CONTINUE
QETeARSCRAuAN) ~
IFCOETLECEPS) GO TO 124
IFCLR«FQ.LC) GC TQ 8
PG 7 I*1,n
TEvWPIA(LR, 1)
ACLR»I)=ACLCP 1)
AcLcrpdeTewp
TEMPECCLRs])
CCLRIIIeC(LCAT) .
T CCLCsld)aTEMP -
8 DO 9 1Isti»n
ACLCsT)mA(LCol)/RAVAY _
9 CCLC»IIsClLColI/RAMAY
B0 11 rei,:, »
JFCIeEN LC) 6C TO Y
TEvPea(lsrLC)
PG 10 Jsi.y
ACT,ddoall,y)  TEVPAALLCHY)
10 CCI,d22C(M,4) = TYENPOCLLLHS)
11 CCNTINUE
MYRCLC)sLC
M C(LCIslC
12 CCNTINIE
L0 1) Tet,n -
00 13 Jel,s oo
13 Allsd)nc(l,y) :
14 AETYRN e
[$.1]

Fig.. 2.12 Listado de fLa subrutina MATINV



2.4.4 Efemplo

46 5.

Obtenen La Lnversa de La matniz:

*SOLUCION

0 o2 .. .3 -]
1 -20" -1 3

L 1 =100 2

2 <1 -1 30 “
- -

L)

TABLA 2.5 Datos para el problema def ejemplo Z.4.4

Ned -
10 2 3 -1
17 -20 -1 3l
A = 11 -10 2
0

;2, -1 jl 3

TABLA 2.6 Resultados def problema def ejemplo 2.4 .4

MATRIZ A

—-<100E%02 _ ,200E+08_ _ 3000401 _meifgE0L__
«J0CL*01 @,2007402 « 100€¢01 .JOUE’OIL

L160E%G] _ ,190E40L =.100E#02 . ,2006401. .

— <200E*01 .=, LCOE+0L e, 1006401 _ 3000402 _

" rueERIE BL LA MATIIZ A

TULoB1EeD  qroFend  277Emq1 ,25Fe03

- -o3alE=32 =~ 4% -0} +»553E=92 ;a{.t-uz —
T 87802 =,u37E-02 = 9T7E=q1 J2a€s02
*,600Lec2 « 2530e02 =, 492E~02  ,3¥7E=0)
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3. SOLUCION DE SISTEMAS DE ECUACIONES LINﬁALES

3.1 Intrnoduccibn
Ponr A&Atemaé de .ecuaciones Lineales se entiende un grupo
de ecuac&oneA que pnebentan La é&guLenIQ estructuna:

ek IRV IR PR

gpXy * Bgg¥Xg howe F BguX, = By
) (5.1

,qmlxl t ?mZXZHT :L' ¥ ¥y T bm

donde a&j y b, son constantes y Las incbgnitas del sistema son
- Los valones x ;o donde 1£.&0.,

DLChOé ALAIemaA Ae pueden nep&eéentan en La forma:

AX=B . (3.2)

donde A se conoce como La matriz de coeficientes del s4istema,-
| B como vecton de téaminos’ LndependLenteA y X como vector de 4in
‘cdgnLIaA HERE L RPITVE .

S{ el vectorn de téaminos LndependLenzeA es digernente de
cero se habla de sistemas de ecuaciones no homogéneas y en ca-
80 contranio de sLstemas homogéneos.

Antes de proceden a resolver un sistema de ecuacdlones es
necesarnio determinarn A4 dicho sistema tiene solucibn y en caso
de *tenenla, cudntas posibles soluciones tiene. En base a Lo --

antendior se tiene La sigudente cladifdicacibn;

, .
compatible determinado
no homogéneo Lindeterminado
Ancompatible
Sistema de
ecuaciones ¢ ' determinado
Lineales : (Sol. trnivial)
homogéneo {compatibte ‘
L ‘ =Rndeterminado



Sistema compatible 24 aquéz que AL tiene ¢o£uc¢6n y para
que edto se cumpla se requiere: ;

rnango [A] = nango [/(:B] * (3.3)

donde a La matriz [A B] se Ze conoce como La matrniz ampliada
de& sdstema. -
Sistema incompaitible es aquél que no tiene so0lucibn y se

cumple que:
rango [A] < nrango [AEB] (3.4)

Sistema determinado es un sLstema compatible que presen-
La 60£uCL5n dnica ¢ se vemaﬁ¢ca que:

rango [A] = numeno de x.ncégmta.é (3.5)

. Cuando se¢ presenta esla AatuacLJn en sistemas homogéneoa

e habla de sofucibn trivial, ya que X = 0.

Un sistema compatible que presenta Linfinidad de sofucio-
nes se conoce como sdisdtema indeterminado y se caracteniza ponr:

rango [A] £ nidmeno de Linclgnitas (3.5)

Para La s0fucidn de sistemas de ecuaciones Lineales exis

ten divensos métodos de Los cuales s0Lo se tratardn: Método de
Gauss -Jondan modificada y el MEtodo de Gauss-Seidel.

3.2 Método de Gauss-Jondan hodiﬁicado.
3.2.1 Objeto ~
Obtenen La solucibn .de sistemas de ecuaciones fineales -
dé La forma: ‘
AX=8 ~ : : (3.7)

3.2.2 Mé&todo ‘
Dado el sistema de ecuaciones:

A X=B (3.8)

* nango [A] es ta cantidad de vectores Linealmente indepen-
dientes delf confunto de vectores columna que goaman £a ma--
thiz A.
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50
el método conAL&te en trabafar con La matniz de coeficientes y
el vector de ténminos independientes; es decin, con La matriz

ampliada del sistema:
[A .3] (3.9)

A dicha matriz se Le aplican una sernie de trans formacdo-
nes que conducen a obtenern otra matrniz ampliada equivalente:

|
[_I_n:g] | (3.10)

donde C Mepneéenta La so0lLucibn de cada una de Las Lncdgnitas
del sistema,

EL phoceso equivale a premultiplicarn La ecuacidn (3.9) -
por A”, es decin, el método de fa matriz inversa, 400 que es
te método consiste en una eliminacidn sistemdtica de valores.

La tnanbéoamac46n de La matrniz (3.9)en La matrniz (3.10)
de eéectua basdndose en trnes operaciones que no alteran el 544
tema de ecuaciones &4no que proporcdonan sistemas de ecuaciones
equivalentes, ellas son: . . :
- 4ntencambio de dos nengﬂoneb, Lo cuaz equ&vale a inten
. cambiarn dos ecuaciones. ’ :
- mutt&pl&cac&dn de un renglén por un escalar difenrente
i, de ceao Lo cuaﬁ QQ&LUQEQ a muftiplicar ambos miembros
. de una ecuac&dn poa La misma constanie. o
- suma de equLmuthploA de un henglbn a otro rengldn, es
decin, mulitiplicar una ecuacidn por una condtante "K"
y sumarla a otra ecuacddn.
Para aplicar Las OPCMaCLoneé anteriones se procede en La
sigudlente forma:

(:)Sezeccionan un nenglén pivote y un elLemento pivote den
- tro de dicho ﬁeng£6n.

(:)Nonmazézan el elemento pivote,es decdin, conventinto en
unitario. '

C:)Canceﬂaa elementos que se encuentren en La columna arri
ba y/o abajo del elemento pivote mediante La duma de -
equimidl tiplos.

<:>Regneéan al paso (:) y asi AuceéLvamente hasta que se -
thansforma La matriz de coeficientes ﬂ en una matrniz --



B
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identidad I,

Debido a que durante el phoceso e presenian errones pon
nedondeo, La 6onmd bptima de escogen Los elementos pdivote es -
seleceionando el mayon elemento qué quede en £a matriz A o en
sus trhansformaciones. Hay que tener presente que Los elementos de
un nenglén que ya fue seleccionado como LLnea pivote no se pue
den usar como pivotes, adn cuando el mayor elemento quede colo
cado en dicho renglén.

AL selecclonan Los p¢voteb en La forma antes mencionada
el ennon se neduce al mlnimo y, debido a que puede quedan una -
matrniz no Lidentidad al término de Las Lteracionesd, es necedanio
efectuar un Lintercambio de Lzﬁeab hasta obtenexn zn

‘ Cabe mencionarn que el presente método es un método dinrec-
Lo de s0fucibn que no requiere que se deteamine con anterionidad
44 el sistema es compatible y deteaminado, el méiodo durante el
proceso proporcdiona dicha informacibn. '

SL el sistema es compatible y determinado, el procedimien
to descnito se puede zleuan a cabo sin contratiempos hasta zze-'
gan a [I .C] .

x

"S4 ek sistema es compatible peno indetenminady, La mairniz
ampliada adquirnind La econgiguracibn:

- il
102 4 1 |
.f--f-,?_,i,f_ (3.11)
0 0 0" T

e mecocqerd mmos

es decin, un neng£6n send nulo; en esta sdituacibn se obtienen -
Las ecuacionesindependientes que resdtan en el sistema y se apll
ca La metodolLogla connespondiente a sistemas Lndeterminados.

SL el sistema es Lncompatible, se presentard Lo sdiguiente:

112 ,: 1
0 2 3 2 (3.12)
o 0 0 ' N¢ o0

AN AP B AN S

0o sea, 0 = )\ £ 0, Lo cual es una contrnadiccibn.

3.2.3 Descnipedibn del Programa




a)Subrutinas requenidas:

A

SUBROUTINE GAUTOR (A, B, N, EPS, DET), esta subrutina
obtiene £a s0Lucidn ‘del sistema de ecuaciones por -
el método de Gausds-Jordan modigicado, el programa -

principal Aolo'sinyeApana enthrada y salida de datos.

b)Descenipeldn de Las varniables:
Para La subrutina GAUTOR:

AlT,J)
B(T)

N -
RAMAX
MUR(T) y
MVC(T)
EPS

DET
LR y LC

TEMP

matrniz de coeficientes del sistema de -
ecuaciones. -

vecton de téEhrminos independientes del -
s48tema de ecuaciones, durante el proce
40 3¢ trhansfonrma en La solucdiin.

onden del sistema de ecuaciones.

mayor elemento de La matniz A que se --
emplea como pivote.

contadones que Lndican qué renglién y co
Lumnas ya fuernon empleados.

crnitendio parna detemnminar s4 el determd -
nante de La matniz A es nulo. :
pandmetrno que Lindica &4 el determinante
de A es nulo.

indicadonres del renglén y columna qug -
se utlizan.

varniable de LocalizaciLdn temporal.

Para el proghama princdpalk:

A(T,7])
B(I)
N-
EPS

DET

c)Dimensdiones:

matniz de'coeﬁicéenteé del sistema de -
ecuaciones.

vecton de téaminos independientes.
orden del-sistema de ecuaciones.
critendio pana -detenminan 84 el detemmd-
nante de A es nulo. ,

pardmetro que Lndica 84 el detenminante
de A es nuko.

La proposicibn DIMENSTON ded programa bnéncipal Yy -
de La subrutina se debendn modificarn en el caso de

que:

N > 10
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"d) Formatos para Los datos de entrada:

SEC.TARJETAS FORMATO - INFORMACION
1 (15) N
2 (8F10.0) A(T,J), se dan Los elemen
’ tos de A henglbn pon nen-
glén, empleando tantas --
. tarnjetas como sean necesa
. rias para cada nenglén.
3 (&F10.0) B(I), el vectorn de ténmi-

e)Diagrama de bloques:

3

nod independientes se da
en una tanjeta o mds se--
gan La cantidad de elemen
Xos.

-----------

TARJETA EN BLANCO, al §4£
nalizan toda La ingorma-
cibn.,

L



Fig. 3.1 Diagrama de blLoques del programa paincipal.



subrutina
GAUTOR

hacenr:
M/R(I)=0
MVC(T) =0

)

indagan 'que ren-
glones nc han af
do erpleados

buscar RAMAX
en dichos aen|
glones

Los avuba y aba
fo de RAMAX

o

Fig. 3.2 Diagrama de bloques de La subrutina GAUTOR.
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§)Listado: . 2

BFOOOOHOON

D =N

PRCGAAYA PARA RCISOLVER SISTEMAS DE ECUACIONES LINEALES POR EL METC
UC CE NaYUSS*JCRLAN

SIGNIFICACO OE LAS VARTAGLES E4PLEADAS

N®QROEY QEL SISTENA 2F ECUACIENES

ATMATART2 OFE CCEFICIEITES DEL SISTEMA DE ECUACIQHES

UIVECTN- OFE TERMINCS INOEPENDIENTES, SE CONVIERTE EN LA SOLUCION
CRITERIG PASA DZTERMINAR ST €L OETERMIMANTE OE A £S OIFERENTE OE O
DETavVARIASLE QUE INDICA SI EL SISTEMA TIENE O Ng SOLUCIONM

DIMENSION AC10510),8¢10)

fAes

Inog

LPSE0000031 .

LECTURS DE CAT0S

KEAQCIRL2CG) N

IFCN)Y 2020)

CALL EXIT

U0 3 121N

REAQCT,21) CACI»d)s Jo1sN)

REARCT9,21) (B(1)sl®1sNT

IMPAFSICN OE DATOS

WRITE((w222) ' ., 4
L0 5 191»N .

WRITECTn223) CACTRJ)»JalaN)»0(D)

LiLavach DE SUBRUTINA PaRA RESOLVER EL SISTEMA DE TCUACIONES
CALL GALTCRCEsBoNSEPSHQET)

IFCDETLESEPS) GO 1O 7

I#PnESIcN DE RESULTADOS

- RRITE(Tr2224)

20
21
22
23
24

00 6 171sn

WRITE(1ws25) [s8(1)

Gc T0 1

WRITECIns26)

wd tC |

FOR#aTOS OE LECTURS E tUPREslUn

FrAvar(19)

FORVAT(EF10.0)

FORMATCa(/),5%,'EL SISTENA DE ECUACIONES :s'o/)
FCRUAT(/52X,10CE10,301X))

FORMETCAC/)»5Xs LA SOLUCION OEL STSTEMA OE z:unctancs ES*s//708%s '8

105X 0(1)7)
25 FORNAT(/s9Xs12,a%0E124%)
26 FCRuATCaC/),9%,'EL SISTEMA DE ECUACIONES NO TIENE SOLUCION®)

END

Fig. 3.3 Listado del programa principal
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subnutina
GAUTOR

hacen:
M/R(T)=0
MVC(I) =0

dntencambian
Aenglones

4{ndagan uni nen-
glones nc han &4
do erplendos

uscat RAMAX
en dichos aen]
glones

204 avuba y aba
fo de RAMAX

Fig. 3.2 Diagrama de bloques de La subrutina GAUTOR.



r §) Listado: B y
€ PRCGRAVS PAIA RACSOLVER SISTEMAS DE ECUACIONES LINEALES POR EL METO
€ UC CE ABUSS*JCRLAN
¢ SIGNIFICACO DE LAS VAQIAOLES EYPLEADAS
[+ NSQROEY QEL SISTEMA 7F ECUACTIENES
¢ AVATRIZ? OE CCEFICIETES DEL SISTEMA DE ECUACIONES
€ © USVECTN- OF TEAWINGS INOEPENDIENTES» SE COVVIERTE EN LA SOLUCTON
€ GRITERI; PARA DCTERMINAR ST EL OETERMINANTE OE A £S DIFERENTE DE 0
-+ ¢ DETSVARIAGLE GUE INDICA SI EL SISTEMA TIENE O Ng SOLUCION

“DIMENSTION AC10,10),8¢10) )
JReg

IHug
EPS®0.4000001 o
LECTURA DE DATOS
1 KEADCIR,2C) N
IFCH) 22253
Cagy E4I7
LU0 3 13taN .
READCIN,21) CALTIsJd)s IntsN)
REACCI3,21) (B(I)slmlaNT
IMPAFSTCN OE DATOS
HRITECIwS22)
LO S5 191,

S WRITECTn,23) C(ACIad)adalan)rB(])
LLA¥ACH DE SUBRUTINA PARA RESOLVER EL SISTEMA DE TCUACIONES
CALL GALTCGRCO,8,NsEPSHRET)

IF(CETLESEPS) GO T0 7 .
IpPnESTCN DE RESULTAOS
WRITE(Trp24) -
DO 6 1%1sn
6 WRITE(Iws25) Is8CI)
Ge 10 ¢
? WRITECIn,26)
Wi 1c i
FORNATNG OE LECTURY £ TMPRESION
20 FRAvAT(1S)
21 FORMATCEF10.0)
22 FORNAT(a(/),5%,'EL SISTEMA DE ECUACIONES €5°0/)
2) FCRYATC/22X,10CE100301X))
24 FORMATCAC/)s5%, LA SOLUCION ODEL SISTEHA ] :;UAcIONEs ES's/708%0'
RILI TR IS S ANYD)
25 FORMATC/s5Xs12084X0E126%)
26 FGRvATCaC/)»9%s'EL SUISTEMA DE ECUACIONES NO TIENE SOLUCION®)
END

»w N

]

F{g. 3.3 Listado del programa principal
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[ X N ) BAPOAOPDOAOIOIOOOHOAOO

€5 €D

SUARNUTINE GAUTCR(A»TsN,EPSHOET)

SLBRUTINA PARA RESCLYER UN SISTEWA DE ECUACIONES POR EL METQDO OF

GAUSS*JCROAN NMCLIFICANC

LL SIGNIFICANC LE LAS VARIABLES EMPLEADAS E£5

ASVATRT? CE CCOEFICIEITES O€EL SISTEMA DE ECUACIONES

BesVECTUR CE TERMINCS INNEPENDIENTES QUE DURANTE EL PROCESO SE
TRANSFORPE EN LA SILUCTION OEL SISTEMA DE ECUACIONES

HBORCEY NEL SISTEMA NE ECUACIQNES

RAvAYewaYCR ELEVMENTO NF LA VATIIZ A QUE SE USA COMO PIVQTE

MVR ¥ yCOCCNTACORES QUE INDICAN QUE RENGLON Y QUE COLUMNA YA FUEe
RON UTILIZADCS

EPSeCRITERI(Q PARA CETERMINAR ST EL DETERMINANTE DE LA WATRIZ A ES
NyLo

UETeVALOR ABSOLUTO DEL OETERMINANTE QE LA MATRIZ A

ODIMENSION AC10,10),8C10)2MVR(10)2MVC(L10)
ACTUALTZ2ACION DE VALIRES PARA INICIAR EL PROCESG

0C 1 Tegsh
HVR(T)9Q
HVC(T)m¢

SOLUCINN BEL SISTENA DE COUACIONES

DO 9 Keysn

RAMAXwQ,0

LCeQ

LRz

00 ) I91enN
IFCHYR(IIeEQel) 60 TO 3
U0 2 Jeilsw
IFEVVCLYdWECHY) 60 T9 2
IFCagsS{rAvAR)+CEABSCACLPd))) 00 T0 2
HAVAXeA(TWY)

LRal

LCoy

CONTINJE

CONTINUE

PETaaBS(RAVAY)
IFCCETCLECEPS) GO TaQ 10
IF(LReFeolC) GO Y0 9

00 A 133N
TErpsA(LRe1) 3
ACLAS1DaACLCP )
ACLCoI)=TENP

JEVPER(LR)

UCLRI=A(LE)

yeLcreTENP

UG 6 I31.n
ACLCs1)nACLCol)/7RANAY
BOLCITALLC)/RANAX

UC 8 19g»wN

CIFCTeFN.LCY GO 'TO 8

TEvpar(gsLe)

bC1)9BC1) « TENP2BILC) -
UC 7 JuisN

AC1,J0)%8C1,J) @ TEVPeACLCHY)
CONTINUE

MVR(LC)eLC

MVC(LCYalC

CONTINUE

RETYRN

EnD

Fig. 3.4 Listado de La subrutina GAUTOR

-
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3.2.4 Ejemplo

Empleando Las Leyes de Kinchhoff (vern neferencia 2), se
obtuvienon Las sdgudlentes ecuacdiones Lineales para el circulto
mostrado en La figura 3.5:

’(‘8-":4 —IA=0
Ayt A+ Tp - Ly -4z =0
L4 -LZ-IB=0
4.2+IB+4'_3+1_6-4',7=
Ic - Lg - LS - Lé - iq =
RILT + Rziz - R3£3 = 0
R4L4 - Rsis + Rgig = 0

k RSLE + R3413 - Ré'(:é = 0
Réié + R7L7 - R9L9 0

Fig. 3.5 Cincudito del ejemplo 3.2.4
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‘ S{L el valon de Las 6uenteA e IA = 24, IB = 6A, 1, = 4A
by el de Las nesistencias:

é R1=R2=Zﬂ
|
1 R4=R8=39
' R5=R6=59
R7=R9=49
R3=6|9
‘Obtenga Las conndientes de nama L,, 42, 43, 44, LS, ‘6 -
Ly Lgr Lge
* SOLUCION

A

TABLA 3.1 Datos panra el pngbéema del efemplo 3.2.4

N =9
[0 0 0 -1 0 0 0 1 0]
1 0-1 1 1 0 0°'0°0
1-1 0 0 0 0 0 0 0
A=lo 1 1 o0 0 1-1.0 0
0o 00 0 1 1 0 1 1
2 2-6 0 0 0 0 070 )
0 0°0 3-50 0 3 0
0 0:6 O 5-5 0 0 0
0 0 0 0 0 5 4 0 -4
e ‘ ot
- 2'1 ' 3,
-2 ‘
6
-6
B = 4
0
0
ol
0| .
=



d‘

pes

TABLA 3.7 'Ruul;ta.;ioa det p)cobg‘e__ma del e]zﬁ:ptﬁd 3.2.4

f

1

EL STSTEMM OF ECUACIONES €8

O
*.100C2g1

+100E+01
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3.3 MEtodo de Gauss-Seidel g S

3.3.1 Objeto
Obtenen La so0lucibn de sLstemas de ecuaciones Lineales --
con La congiguracién:

1]
o

a”x1 + a,zxz + ... 1 a, X

’ nn 1
QgrXp * GggXg * e *ayx, = by

) . - (3.13)
-~ oYXy QX e T GpX, B bn

empleando el método de Gauss-Seidel.

3.3.2 Método

EL método de Gauss-Seidelf es un método de tipo Literativo
que dLrve para La solucibn de sLstemas de ecuaciones Lineales
del tipo:

AX=8 (3.14)

cuando Los valores numénicos de Los elementos de La diagonal - -
principal son mayones que Los demds de su connespondiente ren-
glén. ' »

Para asegurarn La convengencia del método se requienre que:

a) Los elementos no nulos de La matniz de coeficientes [A)

. se acumulen en La diagonal principal.

b} Los elementos de La diagonal principal de La matrniz de
coeficientes (A) sean mayores en valor absoluto que £La
sumatondia de Los valornes absolutos de Los elementos --
nestantes del renglén cornespondiente, es decdhr:

n -
Iaa|> Z ‘a‘:j' , L=1,2, ..., n

§=1
iFL (3.15)

Para aplicarn el método se procede a despejar una Lnedgni
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ta de cada ecuacdilén del anneglo (3.13), es. decin, despejan La

incbgnita X; de La "i-€sima" ecuacibn, o0 sea: \
I A T e I T
a
11 L _
— . —
x, =02 " %1%y T fas¥s Tt T f2nte
%22

r3.16)

>

- - - - X
x =—l—1bn Co1Xp T BpgXg T oeer T Gy ppianld ‘
n o a :
nn
» ’ J
Yy de establecen Las sigulentes.ecuaciones Lierativas:

_ (k) _ (R) _ (k)

Sags s L TR 413%3 et T Gy
YL -
T (R#1)_ " (k) _ 3 ]

L) 1 b, - a,xg - @,Xg vee T @y X,

(3.17)

2 aZZL_ 1

' T il (ke ) (l+1]
ML) [Eh T Y%y " %n¥g AR PR :]

n a
nn

donde'x£h+7) indica el valor de La "L-€sima" Lncbgnita en La -

Ltenacidn "R + 1"

Para arnancar el método se establece una solucdbn Lni---

cial 50:

= . ' (3.18)

J)X

c//
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dichos valonres se sustituyen en el Lado derecho de La ecuacibn
(3.17) panra obtener La sigulente so0lucibn aproximada:

(1)

X1
(1)

X9

X, . : (3.19)

| *n
y asl sucesivamente hasta que

-

Viy_;_-ﬂ-iyl

<& (3.20)

' Pana poden emplear este método es necesanio vernifican con
antenionidad que el sistema sea compaitible y determinado; ademds
de que cumpla con Las condiciones de convergencia del método. -
Aforntunadamente La mayorla de Los problemas de tipo ingenienil
cumplen Los requisditos mencionados.

Cientos sistemas que a primena vidta no cumplen Los requi-=
44itos del método pueden LLenar Los hequdiditos mediante un s4im--
ple intercambio en La posicidn de Las ecuacioned.

3.3.3 Descripeibn del programa
a) Subrutinas nequeridas :
Ninguna. .
b) Descripedibn de Las vaniables,

A(T,7) matriz de coeficientes del sdislema

B(1) vecton de ténrminos indepepdientes

N . onden del sistema de ecuacionesd

X(T1) valon inicdial de Las Lnclgniias del 848
tema y variable de lacakizacidn tempo--

_ ‘nalk L

y(1) valonr de Las Lincdgnitas en La Ltenaciln
"n"

XN(T) valon de Las inedgnitas en La Ltenracibn

~ "n + 1"



o« 'C/ K

M o mdx&mo nimérno de Lteraciones a eﬂectuan
E o eniferio de convergencid '
NCON contador de Lteraciones efectuadas

Sum sumadon
c)Dimensiones: ‘ .
La proposicién DIMENSION deberd modificarse cuando
se presente el caso de que N> 20.
d) Formatos para Los datos de entrada:
SEC.TARJETAS FORMATO INFORMACTON
1 (215,F10.0)N, M, E
2 (10F8,p) A(1,J), Los elementos de
La matrniz A se dan nren--

. . glén pon nenglén emplean
N do La cantidad de tanfe-
tas necesaria para cada

; S “.nengléan.
3 (10F8.0) B{I) ef vector de téami-
ol ' ‘nos independientes se da
. - . en una tarnfeta o mds se-
. ' \ gdn el onden del sistema.
R 4. . |10F8.0) X|I), 2a solucibn para -
R : : arrnancar el método se da
o en una tarnfeta o mds se-

gin sea el tamaiio de N.

otnos paquetes de datos (opelonal)

n TARJETA EN BLANCO, al §ina

et Lizan toda La informacién.

e)Diaghama de bLoques: - -



%

hacex:
XN(T}=X{T)
villeX(1)

Fig. 3.6 Diagrama de blLoques

para el proghama

65 (/ 4
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§) Listado:

OO AOON

E- R ]

[

10
i1

12
13

18

19

16
17

200
300
400
300
600

700

. e

PRCGHAYA PAIA RESCLVER SISTEMAS DE ECUACIONES PQR €1 HETOD0 OF

GAUSS=SEICEL . . N

SIGANIFICACC NDE LAS VARTA9LES EVPLEAQDAS

ASPATRI2 CE CCEFICIENTES DEL SISTEMA DE ECUACIONES

BIVECTOR CE TERMINIS INNEPENDIENTES ¢

Xsyalo®R INICIAL OFE LA SOLUCION DEL SISTENMA

XhosCLUCICN DEL SISTEMa DE ECUACIONES €N LA SIGUIENTE ITERACION

HNeQARDEN DEL SISTEMA !

Y'VALO: gE.LI SCLUCION DEL SISTEMA DE ECUACIONES EN LA ITYERACION
ANTERTIQR -

MepAXTwQ NUMERQ DE ITERACIONES

ESCRITERIC OF CONVERQENCIA

UDIMENSICN A€20020)08€20)0X¢2025YC20)0oXNC20)

LECTURA CE (CATOS

READC(S5203). NoMsE -

SFIN) 2,29)

CALL EYIT -

U0 4 I=9eN ) ¢

REACL(S»3CY) CACInJ)s JB1N) . -

REAC(S,306) (BCI)alntsX)

READIS223C0) (XCI)sialoN)

I¥PRESICN DE DATOS

WRITECB,4G]) '

00 5 I=1s8 -

HRITE(8,5C0) CACY»J)sdaisk)sB(])

HRITECAL8C0) (X(1)slalon)

bE INDAGA SI EL SISTEMA CUMPLE LA CONOZCION SUPSCIENTE O CONVERe

GEAnCIA *

b 7 I91sN

0C & JOlah

IFCanstallald) = A88€ACT2d))) Br606 ]

CCNTINUE . ' 5

CONTINUE ¥,

ud rC 9

WATTE(6-,700) fodoing

r

60 7C 1 . - .
UBTENCICN DEL "VALOR OE LAS INCOQWITAS
NCCNEL )

L0 10 TolswN

Xt C(l)eXx(l)-

Y{ry)ax(r)

UC 18 KoloN

Syvsag,

L0 13 Tafsn

IF(K=]) 12,13s12

Styagy® 2 ACKoJ)oXN(D)

CONTINUE

XNCKIo(RCH)IOSUMIZALROKR)

CONTINNUE

U0 13 Iaton

SE VERIFICA SI vYa CONVERQIO EL METODO
IFCARSCUNCEDYCL)I®E) $5014010
CONTINUE :

IPPRESIFN DE RESULTANOS

HAITECASEC,) CxalIdsl?t)

WRITECB29%<) NCON

Q0 70 1§

NCONENCCN ¢ 1 ' ~
IFINCQN™) 18017217

WRITECASOcl) CANCIdol910N)

WRITECE,952) MCLN

GG Y0 !

DB 19 laisN

Yer)exudl) '
GQ tc 11 )

FORMATOS CE LECTURA € TwPRESICH

FCR4AT (215-F1C.0)

FCAMAY (L1iFdee)
rcaunr(xut.s(/).lsx-'"lrigz AwaLTACA")
FCANMAT (/015X 10(F8.308Y
FCRNATCIC/) o 13X, *PITYERA APROXTIWACTION DE LA SOLUCTION®»77/7-10Xs10(F

1642,%X))

FCRVAT(AC/) 151, 'EL 4ETQOD PUEJE NC CONVERGER D4DO QUE',//7s15X, AL

2%0125%52125%) ES vAYOS JUE AC'2120'2'51022'0")

sTe, M
800 FCRYATCa(/)o18%, LY SOLULCICY DEL SI3TEud 55'.//,51.0(512:S:2X
900 FCRMAT(4C/)a15Xs"h2 SE LLEGA & LA SuLJCION®»///,15%s'LA LLTINA APR

10X INMACTICN ENCCNTRATA FLE's//755459(E124522%2)

950 FCRMATCa(/7)21%5Xs "ITERACTICNES REALIZALAS? 's142

END

Fig. 3.7 Listado del pnognama)

&



3.3.4 Efemplo _

‘ . \
Pana el circudito eléetrico de £a §4ig. 3.8 se sabe que ---
1, = 1A e I, = 2A, R, = R, = R, = R, = R, = R, = 101 .

1 2 1 2 3 4 5 6
Rs
R R
v, 2 VZ 4 v3
V4 « }
2
I Ry Rs R I,
=+

Fig. 3.8 Cinculito eléctrnico del problema del ejemplo
3.3.4

Se desea obtenen el -voltaje de Los nodos V,, VZ Y VS'
. Aplicando andlisis nodal al circudlto se obtiene:

Wy - Vg - Vg =
W, 3V, - Uy 0
AR U

anneglo que es un sistema de ecuaciones Lineales con todas Las
caracteristicas propias para aplicarn el método de Gauss-Seidel.



Se seleccionand como solucddn Lnicial al siguiente vecton:

* SOLUCION

- -

0.5
0.5

0.5

e

és

TABLA 3.3 Datos def problema del efemplo 3.3.4

'Nl;z 3E' 'L
M= 50
EPS = 0.0001
- R PR
Ao -1 3
i
1
B= |,
2
0.5
X=10.5
o5

-1

1

TABLA 3.4 Resultados del probLema del ejemplo 3.3.4

HATRIZ AMPLIADA

" 3,000 |

°1:,000" °1.000 1000
©1,000 3,000 <1000 04000
. °1.000 °  et,000 34000 2000
-
L . - PRINERA APROXIMACION DE LA SOLUCION
L 3
0450

050

[ IT1:]

LA SOLUCION NEL SISTEMA E§

010000E+01

o73000E+00

012500€+01

ITERACIONES REALIZADASO 18

v 7
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7. APROXIMACION POLINOMIAL ¥ COEFICIENTE DE CORRELACION

. 7.1 Introducedén ,
En muchas ocasiones a partin de una serie de valores muesd

114

trales, donde existe una variable dependiente y una o varias --

varniables independientes, es necesario ajustan dichos puntos --

por una Etha tal que permita determinan el valon de La varia--
ble dependiente para cualquien valor de Las variables Lndepen--
dientes. La cunva de ajuste por el método de Los minimos cuadra
dos puede sen un polinomio de grado "n", una funcibn de tipo Lo
_gardlimico, ete.; dicha curva se esdcoge de acuerdo a La distrnibu
cidn de Ros puntos muestrales y en forma fal que se minimice La
suma de Lot cuadrados de Los ernrnoncs. En procesos estadisticos
a tal tipo de ajuste se Le denomina regresibn simplLe o miltiple

de La vaniable dependiente sobre Las varniables independientes.

_EL grado de nelacibn existente entrne La variable dependiente y

2d indepcndiente se denomina conxrelacién y a La medida de tal

“nelacibn se Le RLama coeficiente de corrnelacibn, el cual se Sue

-

Le denofern con el simbolo ,ng § ™1(2.3...n). Donde:

.. . 1
Varndacidn explicada

g Vandiacdidn total

(7.1)

S84 se consddena a Y como La vaniable dependiente, Las --

variaciones se definen en La siguiente §onma:

vaniacibn total = Ty - 7)2 *
vardlacdlbn explicada = I{Vest - V)Z
variaciin no explicada = t{y - Vebt)z

sl -1 s aest - Nt e iy - vesn)t

(7.2)
(7.3)
{(7.4)

(7.5)

, para N »untos muestrales
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Grndficamente, para el caso de regheddidn simple se tendrd:

A ' . curva de
: ' reghresdidn
@
yo J--‘------‘-ﬁ--‘---°-5-°@
Vo, st frm-drmmnmimm e _
| . ® P LY -V
West = Y )/ ” 5
y ' :
o i
® :
4 ]
- ] -
§
7 L B X
Xo

7.2 Métoda de Los M[n@MOA Cuadrados

7.2.1 Objeto - ?

Efectuar La negresibfn Lineal o exponencial, simple o mil
 tipte, de fa variable X; sobre La(s) variable(s) X,, ..., X a
T opartin de una tabla de "m" puntos muesitrales con La sigulente
con&@gundeidn:

“Punto X X L X,

1

m

Para efectuar el afuste 8¢ .emplea el método de Los mindi-
mos cuadrados. Ademds, se proporciona el coeficiente de corre-
Lacibn y Las desviaciones estdndan de Ros pardmetros de La cur



va.
Las curvas de ajuste sendn del tipo:
x, = A, + Azxz + A3X3 + .., + Anxn
5 ‘
x, =ef1 2% A%z L. A (7.6)

1
Si se desea como curva de ajuste un polinomio de grado -
"{n-1)" 0 sea:

P ALK, + A, XSk e A xT

Xp = Ay + ApXy + Ag Xy + o nX2 (7.7)

1

s0L0 se nequerind efectuar el siguiente cambio de variable:

\

X, = X
X, = X

X4=X2 ?

X = xn-1
R S

en el momento de proporcionarn Los datos.

7.2.2 Método
Dadas un conjunto de "m" observaciones de La variable --
dependiente X, so0bre una o varias variables independéenteq Xzy
oo, Xn 4¢ busca ajustar Los datos mediante La sigulente curva:
o . ﬂ
§1X) =X, = Ay + AKX+ AKX+ oo+ AKX ? (7.9)
EL valor de La variable dependiente conredpondiente al -

valor de Las vaniables independientes en un punto muestral X

es X, i poxr Lo que el ennon send:
»
ep = 81X - Xy 4 (7.10)
ep T AT ARyt AKXy et AKX K (7.11)

L

A : :
X, = valonr estimado de X,
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y La suma de Los cuadrados de Los errores ccnsdderando todos -
L0os puntos muestrales es:

m . - ; m - . 2
DI LZ’ Ayt AKy Lt Ay ot AKX ;l

L=1 )
) (7.12)
para obtener el mindimo de La suma de Los cuadrados de Los enno

nes se deniva La expresibn (7.12) con respecto a Los pardmetros

Aj'y cha‘uni;de Las dendvadas se Lguala a cero para %oda, §:

m. . m 2
3 2 9 [A + ALK, o+ L.+ A X L - X .]
—_— Z e, ;TA—Z 1 2 2.,’4. n n,at.‘ 1,4

3% L= 1‘ BRI |
TS 2 [AI * AZ.XZ,L Foeeo ? Anxn,L M 4] 1,4 i

Lo cual se cumple soLo SL:

m

m
A, g»’.xj.’if 4, S X X

=1 LA

nij.

m
2
L=
m
z (7 14) -

-

al evaluan (7.f4).pana toda "i" se tiene:

m A + _Azzx + A,zX + ... +AIX. = IX

1 2 373 n"n 1
-3 2 LI ' - .
AjZXy + AIXy 4 AIXG X, 4 L + A IX X, = EX X,
* 0 (7.15)
. ‘ ‘ ' . 2 . )
A,zxn + Azzxzxn + Aszxsxn + . +,Adzxn_ = zx,xn ,



expresando en foama matricdal:

e ! . — r— e — —1.
m EXp o o o DX AL Ex
2 ; A1 =
2
T X TX,X . . I X A X, X

AL resolven el sistema de ecuaciones (7.16) se obiienen
L0s pardmetros A, de La curva de regresibn.

Dentro del programa se plantea el sistema de ecuaciones,
obteniendo La sumatoria de Los puntos muesitrales para cada va-

_alable, para el cuadrado de La variable y para Los productos -

cruzados., EL sistema de ecuaciones se resuelve por el método -
de Gauss-Jordan modificado, |

_ .EL coeficiente de correlacibn se obtiene de La sigulente
goama:

x . \| variacibn explicada
1(23...n) \ varsacedn total

-

7

Tx

1(23...1)

v'\ o . (7.17)

1

donde: , ’
7 2 e o

Ixy = I1,28...n + TX7(23...n) (7.18)

var. 2odal var.no explleada ‘varn., expileada

™

Las componentes de La ecuaeddn (7.18) eatdu dadas pors

m ? m m 2
X o X - Xy ;)
1 LA T T T o 1.a19)
mn .

* xes X-X



Ixyi23...n)° M2
’ £X,X
| 12
X, X
R R
Zx’x3
ZX,X
IX, X = n.
17n

zX

1 an
m

/

{7.20)

119 =

(7.21)

A Los ténminds de Las ecuaciones (7.19)y (7.21) se Les -
denomina elementos de variaciln y covardacibn respectivamente,

ya que x = X - X y La variancia ¢y covariancia 8¢ definen como:

(7.22)

e [x-0
covyy =E [x - Y][V - V']

A ﬁontinuacidn se describe La obtencién de La desviacibn
estlndar de Los pandmetnos Aj‘

(7.23)

Se define a Los producitos X'X y X'Y como:
R - _ —_
' < .
Xxef1 PN | 1 1 Xg 1 woe Xy 4
X .
2-, 1 Xz’z ¢ o0 x2 "m 1
i bees X 1 X cee X
_fp,1 xn,2 n,m_; L 2,m n,T_
s 2 ,
(7.24)
2
an ZXZ an . ZXn
—
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1 | A Xy IX,
X2,1 v Xm X121 [ zx.x
’ 172
X'y=f - ' o (7.25)
X
n,l . e xn,m Xl,m 2X1Xn

Sea A ek vecton de Los pandmetnos de La ecuacién de hre-

cresdibn, el sistema de ecuacdLones (7.16) se puede denofar en

tose a' Lo antenion como: .

(X'X)A = X'Y. (7.26)

conde Y nepresenta el vector de valores muestrales de La varia-
tte dependiente. Por Lo tanto:

y_:XA-f‘e *

(7.27)

A= (XX xey (7.25)
Se asume que fa ecuaciln de negresibn es de La forma:

\

y=XxX +

(7.29)

A partin de Las expresiones anterndiores se puede demostrar

fver nef. 1) que La variancia de Los pandmetn04 A, estd dada ponr:
E (A -X(A - =@ LIXX)" (7.30)
EL valon de o’ se obtiene mediante La expresibn:
‘ 2
2 _ 2 . LX
o= Si.a3 ... 0 1e23 ... (7.31)

m-n
dcnde "m" nepresenta La cantidad de puntos muesitrales y "n" La
cantidad de variables Aindependientes.
Panra efectos de negresidn exponencial del tipo:

A

X
. n+1%n
X4 e e Y 3 .

(7.32)

e : es el vecton de difernencias entre Los uaﬂonea estimados y
L0s valones neales.

Sk
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el prcirama aplica el operadon "Ln" en ambos ténminos de La ecua

cibn (7.32) con Lo que dicha expresibn se Linealiza y esta ex--
presdilr Linealizada es La que se utiliza para La obtencién de
Los pardmetros Aj'

7.2.3 Descndipedlbdn del Programa

a)Subrutinas nrequendidas:

SUBROUTINE SISTOR(N,M,C,A,B), plantea el sistema de e--
cuacliones requerido para La obtencdién de Los pardme-
trnos de La cuava de neghresddn.

SUBROUTINE GAUTOR(A,B,M,EPS,DET), obtiene La s0Lucibn
-del sistema de ecuaclones mediante el método de Gauss-
Jondan. Consultan el capltulo 3.

SUBROUTINE MULTMA(A,B,N,M,L,X), efectua producitos matri
clales. Consultarn el capliulo 2.

SUBROUTINE MATINV(A,N,EPS,DET), obtiecne La inversa de u-
na matriz por el método de Gauss-Jordan. Consultarn el
caplitulo 2. »

SUBROUTINE GRAFI(A,N,M), obtiene La grdfica de Los vako-
res muestrales y de Los valores estimados. Consultan
el capitulo 1. '

b)Descrnipeibn de Las variables:
Para La subnutina SISTOR:

N cantidad de puntos mueétnaleé
M cantidad de variables, incluyende La dg
] ‘ pend&en;e’

c(1,7). - valor de La vanriable Xj para el punio -
muestral "L"

A{1,7) mathiz de coeﬂ&c&enteA del sistema de e-
cuaciones

B(1I) vecton de ténminos Lindependientes del 848
tema de ecuaciones

SuMm variable que guarda La sumatoria de Los

puntod muesiraled
Para el proghrama princdpal:
N . cantidad de puntos muestrales
M cantidad de variables Lincluyendo Za de-



NTIPO
cl(1,7J)
A(T,T)
B(1)
EPS
DET

PROD (1)
CM{T, )

122 5&

pendiente

variable que Lndkca el t&po de neghresdibn
a egectuar .

valoar de La uaALabEa xj para el punto -
mues trhal "L"

matriz de corgicientes del sistema de e-
cuacdones '

vecton de ténminos Lindependientes del s4s
tema de ecuaciones '
enitenio para determinan 84 el deteaanan
te de A es nulo

variable que Aindica 54 el detferminanie de
La matrniz A es o no nulo

sdumatonias de Los productos cruzados xéxj

\

matniz modificada de La matrniz C donde

CCM{T, 1) =1

XTR(T, J)
XI(1,J)

A1
VAR
BVAR(T)

 ATEMP(I)
¢) Dimensiones:
EL programa

mainiz thanspuesta de La matrniz CM -
matrniz invensa del producto mat&&c&al
{XTR]) (CM)

- coeficiente de correlacibn

varianeia no explicada

desviacién estdndar de Los pandmetnOA de -
La curva de negnresibn

variable de neemplazo

es td estructurado para trabajar como md-

xLimo con cinco variables Aindependientes. La proposdi-

cibn DIMENSI
La cantidad

ON debend modificarse en el caso de que
de puntos muesirnales sea mayorn de 30.

d) Formatos para Los datos de entrada:

SEC.TARJETAS"

FORMATO  INFORMACION

1

(215,A4) N,M,NTIPO, panra La varia-
ble NTIPO se deberd penfo-
ran LINE en el caso de re-

"grnesibn Lineal y EXPO panra
regnres..dn exponencial.

1
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- e W e e G G e G e as e S G e W s e

C(1,J), Los elementos de
La matniz se dan columna
por columna. Emplear tan-
tas Zanjetas

cesanias.

como sean ne

TARJETA EN BLANCO, al f4i-~
nalizar toda La Lingorma--
eibn



‘ Lntdaﬂ.’

asignar va-
Lor a EPS

Ln{c(1, 1))

obtener componen

£es var, no exp,

y coef. de corne-
n

Lamar subry |,
SISTOR .4

obfeser matriz
mod{§icada de
valones muestra-

obtener fa
Lanspues tn de
esa mirndz

4

obtener desvia-
cibn cstdndan de

Los pardmetros

obtenen valones
estimdos y arne
glo rnatricial pa

n grafican

Lamer subru-
tina
GRAFT

124é6'

Fig. 7.1 Diagrama de bloques para el programa prin-
clpal ) '




Fig. 7.2 Diagrama

SISTOR -

R

subrutina
SISTOR

obtener sumato~
rins de var.
{ndependientes

et

obtenen produc-
108 cruzados de
var. andependien
Les

oblenen sumatorl
variable depen--

déente

.

var, dep. con

obtener produc-
208 crwzados de

var, {ndep.

Y

obtener Los coe
ficientes del
sistera de ecua
ciones

4

obtener vecton
de taminos inde
pendientes

"N
RETURN

de bLoques b&nh La subrutina

125 4.
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PROGRA'tA PARA EFECTUAR REGRESTION LINEAL O EXPONENCTAL MULTIPLE

EL SIGNIFICADC DE LAS VvAR[ABLFS EMPLEADAS ES

HICANTICAC CF PLNTQS VLFSTRSLFES

MICANTIPAL UE VARIAALES(INCLUYEHDO LA V.DEPENDIENTE)

NTIPC'V;RI;!L( GUE- 14DTCA EL T1P0 DE REGRESION A EFECTUARCEXPD @

LINE

CC1,J)uvALOR CE LA VARTAILE XCJ) PARA EL PUNTQ NUESTRAL 1

CC1,1)2yARFARLE OEPENDIENTE

ASVATRE2 OF CCEFICIETES OEL SISTEMA OE ECUACIONES» QUE SIRVEN Ppe
RA ENCONTRAR LOS PARAVETROS OE LA FUNCION DE REGRESION

USPARAVETACS OE LA FUNCION DE REGRESION

EPSsVALLR CON EL QUE SE CONSIDERA NULU EL DETERMINANTE DE LA Mae
TRIZ2 .

DETeVALCR A2SOLUTC OSL OETERMINANTE COE LA MATRIZ A

PRCD®S''WATQRTAS DE LS PRCCUCTOS CRUZADOS CON La Vo DEPENDIENTE

CvepATalZ MODIFECADA DE L2 MATRIZ C DONOE CH(Isideg

XTRaTRANSPUESTA OF LA MATRIZ CM

X1suaTo? INVERSA DEL PROOUCTO MATRICIAL XTReCM

BYAnspESVIACION ESTANDOAR QE LOS PARAMETROS 0

VARSVARIACION AU EXPLICADA

ALSCOEFICIENTE CE CQRRELACION

LA FUNCICN DE  REGRESTION ES DEL SIGUIENTE TIPO
XC1)98C1) ¢ 8(2)%C2) ¢ BCIIXCI) + sen ¢ BCMIXCM)

OIMENSTONES PARA QBTENER LOS PARAMETROS OE LA FUNCION DE REGRESION

DIMENSTION CC30,10),XC80)8C10)2AC10230)2ATENP(0)
DIVENSICNES PARA QBTENER LA DESVIACION ESTANDAR DE (I)

_DINENSlCN_EQOD(lO)-CW(JO'lo)vllR(lOaJO)oXl(100lO)OOUAR(IO)

DATA xlavx(l)nlNK())lAH!(!);AHx(l)vGHX(S)nAHl(6)04"!(7):&HX(63.|HX
1(91,5HY(50)/

LECTYRA DE DATQS
EPS20.00L00001

READ(S5+5C) NOH:NT!PO

IFCN)Y 20253 . )
CALL EXIT

DO 4 J21,¥

READC5:51) (CCIsddolng,n)

LINWARLINE

INPRESICN OE

WRTTIC6432) Now
WRITECE,$3) CX(1)a10inN)
L0 5 InleN

NRITECE554) TCCIaddadng,i)

LLAVADD DE SUBRUTINA PARA FORMAR EL SISTEMA DE ECUACIONES

XF(NYKPCGEQoL’N) G0 t0 24

U0 25 I=olsh

ATEPPCT)I=CCT»1)
Cltrtd=alCclcila)) .-
CALL SISTOGRC(NsMsCrAeR)

IMPRESICN ODEL SISTENA DE ECUACIONES

HRITECA»5%1)

peC & 1wy, .

WRETE(6»550) CACTISsJUdadninrM)sB(])

LLAMADD DE SUBRUTINA PARA RESOLVER EL SISTEKA DE ECUACIONES

CALL GAUTCRTA,BoM)EPSSDET)
JIFCDETSLEZEPS) GO Y0 @

IVPRESTICN OE RESULTANOS

WRITE(A259)
VO 7 Ly
WRITE(6.56) 1.BCD)
WRTTE(6,592) NT1JPOQ

UBYENCIQN DE SUMX(§)eAy
Al®?Q.0

DO 9 I=ton
Almaf ¢ CC1s1)

126 6 2
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OO

Lo X, X, ]

[z X X,

O [ X N, ] OO

.
OOON o000

PN

12

-
[S %X}

1¢

17

18

20
21
1

28
29

UBTENCICN DE SUMIX(C1dex(1))oA2, SUMX(I)®A)

D0 11 Tstau

A2%Q,0

A)s0.0

D0 10 Jateh

A2322 ¢ C(J 1deCldr )

Adead ¢ C(Y,Y)

PROD(I)sA2 « CAL*AJY/FLOAT(N)
CONTINUE

WRITECA»SA) (PRGOC(I)sleg, M)

OBTENCICN DE VARe NO EXPLICAOA Y DEL COEFe DE CORRELACION

,VAR®(,0 B

D6 12 1a2»¥
VAR=vVAS ¢ B(L)epROD(T)
AL1SSCRT(VAR/PROL(1))
VARIPRON(1) # yAR
VARSYAR/FLOAT(N=WV)
WHRITEC6,52) VAR

UBTCNCIGN OE LA WATRIZ MODIFICADA DE VALORES NUESTRALES

0C 1% Teien = | o
DO 19 Jsioem -
IFCJe€9.1) 00 10 1)
CHCT» I C()d) -

GO0 10 14

CHllsdlnlel
CONTINUE
CONTINUE -

GBTENCION DE CM TRANSPUESTA

00 16 Isiry
DO $68 Julom
XTRCJPIDRCHT ) R o

LLANADN DE SUBRUTINA PaRA EFECTUAR PRODUCTO MATRICTAL
CALL PULTVACXTRICHIMsN)¥X])
LLAVADN D€ SUBRUTINA PARA OBTENER LA MATRI2 INVERSA

CALL PATINVCXISpIEPSIDET)

JFCDET.LECEPS) GO TO 19 .
N0 201 121,w

HRITEC6558) (XI(TaJd)sJutsn)

OBTENCIAN DE LA DESVIACTON ESTANDAR OC LOS PARAMETROS

00 17 falsy
BYARCI)eVARAXIC],])
BYARCII®SQRT(BVAR(L))

IVPRESIcN DE CCEFICIENTES v OESVIACIONES ESTANDAR

HRITE(8,58)

D0 18 lel,v .
WRITE(4,59) B(1)sBVAR(])
HRITEC6,65) 4

REACOMNCO DE CATOS PARA ORAFTICAR VALURES REALES Y VALORES ESTINAe

LOs €O LA FUNCION DE REQRESION

IF(uTIPOenE.LIN) GO TO 27
DO 2t Tefrn
CHUI»1)8FLOATL(])
CV(t1s22%CCTI,1)

Syve0.9

00 20 Js2,y

SLHasuY ¢ C(1sJ)eBCJ)
CN{1»3)a8C1) ¢ SUNM
CONTINUE

« G T0 3¢

V0 29 I=3,N
Cr¥OIatdefLCAT(T)

Chigs2) arErvel(l)
SLVsEXP(B(1))

DO 28 Je2,y
SUN3SUNEXP (L Tad)eBCI))
CH(IaddeSun

CONTINUE

727é3



72845,/,

LLANSDO DE SUBRUTINA PARA ORAF ICAR ) . |

[ X Ny

30 CALL GRAFICCMINSY)
e 101

8 HRITEC6,S5T7)
GO 70 1t

19 WRITECAK,461)
G0 10 1

o000

FORMATAS CE LECTURA € TMPRESION |

80 FORVAT(:1%,a0)

81 FGRMAT(RF13,0)

$2 FORMATCOIM1,5C¢/) 45X 34HLA CANTTIODAD OF PUNTOS MUESTRALES ES »15,3(/)
1,5%52841 A CANTICAD DE VARIABLES ES »15)

$3 fsﬂy;;(///osfl)plO!'ZGPLOS VALORES MUESTRALES SQN»//7/705%sA%,9(7XsA
1920/

S4 FCRAT(/22%X»10C§PE114851%))

S3 FORMATC//755C7)10%, 37108 COEFTCIENTES DE LA FUNCION OE REGRESION
1 SCHS/Z7288%X0 1K1, 1T 00 AHR(T) /)

S8 FORVAT(/»05%512,10%51PE1548)

ST FCApYAT(S{/),)SUA,a2HEL SISTEMA DE ECUACIONES NO TIENE SOLUCION)

58 FCRYATOIHL,3C/)10%5990LAS DESVIACIQNES ESTANDAR DE LOS COEFICIENT
1ES SCNs/7/7+06%XsaKRBCL)s21Xs8K00Sen//)

89 FORVAT(/»80%X02CPE1508510X))

60 FCRAMAT(SC/),5X,30HEL CCEFICIENTE DE CORRELACION ES #1PE13.8)

61 FGRYAT(5C/),9%,02H\0 EXISTE LA INVERSA OFE LA MATRIZ ENPLEADA PARA
$1CALCULAR LAS DESVIACTONES ESTANDAR)

350 FORMATC/s2Xs1PEL10+3s10C1Xs1PE10,63))

855 FCRMATCINL,S(/)23Xs2PHEL STISTENA OE :cunclon:s £S0/) . -

532 Eggnlt(//nsxo2lntho 0t REGRESION 2AR)

Fig. 7.3 Listado del programa principal

v
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SURRQUTINE SISTDF(N-‘-CAA'B’
SUARUTIKA PARA PLANTEAR EL SISTEWA DE ECUACIONES 9UE PERNITE ORTEe
NER LCS PARAVETHOS DE LNA FUNCION DE REGRESION LINEAL NULTIPtC

EL SIGVIFICADC DE LAS vaRIASLES EMPLEADAS ES

NTCANTICAD OE PUNTCS MUESTRALES Y

HRCANTTDAD DE VARIABLESCINCLUYENDO LA DEPENDIENT[)

C{I,J)ovALOR OE LA VARTABLE X(J) PARA EL PUNTO MULSTRAL I

AsVATRIZ CE COEFICERENTES DEL SISTEMA DE ECUACIONES

BevECTNA OC TERMINOS INDEPENDIENTES GEL SISTENMA OL ECUACIONES

:LrP%;wtflklfnfﬂ APROVECHA LAS CAR‘C?ERIS?ICAS DE SIMETRIA OC LA
ATRIZ &

DIVENSTION C(30,107,A(10,10),8(10).
OBTENCION DEL SISTEMA OE ECUACIONES

ACE, 1) ep

L0 8 171e¥ ) K

l'(toNEn!’ a0 10 &

Suv¥=20,40 . -0
00 § JatoN

SUMBSUM ¢ ((Jsl)

g{ly)asyv

CIPisley . — o - -

D0 3 JalPl,p *
SUNEG,.0 .
D0 2 Kmf,N

Surasyv ¢ C(KsJ)

ACTsd)asym

AlJdrlIssym

CONTIN'IE

60 10 9% -

SuN=Q0.0

L0 5 JepsN

SUMaSy+ ¢ C(JJ[)'C‘J‘!)

RETEE i : . .

00 7 Fagaw
SUNg0.9 . =
D0 6 Kegan . )

SuMaSU ¢ c(l-|>-c(xo41

AT ddagyw ‘ .

ACJ,1Yusyy

CONTINUE S

CONTENUE 4

RETYRN ‘ ) .

End

7.4 Listado de La subruténa SISTOR
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7.2.4 Ejemplo
Los valones obéenvaggb para La demanda de enengla eléctrdi
ca en el secton resdidencial desde 1962 hasta 1973 son:

ANQ _ DEMANDA RESIDENCIAL [MWH)
1962 . 1418,357

1963 - - 1578.5712

1964 1816.236

1965 1970.987

1966 2256.216

1967 2548.05

1968 2803.79.

1969 3152.095 !
1970 3562.568
1971 3979.667

1972 4431.655

1973 . 4930.197

Si se sabe que La demanda de energia eléctrnica se encuen-
trha estrhechamente relacdlonada con el téeﬁpo, el PNB, La pobla--
eLbn y el producto bruto del sectorn el&ctrico del aino antenion.
Obtenga una cunva de £ipo Lineal y otna de tipo exponencial que
de afjuste Lo mejon posible a Los valores muesirales de La deman
da nesidencial de enengia elécirica.

* SOLUCTON .
TABLA 7.1 Datos del problema del ejemplo 7.2.4
' N = 12
M= 4
NTIPO = LINE 6 EXPO
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TABLA 7.2 Resultados del problema del ejemplo 7.2.4

<.

~g

54560.

UrMANDA RESID. TIEMPO PNB POBLACION PB CFE_,
1418.757 61. 165310. 37439, 1609.
1578.572 63. 178516. 38727. - " 1753,
1516.236 64. 199390. 40059. 2170.
1970.987 65. 212320, 41437. 2529,
2256.216 66, 227037. 42863 "2769.
7548.05 67. 241272, 44336, 3157.
2803.79 68. 260901, 45863, 3533,
3152.095 69. 277400. 47441, 4228.
3582.566 70. 296600. 49031. 4812.
3979.667 71, 306500, 50778. 5357.
4431.655 72. 329100, 52539, 5784,
4930.197 73, 354100, 6297.



-EL $18YEvs OC ECLACICNES 8

1023084018
8.130E+¢2
3.089L 008
S.4918¢09
4.,800890¢

Les

2o160€402
$.082E904
240826908
Je7018007
346328908

3e009E008’

2+082€%08
8.1464C¢13
1ed22e211

fe224€010

Sea81€¢C5
34701807
Sea22E411
243106430
20097E409

4.400£+04
34033£%06
10224E440
2,097C409
14397408

3.247€404
24372E40¢
9e518E¢09
f4636E209
14467C008

COCFICIINTES OE LA FUNCION DE REQRESION SON

' 71P6 DT mECALSION

LINE

w S W N

8l1;

1.25336780€008
©4460028709E402
“7420920634E°08

416154100TE"01

1476002042E°01

LAS OESVIACIONES CSTaNCAR DE LOS COEFICTENTES SON

EL COEFICIENTE OC cORReELaCION €8

BeI)

14255367808+04
“4,80028709E+02

*7.208920636E04

Ae61581007C-01
$076002042E0%

99973001801

2034876970E+40)
9472189127L401
3i75854087€-0)
6764298028202
8648348206€-02
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'

$0819E4C3 1 TPIE403 20124E+03 2.877E203 2.829€+0) 301525005'3.5392003 Js887E20) 3,280E¢03 4.992€+4C3 4.945E+0)

P Ty L T T T T B L Ll DL LT e Ry Y P T L Y e L T L P Y

.0 . . . . ° . * . . L]

* . ° ] ) . . . . . ®

14000€20¢0 . ] . 8. - . Py a e «

3 . . ° ° . 2 a . . *

° . - . ° . . . . [ L]

2.0600E400 * . . Ce . . . . . . [

° . . . . . . . . . *

» . . ' . . . . . . -

3.000E+00 » s . ° ] . . . : *

* . . a . . . . . . -

L] ‘Le . . ., . . . . D .

4+000E400 o . . - 0 . . . . . .

* . ' . . ] L} . ] [] .

K . . . . . . . . . *

%.000L900 ¢ . . . . . ° . . . L]

b . . . . . . . L3 . *

:. o . . o . . . . . . .

64000E*00 ¢ . . . ’ . .- . . ° .

* . . . . . . - e ] . -

Ll . ] . ° . e . . ° -

Pe000L*CO o . . . - . . . . N .

* . . Te . . . . (] . e

. . . . . . . . . ° .

§0002€°0Q » . . . . . . . .

. . . . . . . . ‘ .

. . .- Y Iy . . : . : L)

9.00CL%C: * . . . . . . . . “e .

L . * . . ]

. . . ] : . : . : : .

$1030CL°0L * . . . » . . . . . [

. . . . . . . . . . .

3 ° . . . . . . . *

1e10CL0y : . . . » ° - . . . ©

. : ] . . . ° . . .

1e205€004 o . . . . . . . . . ¢
.

o

..-c...-..-.--o....t--..---...I...-..-..o.--..-.aOuc.-u--ooaoa—..-......¢¢n¢¢.-.-.--...--..ncg.n-.-.
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€L SIsviwa DE ECUACIONES €S

1200E908 841CCE<C2 1.000C%06 S5¢451E+05 4.400E408 9446300
8o100E402 S.002€404 2.082€+408 3.701E007 3.033E406 §4205E+0)
30049E406 24C02E408 04104E081 1.822E411 1.224E410 244320407
S«a31E905 30701€°07 14822€%11 2,510E040 24097E909 443246404
Q0300408 JoN3IE406 1.224E910 2.097E+09 1.897E¢08 105428 +08

i i

L0% COEFICEENTES OE LA FUNCION OE REGRESION SON

1 8¢1)
B *qe11830552E-01
' . 2 1038567095E=01
| 5¢55134606E=07
] ©2:80140845E05
: N ] 2408932532003

FIPC pE @faRESTON cxro

LAS OLSVIACIONES ESTARDAR OE LOS COEFICIENTES 8OM

et DoSe
' "e4,11830552E01 7091875704EC1
1,308567093£0¢ 1.?zoxoen|t-cz
5,55134606E=07 1433460183£206
©2,80140015E-03 2028034852€+09
2400932652603 2408034915€°09

€L COEFICICATE OE CORRELACION €3

P

NS

P499763133€08



$e41TESCY 1.769C20) 2,120E408 2.472E403 2,823043) 3.173E£+03 3:526[004 34878E903 8.23CE903 4.38)1E4C3 &0933L40)

14060L¢C0
2:000E+00
3.000£¢00
4+000E+00
S.000L¢00
6+000E¢00
7.000£¢00
8.000E+C0
9.000L*0Q
10000401

11000+01

3420084018
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V1) SOLUCION ECUACI ONES DIFERENCIALES ORDINARIAS .

Las ecuaciones diferenciales ordinarias son aquellas en las que la varia-

ble dependiente es funcién de una sola variable independiente :

s Yo xy, v, L, YY)

" a) - Método de Euler

¥
(el i

Se trataré el caso de ecuaciones diferenciales ordinarias de primer orden :
dy =y' dx

Substituyendo por los.incrementos en la expresin anterior se tiene :

BDy=y Hx - (VL0)

» -l‘ ' :
Tomando un punte Iniclal para arrancar y conservangdo un incremento cons

tante HDx se obtiene la sigulente férmula tterative ¢

Y] =YO f'Y' A X *' ¢
o (Xor Yo)
Y“Q = Yi + Y;' ' Ax :
o - (x(f Y‘)
Yn‘g-]- =Y, +Y Ax: x vi.1)
R (Xﬂl Yﬂ) .

»yln) = dfty
T dxXn



La ecvacién V1.1 nos da la férmula recursiva de Euler.. Para oplicar
. el método se requiere que Ax sea pequefio y ademés contar CON.UR purts de

inicio (X5, Yo) . El‘arror producido es del orden de AXZ-

b) Eulermodificado -

El procedimiento%&sico'es el mismo solo que para cada Yi 41 se hoce

una serie de |ferucwnes con los valores obtemdos suc;swcmente de Yi,ya--

fin de obtener el valot mﬁs exacto de Y i+ -

Al tener ¢ '
eyl A
se efectdon las sigulentds‘ lteraclones L T

Ym= ¥(X\.+1,Ynd.>
.Ym Y & LY “‘Y Lp_‘_) AX

A:

Yc'm’ '?(XL‘H,?;.H)
A
?- ;Y - (Y\ +§”Jm_

u 7
o
Y ‘."
;\" ‘ , N 1)
o C
' e L ' "y
L ' :I‘
UL e ,
It ' . 1 !
" ' L . \t" ‘
y asf sucesivamente hasta que ¢ . L
' [ ] e T ‘ , . .
' L0 Y Lo oo ! [ '
i Cet ‘,1,'- L N SR

Y "ol Ml [ERNTI PN ¢ v ke gty

| Yo=Y leg e

~e
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al cumplirse,se procede @ obtener Y; 1o y ast sucesivamente.

Al igual que en el método anterior es necesaric emplear incremen-

tos ( A x) pequefos. El error producido es del orden AXa.

~

c) Método de Runge = Kutta

- ;Este método. utiliza las férmulas de integracién antes vis'rc:eparo flegar
a la obtencién de su propia férmula recursiva.  Dicho proceso es bastante

laborioso por lo que no se trataré.

La solucién para una ecuacién diferencial de primer orden Y'=f(x,y)
estd dada por @
Yn+'| =Yn + AYH

donde
AYaz DX (Ko 2K, +2 Kz +K3)
G . .

Ke= £ (Xn,Yn) =

s § (s B, Yoo < B)

zz-C(x,, DY, Yo v kD)
G(xn+Ax, Yo + t<_z)



La férmula anterior es la de Runge-Kutta de 40. orden, héy ofras -
férmulas con mayor cantidad de términos que se obtieren empleando diferen

clas de mayor 6fden.al deducir la férmula.

Los parémetros K; \reprééentdn la pendiente de 'l'q funcién en los -~ -
puntos en que se esté evaluando. El método da un error del orden de AX5

y es uno de los més precisos.
Ejemplo . , ‘ i
Obtener la solucién de la ecuacién diferencial Y'= 1 -X+4 y para -

" 5 puntos consecutivos empleando los métodos de Euler, Euler mejorado y Run-

ge - Kutta usando un incremento Ax=0.1. Comparer di chos valores con la

solucién real sl 'Xp =0, Yo=1.. T ' ,
Sel . |

La soluciénl .exactqe‘sl'& dada por:
Y- 4fY=4-x" ,

| .Ym-..C_éf’_‘l . o o
Yp= A+BX |
S = AN - 4BY = 4-X

| A’l"“-:’—_, 3 B=

”‘Y(’f')*?'c,?ﬁ T +4 X

vl Nleymdmead,
-

' ’ . . ' ) . ’
N .
. C, ,
e \
. . N B . (-
. v r v
Y ! ' e o . a -
I
" ' Yo .
. . ! P L
" v , i o . . » v ‘.



Y(K)=5 @i o Ay
2R e -z +gX

las férmulas de solucién para los métodos son :

Yn-'-"Ynz Y] o (Evler)

| i -Yn' =Yooy + \/.,\6-\ AY

/\?n = Yn-i + (“\(A,]n-u ""Y_,l_p) AYY
Y > l

Euler mejorado

:Yn'é“\(n...,‘“"la Y_K.+2K7;+2K3"‘k4] :
K= C(x...,\(n .) _
kz=’ m-t"’%ﬁ Yn-u-i-ks

) | Ruﬁge Kutta

Ks=. ;<Xn-;+ AX Yn- _.Z. Ax)

1}{4; C ( %p-\*‘BX ,S(n-s . K3 b)‘)

las soluciones se muesiran en la siguiente tabla:



gl.- 3.7

K1 X Euler E. Mej. R.Kutta kecll
ol o | 1. 1, 1. 1.

1101 | 1.5 1.595 | 1.408 1.609
2 102 | 209 | 2.463 2.505 | 2.505
3|03 |34 | 3.737 3.829 | 3.830
4 0.4 | 4774 | 5.609 5.792 5.794
5|05 | 6324 | 8369 | 8709 | 8.712

d) Dife;'encias finitas

Este método se emplea cuando se tienen problemas con valores en la

frontera. ' | IR o ;
- ,

El procér:iimienfo ’ét;n;isfe en lo'siéuiente : dividir el intervalo de in
fegraciéq en "n" espacios iguales, emplear los férmulas de derivacién de
diferencias finitas en la ecuacién diferencial (todas las diferencias deben -
ser del- mismo orden), substituir las condiciones de frontera y por Gltimo re-~ i
solver el sisfemg de e¢uaciones planteado. Se tiene que aplicar el opera~
dor diferencial a todos los pilvofes del intervalo.

Ejemplo

Resolver la ecuacién diferencial d2 Yo =¥ =0, en el intervalo 0,1)
. d
si y(0) =0, y(1) =1 .-



Sol .

Se divide el intervalo en "n" partes iguales, sean 4 en este caso @

s

Dx=1-0 =0.25
~z

V (%)

Y(H=4

Nloy=0

25 . 5 o? 5 * Aw X

empleando diferencias de 20. orden :

Yz T‘Eﬂz [ Y1 -2 Y.' i+ 1~]

substituyendo en lo ecuacién diferencial :

2 [, ‘2Yi+Yi+1] -Y;=0

Yio -2.0625 Y; +Y, | =0 (VI.4)

las condiciones de frontera son :

Y4=]

oplicando V1.4 en los pivotes :



Xy =0.25

Yo =2.0625Y; + Y7 =0
-2.0625Y) +Y5=0

X9 =0.5

Y1 -2.025Y7 +Y3=0

X3=0.75

Yo =2.0625Y3+Y4=0

Y, -2.0625 Y3= -1

el sistema de ecuaciones es :

- 2.062 Y'. +Y2 .

Yy -2.062 Yo+ Y,

Yo

de donde :
Y] =0.216
Y2 =0.445

Y3 =0.701

- 2.062

gJ .- ﬂ‘;

(V1.5)

(Vi.6) .

(vt.7

NOTA: Cuando se trata de ecuaciones diferenciales de mayor orden y se -

cuenta como condiciones y".

=0, -etc., hay que substituir en dichas ecuacio

nes las férmulas de diferencias y despejar de ohl las condiciones de frontera -

desconocidas.



10.4 Sofucibn de Sistemas de Ecuaciones Diferenciales Lineales
No Homogéneas de Prdimer Onrden

10.4.1 Objeto
" Obzenen La sofucibn de s{istemas de ecuaciones diferencia-
Les no homogéneas, Lineales, de primer orden mediante el méztodo
de Variacion de Pardmetnros.
La representacibn en forma matn4c¢a£ para este tipo de
Aiétemaf de ecuacLonesd d&ﬁe&enc&azeé es:

X(¢] = A X(t) + B ul(z) ' (10.16)

donde Uz} representa el vector de enztradas externas &4 se ha--
bla de sistemas §Lsicos.

Debido a que cuando se modelan sistemas dindmicos £4nea£e6
Las salidas no sLempre cornesponden a Las variables empﬁeadaé"
en £as ecuaciones diferencialed, en esdte programa se condidera .
2a nepnesentacdbn completa mediante variables de estado de un
dLsLema Lineal, La cual es:

X(t)= A X[£) + BUlZ)

y(2)= cX(£) + Du(2) (10.17)

 Klzg) = X,

donde Y(t) nepresenta el vector de salidas del sistema.

10.4.2 MéEtodo . ,

EL método de variacdidn de pardmetros establece que La 40~
Lucibn del sistema de ecuaciones diferenciales Lineales (10,17)
tiene pon solucibn:

E
xit) = AlE %)y o S Al - 9)g yio)de  (10.18)

)
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donde La matrniz eé(t B to’ es La matrniz de trhansicdén defindida
en £a seccibn 10.3.2.

Pon Lo tanto La solucibn total send La suma de La respues
ta debida a Las condielfones iniciales mds La nespuesdta debida
a Las excitaciones extennas. Panra La primena pante de La so0lu-
eibn se discuti6 su obtencibn en La seceibn 10.3.2.

Dado que el pnimtn'tédmino de La so0lucibn se evalia mes-
diante una evolucdbn de estados a Lncrementos Lguales de tiempo,
La segunda parte de La s0fucién:

¢ .
S A -%)g uieygo (10.19)
£y

fambién se evaluard a Anenementos L{guales de Zdlempo.

, Para poden evaluar fa expresddn (10.19) mediante & compu-
tadora &¢ requdene diseretizan el veetorn de entradas U(L), a--
proxdmando cada entrada ult) meddante , pulsos 0 heetad
como d¢ muedtra a econtinuacdbn:

Aul ' A wie

[N

T oAt At Attt e A | atf atf- "t
t‘L7;‘h’;‘ﬂ’t > £ '; £, £ >
(a) 0 1 2 3 (b) 0 1 Z 3

Fig. 10.10 Aproximaci6n de una funcdfn medianies
a) pulsos b)rectas

En el programa se aproxdma £a funcidn u({t) mediante rec-
tas, Las ecuacdiones necesarias para La evaluacibn de (10,19) se
desarrnollan a continuaclbn.

Sea La funcdibn u(tf mos trhada en La §Lgura 10,11
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Au(t)

ulo) u.(zt0+A/t)

w(z)

Z + AL

0 0

Fig. 10.11 Fun cibn u(t) y Aﬁ aproximacdibn mediante
una recta en el intenvalo tya t,+ 2

Se desea evaluar a expresién (10.19) penro:
t t
e_A_s_('t 'o)gy-(o)do' a eé_t e-é-og (_,l_(o')da| (10.20)
P :
0 | : Z,
evaluando de , a .ta + 4 1
<3 .
t, + bt -~ et
- A .
ei‘t‘ ¢ )E.‘i(“’d“ =¢5. z. e_-A-° B U{o)do(10.271)
% R |
de 2a figuna 10.11 se observa que:r = ’
wlty, + b82) - uley) -~ = - S
ulo) -8 "+ ult,) {10.22)
. A X
"batituyendo (10.22) en (10.21):
At z
1‘ - - -
. At e Ao B U(.) o= {eé_ A; Q,AOU ’dU} ' §._L_I_(,to + At)
0 0. ot

AL
“ulty) {ei‘- B\ AT do} B U(2 (10.23)
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empleando La sdgulente relacddn:

Q-A_O .-_-_I_ - Ao +A2 02 -A3 034‘ .o (10.24) -

T ZT 3T

en Los ténminos entre conchetes se LLega a:

At ,

A “S e A9 gdo = T( 8t)8 4 L4 A (Az:)"*z F... (10.25)
. B L ((T33ne
At

AN AT o arpag) v e A8 ) ML (10, 26)
), o NCYIIM

Para La evaluacibn de Las senies (10.%5) y (10.26) La can-
t&dad de ténminos a emptean dependend de La exactitud deseada.
Se fifa un criterio de convengencia € Zal que 84 I nepresenta
a La matrniz de fLa sende (10.25) y W a La matrniz de La senie
(10.26), se cumpla qué:' |

zl(:;}fﬂ (n)l< £ . para toda if
* (10.27)
i?+1) ; (n)l<: € , para toda ij

Como Las senies (10.25) y (10.26) s0Lc dependen del espa-
clamlento, se tendrndn que evaluar una s0la vez,

Eﬂ el programa panra obtener La relacién (10.24) hay que
evaluan el vector de entradas U(t) . en cada uno de Lo punitos
en que se subdivide el intervalo deiintegnacédn.

En términos generales el procedo a segulr es:

A
(:) evaluar La matnriz de tnanALQLdn e— Al 812)

(:) evabuar Las senies de Las ecuaciones (10.25) y (10.
26) ‘ '

(:) obtenen La hespuesta debida a Las condiciones Lnicdg
Les panra ti

(n)

&j nephesenta el elemento z, de £a matrniz Z compuesta pon

La sumatorie de M tEamtho
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(:) evatuan U[L) en &,y L, |

(:) obzénei La nespuesia debida. a Las excitaciones ex-
ternas mediante La nelacién (10.23)

(:)l' hacern 4=4+1 y nregresar al paso (E) hasta barren Zo-

do el 4Antervalo de.integracibn.

'10.4.3 Descripeddn del Programa
a) Subrutinas &eq@enidaA: _ .
SUBROUTINE EXPMA(DELT,M,A,EXPO)}, obiiene La matrniz de
_ tnansicdbn. .Consultar seccedlbn 10.3.3.

SUBROUTINE INTPE (DELT, M, A, SUMA}, obiiene La matriz de

La senie (10.26); esta expne4¢6n se emplea para eva-
] Luar La nespuesta debida a Las exeliacdiones externas

SUBROUTINE INTRE(DELT,M,A,RECTA), evalua La expresidn
dada por La senie de La ecuacidn (10.25); esta ex--
presibn se uiiliza para calcular La respuesta debdida
a Las excdtaciones exiennab.'

SUBROUTINE MULTMA(A,B,N,M,L,X), obtiene ef productc ma-
thiclal AB Consultar el capitulc 2.

SUBROUTINE GRAFI(A N,M), gragica Las soluciones de laA
vaniables dependientes y de Las nespuestas del 44is-
tema. Consultar el capltulo 1.

SUBROUTINE EXCITA(T,F), evalua el vector de entradas -
Utz) en el instante %,.

b)Descrnipeibn de Las variables:
Para La subrutina INTPE:

DELT . espaciamiento enire 208 valores de La
variable independienie
M cantidad de ecuaciones diferencilalesd
AlT1,J) matniz'de,coeﬁicientaé consdtantes del
. sistema de ecuacdlones difernencialesd
EPS cendltendio de convengencia
‘ SuMA(r, J) matriz nesultante de evaluar La senie
CN h contadon de Ltenraciones
DIV factonial divison
TNEW incremento de La variable independiente

elevado a La potencia "n"
CMA(T, T) matrhiz Ldentidad

&5



B(1,])
X(1,7)

DELT

M
AlT, J)

RECTA(T, J)
CMA(T, J)
B(1,J)
X(1,7J)

EPS

"TNEW

CN

- DIV

240 46

matrniz A elevada a La potencia "n"
matniz resultante del producto AB

" Pana La .subrutina INTRE:

espaciamiento entre £os valores de La
variable independiente

cantidad de ecuaciones difernenciales
matrniz de coefdlcientes del sistema de
ecuaciones diferenciales '
matrniz nesultante de evaluar La senie
matriz identidad |
matniz A elevada a La potencia "n"
matriz resultante del producto AB
endtenio de convergencia

incremento de La variable {independiente

" -elevado a fLa potencia "n"
‘contador

gactonial divison

Para La subrutina EXCITA:

T

TN

Flz,1)
F(3,1)
F(4,1)

valorn def Lnstanie de tiempo en el cual
se desea evaluar La expresién U(z)

valor del primen nenglén de La expresibén
ufz) en et instante 1, ’

valon del segundo nenglébén de La expresibn

U(zt) en el instante t
valorn def tercen nengldn de La expaeALJn
Ufz) en el instante i,
valor del cuanto renglén de La expresdidn
ufe) en ef instante té
valor del quinto nenglén de La expresibn
ult) en el instante £,

Para ef proghama principal:

oM

N ..

NS
Nu,
PERIO

cantidad-de ecuaciones difernenciales

cantidad de dubintervalos en que se divi-

de el intenvalo de {integracdibn
cantidad de salidas del sistema
cantidad de entradas del sistema
intervalo de integhaciidn
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DELT magnitud de £o04 AubintenvazoA de integnra-
elbn

Al1,7) matniz A del sistema de ecuaciones

B(I,J) matniz B del sistema de ecuaciones

c(1,J) | matniz C del s4isiema de ecuaciones

p(1,7J) matriz D del sistema de ecuaciones

X(1,1) condicibn indicial de La vardiable indepen-
diente

X(1,73) condiciones Liniciales para cada una de
Las variables dependientes, JD> 1

X(1,7) s0lucdbn del sdstema de ecuaciones

yy(1,J) valor de Las salidas del sistema

SUMA(I J) Antegnral def tlnmino condiante de fa e-
- 7 cuaedbn de 2a necta empleada para apnaxL-
mar La enirada
RECTA(I,J) Antegral del Zérmino variable de La ecua-
edLén de La necta empleada paaa'apnoxé-‘-
man La entrada '
SHOM(1,J)  &ofucdidn del sdstema debida a taé exed- -
) . taciones externas
y(1,J) valaa de 2a entrada en el Anstante t& 1
- PEND(I,J) pend&znte de 2La nrecta empzeada pana apro-
" oxdmar La enthrada
REI(1,7T) aniablq de reemplazo
F(1;7) vardlable de reemplazo
e)DimensLones: ‘ | |
La proposicibn DIMENSION del programa prinedpal y de
Las subrutinas deberd modiflcarse cuando:
N> 100 ylo M > 5 y/lo NS D5 ylo NU > 5
S4 4¢ modifica La extensidén de M, debeadn modificar-
4¢ Los argumentos de La subrutina EXCITA,
d) Formatos para Los datos de entradat
SEC.TARJETAS FORMATO INFORMACION
1 .. [415,F10.0) M, N, NS, NU, PERIO
2 ~ [8F10.0) A(T,J)}, Los elementos de
La matniz se¢ dan renglén
por renglén., Emplean tan-




. , tas tarnjetas como sean ne
L cedanias
3 (§F10.0) B(I1,J), Lgual que para La
. _ matriz A
4 (§F10.0) ¢(1,7]}, igual que para La
. ' mathiz A
5 " (8F10.0) D(1,J), i{gual que para La
. ) matriz A
6 (§F10.0) X(1,7), el primer valor de

be corresponder a La condi
cibn indelal de La vardia--
ble independiente.

- D e e e SO B e Sm s e G B S W N P e e e o -

n ‘ . TARJETA EN BLANCO, al fina
Lizan toda La Linformacdbn.
e) Diagrama de bloques:



obtenen La sot.
para las salidas
del sistema

u:amt subw-
Lna expya

Mprunn Re-
sultados de
var, de edo.

obtenen Lz sol.
para La parte no
hemeg. de tas
var. d¢ edo.

V.

obtoter La so0l.
para {a parte
homog, de fas
war. de edo.

2

obtoner la Aes-
puesta Lotal pa
aa Las var. de
estado

Fig. 10.12 Diagrama de bloques del programa
prineipal

“ min emd = B ey Er B smmAT ¢ AfEmA M OUBS e s eSW LW e
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asignan vaton

a ers |
generar ma-
iz {denti- "
dad

e generar nuc-

vo tdumine

de fa senie
N

aghegan nueve
téamino a g
sende

T conveng (8>
c 6 la seace”

Fig. 10.13 Diagrama de bloques de La subrutdna
INTPE



Fig. 10.14 Diagrama de blLoques de £La subrutina

R L L

-

subrutina
INTRE

asignan valor
a EPS

v

generan ma-
iz identd-
dad

generar nue-
v Ldunino

de Lo senie

agregar nuevo
thmine a la
sl

INTRE

P = . am— A

245 9
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stado:

PROGAL Y PARXA ST ar e 1at0 10 g pInAlTCRS LINTALLS Bl 1A CONPyTaw
~..D2PA LIGTTAL MEOTAMTE CL 1 £1000 9L W AWTACIOH D PARAMETROS .-
SICLIFILADY TL LA3 veeTanuLFy DPLLALAD -
. NMsSCANTINAD DF ECUACICIES LIFEPENCIALES
I 1L CA;TI,AU vb CARIES L' oyt st Ju.LIVIoE_EL_luJERVALo. tE INJEGRA=
crot
NS=CAUTINAD DL SALIDAS
_PUSCAUTIDAD DL LUITCADAY
T PERIMECARATTID QEL ENTLRVALY DF 1uTECGRACION
O DELT=AsNITyn aE LN5 BT TLPVALNS . . oo
ASUATEIZ A DEL SISTLMN [F ECUACITLES ——
P=aATPIZ B DL SISTCA OF ECUACID S
C="ATKIZ C pEL SISTEA pE FLUACLINGES
_DSATYZ D DFL SISTLA UL FCUACIDIES. U
.. XCL1)=0000 010 IICTAL OF LA VﬂRIAﬂLE IdDLPE"DIE"TE
i(l'J):’L"’xnlrIOuCJ IMICIALES
CXINOLLUCIN | PePA LAY YARTALLES DL ESTADM ___
YYSVALPY DF LAS SALLIRNAS
SANMEREIPUTSTA JFUTeE A LLAS EXCITACIONS 3 EXTFRNAS
_Exeosafniz nE TRAUSICION .
T8ynAsINTEGPAL DL LA PARTE COMSTAYTE PETLA ECUACTON DE LA RECTA
RECTAST ,TLORAL [EL TFR"I'W) VARTARLF pL LA TCUACION DE LA RECTA
_Ysvainnp np LA ELTPADA Fry S TLSTAGTE T(Ia1)
TEBUALUY AL LA EOTHADA [y SU INLSTA,TE TCID
PEIDETF |PIFTE 07 (A PFCTA
MPLsCARTIDAD DE COLUrAG DEL APREQLO . nA1nlcllL X
REZMATR[Z NE RELMPLAZY

T ofERST I Aga,0)BC6s6),C (B, 6) D(06) (101,68, EXPOCH,6),PECTALLIG
l7qu’ﬁ(':h),1WO (6s6),Y(6,6),PEID(6,6),PECE,8),F(6,06),YY(30),0)

——— nES o e o
. 138 .
..C. LECTIPA RE DATOS

1 PEADCIN,100) '\, U, H93,HU,PERTID
1FEY 2,2,3

2 CaLL £YI7

3 MpIsUeg

TV oREALtIo, 1en) ¥ UL, ), 5 0mE Y T

c IMPRE ST DE DATOS
e WRITE(1.,200)_
00 0 Y=, ) - T o
. 8 wRITE(1.,250) (AlI,0),d31,4) oot Tt T
—_— wntrr(!n Ing) T
00 2 13,
9 WRITE(1.1,250) (BC1,J),J31,N0) !
IFICC.E1,0) 6O YO T2 . ) .
MRITE(T0,35)) . ‘ -
' oCc 10 1%1,"s .
——10_hpl YE(!..2501.[C(1;J)¢J»1.11 Y
rRITELT ,4n0)
oy 1 I=I'”?
— =V MRITECI,2%0). (DI d)pJa1, H) _—
72 nRITE(].i,452) e e ———— e = -
--. PRITE(Y {,250) (XC1,J),J031, “Pl)_.___________.____“_._“ m—— e s
c—eem JFGUSL,EL,0) GO TQ. Jl__.-__-
. € !ln;nap S1 LA "ATRIZ D ES NULA
00 12 121,43
DU 12 JSlptle L e ———
JFCC(L,0).E0,.2.0) GO TO 12 e i e e e e e e oo -
J0=1 e e . N
e BUTO IS Ll al e el — ———
12 ConTr L
13 102y
C __.0UTEEP & ATRIZ nL TRANSICION. —
13 CELT=PERTa/MLOAT (MO .
CALL bim(pELT, ", 48,0400)
c COT{ LP Aty ¥ HECTA

DO 4 =i,"

@ READCIP,150) (ACI,),Jel.)) .
bo 5 I=1, e -

S BEAPLIn, 157) (ALT, )5 dm1,0)
HAULN &N )) R 19 74 .
00 6 1=y, e -

) a: WILe, 15 A) i, =, ] .

_ 00 7 Is§,ns
T RCAp(Ie,15%) (nC1, M), deg,)  ~ 7 e "

CALL 10 77CEOrLY, A, M0 A) T ‘
CALL o' TALL.FLT, M, 8,PLCTA)

&
o,

g

rdor.
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e = CALL GRAT LXK UPL TP L) L L L e e e e« 6 e ¢ 4 e mms e o

29 COMTTINIE

mepiatp nrsuthnos CONRESPONDIENTES A Lae vAR!hrLEs ot ISTADG
3. hRuf.(u,mo) e e me = eemi———— ———

DU 22 1my,1Pd
22 WRITE(1v.Q50) (X(l.J),JII,“P')

IF (S, 62,0) 60 YO

e SHETECD,990) L Ll Ll e e

0o 23 I=t,"pPy
" 23 nRITE(TH,2%0) XOEy0) o CYYCL, 30, 081,N9)
... Do 2u ISPl o e h e o s ———ee
DO 20 Jay s A
24 x(I,J*1)=YY (1,02
.. N3%HS ¢
CALL GnﬂrI(X'”FI'”q)
GO 10 4 -
FOPHATOZ pF LECTURA € T1'PRESION.
100 FOPATCATIS,FT9,0)
S0 Fun 1 T(ATi0,N)
00 FORUGAT(I 1,50/, 15, ' "ATPI2 Avey)
T 250 FuarAt(/Z, 1%, 0Lt S, 3Y))
300 FoniiatT(S5(/), 1% l,"ﬂTnll AL
350 rJ"\Ar(.t/w,l,v.-wnr°17 c-,/) e _
—ao0 ruu~r7(5(/),|,v.'|at911 LAY Tt T

e et st s e

€ . obYEnEe LA SoLULTON TOTAL PE_LASD vARlABLEs DE ESTADD
Hris o+ .. -
bn (A ra2,npy .
e — . KV 1) 2L(KaL ) + DELT e o
C OATLER LA SOLULTON DERIDA A LAS CMIRADAS
tex(r=1,1)
- . CALL t'cxra(r F) e e o
TCALL CRLTDA(N, PN, 0iY, 1, Y) - -
Y=xt',|) L
A r Cryalr, F) e -
CALL “"ILYNACR,F, ", 0, 4 ,RE) )
pn {4 1 Tt
_____!ﬂ_PC'l(lpX)=("F(X:l)-V(Iol))/uFLT_ . -
CALL "W LTS 3U ALY 1ty 4y 1 840™) : CoTTT
. CALL NULTUA(RECTS, nauo,u,n,:,nr) !
D 15 131,"
s s, l)nﬂﬁ'x(l (IS 4 4 FE T IRt et
c onlt;t" SoLUCIM DEDTDA A LAS coﬂol:xonzs INICIALES
0y 17 Jzg,+
——— TR, T )20, ——— — e .e
"0y 16 122,00y - .
46 xlr,genraxte, gel) ¢ Exroly, x-x)-x(x-l.li .
T 0vgtieP Ly SoLnC 0N ror AL
17 X0 et ) Xl Jel) & 3HONCI L)
_jsenntyeg
- 1P FN Y 63770735
¢ oaternln £L Va_OR OE LAS 8aLI0AS PARA 10008 LOS Puu?oa MUESTRALES,
_____ IrCir,ed,0) 60 10 20
- b 2y vy iy
DU 25 Is1,N3
2% vyir,)z0,
TTLITe =xth, 1) T T T
eaLL Excirai, O sntliodghy - o= mio L
LU HULYHA (D, Fo g, tin 1,4y ~ _
e SR T v =
3 vv(n.1)=VV(n.x) ¢ Al3, )
00 §o taf,v
19 RCCT,1)3X(K, 191)
CALL HULT"A(C,HE.Hﬂ.".lo67
—— D0 20 13y,n3,, —
20 YO, 1YaYY(K, 1) ¢ ACT,1)
21 ConTinur
—— G0 T0 30 L e wrmmn i
. 26 N 27 ¥sy,IPg . e e e e e e
. 00 27 18, e e ctmimn s ememi o m—— s o s e
. ﬂE(J.x)-V('olotJ
CALL MHLfﬂh(c.ﬂtnuﬁ M.I.A)
0o o8 181,13 , . '
——— 28 YY(MI)"Y(K'I) A ALY e e i s s e ¢ e e o it o

-

1
IAPEININ RESILTAODS CORRESPOMDIENTES A LAY leloﬁS DEL 91STCMA

T 450 Fontlate5(/), 157, ag CapnICTInaFs INICIALES snu',/, 88X, YTIE"PAY, 10X

ll"(')"ll*r'(ft)"llx0"(‘) 11X, '1(4)'ll‘X:'!(')"//’

T80 FURDATLGL/Y, 15, TLA SOLUCIOYW PARATLAS VARIADILS L ESTADN F3',/,48
IX, PPIENPQY 400, XCI) Y 1K, R0 B IK, PXCRYY, g%, XEA) T, 11X, ' X(S) T,

2//)
TTR5G FurtATIB (/Y 15x, 6L VALOATAE LA SALTDRS EST, 7 1RK, TTIEIPOY 10, 'Y

lé};'.atx 'vch',:xl 'v(s)',;xx,'vca)',agx 'v(sa',/)
[}

Fig. 10,15 Listado del programa principal
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c SURPUTTIA PATA LYALUAR LA 1UTCARAL DFL TER*I"Q COH%TANTE DF LA
e b PETTA —
¢ SIGHTFICANA AL LAS VARTAALFS C'PLLADES
4 DELT=t SPACTIARIENTY ENTPE 05 VALORFS DE LA VARIABLF INODEPENDIENTE
G M3CALTIOAD DE CCUACIONES DIFERLICIALES - -
€ . AEMATPIZ A DEL SISTE™A DE FCUACIONES [ .
. €~ SUMASMATPLZ REMULTANTE DE EVALUAR LA lNTEGPAL ___________ AU
L _EPSSCRITERIO 0. COIVERGE! AC!A ...... —- -
c Ci'Aal’ATRIZ INE TILAD .
c CHECMITANDS [T Ivcr»rxnuis
PR DIV FICTORIAL DIVISGR e e e
- €. VIFusInCRL LT DE TIEPO ELFVADO Ta LA POTEHCH M -
C REATATIZ A LILEVADA A'LA POTENCTIA N4 ———
G X3“ATRI2 PESULTANTE DEL_PRODUCTO_AR __ __ _. — e
DINEST0) ACbyb)sCtALG,06), n(b,b).xta-b).su“A(o.b)
EPS=D, 0000}
| S GEncrnn "AIRIZ InEultuAn_-nﬂ__ —_
_____ 0o 3 laf,n " - P
—— Do R J31.1 e
L IFUL,EN,0) Go D1
cuﬂtl,'llo 0
60 T 2 : ) N
— CACT )LD — : —
_2 contyrang .. .
... 3 oCONTIONE
I __onTEER LOY D0% PR!MEBn;_jERHINos OE LA %Enxs
00 4 =1,
ne 4 J=g,.n
a sunA(I.J)c 1A(I¢J).DFLT + (A(I J)aDELTSDELTY /2.0
_— q B(YpJ)-M(XIJ) . . -
———— 1IIFH=HELTQDE_LT
. cu30____ e e
] plv=2
¢ OD'Lan LOS TERMINNG RFSTANTES pE LA SERIC
3 DIVEPIVAC _ — P
AR L YR AT A | _
- Cal.b NULTIACA, B, M, HN,N,X) !
.00 6 I3, L . e
0U 6 Jal,
AL1,J)ax(1,d)
& CHACT,J)3(X(T,J)*THEN)/DTV o
IF(C'-h.oi 9,9,13 — T N o
T3 amaxseradl. 1) . - .
e 00 8 Q8L — —
g7 Jsien
IFCARSCCACT,J))=ARSCAMAX)) 7,7,14
18 n-~<=*'n(x J
— Vtunryting ] Y e
LN 15408 ST o
¢ vEPIFIeAR LA CANVERGENCIA OC LA SERIE

SURRNITINE T ITOL(DFLT, M, A, SU''A)

TrFAnS(AvaXYSCPEY Ti,1T,9 g -
9 D9 10 131,
PO §0 Jay,n
T iosueall e suuA(i.J} + CnAlr, 3y
IF(CN=20,0) 15,145,181 _
!s cmch o 110
6o TS

+ §1 RETURY

Enn

Fig. 10.16 Listado de La subrutinaINTPE
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SUPPOUTINE THTPCDELT, ", A, RECTA) 249
SUHRUTT'jA PARA EVALUAR (A In1L6RAL DE LA PARTE VAR!AHLE pE La E=
. CusClon PCoLA_RECTA
SIGUIFICAND AL LAS VARIANLES E¥PLEADAS.
TLLT=FSPACEA TE TY ENTOE L5 VALORES UE LA VARIABLE INPLPEMDIENTE
=0 YIeaD o0 CCUACEOES CIFERELCIALES L .
A=ATIIZ A [FL STISTEA DE ECVACINES - -
RECTASATREIZ FESULTANTE DL EVALUAR LA SERIE. . . _
—C3trInIl JRENTION |
Rz ATIIZ & CLEVA™A A LA POTENCIA NI
XSUATETZ PESILTAUTE DEL PRODUCTO AR
EF‘S CHITERIO LE CQIYERGENCIA .
Pzl  CPEVENTO DE LA VARIADLE IMDEPENDIENTE "ELEVADD A LA POTENCTIA
1)
. CHSCP ITADA® DE_ITERACIONES
pIVEFACTAPTAL AlYIn0R
[ SN :(b.e).aecrute.e).csnta 6) B(b:b):!(6:6)
I _EPBze, 001
c GErEPAR MATRIZ Iof.'lﬂol\o
) 0o 3 Iz,
ST ¢ S L B U
1F{1.6n,J) GO 10 )
eely, 20,0
o GO J0 2
oo, NsL
2 colyrnvg . .
3 tonTiung —
-t CRTLICR LOS DOS PRIVEPGS TERMINDS OE LA SERIE
0o 4 1= 1,w
—[9 « Jsgy AL N
T PEFYI(Y,J) (CATT, J).ocL1.o£Lr)/2 0+ (f'JJa(D£L7an3))/6-0
a4 r,0=al1,) . i
e T s \‘FkY'"ELT'FELT
R cHe=a, o
pIven,
€ udret " EL RESTO DE LOS lgpnluos_pg_ﬁA_ﬁgnx;
&5 pIvar Vel . \ - , ,
THEHSTUE (afELT i : !
__.Call MLyta(a, B M M X) : : !
00 6 Isg,d
£C &6 J=i,n . . . .
ALY, 3)2X(],d) . .
) c!A(I.J) ({1 D)W TIERY 70TV
_IF(C.LE6,0) 60 TN 9_
'mtnc"g(j,n NS
DO 8 121, .
DO 7 JEi "
_IFGArSCEracy,y JLF _§§AHAX)) 6o 7a47
TanaxeC A, )

? co“TlH']C - emEE mieEel vt (e e et ——— /0T = S amenie® S U P e B8 e s

T

l

neﬂrwr»rvrar1r1rvrvrsf\rw?ln
H f
l

et 4w me e e . e e s e e — . ——ip =

@ e o mmmemin mwmriw e e se = | Gmmes Em it s e aee Ml e

———————

A coTINn T eSS e smemmers e TR
T TTUUVERY A crs-wrnr':wcrrvm 3ERIT '
IFCAPICA'AX) ,LE,EPS) GO TO 1} ~
9 DO 10_1al," -
""""""" no”4” J“' W e e e e ..
1 uccvn(x.d)=nsch(l.Ji Tenalt, ) T e e e e e e ———
{4 W01,20,) 60 10 11 -
— et 4 e .
' 60 10 S .
11 RETURY . -
ENd ) . . . .

Fig. 10.17 Listado de La subrutina INTRE

SURRPUTINE EXCITA(Y,F)
DIMCHGIC F(6,6)
A TP LI IS LICT IS A 8!
F(2, n)ao.,a L3, o)
rts.x)-o.o
FC4,1050,0.
vmm F(S,2200,0 . [ -

mevgen..__ T T T T T

E:D

Fig. 10.16 Listado de La subrutina EXCITA



10.4.4 Ejemplo

Para el s.igudlente clhcudlto eléctrico:

- .' + |
viz) R : —— ¢ C\/) I(%)

Fig. 10.19 Circuito eléctrnico del problema del ejem-

pLo 10.4.4

84 8¢ considenan como salidas I.Y Vo » su nepresentacdién me--
diante vaniables de estade es: '

oy pm— Gy g —— —

dI 1 7
L
—_— 0 ~1/L IL 1/L 0 vizt)
dt
= +
Vel L1re -1ref| v, 0 -1/cC 1(2)
dt_ - — — e —ad T o
e pam——n — E— oo ey o
. i - —
Ic 1 1/R IL 0 -1 vizt)
= +
v 0 1 v 0 0 (%)
R A
- - - Lc_; S -l L o]
Detenmine Los vatores de 1, V , 1 y V, para =0, cuan

do:



v(z)
I{z)

® SOLUCION

TABLA 10.5 Daztos para el problema del ejemplo 10.4.4

= 5”12 )
= 0.54en(32)u_, (2] (A)
100 ohmas \
0.1 F
1.0 H
0.
ol =2V
0) = 0.3 A
10 &

M= 2
N= 100
NS= 2
NUs 2 -
PERIO= 10
A e
| 10 -0.1_
rl 0
B =
0 -10
Sueny d
1 -0.01 |
C = '
0 1
S —
To -1
D =
0 0
[ P a—

X(1,3) =( 0, 0.3, 2 |

Fil,1) = 5, %EXP(-4.,*T)



F(2,1)= 0.5*SIN[3.0*T)
Fis,n- 0.
F(4,1)= 0.
F(5,1)= o.

TABLA 10.6 Resultados def problema del

ejemplo 10.4.4
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1A SOLUCTIOY PAPA LAS VARTAPLES DF ESTADO (9

TIEVPD X(y) X(2)
0, o JV00RES N ' @OCRYEen]
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T 20000430, . ,S3425EN,D. W25119E408 ...
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. JT0000EAQ  «,15241E%00 . .13560E+01
. nopoerang = ,231291Ee00 J154S3E400
(90000E#00 =, 20386E%90 W23115E400
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Ot T ey ) 1% 161 1
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0210008081 «,581028+¢7 +171208000
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(e o am

s

L ad3000Eenl ] T = 0B03TEeA ' =, 12319Ee0) |

J20000€40]  =,31098E430 =, 19651840}
ST\ 11 ST T Tt (2 KL CF1 S LTLUTTY.} ey

L. LIIaRe0n0Eedl J901°Eeu0_  =,29957€e0)
J2T000E431  ,09838E+30 a 3187800 ’
. . — _ -
] R []
) «8B000E+0] J3221E+91  =,13828£402 _
e aBO0ACE AL 203308051 e M2104E102 .
«90000F 0] «37213E4,1 - 9373LE+CY
B TPY TR JOuTTIES 2l =.5a132840) -

S a2tmeedt D 4323991 = 12S4SERCL_ ..

«93G0CE+aL LQT21SE+31 °  ,329A4E+0]
I ITIY IR Jair21neatl  JToisaEsal -
e W2TCN0ENNL T 32200E05] _ 1295€002 . -
«96009E401 L 19038¢ 01 +13930€,02 '

LY L TR T AY SV TRV R TS Sy v -
— ATMOMIERNL | gL lubTebegl. .. _,15287E€¢02
«M00UE e YA YT T 137738602

TTTIe000EW2 T T IL 1 50C gt T T 1098ugen2
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INTRODUCTION 1O COMPUTER SCH* »

IF ((A LE B) OR (B GT C)) GO TO 43
cause a transfer of control to the statement number 437
(@) A=250.B=300,C =155 - r
(b) A=250B=230.C= 155
(c) A=250,B=230.C=255
@) A=60.B=20C=275 . . ) v
Modify thd program in Fig 10.18 so that razors are sent to families where {he
answer to question 3 is No and there are two or more males-in fhe family
Test your program T . .
Moduly the program:in Fig. 10.18 so that razors are sent if the answer 10 ques-
tion 3.is Yes ardd our times the number ‘of males over 16 plus two times the

number of wamen over 16 i$ greater than 15. . z

LEVEN

pu——
—
ho—

NONNUMERICAL ALédRITHMS. FILES, AND DATA STRUCTURES

The use of computers extends through almost every part of our modern
lives. The largest usage of computers 1s, however, inthe worlds of business
and government Keeping records (bookkeeping) 1s always an important
part of running a business, and this exiends to the business of running the
govemment. For that matter, one of the largest uses of computers by the
military is in logstics, which 1s the control of supplies Computers also
perform such funclions as inventory control in factories and warehouses,
processing checiks and calculating batances in banks, and managing air-
line and train reservations, and they take part in just about every aspect of
business record maintenance Computers also play major roles in process
control and the automation of manufacturing, scheduling of production in
factonies, monitoring patients after surgery, scheduling awcraft mainten-
ance, and assisting management in making decisions by gathering and
caiculating statistics on items of interest

Important apphcations in science include work in psychology. biology,
medicine, and the social sciences in general Probably no other part of the
computer business is growing as fast as the work in these areas, and the
potential gain for mankind 1s truly staggering

Just as business management finds it advantageous 10 be able to
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process data and gather statistics in business transactions, medical re-
searchers find an important application in gathering statistics on the effects
of drugs when used i treating patients Similarly, biologists and chemists
now use the data processing capabilities of computers to gather statistics
for their work and to model systems of interest, molecular structures, for
instance

There s an imponrtant difference in the use of the computer in business
data processing and in most scientific applications This difference arises
from the fact that business data processing generally involves maintaining
large files of data while performing relatively few calculations on individual
data tems In scigntific computing the computer is ggnerally called an 1o
perform many calgulations on a relatively small number gf ifput data.
Nevertheless, the same computers are used in both applicalion areas
(although some computers are better suited to scientific applications and
others 10 business data processing)

The Fortran language was not specifically designed for busingss data
processing applications, although 1t is often used for this purpose, parti-
cularly for smalier systems. The Cobol language was designed especially
for data handling and has been the most widely used languagde of this type,
to date (An official ANSI Cobol 1s used by the government and many
businesses ) Cobol has very imited computational abilities, however, and
is rarely used in science and n other applications where much numerical
work 1s called for. A new languags, PL/1, developed by IBM, has both
business data processing features and a Fortran-like abihty to perform
numencal calculations (as well as some features for character stnng
handhing) The language PL/1 1s gaining in populanty, and some manu-
facturers other than 1BM are now providing PL/1 compilers (PL/11s a very
large language, and a complete compiler is of some size)

114 FLE MAINTENANCE )
Since large businesses and governments tend to have iarge files to main-
tain, large memories and sophisticated filing techniques are called for
Similarly, scientists who gather data sometmos establish large files of
data As an extreme example, consider the work in automated hbraries and
information retrieval systems which maintain bibliographic files containing
hundreds of mitlions of items *In these systems 1t I1s possible to search
millions of abstracts for key items in munutes It was, in fact, a need for
special types of files with extraordinary maintenance procedurgs which
led workers in the field of ariificial intelligence to develop cerfain of the
most interesting data structures, which will be descnbed
When discussing file maintenance, it is useful to define certan terms
" more carefully. An item is an individual piece of information. A record i8
composed of all the items in a file relating to the same object or individual
A collection of related items is called a file

¢ ONNUEBTC L B HMS FLES ANT TDATA STaC Ukt N . 299
Automobnle - Oaner

License Make  Year Name Streel Address  Town State

119606 Plymouth 1968 J F Jones 19 Carey Ave.  Wobum  Mass

., Entnes 102731 Mercury 1973 F A Jackson 18 ®nolb St " Bewmord  Mass

mfile 473842 Corvar 1974 4P French 163 Kerne! St .Concord Mass

972-167 Cadilac 1974 - F M Mayo 462 Aprit Ave  Bedtord  Mass

Note Eachrowisa complete record cons;sung of seven rr'e.ms. (1) mgluoen‘.'de number..(Z)Me
make_of the car, (3) the year of manutactire, (4) the name of the owner (5) the owner's street
address, (6) the town in which the owner resides, (7) the state in which the owner resides.

o N T ’ o + n L
figure .4 A section of a file ) .o ‘ e

Examples will help clarity these dehnitioh§ An item might be a name,
such as “John M. Jones,” or an age, such as "29,” or a marital status, such
as "M" or “S," or an address, such as “39 Rhodes Avenue. Newton, lowa "
A record would then be the-set of all tems for John M Jones. which would
be John M. Jones, 29, M, 39 Rhodes Avenue, Newton, lowa A céllection of
records such as the above would constitute a file Figure 11 1 shows a small
portion of a typical file for a department of motor vehicies

Large files can consist of from hundreds of thousands to mithons of
records, each record containing several items Consider the files of the
Bureau of Census or Internal Revenue Service or the files of any major
insurance company Because of the size of these files, they must be main-
tained on such storage media as magnelic tape or cards or even, for
instance, on microfiim The maintenance of these fites requires consider-
able work, since they must be continually updated Further, in order for the
files to be really useful, # must be possible to acquire data of a specified
class from the files with minimal search time

In order to maintain large files and to search them effectively for spe-
cified records or items n a particular class, these must be carefully
designed with regard to their organization .

The term data structure relers to the methed used for orgamizing data
and the resulting nterrelations between the data items and their addresses
or identifiers so that an efficient computer implementation results Data
structures form an important area in computer science. as do the algonithms
for maintaining and using them '

1.2 OPERATIONS ON FILES

Large files must be contirfually maintained. This primarily consists of
adding new records to the file, deleting old records, and modifying records
already in the file. In performing these operations and in locating and




200 ’ INTROGUCHON 10 COMPUTTR SCIsNCH

processing data tn the liles, it is generally efficient to maintain the records
in the file in some prescribed order rather than simply adding new items at
the end, closing up "holes™ when items are deleted, etc. :

In order to see the need for ordering the items in a file, consider the way
we lind a name in a telephone book If the names in a telephone book were
not ordered, we would have to start at page 1 and search the book a name
at a time Since, however, we know last names are arranged in alphabetic
order, we can guess at the location of a name, open the book to that pomnt,
and see :f we have made a good guess or If we need to move forward
or backward in the book Contrast the small amount of hunting neces-

- sary to locate a name in a telephone book with the effort required to find
a name in a novel or some other book where it 1s hecessary o search
at random

Arranging a given file in a prescribed order is called sorting the file
Generaily some particutar item in ea¢h record is ¢chosan (such ag last
name, soclal security number, part numbar), and the file is sorted by ar-
ranging the records in the file so that the setected-items are in the pre-
scribed order The selected item is called a key. and the file 1s said to be
sorted an the key. -

For practical purpases, sorting in a computer generally consists of
arranging the records by ordering the keys in ascending (or sometimes
descending) numerical order. When alphanumeri¢c characters are used in
the key, each character will, in actual practice, consist of several binary
diguts, and the complete set of binary digits in a given key can be con-
sidered a binary number. By then arranging the binary numbers for the
keys in numerically ascending order, we can “sort on the key.” [The order

" in which an alphanumeric code causes the characters in the code to be
arranged v'hen they are in ascending numerical (binary) order is called
the collating sequence for the code )

Since sorting 15 such an important function n file maintenance. many
algorithms have been invented for it, and several of them are examined in
the following sections

Another important operation 1s that of searching When a particular
record or a set of records with some specific charactenstic in a file is
required, searching the file is necessary The simplest form of a search is
the /inear search where the records are examined one at a time in order
This 1s tme-consuming for most memories but is natural for tape mem:
ories Hf a file has been sorted, the most efficient binary search can be
used Some aspects of the search problem are examined in following
sections

A most interesting and imnportant aspect of files involves the ways in
- which the data are stored in the file and the overall drganization of the file

structure. There are, in fact, many ways lo organize a hlein a memory, and
some are examined in the tm?l sections of this chapter

2
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113 SORTING AND MERGING

An important épération n maintaining business and other inlormation
system liles consists of sorting a hile on a selecled key As was mentioned
previously, the sorting places the records in the file in an order so that the
key items in the records are in nondescending order 1f no two records in
the file have the same value for the key (for instance. if the key was a social
secunty number in a personnel file), the records would be arranged with
the keys in ascending order Ip an actual file consisting of many records

each containing several iiéms, sorting the file would involve moving the’

entire records around {or at least pointers 1o the records—as will be dis-
cussed later) The actua! sorting is generally done on an array of the valyes
of the key, however, as this is more eflicient. and the¥ecords can be moved
after the new arrarigement for the keys has beén fdund In fact, for most
large files it 1s necessary to keep the file on some mass storage device
such as magnetrc tape, and 1o sort the file in stages, moving portions of the
file from_and into the mass storage devices. Our concern will be with the
sorting process only; excellént descriptions of file maintenance proce-
dures for mass storage devices will be found in several of the references

Chapters 3 and 7 have already presented an algonithm and subprogram
for sorting an array so that the elements are in nondescending ordér The
existence of thrs algonthm is assurance that we can sort an array into
nondescending order, the remaiming questions concern the efticiency of
the sorting technique - :

In order to examine sorting techniques. we limit the problem to that of
sorting an array M with integer values M(1).M(2). M(N) so that M(l) 1s
less than or equa! to M(J) when | is less than J

Perhaps the most natural or intuithve way to sort such an array is to
seaich through the set of values in the array and find the smallest value,
call this value M(K), then place this value in M(1) by exchanging this M(K)
with M(1) Next examine M(2),M(3). .M(N) and find the smaliest element,

call this element M(J), and place this element in M(2) by exchanging M(2) -

and M(J)
These steps are repeated for M(3)."M{4), and so on until M(N — 1) and
M(N) are finally compared and arranged

The above description details the procedure generally used by people ,

when arranging a bridge hand or when sorting a deck of index cards 1nto
ofder A flow chart for the algorithm i1s shown in Fig. 11 2, and a Fortran sub-
program s in Fig 113 '

Examination of the flow chart and the program indicates that there 1s an

outer and.inner loop in the algorithm For an array with N elements, the outer -

loop is performed N — 1 times, the first time the smatliest of element M(1),
M(2), ..M(N) s found and moved into M(1), the final time the smallest of
M(N — 1) and M(N) is found and moved mnto M(N — 1)

The inner loop in the algorithm sequences through the set of elements
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Return
from
* + subprogram

MIN « |
B Jett) f<=f1+)

K«J

Kl « M(h
ML < MIMIND

MIMING < 1 <1

e e

' Figure112 Flow chatola replacement sort An aray called M oI'N elements i3 sorted

under consideration, determining the smallest of them, and mowing this
element into the correct bosition

In order to evaluate the gthciency of this algonithin, we count the number
. of passes which are made through lhe inner loop Let us set N equal to 10

A 8 LT e 2 LN A T 03
e

5> Se nave (N st ot Rt the L oodnt examines U

pa2) M10) fiding e - at'est ang placu , i pesition M) Thas

requires nine passes through the inner "companscn’ loop Then the algo-
nthm examines M(2).M(3) M(10). tinding the smallest element which
involves eight passes through the inner loop We now see the basic pat-
tern on the third pass through the outer loop seven passes will be maae
through the inner loop, on the fourth pass through the outer loop five passes
-will be made through the inner loop, and on the final minth pass through the
outer loop one pass will be made through the inner loop Thus, the algo-
nthm requires 9 +8 +7 + 6 + - + - + 2 + 1 passes through the inner loop.

-that 1s,'45 passes.

The general case 1s as follows To sort an array of N elements, the
algorithm makes N — 1 passes through the outer loop The first pass re-
quires N — 1 passes through the inner loop, the second pass through the
outer loop requires N — 2 passes through the inner loop, and this pattern
continues until on the final or (N — 1)st pass through the outer loop. when
one'pass is required through the inner loop Thus, we arrive at the following
sum for the number ot passes through the inner loop (N — 1) + (N —2) +

+24+1 B

Then let us call P the value of the above sum Now.!' P = N(N — 1)/2 or,

written another way, . !

N —-N - ' .
2 . . ] ‘ .
This sum grows very quickly as N becomes larger Fornstance, for N =
100 the value of P is 4,950, but for N = 1,000 the value of P 1s 499,500

P =

. 'Thus can be shown as tollows The average value mthe sum (N — 1) + (N - 2) + +1s[(N=-1)+
1)72, which is also N/2, and there are N — 1 terms. so the sum has value N/2 = N — 1 or IN(N — 1)}/2

SUBHAUTINF SORT1(M,NY
LIMENST N ‘1(100)
NEJaN-1
Lo 3 [=1,NFJ
c SFLEC)Y TAF FLEMENT MC1) AS A POSSIPLF cM/' ' Ecq
MIN=1

Jal+d
DO 5 KaJsN
IF (M{K) LT+ MIMIN) M]IN=R
5 CONTINUF

Cc FACHANGE THF SMALLEFST #ITH MC1)
KiaMc]1)
MEI)eM(MIN)

3 MMINeK]
hEITURN
FND

. C SFAhCH ARKAY FCh SMALLESI \ﬁLUE

Figure 113 Subprogram for replocement sort M is the array 1o be scr'ed and N.is the number of
olements In the array M

<
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Another sorting algorithm which resembles the above but which can be’

more efficient on the average is the "bubble sort " When the bubbie sort 1s
used. comparisons are made only between adjacent elements in the array,
and the elements are exchanged if they are out of order Inthe first pass ofa
bubble sort to sort an array M of N elements, M(1) 1s compared with M(2)
and 1f M(2) 1s smaller, they are exchanged Then M(2) s compared with
M(3), and the elements are swapped if they are out of order This Is con-
tinued untit M(N — 1) 1s hinally compared with -M(N), and a swap made 1f
necessary During the second pass the same general procedure 1s fol-
towed except only adjacent items from M(1) to M(N — 1) are considered. on
the third pass M(1) to M(N — 2) 1s considered, and on the final pass only
M(1) and M(2) are compared When this sort 1s used, larger items float
down and small stems “bubble up.” hence the name A subprogram to
implement this sort I1s shown in Fig 114

The subprogram in Fig 114 has an additional feature, which can
improve its efficiency Each ime a pass 1s made through the section of the
array being examined by the outer loop. a test 1s made, and if no exchanges
are made the program discontinues its sort, for the array is already in non-
descending order The test 1s made by setting the vanable of "flag” J to O
each time the outer loop 1s entered and then setting J equal to 1 if an ex-
change 1s made 1n the inner’loop A test at the end of the outer loop deter-
mmnes if an exchange has been made, if not, the program returns to the
calling program, if an exchange is made, the program continues

In the worst case (when the array is onginally in descending order) it
can be shown that this program requires N(N — 1)/2 passes through the
inner loop However, in the best case (if the array is already in the correct

SUBRCQUTINFE SORTP(M,N)
CIMENSI N vM(100) - -
NFY =N-1
LC 10 I=l.NFW
J=N-1
Cc SE1 A FLAT 10 SFE 1F EXCHANGES (‘CCUr
, TFLA3=0 -
LO 5 K=lyJ
Kl=K+)
IF (M(K) +LEs M(KX1)) RO 10 S . -
[ EXCHAWIF THE T40 FLFMEVTS ANI SET THF FLAG
KO AE=MC(K1)
M(K1)I=M(K)
MK )I=({STAP v N
TE A=l
S CONTINUE
C SEE IF FACHANIFES HAVE PEEV MALP Py 'IEC'H\"" TF A6
1t CIFLAY FUe Y30 70 )5
10 CONTINLE
15 «ITINUE
ntILEN
+NT

Figur@ 114 SubPIOQam ki Latible son

CTh - RISGTI ICHu e C ' Toro.s3ue gt - lcop In
gennral this progtam exploi‘s the iende: cy of hsinto be alre: v somewhat
ordered, tnus, as a result for large values ot N tne program lends to be
more efﬁcuent than the previous algorithm

The sortlng of files 1s so,important in business and ln'Ofmu“On process-
mg that many studies have been made of sorting aigorithms and many

algorithms have been nvented In programmmg languages such as Cobol_

there 1s a SORT operanon on a file which 1s a subprogram i the system
Just as SINE, COSINE, SQUARE ROOT and other functions are prowded
In Foftran

The stud|es of file- somng technnques show that the number of operations
required grows approximately as N? dvided by some constant for “inter-
change sorting algonthms™ such as those mentioned More sophisticated
sor‘lmgj techmques such as “radix sorts” and “merge sorts” require NK
tumes some constant number, of operations or N'® times some constant
operatlons where N 1§ the number of elements and K is the number of bits
in each element These sorting techniques require more comphcated pro-
grams, with the result that they are generaliy not used for small numbers of
elements .

More detalled introductions can be found In the book by Flores and the
paper by W A Mamn listed in the Bibiiography

Fora really comprehenswe treatment of sorting techmiques the reader ts
referred to volume 3 n the series of books by Knuth which devotes nearly
400 pages to, this SUb]ECl it 1s very difficult to' evaluate mathematically
many of the more comphcated sorting techmiques, and so quite often the
algorithms are programmed sampie arrays (or lists)-are sorted, and the
results evaluated ! The book by Rich analyzes a number of the best sorting
techniques by programming and evaluating the time required, storage re-
quired, and other factors for a number of sample problems

Another important operatton in maintaining files 1s that of merging Two
sets are said to be merged when they are combined into a single set, how-
ever, If the two sets have been ordered by sorting in ascending (or non-
descending) order, the resulting set of items must also be sorted in ascend-
ing (or nondescending) order

in order to study the merging operation, we shall again restrict ¢ sisclves
to internal merging rather than merging files on tapes (the files could be
copred into the core memory, if they are not too large) Let us consider two
arrays of integers M1 and M2, with M1 having K1 elements and M2 having
K2 elements The arrays M1 and M2 are assumed to be sorted In nondes-
cending order, and we wish to develop an array M3 with K1 + K2 elements
which 1s sorted 1n nondescending order

The first step in the algorithm is to compare M1(1) with M2(1) and place

'N . = book describes such sons (qving Fariran programs) as the ' mankey puzzle «« A the tour
ol

N
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SUFt CUTINE MERGFICTAGIT, [0, M, 1, ¥ N)
LIMENSION TACICO), TECILUY, 1CCI100)
MEN=YeN
I=1 : '
J=1
Y=
K=4s1 ! b
IF, (IACI) <51 IR GO,70 10
IC(K)=IA(1)
1=T+1
SIP €I oLE. M) 3610 & R co
[ AFPAY 1A IS FXHALSTFD JF LOAT THF PEST OF 1P
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20 CONTINUE . vt -
.. RETURN -

“ END t Co
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Flgure 116 Subprogram for merge algorithm

_the smaller of the two in M3(1) If the item M1(1}1s selected we then con-
"sider M1(2) and M2(1) placing the smaller in M3(2), if M2(1) was selecled
In the precedmg step we consider M1(1) and M2(2). placing the smailer in
. M3(2) This basic process continues with M1(l) being compared with M2(J)
at each step untulv we reach the epd of either M1 or M2 [that is, we select
either M1(K1) or M2(K2)] When this occurs, the remaining elements in the
other array are simply copied into the remainder of M3

Figure 115 shows a flow chart for this algonthm, and Fig 116 shows
" a Fortran subprogram to merge two arrays (Languages such as Cobol
.. provide MERGE subprograms’ in their basic library. and a pregrammer
-can ""Y"ﬁ'y write '\.’ICRG': A AND B rather than writing his own subpro-
“gram) °

The exercises at the end of the chapter mvesugate the efficiency of the
above’ program as well ‘as show a short program for merging arrays with a
special STOP element in the last position ’

A merge sort is a sorting algonthm which breaks sets of elements into
"subsets, sorts’ the“'subsets, and then merges these sorted subsets By
dividing the ongmal set of elements into an appropnate number of subsets,
so that the sorting 1s efhicient, and then depending on the natural efficiency
of merging, an efficient somng algorithm can be obtained The exercises
develop this procedure Knuth's book as well as several of the others in the
Bibliography also treat this sorting procedure in detal
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114 SEARCHING A FILE Ca

Probably the most frequently perfarmed operation in busmess or informa-
tion systems is that of searching the files for elements which satisty some
specmed condition The condition spectfied ranges from equality—for
“instance, “Find the record of the person with soctal secunty number 972-
85-36,"—to "Produce a list of the parts in our inventory which cost more
than $45" In any case. a file must be searched, and it 1s important that the
file be organized so that it can be efficiently searched It is also important
to have an efficient search algonithm so that too much computer ime 15 not
expended on searching

The organizing of files and of search procedures are important topics in *

" “systems design for data processing systems If large files must be main-
tained in mass slorage devices and if these files must be regularly main-

tained by addmg new records and modifying and deleting old records, and-

if it is further necessary to search the files frequently for records which

satisty some specified critenia, then a file organization must be found which.

is not too expensive to update, which does not require too -much storage
space, and which can be conveniently searched Designing a good data
structure for the file and programming efficient file maintenance and search
algornithms are interesting and stll deveioping aspects of data processing
systems design

We ‘shail first examine a particular aspect of file searching and man-
tenance, that of finding a specified element 1n an array This will include
showing how the search algorithm can be greatly speeded up if the array
is sorted

It a table or array is searched for a given item, the séarch succeeds If the

item 1s found and fails if it 1s not‘found If we store our table in an array
which we call ITEM, at a given time ITEM wilt contain N elements If these
elements are not ordered, in order to find a given item in the array, the most
natural search algorithm is to examine ITEM(1),'ITEM(2), ITEM(3)and so on
up to ITEM(N). each time seeing If the value is the desired one
In order to convert this procedure to flow chart form, we let the values in
ITEM be mntegers and call the value to be founc M A flow chart of the re-
sulting search algornthm s shown in Fig 11 7a An integer variable K 1s set
to 0 if the search'fails, 'otherwise it will have a value such that ITEM(K) =M
A Fortran subprogram implementing this algorithm 1s shown inFig 117b
The quéstion now arising i1s, “How efficient 1s this algonthm?" it s clear
that 1f the desired value 1s not in the array, N steps or passes through the
search loop wilt be requited If. however, the item 1s in the array (and we are
not requnred to find duplicate values in the array), on the average N/2
passes through the array will be required .
Now let us assume thesarray has been sorted so that the elements are In
numerically ascending (or nondescending) order - We now sequence
through the array, starting with ITEM(1) and proceeding through ITEM(2)
ITEM(3). etc . in turn as before However, at each step we alco testto see of

ol 1
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K <0

|

Return from
subprogram

Rewrn from

subprogram
Note This algorithm searches an array ITEM of N elements to find an
element M 1f for some 1 does ITEM (1) = M then 11s placed in the
variabie K, 1f for no I does ITEM (1) = M, then K 1s civen the value O

(a)

SUSROUTINE FIND1(M, ITEM,N,K)
DIMENSION ITEM(100)
DO 5 I=I,N
IF CITEMCD)-M) 5, 10,5
5 CONTINUE
k=0
RETURN
10 K=1I
RETURN
END

(b}

Figure 117 Searching a linear array (a) Linear search algorithm (b) Subprogram to search a
linear array
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agam element ITEM(1} 1s greater than MATCH, and if it 1s, the search s
immediately terminated, since the element 1s not in the array This will
improve the efficiency of the search ‘procedure since the: entire pass
through the array wili not be required i cases where an element,is not in
the array (Also, if duplicates are required, the entire array need not be
'searched ) A program for this algorithm is shown in Fig 118 :

An even more efficient algonthm for searching a sorted array 1s the
binary search algorithm 1t closely follows the procedure used by most
people in trying to locate a name in a dictionary, index card file, or other
alphabetically ordered file The file is opened to its middle, dividing it in

" half, the middle éntry is examined 1o see in which half the, desired item

__would be, and that half is again opened to the middle, and an examina-
tion then indicates in which half the stem lies, this process continues until
the particular item is located

In order to make the above procedure more precise, we assume a table
of N items, and we shall refer to these as ITEM(1). ITEM(2), . - ITEM(N)
If N is even, we can dwvide the table into.two equal sets of N/2 items and

‘then determine 1n which half the value to be located might tie If N 1s
odd, the table 1s "divided” into' two sets, one with INT(N/2)-and one with
INT(N/2) +'1 items. where INT is the “integer” function which takes a num-

_ ber X into the largest integer which is not greater than X [in Fortran IFIX(X)

isa compller supplied” function which takes a real value X into the largest

integer not greater than X If we write I'= N/2, however, | will have the value
we call INT(N/2). since the value of | will automatically be truncated, not

" rounded, to an integer value}

The largest element in the “lowér haif" of the table.with the lowest
values 1S now examined to'see in which part.of the table the desired item
lies, this is done by seeing if the desired element has a value greater than
the largest element in the “lower half " If so, the upper half I1s selected, if
not, the lower half is selected This step continues until either the item is
féund or the discovery Is made that no such item 1s in the table Figure 119
shows a flow chart of this algorithm and Fig. 11 10, a Fortran subprogram

* In both the flow chart and the program, an array called ITEM containing
' \l elements s searched for an ttem called M- An integer variable K 1s setto
0 if the value M'is not in the array. The vanable K 15 set so that ITEM(K) =M
if M 1s 10 the array

SUBROUTINE FIND2C(Ms I1EM,N>K)
DIMENSL (N I1EMC100)
PO S I=1,N ’ .
1F CITEMCI)=") ‘5,10, % , , .
«*8 CONTINULE .
Kel ) ’ f
HETURN v . . y
10 K=l .
RFTURN .
’ END Figure 118 Llineor search of a sorfted array

COCCAL A e =S dREL 3 A A . E(% ) n

1

‘ IMIDL +
IFIAST + ILAST
2
Fulse
K < IFIRST K«<0 True
]
iFIR!
1 l o ILAST « IMIDL
Return Return  There 1s
ITEM(K} = M no value equal to

M n the 1ables

Note  Thus algonthm searches a table called ITEM with N entries The dlyonthm searches for
an element ca'led M and f' this element 1s 10 the table there sits an integer value in K such
that ITEM{K) = M If no element in the table called ITEM s equul 1o M, then the value O
15 placed n K

Figure 119 Blinary search algoilthm

SUPROUTINE FIND3(M, ITEM,N,K)
CIMENSI (N ITEM(C100)
IFIRST=1
ILAST=N
GO TO S
10 IMILL=C¢IFIRST+ILAST) /2
IF M «GTs ITEMCIMILL)) i0 TO 1S
[ ITEY IS IN LOWER HALF OF TABLE
ILAST=IMIDL
. GO TO S
[ ITEM IS IN UPPER HALF OF TABLE
15 IFIRST=IMIDL+1
5 IF CIFIRST .NE. ILAS1) GO TO lO
IF (M «FQ. ITEMCIFIRST)) GO TO 20
K=0
RFTURN
20 KelFIRST
RETURN
END

Figure 1110 Subprogram for binary search algorithm

——
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How etficient is the binary search algorithm? The efficiency of the algo-
rithm 1s most easily evaluated for tables with N entries, where N = 2' for
some / (that s, tables with 2,4,8,16,32, etc, entries), for then the table is
reduced to one-half its original size the first step, one-fourth its original
size the second step, and so on until it 1s reduced to a single element,
which either 1s or is not the item desired Since our rule 1s that after ; steps
the table has been reduced to a subtable of size 2 x N, and since N = 2'
for some /, then when 2/ x 2' =1, each of the two parts will contain a single
element and one of these must be the desired element Thus, for a table with
N elements, where N = 2' for some integer /. exactly / passes through the
basic loop are required to find an element using the program or flow chart
which has been shown. This value 1s less than'N for N greater than 2 and 1s
much less than N for large N S, .

For any given N which 1s not a power of 2 (that 1s; not equal to 2’ for
some /), we can determme the number of passes through the loop as fol-
lows Let K be the smallest integer such that 2% = N, then K passes through
the loop are required.!

Can we improve on this algonthm? it might seem that before each pass
through the loop 1t would be a good idea to test whether the largest ele-
ment in the lower half 1s indeed the item desired and to terminate the search
if it is. This would mean that sometimes the.search could be terminated
early. For instance, if we had a table with tour elements which were the
integers 1,3,7,9 and we search it for the integer 3, then the table 1s divided
into two parts, 1,3 and 7.9 The greatest integer in the lower half, which 1s 3,
is selected, and, instead of seeing if the desired item 3 is greater than 3, we
also test to see if it 1s equal to 3, and stop if itis In this casetis the desired
element, and only one pass through the major loop has been made, where-
as the previous algonthm required two ’

it-can be shown, however, that on the average the number of passes
through the major loop is decreased by only 1 That s, if L passes are
required on the average, for the first binary search algonthm, then L' — 1
passes are required for the second algorithm 1f L'i$ large, the additional
time required .to test for equality, which lengthens the basic loop, will
probably exceed the time required for a single pass through the loop, and
the original procedure will run faster on the average .

The above analysis is typical of that performed on aigoriihms for system
use: In many cases, It is impossible to completely and precisely analyze
subtle points, and.it is either necessary to test the algorthms with a number

'

tin general, if we define 1og,(N) to be a funcltion with value X such that 2* = N, then log,(N) 1s called the

- binary logarithm ol N and 1f X = 10g,{N}. X wil be some positive real number for ach positive mteger N

Now. i the general case 1t can be shown that the number of passes required 15 exactly CEIL (log,(M)

where CEIL has value the smallest integer \prger than or equal to log.(N) This shows that the number of
passes through me{ toop increases at a loganthmic (ale .

-
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of 123, ases and compare resulls or lo generate simulated data try the
aigorithms on the simulated data, and compare results

11.5 ARRANGING ARRAYS AND LINEAR LISTS IN MEMORY
The structure of the data which are processed In business systems can be
quite complicated Further, In fields such as information retrieval, the
quantity of data used s quite large. and the structure of ihe dala 15 quite
complex The manner of organizing the data in the computer's memory
can be very important when targe volumes of data which are interrelated
in a complicated way must be processed

The simplest and most direct way 1o organize data tn a computer me-
mory is-by placing them in a one-dimensional array Consider a table or
array of data consisting of N items By using the name TABLE, the items can
be referred to as TABLE(1), TABLE(2). through TABLE(N) If the memory of
the computer is word-organized and each item in the hst can fit in a singte
word 1n memory, then by assigning a starting address in memory for the
table, say B, we can find a given item TABLE(I) with index 1 by looking at
address B + 1% 1 in the memory This organmization i1s shown in Fig 11 11a

Example , We assign the starting location B to location 4000 in memory
Now 1f the items in the array are referred to as TABLE(1). TABLE(2),
through TABLE(100), the vaiues 1n TABLE will be stored in locations
4000 through‘4099 n rﬁem.ory. and fABLE(1) will be atlocation8+ 1 —1,
. which will be 4000 + 1 — 1 or 4300, TABLE(2) will be at 4000 + 2—1,
which 1s 4001, TABLE(S0) will be at the address 4000 + 50 —- 1, etc -

. The basic idea of placing the words In an array or linear hist in conse-
cutive addresses 1n memory can be extended to arrays with two {or more)

Address Contents Arlarn, Content,

mn i
memory , [LURRTIN
3999 £99°
4000 Tatired ) 600 MATHY 1)
4001 Tahle{2} 6001 HMATOL 2)
4002 Table(3) GON2 MAT(T 3)
4003 T dméy Lo MAT(, UI
a00a  |Taniers) | 6001 . [MAT( 2)
4005 1,00 MAT{(? 3)

/006
(a} {h)

Figure 11#1- Organization of one- and two-dimensional arrays In
. memory (s) Storing an array with five elements of con- '
secutive addresses In memory {b) Storing @ 2-row, 3-
column array In memory (by row)

P ——— . ————
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dimensions or indexes Consider an array called MAT with four rows and
three columns i each entry in MAT requires a single word in memory.
then 12 words will be required It we choose address 200 to be the address
of the MAT(1.1), then 211 will contain the last entry MAT(4,.3) There are
two ways to “lay in" the array, however by rows or by columns Let us
use rows ! the elements will then appear in memory 1n this order MAT(1.1),
MAT(1,2),MAT(1,3)MAT(2,1).MAT(2,2) MAT(2.3) MAT(3,1), and so on unti
MAT(4,2) MAT(4.3) if MAT(1,1) 1s at address 200.MAT(1,2) will be at 201,
MAT(1,3) at 202. etc ‘To find the address of an element MAT(1.J) in memory
we calculate as follows MAT(LJ) 1s al memory address 200 + 3(1,—'1) +
{J — 1) Thus, to find MAT(3.2), we form 200 + 3{(3— 1) +(2— 1), which 1s 207

The general rule 1s. For an array with M rows and N columns with one
word per element in memory, and where the first element s to go in address
B, the element in the fth row and the Jth column goes at address B + N(I -
1) + (J — 1) This organization 1s shown in Fig’ 11 1b

- Simular rules can be dernved for arrays with'more than two indexes and
for arrays where elements require more than a single word in memory
Notice the ease with which an element can be located in an array stored in
the above manner Arrays are very deswable data ‘structures

The tables or arrays which have been c0n51dered above have contained
items- of hixed size Many dala are atphanumeric, consisting of names,
addresses, 'wntten text, etc The individual itéms in this kind of data have
mixed lengths For instance, suppose we wish to store a list of names These
names will be of differing numbers of alphanumenc characters whlch
obviously complicates the problem ,

A simple solution 1s to allocate a number of locations in memory suf-
ficient to hold the longest name and then to allocate each name that
amount of space

Example A Dhist of 200 names 1s to be kept 1n memory The computer,
. an IBM System/370, stores one character 1n a single address (a byte-
per-address) The longest name has 20 characters n it The list 1s to
begin at location 1000 We allocate 20 x 200 addresses in the memory
so the hist will start at 1000, and the last character will be at location
4999 1fwe call the ist NAME, the kth element in NAME {that 1s, NAME (k)]
wiii beg.n at 1000 + 20k — 1 and end at 1000.+ 20k + 19

If the names are of widely varymg’lengths. the above techmque causes
" an inefficient use of memory Fortunately, several alternatives are possible
One 1s to have a specia! END OF ITEM character and to place this character
aﬂer each name ! This is shown in Fig 11.12 Another 1s to keep a tabls of

't shouid be noted that by official decree Fortran arrays ate stored by listing columns {rather man OWS)
In consecutive order This 1s discussed in the exercises al the end ot the chapter

‘This 1s a special character in this case s used lov end of name The special character's name just
happens to be END OF ITEM

[
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Nnote  EOf 1 the END OF ITEM hwwir . Figure 112 Slonng character stiings using
The memory stores onu character at vath addr s 7 END OF ITEM characters ’

the a.&dresses at which each name begins This 1s shown in Fig 11'13a

- Still another technique 1s to have a slamng address and a table containing

the nurhber of characters 1n each name as shown in Fig 1113b (We then
find the locatnon ot element | by adding the lengths of the names preceding
| at the starting address in the table )

Which techmque should be used depends on the characteristics of the
dala, the computer word fength, and the premium on memory space and
search hime The last techmque (that 1n Fig 11 13b) uses less memory. 1n
general, but requires.more time to find an item

Judgment as to which technique to use must be made dependent on the
particular file characternistics For example, an inventory control system file
might consist of a set of records, where each record conssis 6f severa!
Hems Figure 111 shows a section of such a-file, where each record con-
sists of the license number, make, year, name of owner, street address of
owner, town in which owner resides, and slate in which owner resides
Since these particular items are either numbers or alphanumeric strings of
limited vanations in length, t would be practical to store these records ina
fixed-length format with a fixed number of computer words in memory for
each record \

1
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Address  Crntents Ad fiess  Conient
" i
memory —I""\,\,\ mrmiy
400 J 400 "\—T\T
40t o} - 400 o
402 H 40/ H
P 403 N 403 N
~“Starting 404 SPACE Item 404 SPACE
addresses 405 3 lengths 405 1
‘ l 406 8] <406 o)
m 407 N 407 N
421 ’ 408 E 408 E
409 S 409 S
410 E 410 E
4amn LY] an M
412 | 412 ]
413 L 413 L
44 Y 414 Y
415 SPACE 415 SPACE
416 S 416 S
417 M a7 M
418 t 418 ]
419 T 419 T
420 H 420 H
421 -3 a1 R
422 A 422 A
423 W L\l.-\.\//‘
[E) T - (b)

Figure 1113 Techniques lor storing lists with items of different lengths.
{a) Table with the address of first character In each ltem.
(b} Tabie with length of each item.

When lists of records with each record containing several itemns are
sorted, they are sorted on a key which consists of one ofthe items Thus, the
file shown in Fig 11 1 might well be sorted with the license number as the
key Then to locate a particular record given the license number, a binary
search would be performed on the hst If the list were sorted on license

number and we wished to search the file for some other attribute, a sequen-

tial search would be necessary (Sometimes tables or “dictionarnes”

which hist attributes-versus-key or location tn memory, are used to cutdown
the search time Files organized in this way are called inverled files Refer
to the. Bibliography for works giving geianls ) For exainple, if the file were
sorted using license numbers as a key and we wished to obtain the names

of all car owners with Cadillacs from some particular town, it would be -

necessary to search through the file sequentially, looking at each record In
the file to see if the owner were from the town and owned a Cadillac

If a file consisted of a set of records, with each record containing sen-
tences in the English language (as might be the case in an information
retneval system), the varying lengths of these sentences would make a
storage technique involving use of an END OF ITEM character or one of the
table techniques for keeping track of the ends of the sentences more

efficient
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116 STACKS, DEQUES, AND QUEUES

A useful data structure in computers, particularly in systems prog?ams 1S
called a stack The name stack is derived from the fact that the data items
are arranged 1 a stack ;n memory which resembles a stack of plates in a
caleteria In other words, the items are stacked one on the other With a
§tack the assumption i1s made that only the fast item placed on the stack 1s
immediately available This shows the resemblance to a stack of plates
Only the top plate 1s immed:ately avarlable Similarly, items can be placed
only or‘n7 the top of the stack (This “last-in first-out” principle leads to stacks
sometimes being called LIFO hists ) Placing an itern on top of a given stack
(that :s. adding an element to the stack) is called pushing, and removing an
item from a stack is called popping As an example, suppose we have the
set of |temsl 1,2.3.4.5,6 arranged 1n order, a stack calted STACK, and two
opgrat-ons on the stack PUSH and POP If each item 1s placed n order in a
new ordered set when 1t is "popped" or removed from the stack, then the
sequence of operations PUSH. PUSH, PUSH, POP, POP, PUSH POP,
PUSH, POP, PUSH, POP, POP will result in 3 2.4.5,6.1 being the order in the
new ordered set Figure 11 14 shows examples of pushing and popping

Stacks are very useful in managing complicated seqdences of interrupt
or other unpredictable operations Placing information concerning program
state on a stack where 1t can be later found i1s a convenient way to manage
task sequencing in system programming Stacks are so convenient for
systems’ use that several computers have automatic stacking of interrupt
information . .
A queue 1s similar to a stack except that new items are added to the top

of the hist but items are removed from the bottom Thus, a queue I1s operated
on a first-in first-our (sometimes called FIFQ) basts just like a waiting line

Tis vy
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Bottom of stick »] -B of stack 1 14 . omof 1
1 Stack ‘Popping an Putar oan
| o fre s om e !
N £
.
Note Inthiscose earh st i the stack s g 1 4t The o b nl toanber
records ete
The ponter contams the address of the 1o b stk

Figure 1114 Stack operations
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or queue for a theatre Queues are useful in managing tasks when 1t s
desirable to service requests on a basis where “those who have waited
longest” get attention first

A .deque is sunply a linear hist where it 1s possible to add or remove
items from both ends

Some applications for stacks are developed n the exercuses at the end
of the chapter The algorithms in Sec 11 7 use stacks

l
. v

« .
-

"11.7 LINKED LISTS

The most natural and efficient method for mauntammg data in a computer
memory 1s the one-dimensional array, which 1s often called a linear list by
those working with data structures There are problems. however, with
maintaining linear lists when many additions and delettons are necessary
and the lists must be maintained in order.

For instance, in some systems where textual data must be frequently
searched and strings of characters must be added, modified, and deleted,
a data structure called a hinked list has been found to be usefu! Insertions
and deletions can be easily made in a linked list, searches are moderately
efficient, but the dala structure requwes more storage space than |n linear
hsts -

A linked list essenually consists of a set of nodes Each node has two

parts. a pointer and a data item t The pointer gnves the (beginning) address
of another node while the data item contains the actual data at the node

"The term data item 1s used here instead of simply Hem to help chfterentiale the data pan from the

pointer pan.
- L]

START
Adiress .
mn
mi nvry
Pomnter ——e{ 45 40
! W | a
Node Item H 42
! (¢} 43
Envj ot item chdracter = FO! ] a4
Pomt 1 ——» 5 4y
M 46
Node A 47
Hem g a8
K 49
€01 | 50
End of list chara ter —————» EQL | 51
G 52
Nndu{ Hum{ 0 63
EQ! | 94
- e R
Note The widress in START qives the widress of the
fir st nem o the hst
b pamier Cpomts o of qives the address N
\E.lI Nuf next munic R S Figure 1115 Linked list arrangement in memory
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This 1s shown in Fig 11 15 In actual practice the pointer will probably not
contain the full address of the next node. but will simply contain an index
into an array containing the actual addresses or perhaps an amount to be
added to some beginning address to form the actual address

In order to manage a linked list, two other things are necessary (1) The
address of the first node must be stored somewhere so we can enter the

. hinked tist. (2) A special value or symbol which we shalt call EQL (for END

OF LIST) must be placed in the pointer of the last node in the linked list
(This could be a negative number or 0 if addresses ¢r indexes are used as
pointers, since etther value would indicate that this was nol a valid pointer

. to another node)

In order to represent a linked list diagramatically, we use the technique
shown in Fig 1116 Here each node 1s shown as a rectangle containing
two parts, the data item and pointer The START box gives the address of
the first node (a special value in the START box will indicate that there are
no nodes in the list) An arrow on the drawing indicates to which node the
pointer points

The addition or deletron of nodes 1s straightforward for a linked list, and
herein lies their primary advantage To add a node, we simply place the
node in memory at some conventent unused address Then the pointer in
the node which 1s to precede the new node is changed to give the begin-
ning address In the new node, and the pointer in the new node ts set to the
address of the node which 1s to follow it '

The. delgtion of a node 1s also straightforward” The pointer in the node
preceding it in the inked list is simply changed to the address ot the node
which follows the node to be deleted Examples of adding and deleting

_ entnes are shown in Fig 1117

A problem arises after many changes have been made to a linked iist
if a number of nodes have been deleted. there will be “holes™ in the actual
memory space used because entries which have been deleted will still
reside in memory even though they are etlectively "dead ™ In order to use
this space, sometimes “garbage collection” programs are written to collect

START

.

Figure 1116 Symbolic representation of a hinked hst
.
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.
. Ttus w ot 1y < sy the
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address of the node containng MASK
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to pont 1o the node contaiming GO
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Figure 1117 Adding and deleting nodes in a linked iist {a] The linked list In Fig 1116 with
an addad node (b} The linked Ns! In {a) with g node deleted

lists of “free space” which can be used for new entnes Similarly, some
systems maintain hsts of free space continucusly so that memory is not
wasted A particularly advantageous strategy consists of maintaining the
list of free space n a stack and pushing or popping nodes from the stack
as nodes are released from or added to the linked hst, respectively More
detatls of these procedures can be found In the exercises and shill further
details in the works n the Bibhography

Note that a linked list must be searched sequentially, even though 1t is
maintained n sorted order, because the entries are not actually in order in
the memory {Separate tables can be kept to facilitate searching, but this
involves using even more space in memory)

11.8 TREES
As can be deduced from the preceding descniptions of data structures and
the algonithms for searching and for deleting and inserting new items, the

oty b A - (13 324

sructiure 2mployed nas a p olouny afert 1 wne. of the

ar joithm used and the amount ot memary tequvreo » ,  wwular class of
data structures called trces provides for reasonably «ttcic st search algo-
nthms and insertion and detetion algonithms, with the penalty of additienal
memory required for implementing the structure

The term tree derives {rom the name of the familiar "woody perenmial
plant," but usage 1n computer science appears to derve from a mathe-
matical structure in graph theory A directed graph 1s a collection of nodes
and branches with each branch connecting two nodes Each branch in-
dicates a direction (an arrowhead 1s used at one end of the branch in our
figures) t Figure 11 18 shows a drawing of a graph with several nodes and
branches The position of the arrows on the branches s important for if two
nodes are connected by a branch, the node at the end of the branch with
no arrowhead is called the predecessor of the node at the end of the branch
to which the arrow points Further, if node A is the predecessor of node B8,
then B i1s called the successor of A

In order for a set of hodes and branches composing a directed graph 1o
qually as a ltee, two other properties are required

1 There s a single node which has no predecessor This node 1s cailed the root

2 Every node excepting lhe root 15 connecled 1o the root by a umique path where a path
consists of the branches connecting a sequence of nodes N, N, Ny where N, 1s the
predecessor of Ny, for att 1 from 1 to M — 1 (Notice that there can be only one path between
fwo nodes 1if the path s unique)

'Trhis 1s from the dehruition in "Webster's New Coliegiale Dictionary G 8 C Mermiam Co, Springheld
Mass

The graphs in Fig 1119 are all drected graphs Undirecled graphs ‘of just plan graphs) have no
dwrection to the branches Consider a road map The cities are ke the nodes and the roads are
ke branches for an undirected graph since we can drive in either ditechion

Root node
/

R

—ﬂgure 118 Trees
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Figure 1118 shows several trees For the tree in Fig 11 18a, a path
from the root node R to the node D follows the nodes R.A.B.D Does this
satisfy requirement 2 above? Yes, for R 1s the predecessor of A, A is the
predecessor of B, etc

There 1s a considerable literature in mathematics conceming trees
Severa! of the works in the Bibliography cover this matenal

In computer usage, a most important kind of tree 1s called a binary tree
It has the characteristic that each node has at most two successors Figure
11 19 shows several binary trees. -

One reason that the binary tree ts so useful as a data structure for com-
puters relates to the means of storing a tree structure in a computer mefn-
ory Let us assume that we are to store a number of data items in a memory
using a binary tree structure First we shall represent the data structure to
be used as the graph of a binary tree Each data tem will be stored at a
node on the binary tree. For convenience of description we shall assume
the data items to be simply English letters, and we can then use each letter
as the name of a node Figure 11 19 shows this arrangement

We can now store this tree in memory by associating with each node on
the graph several words in memory which contain (1) the data item at the
node and {2) two pointers, one to the leftmost successor node and the other
to the rightmost successor node on‘'the graph A START pointer which gives
the address of the root node will be required so we can enter the tree, and a
special ponter value will also be required which can be placed in any
pointer and which indicates that no (leftmost or rnightmost, whichever the
case may be) successor exists An example of this arrangement is shown
nFig 1120

tAs before. the pointers may be simply indexes into an array, values to be added to some base value,
etc., thus saving memory space .

"\

(a) (b)

Figure 1119 Binary troes
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Figure 1120 Data structure for binary tree in Fig 1192
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As may be surmised, the storing of two pointers with each data item s
somewhat uneconomical in the use of memory The compensating factors
lie in the ease with which items can be entered nto or deleted from the
binary tree;and the facility with which the tree can be searched (provided
the nodes are correctly arranged)

Notice that the tree in Fig 11 20 has the nodes ordered' in a specific
manner The leftmost successor node always precedes its predecessor
in alphabehical order, while the ngntmost successor always 1oilows ils
predecessor In alphabetic order When a tree 1 arranged In this way, it 1s
considered to be sorled . o

An important use of trees In the data structures for files involves a tree
where each dala entry 1s a single symbol This structure is call a symbol
tree. Figure 11.21 shows a graph of a symbol tree for several English words
At each leaf in the tree the address of the record for the word which term-
nates in the leaf i1s stored Thus, to find the record corresponding to a given

'A leaf in a symbol tree 1s a node al the end of a word
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Figure 121 Symbol tree

word, we search the tree for the word, and if it is found, the record for the
word would be pointed to by the pointer in the last symbol in the word

An important point can be noted here The tree in Fig 11 21 has several
nodes with more than two successor nodes and 1s therefore not a binary
tree The graph can be stored as a binary tree, however, as shown in Fig
1122 (Notice the method for handling nodes with more than two suc-
cessors’?) .

(The trees in Figs 1121 and 11 22 could be used in a directory for an
inverted file. see questions 6 and 7))

In order to search trees such as those in Figs 1121 and 1122, one can
use a version of the binary search algorithm The search 1s almost as effi-
cient as the binary search for inear lists or arrays The insertion or geletion
of a name ol word 11 these files 1s straightforward and eflicient character-
istics that compensate for the additional search time for many files of
interest,

In order to be searched efficiently, a binary tree must be maintained in
what 1s called balanced form. The exercises that follow investigate this
subject along with algonthms for balancing trees, searching trees, and in-
serting and deleting nodes from trees

'A possible use 1s to have the words be those n a diclionary and the records be therr detinttions Or

the words might be the Dewey decimal notation for books tn a iibrary and the records the description of
the books

Ll
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Address

I Address—l r/\lldress I

Figure 1122 Data structure for symbol free

EXERCISES

1
2

3

For Fig 111 hist the record relating to F R Jackson

A good key for Fig 11 1t would be iicense number I we use name of owner far
key, a key may not be unique Why?

Give the collating sequence for letters and numbers in the ANSI (or ASCII)
code n Chap 2

Give the collating sequence for letters and numbers for the EBCDIC code in
Chap 2

Discuss sorting a st of names in EBCDIC or ASCH using the numerical values
as numbers (integers) in the sort routine

To search the file in Fig 11 1 for a record given the license number, we would
probably keep the file sorted with icense number as a key If many demands
were made to search the file for “name of owner,’ it would be convenient to



Chapter

6-1
Trec examples

The use of flowcharts to represent algorithms has helped us
to recognize their underlying structure. Furthermore, atten-
tion paid to the structure of an algorithm usually results in
a better understanding of the computational process, and often
results in our recognizing alternatives and potential improve-
ments to the original design. Similar rewards result from atten-
tion paid to the structural relationships among the components
of a set of data.

There is, in fact, a close connection between the steps we
need to express an algorithm and the way we choose to think
about or represent the data that are to be transformed by that
algorithm. Experience in constructing algorithms fosters an
increased appreciation of this interdependence. You will gain
some of this experience by studying the next several chapters.
Your ability to analyze the stricture of a set of data and how
alternate representations of it can affect algorithms using such
data, undoubtedly will improve. We have already considered
two structural forms for data, lists and arrays. Another type
of structure is called a tree (Figure 6-1). Tree structures are
important in representing certain types of data and, oddly
enough, the essential steps of a number of algorithms exhibit
a treelike structure.

First we will give two simple examples of a process whose
strategy of execution (algorithm) can be pictured as a tree and
two examples of data that can be pictured as a tree. Later, we
will tackle three fascinating problems, the first one at the end
of this chapter and the other two in Chapter 7. When we have
finished this study, we may claim the title tree expert.

Let us agree now, before we get too far along, that trees
in this chapter will be drawn upside down (Figure 6-2). We
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FIGURE 6°1

Example 1.
Treelike Algorithms

FIGURE 6-2
This is an upside-down tree.

This s 4 tree Trisis not a trec

do this only because it is convenient. You have to be willing
to think of a tree growing toward the earth, its trunk “hanging”
from the sky.

Our first example shows how we can represent the 16 conclu-
sions to the well-known eight-coin problem as a “decision
tree.” The problem is this. You are given eight coins, a, b,
¢ d, e f, g, and h, and are told that they are all of uniform
weight except one, which is either heavier or lighter than the
others. You are given an equal arm balance, but you may only
use it three times for comparing coins or groups of coins. Your
job is to determine the maverick coin and whether it is lighter
or heavier than the rest.

Here is a strategy to use (see Figure 6-3) for all possible

. cases.

1. Compare the weights of two subsets of equal numbers of
coins and consider the significance of the three possible out-
comes. If the weights of the two subsets are equal, the coin
in which we are interested cannot belong to either of the
compared subsets.

2. Once we have isolated a pair containing the “odd” coin
and we want to know whether one of them is heavy or light,
we weigh one of the two candidates against any other that is
known to be “standard.”

There are 16 possible cases, each of which may occur,
given the eight labeled coins. The algorithm shown in Figure
6+3 has a treelike structure. Conclusions are reached by follow-

3 4 #
(Y- ¥ B LR
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FIGURE 6-3

‘Tree diagram of a strategy 1o
denuify the odd coin.
Conclusions are subscripted:
subscript H means Acavy;
subscript L means Aight.

Means D
e+tfrg>atore
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ing a unique path (a sequence of three weighings) from the
top or root of the tree diagram to one of the terminal boxes
or leaves at the bottom.

COMPUTER SCIENCE: A FIRST COURSE

For decision box 2 in Figure 6-3, explain why:

(a) If the relation a + e > f + b is true, one may conclude that
a > f

(b) If the relation a + e = f + b is true, one may conclude that
c> g

(c) If the relation a + e < f 4+ b 1s true, one may conclude that

‘b>e.

Explain why b may be regarded as a “standard” coin at decision box
5 but not at decision box 7.

Suppose you are given 12 seemingly identical balls and are told that
one ball is Aeavier than the others, which are of the same weight.
Draw the tree diagram algorithm to identify the heavy ball in three
weighings.

Suppose you are given 12 seemungly identical balls and are told that
one ball is different in weight (either heavier or lighter). Draw a tree
diagram algorithm to identify the odd ball and to determine whether
it is heavier or lighter in three weighings.

Are all decision sequences tree structures? Consider the three flow-
charts below.

N

® ©

(a) Which of these are tree structures?

(b) Consider the following attempt to define a tree structure.
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Game Trees

The rules of “Eight”

303

TREES

(1) A node having no segments extending from it is a terminal
node.

(2) A node having one or more segments extending from it is
a nonterminal node.

(3) A tree structure is a terminal node or a nonterminal node
whose segments consist either of terminal nodes or tree struc-
tures. :

What corrections or additions, if any, are needed in the above defini-
tion so that, when applied to flowcharts @, 4, and ¢, you will reach
the same conclusions that you came to in the answer to part a of
this problem?

A more interesting type of decision tree, frequently referred
to as a game tree, shows the moves made by the players. Each
time a player makes a move, he selects among the available
choices of “legal” moves. Each line segment of the tree repre-
sents one choice by one player during the playing of one game.
Figure 6-4 is a tree for the game of “Eight.” This two-player
game is so trivial you may not enjoy playing it very long. Its
tree is simple enough, however, that we can study it easily,
and it serves as a good illustration of similar but far more
complicated games.

Each player takes a turn at picking a number from one to three,
adding this number to a running sum that is initially set at
zero. The first player has a free choice of numbers 1, 2, and
3. The choice in each play thereafter is restricted. A player
may not choose the opponent’s preceding selection. The player
who brings the running sum to a total of exactly eight wins
‘the game; a player exceeding eight loses. There is no draw
possible.

When we study the game. tree, we can observe that a
complete game from start to finish is represented by one path
(e.g., the colored line) from the beginning or root of the tree
down to an end or terminal point. Player A always moves first.
Thus, on the green line, A chooses 1 from arhong the three
initial choices. Then B chooses 3, then A chooses 1, and so
forth, until at the last move for A the running sum is 7, and
his choices are 1 and 3. So he chooses 1 to make the sum 8
and wins. Triangular-shaped endpoints denote a win for A.
Square-shaped endpoints denote a win for B.

20



Player A will move first

Player B will move next

Player A |

Player B
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FIGURE 6-4
Tree for the game of Eight.
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. Board position at the
beginning of the game of Hex.

TREES

Each time a player makes a move, you can imagine he
looks at three choices 1, 2, and 3. After the very first choice
he rules out one of these, as the game rules demand. Inad-
misstble moves would not ordinarily appear in the tree because
they tend to clutter the diagram. We have shown them as dashed
lines for B’s first move only as a reminder.

(a) How many distinct games of “Eight” are there?

Imagine the game of Eight is played by children at the Jocal
kindergarten in the following way. Player A twirls the arrow of a

three-part spinner, to select the initial move. There-

after, each player flips a coin to decide among the two admissible
choices. (heads the smaller, rtails the larger.)

(b) What percentage of games played will follow the color line path
in Figure 6-4?

(c) What are A’s chances of winning? Express this result as the
number of games won for every 100 games played.

(d) If each player chooses each move as shrewdly as possible, what
do you think are A’s chances of winning if A plays first? The
answer is O times out of 100. See if you can Jevelop a proof of
this assertion. In Chapter 7 we will take another look at this
problem.

In each of the next two exercises, you are given the rules
of a simple, two-player game. Your job in each case is to show
part or all of the game tree with at least four complete games
displayed.

The game of Hex (or Hexapawn) uses a 3 by 3 checkerboard. Each
player begins the game with three pieces on his base line, as shown
in Figure 6-5. Play alternates between green and gray. The rules of
the game are as follows.

{a) Either green or gray, in his turn, can move forward one space
to an unoccupied position.

(b) Or he can move diagonally one space to capture an opponent.
A captured picce is removed from the board.

(c) The game 1s won by reaching the opponent’s baseline.

(d) Or by leaving the opponent without a move.

(e) Or by capruring all opponent pieces.

Hint Each segment of the tree should be labeled to indicate the move
it represents. Onc way would be to show the before and after row,

2e
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column values of the piece that 1s moved. For example, on green’s
first play he has three choices: (3,1) = (2,1), or (3,2) — (2,2), or
(3,3) = (2,3). Each of thesec moves can be further abbreviated to
four-digit numbers without loss of information, that s, 3121, 3222,
and 3323, respectively.

Alternatively, if we give the squares of the board the exphcit
names shown as small digits in the lower right curner of each square
in Figure 6.5, then we can use a somewhat more compact rcpre-
sentation of a move. Instead of four-digit abbreviations (e.g., 3121,
3222, and 3323), we can use two-digit abbreviations (e.g., 74, 85, and
96, respectively) with no risk of confusion.

The game of “31.” Take a die and roll it. The side that turns up gives
the running sum’s initial.value. Thereafter, each player moves by
tilting the die over on its side (one of four possible sides, of course,
and remember that opposite faces

° ° e o e o > o
Py ° ° o o
° ° o o o e o o

always add to seven). The side that turns up after the tilt-over is
then added to the running sum. The game proceeds tilt after tilt. A
player whose tilt brings the total to exactly 31 wins the game; a player
exceeding 31 loses. There are no draws.

Flowcharts of algorithms often have the characteristic treelike
structyre, but it is also interesting that data can be arranged
in a treelike structure. Here are two examples.

Suppose you are given a sequence (i.e., a list) of N numbers,
all guaranteed to be different. What is the longest monotone
subsequence in the given sequence?

By a subsequence we mean the list that remains after
“crossing out” some numbers in the original list. If, for exam-
ple, the given list is

5096112372,

-
Y

_then one of the 511 (2% — 1) possible subsequences of this

sequence is: ,
509612372
that is, 96 12 3 2,
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The reason for explaining this idea in terms of “crossing
out” is to make it absolutely clear that the order of the remain-
ing terms is not altered. By a monotone subséquence we mean
one in which either the values are increasing from left to right
or one in which they are decreasing. Thus the preceding sub-
sequence, '

961232 :

is not monotone, but the following two are, the first being
increasing and the second decreasing.

5096112372
5096142372

. You can check that the increasing subsequence is the long-
est possible; that is, there is no increasing subsequence with
more than four elements. The decreasing one is not the longest
possible, since the subsequence

9632

is longer. . .

It is possible to develop an algorithm for determining
longest monotone subsequences of a given sequence. Our inter-
est here is a bit different. Suppose you are asked to picture
all the possible monotone decreasing subscquences of our ex-
ample sequence,

5096112372

A hopeless task? Not if we think in terms of trees! See the
answer in Figure 6-6.

A most revealing discovery! We have taken a string of
numbers, posed a particular problem concerning that string,
and discovered that the problem’s answer could lie in inspect-
ing a related tree. Notice that every monotone decreasing sub-
sequence in S can be represented as a path running from the
root S to one of the terminal squares. From now on, we’ll
call these circles and squares nodes.

The longest of such subsequences is easy for the eye to
pick out ‘once the tree is drawn. It is the one whose terminal
node is found at a level of the tree farthest from the root node.
In this example, only one path reaches to level 4, so there 1s
only one longest monotone decreasing subsequence.

2%
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FIGURE 6-6

Tree of monotone decreasing
subsequences for the list
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If a computer is to be used for this approach, we must
have an algorithm that, in effect, systematically scans the entire
tree. This is the interesting part, which will be taken up starting
with the next section.

Construct a tree that displays all monotone increasing subsequences
of the same sequence given in Figure 6-6.

Draw the tree that displays all monotone decreasing subsequences for
the sequence S defined as

= {3,2, 1,0}

Imagine you are a student registering at a university and you have
decided to enroll in a particular group of five courses. Theé five courses,
together with the available sections and the times each will be taught,
are listed in Figure 6-7. We presume these data are extracted from
the official class schedule. Notice that the time periods are letter coded
for convemenoe .

Course " Open Sections

ENG 132 D(9-10  MWF)
E (10-11  MWF)

'F (11-12 MWF)

FRE 141 F (lI-12 MWF)
H (1-2 MWF)

Q(10-11:30 TTH)

HIS 231 F (11-12 -MWEF)
| H (1-2 MWF)

MTH 172 D (9-10 MWF)
F (11-12 MWEF)

Q (10-11:30 TTH)

CSC 131  F (11-12 MWF)

H(-2 | MWF)
Timetable
r Course S Letter Codes for Possible Sets

,f No.l § No.2 | No.3 { No.4 | No.5

ENG 132. © {

L e e I i Y

i
3

HIS 231 ” T J
o ;
|
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Does a possible set of nonconflicting sections for the five courses
exist? That is, is it possible to select a set with no time confhcts?
If so, how many distinct feasible sets can be selected? To be distinct,
a set need differ in no more than one section from other possible
sets. Complete a column of the tmetable shown 1n Figure 6-7 for
each feasible set.

Hint This problem and others like it can be solved systematically
by constructing a tree of labeled nodes. The structure for the tree
could be such that the set of nodes along any path emanating from
the root represents a set of nonconflicting course sections. For ex-
ample, labeled nodes at level 1 could represent the various available
sections of ENG 132 (Figure 6-8). Nodes at level 2 could correspond
to various sections of FRE 141, and so forth, Any path running from
the root to level 5 such that every node has a different label would
represent a feasible set of courses.

Level 1 (ENG 132)

Imagine you are a student registering at a university and assume that
you have decided to enroll in the following six courses:

Communications 267  (COM 267)

English 337 . (ENG 337)
French 231 - (FRE 231)

-Geography 233 (GGY 233)
Mathematics 272 (MTH 272)

Music 1204 - (MUS 120A)

Below are data taken from the printed class schedule. Imagine that
when you reach the registration desk, you find that certain sections
of four of the desired courses are closed (as indicated). Prepare a tree
diagram that shows whether there are one or more possible programs
open to you at this time, permitting you to enroll in all six of the
desired courses with no time conflicts. If one (or more) program(s)
is (are) available, prepare a filled-out timetable whose format is similar
to that given in Figure 6:7. .

A student who was planning to work every afternoon (1-5 p.m.) for
the Athletics. Department was also hoping to enroll in all of the
following six courses: C_OM 267, MUS 120A, GGY 233, MTH 272,
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COM 267 TV-FILM SCENE AND LIGHT
P601 " 117-KUHT 930-11AM TTH COLLINS
MUS 120A MUSICIANSHIP 1
E601 129-E 10-11AM WF MILLER
H602 . 129-E 1-2PM WF MILLER
P603 129-E 9-10AM TTH HORVIT
Qo604 101-E 10-11AM TTH BENJAMIN +——
GGY 233 WORLD REALMS
F601 101-AH 11-12 MWF HYER +—
H602 . 101-AH 1-2PM MWF PALMER
S$603 210-AH 1-2.30PM TTH SHERIDAN
U604 . 101-AH 4-5:30PM TTH COFFMAN
MTH 272 CALCULUS I1I
D602 204-AH ’ 9-10AM MWF RADER \
E603 216-AH 10-11AM MWF N closed
H604 116-T 1-2PM MWF - - " sections
P607 7-AH 8:30-10AM TTH RADER ’
P608 111-Z 8:30-10AM TTH I
$610 211A-SR 1-2:30PM TTH /i
FRE 231 INTERMEDIATE FRENCH /
E601 303-AH 10-11AM MWF MCLENDON j
F602 106-Z 11-12 MWF JANSSENS '
H603 105-Z 1-2PM MWF
1604 105-Z 2-3PM MWF
Q605 111-2 10-11:30AM TTH MCDERMOTT
$606 112-Z ~ 1-2:30PM TTH HOWARD
ENG 337 SHAKESPEARE /
D601 105-C 9-10AM MWF HENDERSON A
E602 110-C 10-11AM MWF EAKER
P604 110-C 8:30-10AM TTH EAKER
5605 113-C 1-2:30PM TTH THOMAS
FRE 231, and ENG 337. He received special permission to register
early (i.e., no closed sections to worry about). How many different
feasible programs could he seleat, given the printed schedule used
in Problem 4 (1gnoring closed-sections), and still take the afternoon
job without a time conflict?
Example 4. Suppose we are given

Tree Representation
of Expressions

(@Xw ¥+ byX w)12/(@dX y)

It seems obvious that whoever first wrote this string of charac-
ters intended that it have a mathematical meaning. By now,
you are quite expert at interpreting such strings. This inter-

_ pretation, remember, involved the application of a relatively

complicated set of rules (Tables 2-1 and 2-3). Figure 6-9

eF




Level O

Level 1

Leveél 2

Level 3

Level 4

Level §

Asa
string

FIGURE 6-9
A tree representation of an
arithmetic expression.
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shows how we can represent the same string as a tree and give
it the same interpretation. We will quickly discover that the
rules for evaluating an expression represcnted as a tree are
much simpler to state because part of the interpretation is inher-
ent in the structure of the tree.

Before proceeding with this line of thought, it will be
helpful to summarize and supplement the tree terminology
developed thus far. This is done with the aid of Figure 6-10a.

We see that every tree has a root node from which extend
segments (one or more) to other nodes, which in turn branch
to others, eventually ending in terminal or leaf nodes. (Notice
that a root node alone is not a tree.) Every segment leads to
the root of a subtree, which may be a terminal node. Nodes

7




Level O

Level |

Level 2

Level 3

Leveld 4

FIGURE 6-10a
Tree terminology.
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Parent

Ordinary node of degree 3
(it has 3 offspning)

Offspring (two or more
offspring of the same parent
are calted siblings) 4

[

can be located (identified) by level, which is a node count along
a path from the root node to a terminal. The level we associate
with the root node is purely arbitrary, but we will usually take
it to be zero. The nodes along a path are often thought of as
having an ancestral relationship one to another. By analogy with
family trees, moving from a root toward a terminal, each node
is the ‘parent of its immediate successor nodes (offspring). Two
or more nodes having a common parent are sometimes called
siblings. Finally, we can say that the degree of a node is the
number of its immediate offspring.

A node may also be identified in terms of the path that .

leads from the root to that node. How can we represent that
path? An answer comes to mind when we realize that represent-
ing a tree in two dimensions imposes an.ordering on the seg-
ments that emanate from each node. And we might as well
recognize this fact of life by numbering the segments in some
way, say from left 1o right or right to left. For simplicity and
consistency we will generally number segments from left to
right, as suggested in Figure 6-10b. Thesc ordinal numbers
amount, in effect, to names for the segments.
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Now a node can be designated uniquely by listing the
names of all the segments in the path leading to that node. For
example, the light green node in Figure 6-105 may be desig-
nated by the list (1, 1, 1, 1, 2), the dark green node by the
list (3, 1), the gray node by the one-element list (2), and the
black node by (1, 1, 1). (How would the root node be designated
in this scheme?) Distinct nodes have distinct paths and hence
distinct lists. :

The expression tree, by its very structure, provides the key
to evaluating the expression that 1s represented. For example,
suppose values for the variables of our expression are:

a y wib d \y

32 2| -1}7

A subtree of the form shown in Figure 6-11, together with
the above table, can be understood to mean: Look up the values
of a and w, compute a Xw = 3X2 = 6, and replace the

subtree by the terminal node 6. -
Correspondingly, the subtree shown on the left can be
interpreted as: Computed Xy = —1X 7 = — 7andreplace

_ the subtree by the terminal node — 7.

Figure 612 represents a sequence of meaningful substi-

2/
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Operand
termtnal

tutions that, when carried out, will ultimately lead to the re-
placement of the whole tree, root node and all, by a single
terminal, which represents the value of the expression.

Proper evaluation is guaranteed if we follow one simple
replacement rule that says:

Whenever you find a subtree consisting of a root node leading
to three terminals (an operator and two operands), replace
that subtree by a single terminal value.

Thus the replacement sequence in Figure 6-13, although
different from that of Figure 6-12, leads us irrevocably to the

same value, :_—,?i6 A computer performing either sequence
would evaluate the same indicated quotient —:;?—59 , notwith-

standing the fact that computer operations on floating-point
numbers are nonassociative, a fact explained in Chapter 11.
Another point to note from the figures i1s that the treelike
representation of a complicated arithmetic expression allows
us to see all the meaningful subexpressions (all the subtrees)
at a glance.

Once an expression is represented as a tree, evaluation
depends only on repeatedly searching and finding subtrees that

"are subject to the replacement rule. At any given time, an

expression tree, if not already fully evaluated, wxll exhibit at
least one such subtree.

A question that has no doubt been uppermost in the minds.
of some readers is: How should tree structures be represented
in storage? Linked lists, introduced in Chapter 4, suggest one

227
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Step |
replace

by

Step 3
replace

()
. by
DORERa

Step 4.
replace

Step §
replace

FIGURE 6-12 Stop 6
A stepwise evaluation of a tree replace
expression.
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Step 2
replace

()
b
=] [ L]

M

Step 3
replace

Step 4
replace

Step 6
replace
FIGURE 6-13

Alternative replacement
sequence for evaluating the
tree expression.
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way. With this approach, one storage representation for the
expression
(aXw + b) X w)12/(dXy)
is shown in Figure 6-14. A four-column table is used. Each
row represents a node with row 1 representing the root node.
Tree Table ‘
: -
Node Value - Links :
Number  (Sing) © pen Auddle  Right
1 }, O 2 15 16
2 T3 3 13 14
3 . 4§l 12
4 . 5 9 10
5 . O 6 7 8
6 ] a —_— — -_—
7 F X — - _
8 b ow — —_ -
9 + - |- -
10 b —_— - -
11 X — - -
12 w — - -
13 1 N -
14 2 —_ - -
15 / L -
16 i O 17 | 18 19
17 w d —_ — —_
18 X — - —_
19 y — — —_

FIGURE 6-14

Tabular representation of en

expression tree.

The first column holds the value of the node if it is a terminal
or some special mark, for example, OJ, if the node is nonter-
minal. The remaining three columns hold node numbers that
designate the left, middle, and right offspring. These positions
may be left empty (undefined) for terminal nodes. Node num-
bers in the left, middle, and right columns serve as /inks to
other nodes. Other tabular descriptions of tree structure using
the linked list approach are discussed in Chapter 7.

. A Peek at Some ~ We noticed in the expression tree of Figure 6-12 that two
Future Models of SIMPLOS

separate subtrees

and
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had only terminal nodes as offspring. At the start of evaluation
we could invoke the replacement rule on either of these sub-
trees. It was immaterial which we picked first. This will always
be the case for subtrees whose root nodes are siblings or the
offspring of sibling nodes (i.e., cousins once or more removed).
From the standpoint of expression evaluation, such subtrees
are mutually independent.

Under what circumstances can a computer work on the
evaluation of two or more independent subtrees at the same
time? With our present SIMPLOS model the answer is never,
because at any one time there is only one team of personnel
(Master Computer, Affixer, Reader, and Assigner) available to
do work. On the other hand, advanced models of computer
systems having several, perhaps many teams of personnel, are
quite feasible. :

Although it may boggle the mind to think about it, one
may anticipate that future computers will evaluate mutually
independent subtrees concurrently, that is, i parallel, when-
ever more than one team of personnel is available for the
purpose. In cases where speed is essential the capability of
concurrent computation offers the opportunity to solve prob-
lems that cannot be solved fast enough in any other way. Ex-
amples of such problems already abound in our technological

- society. More can be found on this topic in advanced texts.

Evaluate the expression trees below, using the given values for the
variables.

(a)

_ -
(=R

uuan

NQx P

- 60
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W
N

)

[ SRRV

b=t b —
h t s

N &~ 7o
nowowoaon

Rl

2. Draw a tree representation for the expression
B12—-4XAXC

3. The following are two proposed tree representations for the expres-
sion

I-NXAIN/D+OXU~-T

Which, if either, of these trees, evaluated by the replacement rule,
yields a result computationally equivalent to the result we get by
following the evaluation rules laid down in Tables 2-1 and 2-3?
If the evaluation of either one of the trees is not compatible with
these rplgs, describe the discrepancy.

&
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4. Draw a tree representation for the expression

(a—b)X(c—d)/(eX(f+g) B

8. Find which of the three trees given below correctly represents the
given expression and exhibit the expression represented by ‘each of
the other trees.

4—2y) )
y( 3 )ty

P
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6. Find the tree among the four given below that represents the given_
expression correctly and exhibit the expressions represented by each
of the other trees.

aXb<c+d/(f +pg)
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7. Convert the trees below into the corresponding arithmetic expressions.

Za
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How would you draw the expression, tree for the expression
A X (—B)? The problem here 1s to decide how one should represent
a unary operation. One possibility is shown in the tree on the left.

Here the subtree expression — B 1s treated as a root node having

a unary operator [-]and one argument [B] as offspring nodes. One

can deduce that the operator is unary by the fact that the (left-hand)
operand node is missing. Functions such as V', cos, and so forth,
can be thought of as unary operators. Using the above expression
scheme, or another of your own choosing, develop expression trees
for: ‘ :

(@) A+ Vx
(b) cos (x? + y?)

© Ixa+avFTe

Which of the following statements is false?

(a) A terminal node has one ancestor node and no descendant nodes.
(b) A root node has no ancestor nodes and may have no descendant.
{c) A nonterminal node has no descendant nodes.

(d) A nonterminal node may have only one ancestor node.

{e) A terminal node can be connected to an ancestor.

Hint If you have any question as to the meaning of “ancestor” and
“descendant” just think of a family tree.

Any given two-dimensional matrix can be represented as a tree. For
example, the matrix

3 4 5 6
A={8 3 2 9
117 4 6

can be expressed as the tree:

(a) Given the representation above, the four nodes at Level 1 corre-
spond to (choose one):

(1) The four elements of the main diagonal of the given matrix.
(2) The four elements of row 1 of the given matrix.
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12.

13.
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(3) The four columns of the given matrx.

(4) The sums of the elements in each of the columns of the given
matrix.

(5) None of the above.

(b) Show at least one other way to represent the matrix A as a tree
structure,

Using list notation, give the paths for the nodes labeled El, ,
and , in the second of the two trees referred to in Problem 3 of

this exercise set.

Develop a scheme to denote the saving in time that, in principle, is
possible in a computer having multiple processing units that can
execute concurrently in the same expression. Show how your scheme
would work on the following expressions.

(a) a2 + b? + ¢? '
(b) (@ = b)X(c—d)/(e X(f +g)
(©) (Vx + cosy) /2

In the text we have always shown the operator symbol of an expres-
sion tree as a termunal node, so each nonterminal node of the tree
has three offspring if the operator has two operands, and two offspring
if the operator has one operand. Another way to draw the tree is to
place each operator symbol at its parent (nontermminal) node. For
example, the tree for the expression- = :

A+ BXC
may be drawn as

instead of as

¥
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The new form, which we shall call a binary expression tree, has
fewer nodes but the same amount of informauon.
‘ Refer to Figure 6-14 and:

; (a) Produce the binary expression tree equivalent to the expression ’
tree given in the figure.
! (b) Show how the tree table in that figure can be changed in structure
and in content to represent the binary tree you developed 1n part
2.
(c) Which tree table would require less storage in a computer repre-

sentation?
; 6:2 We have now seen enough of trees to have observed their main
' Tree searches structural characteristics; segments of a subtree always con-

nect to new nodes that form a continuation of the same subtree;

there is no looping back to nodes closer to the root; and there

; is no crossing or crisscrossing between subtrees.

: There are many ways one can construct and store a tree
structure. Depending on what use is to be made of the tree,
some representations (we will call these storage structures) are
better than others. Trees are searched for one reason or another,
either to gain specific information, to reach a conclusion, or

.to modify the tree in a certain way. A tree search lies at the
heart of a number of mathematical problems and a great num-
ber of games. -

9

Natural-order Tree Search  There is a systematic way to scan all the nodes of a tree that
is used frequently in solving problems. We call it natural-order
searching. Although a squirrel may have better ways of finding

. nuts in a tree, it will help us to understand natural-order search
, if we- imagine a nutseeking squirrel willing to follow these
‘ rules.

1. Start at the trunk (root) and don’t stop trying segments
until you reach a leaf (terminal node) unless you find a nut
and choose to stop at that point.

2. Upon reaching a terminal without finding a nut, back up
to the node you just passed, that is, to the parent node of this
. terminal. :

3. Now, choose the next untried segment, if any, and move
forward along it toward another leaf node.
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FIGURE 6-15
Systematic (natural-order)
. search for a nut.

Algorithm for Natural-Order
' Tree Scarch

TREES

Y

4. If there are no untried segments, crawl backward to the
predecessor (parent) node and repeat the process of trying to
reach another leaf node.

5. If you ever find yourself back at the root having already
tried all segments from the root without finding a nut, you have
finished searching the entire tree in natural order and can report
a failure to find a nut.

Figure 6-15 shows a natural-order search of a tree. The
numbers beside the nodes indicate the sequence in which they

\
N ORENO
\ ,
!
[ 2 L) O Q) L L

are first encountered (i.e., as the squirrel sees them in its for-
ward progress). We picture one of these nodes as a nut. It is
the 23rd node encountered. Notice the systematic, left-to-right
selection of segments at each node.

Now suppose we wish to construct a tree search algorithm that
generally follows the stated set of rules. One of our problems
is how to: interpret rule 3, that is, how to choose among the

o



328

+ named (1, 1,2,1)

COMPUTER SCIENCE: A FIRST COURSE

remaining untried segments. If we recall, however, that the
segments cmanating from each node are, or always can be,
ordered, then a simple interpretation comes quickly to mind:
choose the segment, if any, whose ordinal number name is one
higher than that of the segment previously tried.

To make this choice implies that the algorithm can always
identify the ancestor or parent node from which the “previously
tried” segment emanated. That is, the algorithm can only iden-
tify additional segments in terms of the common parent. This
backup capability is assured if the algorithm at all times has
an up-to-date record of where it is in the tree search and can
represent this data in the form of a path list. For example,
suppose it has been discovered that the segments from the node
whose path designation is (1, 1, 2, 1) need be examined no
further (Picture 1).

The node

PICTURE 1

What is the path name for the parent of that node> The answer
is (1, 1, 2).

How do we apply rule 3 to this parent (1, 1, 2)? (Rule
3: choose the next untried segment, if any, and move forward
along it toward another leaf node.) The answer is, if there s
a node whose path is (1, 1, 2, 1 + 1), try it (Picture 2).

In general, suppose we have tried the segment leading
from node (1, 1, 2) to node (1, 1, 2, i) and the subtree whose
root is (1, 1, 2, i) has failed to contain the nut we are looking
for. To select the next untried segment, if any, of node (1, I,
2), we have only to check whether there exists a valid node

5



The node named (1, 1, 2,2)
to be tned after (1,1, 2, 1) fails

PICTURE 2

whose path is (1, 1, 2,1 + 1). If so, select the segment leading
to this node and if not, back up, and check whether there is
a valid node (1, 1, 2 + 1). If so, select the segment leading
to this node, but if not, back up again and see whether 1,
1 + 1) is valid, and so on.

We now sense that by starting out with a path list that
represents the root node (an empty list of segments), and by
continuing to update that list as we move through the tree to
reflect where we are in the search, then simple adjustments
to the path allow us to determine each new direction of search.

Figure 6-16 shows a systematic procedure, that is, an
_algorithm for conducting natural-order tree search. The algo-
“rithm is represented in top-down style, with Figure 6-16a
giving the topmost view. Any necessary data are input in box
1 and the tree search begins at box 2. In Tree_Search, whose
details are given in Figure 6-16b, there are two key variables:
level and path. The value of level tells us the number of ele-
ments in path. Values of these two variables determine the
current node of the search. In a sense the current node is the
one we are standing on while we try to find the next node to
move to. These variables are initialized in box 1 of Figure
6-16b. Tree_Search sets some sort of switch to indicate success
or failure. (Recall that a root node by itself does not constitute
a tree. There must be at least one subtree. For this reason the
first time box 2.2 is executed the Yes outlet will be taken.)
Upon exit from Tree_Search, the main program, in effect, tests
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that switch. If success is indicated, the path list is displayed,
identifying the location in the tree where the nut was found;
otherwise a failure message is displayed.

To simplify the details of Tree_Search, three of its boxes
are given in more detail in Figure 6-16¢c, 6-16d, and 6- 16e.
Notice that rule 3 is implemented in box 2.3 as a call to a
procedure, “Seek_Another_Segment,” whose details (Figure
6-16¢) include a test for admissibility of untried segments.
Although not shown in the level of detail given in Figure 6+ 16¢,
we imagine that some sort of switch is set by Seek_Another_
Segment, which can be tested upon return to Tree_Search so
that the former’s success or failure can be determined at box
2.4. If successful, there is a new node to which the search may
advance (details in Figure 6-16d). If unsuccessful, it 1s neces-
sary to retreat to the parent node, if any (Figure 6-16¢). (Re-
member that Seek_Another_Segment reports failure only after
all segments have been tested.) )

The bookkeeping of the retreat operation (box 2.5.3) is a
two-step process. -

1. Detach the last element of path, which is a segment num-
ber, and save it to use the next time Seek_Another_Segment
is called at box 2.3.

2. Deécrement level by one to reflect the shortened length of
path.
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The scgment number saved in step 1 1s nceded in boxes
2.3.1 and 2.3.3. When a new segment number is selected 1n

box 2.3.3, it in turn is saved for use by Advance, the next time,

that procedure is called at box 2.6. Advance increments level
by one and appends the new segment numbcr on to the end
of path. We leave to the reader the pleasure of reviewing these
details and convincing himself of their correctness. As a parung
remark, it is worth observing that the nature of the admissi-
bility check hinted at in box 2.3.2 may be crucial to the success
of the search. As many inadmissible structures as possible must
be ruled out at each stage. For example, the squirrel should
recognize each dead limb and not search it. Otherwise, the
proportion of useless paths may grow rapidly, meaning that
the efficiency of the search method can plummet toward zero.
Next we examine several interesting problems that employ this
type of search in their algorithmic solution.

List the nodes of the tree below in the order in which they would
be encountered in a natural-order search.

Maps are colored to make it easy to see at a glance the extent
of each country. It is necessary that neighboring countries (i.e.
countries with a common boundary line) be assigned different
colors. Does the mapmaker then need more than four colors
to do his job? He doesn’t care, but we do.

}
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FIGURE 6-17
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. This problem was one of the most celebrated challenges

in mathematics. It is of great intellectual interest and has in-
trigued many people from all paths of life. Actually, its solution
has little or nothing whatsoever to do with making maps. A
mapmaker is and always will be able to print maps using as
many, different colors as he needs.
- A checkerboard is an example of a map that can be colored
with only two colors. The four-country map shown in Figure
6-17 requires four colors. Because each pair of countries is
adjacent, no two can have the same color.

It didn’t take us long to find a map requiring four colors.
Yet, in over 100 years of searching, no one has succeeded in
finding a map requiring five! It is natural to conjecture that
every map can be colored with four colors, and many mathe-
maticians have racked their brains trying to prove this con-
jecture. The best they have been able to do so far is to show
that every map can be colored using no more than five colors.*

We are about to see how computer methods can be applied
to the four-color problem. We will not use the computer to
show that the four-color conjecture is frue. Indeed; it is entirely
possible that no computer can ever prove this. However, true
or false, we can use the computer to determine whether a
particular map can be colored in only four colors. This is the
task for which we want to construct an algorithm.

,Before starting on this algorithm, a few remarks concern-
ing the coloring of maps may be helpful.

A minimal five-color map is a map requiring five colors,,
so that every other map requiring five colors has at least as
many countries. Of course, no minimal five-color map has ever
been found. But mathematicians have shown that if such maps
exist at all, then some of them satisfy these two conditions.

1. No point is a Boundary point of more than three countries.
2. Eath country is a neighbor of at least five others.

Moreover, it can be shown that every minimal map, if any exist,
must satisfy the second condition.

It is therefore customary to consider as candidates for
counterexamples to the four-color conjecture only maps ful-
filling these conditions.

*A simple proof of the five-color theorem exsts. It may be found, for example, in
What 1s Mathemancs®, Oxtord University Press (1941), by Courant and Robbins.
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Four-Coloring as a We can model the problem of four-coloring a given map, say,
Tree Search the one pictured in Figure 6-18, as one of traveling along a
path through a tree such as that shown 1n Figure 6-19. Each
segment represents a decision to color a country, with colors
1, 2, 3, or 4. The ith segment in a path from the root corre-
sponds to the coloring of the ith country of the map.

FIGURE 6-18

Caountry
(level)

i/

Observe that many paths through the tree turn out to
FIGURE 6-19 : represent identical colorings of the map except for renaming
of the colors, and it is desirable to avoid searching through
such duplicate patterns. (E.g., the two heavy-line paths in
Figure 6-20 represent the same coloring patterns with different
names used for the colors.) One way to avoid the unnecessary
search is to fix at the outset in a quite arbitrary way the colors
for neighboring countries 1, 2, and 3 and to begin the real
search with the coloring of country 4.

In-coloring all countries, from the fourth country.6n, as
seen in Figure 6-21, we assume that all four choices are possi-
ble. Most of the time, however, as can be seen in Figure 6-22,
only one, two, or three of these choices will be admissible.
FIGURE 620 Sometimes even all four choices will be inadmissible, as ex-
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FIGURE 6-2]

Showing coloring tree and one
path representing the coloring
of the first six countries
(colored line).
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FIGURE 622

An cnure coloring tree
showing how to four-color the
map of Figure 6-18.
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Note The small number to
the left of each segment

1s a color code for the
country represented by the

next node
I = gray
. 2 = lLight green
‘ 3 = black
_ 4 = dark green
4
()
2
3
() Q
3
) 4
) @ @
1 1 1
3 3 2
O OIS 9 @ @
] - 1
2 2 : 2 2 I
QO O O) () O @, () O
1 1 1
Ya\ 4] 1[4 4 4 4 4 4
OO0 0 O () O O O O C)
3 1 i 1 !
a8 1} i 1] l3 3 3 3 3 3 3
AOQOQOOAOAAD OAO OO0 A O
41 4| 1} 4 3 i I 1 2 2 2 |
QO MAA A O O R\ O O 4 A\
3 2 2 4 41 3
8] (8] [s] [5] [s] (5]

10 Successes, marked by teriminal nodes of the form[S_']

16 Failures, marked by terminal nodes of the form A

emplified by terminal nodes marked F in Figuré.6-22. Only
10 paths lead to S (success) terminals.

Compute the theoretical maximum number of possible terminal nodes
for the coloring trec of the 12-country map in Figure 6-18.

Hint Use Figure 6-21 as a guide.




A Four-Coloring
Algorithm

:?'m .

FIGURE 6-23

Example of map to be
four-colored by a computer
algorithm.
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Assume that it takes only 1 microsecond to check another path to
a terminal, and that the search of half of these paths is required before
the desired terminal is reached. How long would the computer chug
away before it found what it was looking for 1n a 39-country map?

Assume all segments to be admissible. Express your answer in units *

of years. -

By renumbering the countries on the map of Figure 6-18, show that
a coloring tree can have nodes with threc and even four permussible
segments emanating from them.

Using a form similar to that of Figure 6-22, draw a “coloring tree”
for the map shown below. :

Let us see how to apply what we have just learned about tree
search to an actual problem. It is one thing to discuss a tree
in the abstract and another to start with a problem, define in
some detail the tree search that 1s involved, and then develop
a detailed ﬂowcharbalgorithm. In this case, we will take as
our problem statement: Develop a detailed flowchart algorithm
for four-coloring any n-country map. .

The first step toward this objective might be to devise a
method to represent any n-country map. To do this we need
a sample map for study as, for example, in Figure 6:23. The

33
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TABLE 6-1 -
The Connection Table for the Map in Figure 6-23

-

TREES

map consists of 39 countries, and the countries have been
numbered -or indexed in the order that the algorithm will
attempt to “color” them.

The efficiency of the algorithm will be greatly improved
if each country borders on as many lower-numbered countries
as possible. We do not absolutely insist on this but, if you have
done Problem 3 of Exercise 6-3, you will appreciate why we
recommend this approach. We do, however, require that the
first three countries all be neighbors of each other.

How do we represent the map in computer storage? One
way is to_construct a “connection table,” listing after each
country all of its neighbors in increasing order. This is shown
for our example in Table 6-1.

Our algorithm should consult this table when deciding
how to color a particular country. For example, if we were
coloring country 15, we could see in row 15 that countries 5,
6, and 14 are neighbors already colored. Our choice of color
for 15, then, depends solely on the currently chosen colors for
5, 6, and 14. ) .

Knowing that country 15 also has neighbors numbered 16,
25, and 26 appears to be superfluous. This leads us to the idea
of a shaved-down table, which we will call the “reduced connec-

Country Neighbors . Country  Neighbors

) PR 3 4 5 6 21. 10 11 20 22 31 32
2. 3 6 7 8 9 22. 1 12 21 23 32 33
3 1 4 9 10 11 23. 12 13 22 24 33 34
4. 1 3 5 11 12 13 24. 13 14 23 25 34 35
5. 1 4 6713 14 15 25. 4 15 24 26 35 36
6. 1 2 5 71516 26. 15 16 17 25 27 36
7. 2 6 8 16 17 18 27. 17 26 28 36 37

8. 2 7 9 18 19 28. 17 18 27 29 37
K2 2 3 8 10 19 2 29. 18 19 28 30 37 38
10. 3 9 11 20 21 30. 19 20 29 31 38
11. 3 4 10 12 21 22 T3l 20 21 30 32 38
12. 4 11 13 22 23 32, 21 22 31 33 38 39
13. 4 5 12 14 23 24 33. 22 23 32 34 39
14, 5 13 15 24 25 34. 23 24 33 35 39
15. 5 6 14 16 25 26 35. 24 25 34 36 39
16. 6 7 1517 26 : 36 25 26 27 35 37 39
17. 7 16 18 26 27 28 37. 27 28 29 36 38 39
18. 7 8 17 19 28 29 38. 29 30 31 32 37 39
19. 8 9 18 20 29 30 39. 32 33 34 35 36 37 38
20. 9 10 19 21 30 31

sY
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TABLE 6-2
Reduced Connection Table for the Map in Figure 6-23
Country Neighbors Width F ~ Counury Neighbors Width
1 CONN,, w, R CONN| Wi
1 0 o2 10 11 20 3
2 1 1 2 . o122l 3
3 1 2 2 23 12 13 22 3
4 1 3 2 24 13 14 23 3
5 I 4 2 25 14 15 24 3
6 1 2 5 3 26 15 16 17 25 4
7 2 6 r2 27 17 26 2
8 2 7 2 28 17 18 .27 3
9 2 3 8 3 29 18 19 28 3
10 3 9 2 30 19 20 29 3
11 3 4 10 3 31 20 21 30 3
12 4 11 2 32 21 22 31 3
13 4 5 12 3 33 22 23 32 3
14 5 13 2 34 23 24 33 3
15 5 6 14 3 35 24 25 34 3
16 6 7 15 3 36 25 26 27 35 4
17 7 16 ‘ 2 37 27 28 29 36 4
18 7 8 17 3 38 29 30 31 32 37 5
19 8 9 18 3 39 ' 32 33 34 35 36 37 38 7 7
20 9 10 19 3 b
tion table.” It is constructed by striking out of each row in
the table all numbers greater than the number of the row itself.
The reduced connection table for our example is seen in Table
6-2 and can be thought of in this case as a 39-row by 7-column
array called CONN. The number of nonnull elements in each

row is given by elements of an associated list w. Thus the

“~  algorithm can search the first w, elements in the ith row

. of CONN to determine which neighbors have already been
colored.

If we are to apply our generalized tree search algorithm
(Figure 6-16) to the map-coloring problem, we must also de-
cide how to represent the current node (i.e., how to represent
the variables path and level). The variable path is a list of
elements, each of which designates a segment choice. Our
decision to use color codes 1, 2, 3, and 4 for the four possible
color choices leads us directly to the decision- that a search
from a node may be accomplished by selecting (trying) the
segments in the same order, 1, 2, 3, and 4. The decision to
make this correspondence between the color codes and the
segment order imposes the required ordering on the segments
from each node of our coloring ree. Moreover, the ith element
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of path automatically identifies the color chosen for the ith
country! This means that whenever we have been able to
choose a valid color for the nth country, the current contents
of the path is the desired list of colors for the n countries of
the map. Nothing could be stmpler. For this problem, let us
call the path list COLOR, since it is more suggestive of our
desired objective.

Figure 624 shows a flowchart algorithm incorporating the
foregoing concepts and details and following the identical top-
down structure given in the generalized search (Figure 6-16).
It will be easy to verify the claimed similarity. If you have
any difficulty in following Figure 624, femember that boxes
with corresponding numbers in the generalized flowchart have
similar meanings. Only Figure 6-24f the detail of the admissi-
bility test in box 2.3.2, is really new.

Box 1 of Figure 6-24 is a counterpart to box 1 of Figure 6- 16.
In the detailed algorithm we must input the data explicitly to
represent the map if we are going to deduce the actual structure
of the tree. In Figure 6-24b, to keep track of what tree level
has been reached, a level or path length counter k is needed.
This counter is initially set to 0 in box 2.1 to reflect the start
of the search at the root node. [The algorithm could be made
more efficient by initializing the level counter to 3 and path
to (1, 2, 3) to reflect coloring the first three countries with the
first three colors, as suggested in Figure 6-21.]

Success_Switch is a three-valued switch variable that is - -

initially set to “undecided” (at box 2.1), and then is set to either
“Yes” if the tree search succeeds or to “No” if the search fails.
To see why or where this switch is set to either “Yes” or to
“No,” you may have to descend to the next levels of detail.
Thus, whenever we discover that the search is about to back-
track to level zero, the search has failed (boxes 2.5.1 and 2.5.2
of Retreat). If k — 1 = 0 in box 2.5.1, the current node is
at level 1. In other words we have backtracked to the first
country. The first country was colored with color 1 at the
beginning of the search. We have not tested colors 2, 3, or
4 on country 1. Should we? Not really, because we know that
any coloring we find will simply be a renaming of a previous
coloring (if any) when country 1 had color 1. We won’t find
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any new patterns. If we want to search the complete tree,
however, including the four possible colors for the first country,
we have only to change the test in box 2.5.1 to read

Whenever the level counter k is found to equal n (boxes
2.7 and 2.8 of Tree_Search), Success_Switch is set to “Yes.”
The variable Seek_Switch tested by Tree_Scarch in box 2.4
1s set to either “Yes” or “No” by Seek_Another_Segment (Fig-
ure 6-24c). This procedure in turn reports success if and only
if the subprocedure Admissibility_Check reports success. This
latter procedure (Figure 6-24f) determines whether any of the
previously colored neighbors (there are w,_; of them) have the
same color as the tentative color, tc, that is being considered
for the k + 1 st country. If so, Admissibility_Switch is set to
“No” so that, after the-RETURN to Seek_Another_Segment,
another (the next) color may be tried. Notice that only in
Admissibility_Check is there any reference to the map’s rep-
resentation. This suggests that detailed flowcharts for different
natural-order tree search problems will differ mainly in the
details of this particular part of the search algorithm.

The bookkeeping of Retreat and Advance in Figure 624
uses auxiliary variable, tc, tentative color. This variable is alsg
used in Seek_Another Segment during the search for an ad-
missible segment and, in box 2.3.5, tc is incremented whenever
an inadmissible segment is found. In Advance, k is incremented
to represent the longer successful coloring path. The successful
tentative color is stowed away in Color,, and the auxiliary
variable tc is reset to 1. (See box 2.6.1.) During Retreat the
current color choice for country k must be remembered so
that the search for another segment of country k’s parent can
resume at a value of tc that is one greater than the last one
tried. The saving of.this information is accomplished by the
assignment step,

tc « Color, + 1

as seen in box 2.5.3. Then the path length k is shortened by 1.
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FIGURE 6-25

A chessboard with two
Queens on different rows,
columns, and diagonals.

TREES

In the problem set that follows, you are introduced to
several well-known problems involving tree search. Here is
your chance to apply our generalized natural-order tree search
method.

The Eight Queens Problem. A chessboard is an eight-by-eight array
of positions. The Queen is the most powerful piece in the game of
chess in that it can capture any other piece encountered on the same
row, column, or diagonal. The problem is to so place eight Queens
on the chessboard so that no Queen can capture another Queen.

If there is a solution to the Eight Queens Problem, it is evident
that each Queen must be on a different row, column, and diagonal
of the chessboard (Figure 6-25). This suggests the need for a system-
atic way of placing the eight Queens on the board, one at a tume.
It is certainly immaterial where the first Queen should go but, to be
systematic, we can think of putting 1t somewhere in column 1 with
the object of placing each successive Queen 1n a succeeding column,

In placing the first Queen in column one, there are eight choices,
each of which eliminates some of the choices for placing a Queen
in column two. These eight choices may be represented by a tree
with eight segments emanating from the root node. As one moves
down this tree of choices, there will be fewer and fewer admissible
branches. A solution to the Eight Queens Problem 1s represented by
a path through the tree reaching all the way to level eight.

The natural-order tree search is suitable for searching the tree,
but it is necessary to be explicit about the test to determine which
segments of the tree are admissible. Although it is tempting to repre-
sent the chessboard as an eight-by-eight array, it is easy to see that
a single eight-element list, say {Q, t = 1(1)8}, will suffice, since
in the Q list we can store the row number for each Queen.

—_  Suppose that_k_Queens have already been placed admussibly in

the first k columns of the board. To determine whether the next Queen
can be placed in position j, k + 1, at least two tests must be made.

(a) Is there already a Queen in row j? That is, has the value j already
been assigned to an element of the Q list? If so, this position
(» k + 1) is inadmusstble.

(b) Is there already a Queen on one of the two diagonals that pass
through the new position? The first diagonal, which we will call
a “major” diagonal, slants from upper left to lower right. The
second one, a “minor” diagonal, slants from lower left to upper
right. .

If the answers to all these tests are negative, the new position
is admissible. You should give thought to various ways of representing
the needed data and performing the required tests. One way to record
the positions of the Queens (least amount of storage) 1s with a single
eight-element list whose ith element 1s the row number of the ith

£
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MODELO 1
. EL PROBLEMA DE LA DIETA Y SU DUAL

DEFINICION DEL PROBLEMA DE LA DIETA,

Suponga que un dietista estd tratando de seleccionar una combinacién de cinco tipos
de alimentos (naranja, manzana, lechuga, chicharo y zanahoria) de manera que el
alimento resultante de esta combinacién reuna ciertos requerimientos nutricionales y
tenga un costo minimo. Los requerimientos nutricioncles que debe tener el alimento
resultante es de al menos 21 unidades de vitamina A y al menos 12 unidades de vita~
mina B. Los propiedades de los cinco elementos disponibles son:

ALIMENTO CONTENIDO DE CONTENIDO DE COSTO POR
VITAMINA A POR | VITAMINA B8 POR UNIDAD DE
UNIDAD DE ALl- UNIDAD DE ALI- ALIMENTO
MENTO. MENTO.
1 (Naranja) 1 0 20
2 (Manzana) 0 1 20
3 (Lechuga) 1 2 31
4 (Chicharo) 1 1 1"
5 (Zanchoria) 2 1 12

El problema a que se enfrenta el dietista se puede modelar como un problema de pro-
-gramacién lineal (o programa lineal), de la siguiente manera.,

Sea x; la cantidad de alimento i (i=1,2, ..., 5) que debe estar en el alimento resul -
tante de la combinacién de los cinco alimentos. Por lo tanto, el costo de introducir

el alimento i en la mezcla ser6 su costo unitario por la cantidad xj que esta presente en
la mezcla. El costo total de la combinacién de los cinco alimentos seré la suma de los
costos al combinar X1s X2s 000 ¥ X5 uvnidades de cada alimenfo, ie.si z es el costo total
entonces

z =?0x] +20x2 +31x3 + HX4 +12x5

Ya que el objetivo del dietista es minimizor este costo total, entonces este objetivo se
puede representar a través de la siguiente funcién objetivo

min z =20x) +20x, +31xg + 11x4 * 12x5 (1)

Los requerimientos nutricionales de vitamina A se pueden representar en la siguiente for-
ma. Si el alimento nutricional i esté presente en una cantidad x; entonces proporciona
una cantidad de vitamina A igual al producto de vitamina A que contiene una unidad de
alimento por la cantidad x;. Lo cantidad total proporcionada por los cinco alimentos se
ré la suma de vitamina A con que controbuye cada alimento y esta deberé ser mayor que el
contenido minimo requerido que es de 21 unidades, ie.

Xy txgtxqgt2xs =2 21 2)




Similarmente, los requerimientos de vitamina B se pueden representar por

)‘2+2x3+x4+x5 2 ]2 (3)

Por Gltimo, otra restriccién que debe estar presente en el problema del dietista es que
la cantidad x; que interviene en la mezcla debe ser mayor o igual a cero, ie.

xi 2 0 i=1,2,...,5 , @)

Esta restriccion es impuesta ya que no tiene sentido hablar de que una cantidad nega-
tiva xj est& formando parte de la combinacién de aolimentos.

En resumen el problema del dietista es encontrar valores x1, %9, ..., x5 para los cua-
les la funcién objetivo (1) alcance su minimo y satisfagan los restricciones (2), (3) y (4).
Reescribiendo las ecuaciones del (1) ol (4), el problema del dietista esta simbélicamente
dado por

min z =20xy +20xp +31x3 + 11xy + 12x5 *)

Xy +X3+x4+2x5 > 21 o .

+ 2xq + x4 + > 12 (**)
X 3Fxgt x5 2

xiZO

-La formulacién anterior, (*) y (**), se acostumbra representar en un tablero (Illamado tam-
bién tableau) que apareceré abajo. Esta representacién es solo una abreviacién de escri-
tura ( @ manera de una taquigrafia de programacién lineal) que es Gtit en el algoritmo de
solucién, en el proceso convencional al procesar el ‘problemd por computadora y por una -
gran claridad en la formulacién del problema dual que se presentaré después. La represen
tacién de un programa lineal-en-forma-de-tablero consiste representar cada ecuacién o desi
gualdad Gnicamente por los coeficientes de las variables omitiendo la escritura de sus co-
rrespondientes variables., Para conocer a que variable pertenece un coeficiente que apare-
ce en este esquema se da la posicién del coeficiente, escribiéndolo en la columna encabe-
zada por la variable que le corresponde,

Para nuestro problema (*) y (**), la representacién a través de un tablero ests dada por

X X2 X3 X4 X5

—a

20 20 31 11 12 z (min)

1 0 1 1 2 |2 21

0 1 2 1 1 2 12




MODELO 2

Una compaﬁia tiene tres almacenes w]’ wz, y w3, y dos tiendas de ventas al por mé-
ndr, R], R2. Las demandas en las tiendas al por menor y el iﬁventario en los alma-
cenes, se muestra en las respectivas cajas de la siguiente figura. Los costos de
envio por tonelada también se muestran en la figura. La compafiia desea determinar
la manera de realizar los envios en forma tal que minimize los costos totales de

envios, satisfaga las demandas de las tiendas de menudeo, y no excedan los inven-

tarios en los almacenes.

Z Ry R, _
40 ton X571 30 ton . i 50 ton

40 ton




Sea xijlas toneladas del almacen wi a la tienda de menudeo Rj . Entonces X35 repre-

senta el tonelaje enviado del almacen w3 a la tienda de menudeo R2.

Si z representa el costo total de envios, entonces nuestro problema se puede formu-

lar por:
min z = 1x]] + 3x]2 + 2%,y t bx,yo + 4x31 + 5x32 (*)
sujéfa a
Restricciones sobre x11 + X192 £ 20
disponibilidad de
almacenes X521 + X9 £ 30
X31 * X3 £ 40
“ (**)
Restricciones sobre Xaa t Xpq F Xqq D
1a demanda en tiendas ?1 21 31 40
de de menudeo X1 t Xoo + X35 =2 50

La formulacion anterior, (*) y (**), se acostumbra representar (por convenencia
" del algoritmo de solucidn y del proceso convencional en el procesamiento en compu-

tadora) en la siguiente tabla:

11 X12 X21 X922 X31 X32

1 3 2 6 4 5 =z
1 1 o 0 0 0 |4 20
0 0 1 ] 0 0 |¢ 30
0 0 0 0 1 1 ¢ 40
1 0 1 0 1 0 |2 40
0 1 0 1 0 1 > 50




REPRESENTACION MATRICIAL. La formulacidn (*) y (**), se puede representar matricial-

(]

mente como sigue:

Tinz=[1 3 2 6 & 5] -

sujeta a

. 20
0 0 1 1 0 0f{x, 30

40
N R
L , 40.
1 0 1 0 1 0] |x, ol ,,
0 1 0 v 0 T dxy| -

LX3ZJ

COMENTARIOS. E1 problema de programacion 1ineal anterior ocurre tan frecuertemente
en 1a practica, que se le ha dado un nombre especial: el problema de transporte.
Los problemas de transporte en geneal, tienen tablas ralas (o matrices ralas), lo
cual significa que la tabla tiene muchos ceros o sea pocos elementos distintos de
cero. Dantzig y otros han desarrollado métodos especiales para la solucidn réapida

ide estos problemas.

Otro comentario importante, es la caracteristica que presentan cada una de las co-
lumnas de la matriz de restricciones: observe que cada una tiene dos unos y los

demas elementos son todos ceros.



MODELO 4

Un inversionista tiene disponibles las actividades financieras Ay B, al comienzo de
cada uno de los siguientes cinco afios. Cada peso invertido en A, al comienzo depun
ofio, le regresa $ 1.40 ( una ganancio de $ 0.40) dos afios més tarde (en el momento
preciso para una reinversién inmediatel. Cada peso invertido en Bal comienzo de un
afio, le regresa 5 1.70 tres afios después.

t
Ademés existen dos actividades financieras C y D que estarén disponibles solamente una
vez en el futuro. Cada peso invertido en C en el comienzo del segundo afio le regre-
sa $ 2.00 cuatro afios més tarde.  Cada peso invertido en D, en el comienzo del quinto
afio le regresa $ 1.30 un afio més tarde.

El inversionista comienza con $ 10,000.00. El desea conocer que plan de inversién ma-
ximiza lo cantided de dinero que el puede ocumular al comienzo del sexto affo. Formu-

le un modelo de programacién lineal para este problema y también expréselo en forma ta-
bular.

SOLUCION.

Sea Xi' la cantidad de dinero invertida en la actividad i (i =A, B. C, D) en el afio |
(i=1,2,3,4,5).

Las caracteristicas dadas sobre las formas de inversién de cada una de las actividades --
A, B, Cy D pueden mostrarse esqueméticamente como sigue.

CONDICIONES DE INVERSION EN LA ACTIVIDAD A.

X X X X
r Al 1 A2 T A3 i Ad INVERSIONES
1 2 4 5 6 Anos (principio de
1 afio)
| RETORNO
].4XA] ].4XA2 ].4XA3 ]'4XA4

CONDICIONES DE INVERSION EN LA ACTIVIDAD B

XBy XB2 Xp3
L “ [
] 2 3 II i i) A#os (princi-

pio de afio)

1.7X5: 1.7Xp2 1.7Xp4



CONDICIONES DE INVERSION EN LA ACTIVIDAD C:

- X,C2
1 2 3 4 5 6 Aos (princi-
: pio de afio)
2Xca
CONDICIONES DE INVERSION EN LA ACTIVICAD D:
IXD5 -
| l :
1 2 3 4 S 6 Afios (principio
L : de afio)
1.3 >_(D5

La contidad acumulada en el comienzo del sexto ofio es la cantidad original (10000)
més la ganancia obtenida hasta esta fecha. Por lo tanfo, el problema de maximizar
la cantidad acumulada de dinero es equivalente @ minimizar lo ganancia, ya que la
cantidad criginal disponible es una constante que no afecta el valor del dinero acu-
mulado a través de cialquier plan de inversién que se siga.

Si Z es lo ganancia total obtenida hasta el comienzo del sexto ofio, entonces la fun-
cién objetivo seré:

max 2= 0.4 Xpq +0.4 Xp, +0.4X,3 +0.4X, L 0.70Xp +0.70Xg, + Xcp #0.3 X5

Del enunciado del problema, se observa que las restricciones al problema estén dadas por
fa cuntidad disponible para invertir en cada ano, y por las caracteristicas de las activida-
des A, B, Cy D. Estasrestricciones sobre las inversiones anuales se determinan como
sigue:

PRIMER ANlO:  La cantidad de dinero invertida en el primer afio debe satisfacer :

XAl +XB? = 10000

Si Uy es una variable positiva o cero, que se adiciona a la desigucldad anterior, para que



esta ;desiqualdad 1legue a ser una igualdad, entonces

+ Xgq + uy = 10000 (1)

Xa1 T %gy 1

Uy 20

NOTAS:
1. A la variable gue se adiciona a una desigualdad para convertirla en igualdad
se 1e Tlama una variable de holgura. Entonces U, es una variable de holgura.

2. Observe que Uy representa la cantidad de dinero no invertido en el primer a-
“fio, y por To 'tanto también representa la cantidad disponible para invertir
en el segundo ano.

SEGUNDO ANQO: Las inversiones en este afio deben satisfacer (observe en las figu-
ras anteriores en que actividades financieras podemos invertir para el sequndo
ano):

+ Xpp *+ X < u

Xp2 T *g2 T *c2 1
Si introducimos una variable positiva u, para pasar 1a desigualdad anterior a
ligualdad, entonces

2t Xg2 P X2t V2T Y (2)
\ u, 2 0
Observese que la variable u, es una varible de holgura que representa la canti-
dad no invertida en el seguﬁdo ano. '

TERCER ANQO: En este afio la cantidad de dinero disponible para inversiones pro-
viene de tres fuentes:
i) cantidad no invertida en el segundo afio: u,

ii) ganancia obtenida de inversiones anteriores: 0'4XA1

iii) cantidad recuperada de inversiones anteriores: XA1
u2+1.4xA1

Observando cada uno de los cuatro diagramas mostrados anteriormente, se tiene
que para el tercer afo las inversiones deben satisfacer

Xp3 * Xgg & Up * 1.4xp
Introduciendo una variable de holgura Ug (u32:0). se tiene que
uy + 1.4x,, (3)
0
Otra vez notese que Uy representa la cantidad no invertida en el tercer afio.

+ X

Xp3 + Xg3 * U3 =
u3 D

CUARTO ANO: En forma similar al andlisis del tercer afio, se tienen tres fuentes
de dinero disponibles:



i) cantidad

no invertida en el tercer ano:

u

3
ii) ganancia obtenida entre el tercer y cuarto 0.4xA2+@.7xB2
periodo: . . :
iii) cantidad recuperada de inversiones anterio Xpo * Xgq
res: —
u3+1.4xA-2+1.7xBl
Por lo tanto, las inversicnes en el cuarto periodo deben satis-
facer Son
Xpaq £ Y3 4 1.4 Xp o + 1.7 xle
Introduciendo la variable de holgura positiié u,r se tiene: °
: 23 '
+ = > '
X 4 v, u, + 1.4 x A2 +71.7 Xpq . (4)
u4'é 0 7
QUINTO ANO: La cantidad disponible en este pe;iodo proviene
de: : ¢
i) cantidad no invertida en el cuarto afio:, u,
ii) ganancia entre el tercero y el cuarto periodo: 0.23A3+0.7XB2
iii) cantidad recuperada entre el periodo 2 y 4to.: Xa3 T Xg,
u4+1.4xA3+l.7xB2
Por lo tanto,
£
Xps T Uy + 1.4 x A3 + 1.7 Xpo
Si u_. es una variable de holgura, entonces
X55 + ug = u, + 1.4 Xp3 + 1.7B2 (5 )
\ .
Yy, Y5 2 g

Por lo tanto, nuestro modelo de programacidn lineal quedarfa
definido por la funcibn objetivo, dada anteriormente y el -
conjunto de restricciones definidas por la ecuacidn del (1)

a la (5).



Reescribiendo las ecuaciones anteriores, nuestro modelo de
programacidn lineal queda expresado por: ,

max z= o.4xA1+o.4xA2+o.4xA3+o.4A4+o.7xBl+o.7xB2+o.7xB3+xgz+
0.3xD5 ¢ 0)
sujeto a ( s.a.)
xy,+ Xt ug = 10 000 a (1)
Xpot Xgo* ¥op t U =4y (2)
Xp3t ¥z T upy + 1.4 %, (3)
xA4+ u, = u3+ 1.4xA2 + l.7xh1 ( 4 )
xD5+ u, = u4+ 1.4xA3 + 1.7xB2 (5)
A5 X 0 ( §= 1,2,3,4 )
Xas > ( 5= 1,2,3, )
¥c2 > .
*ps 2 o
i 0> o (i= 1,2,...,5 )

Este problema expresado en la forma particionada

\

X

c_ {2z

A bJ
_._;_g_;)_

Se presenta a continuacidn:




- MODELO 5

La Compafila aérea Aeronaves del Pacifico, necesita decidir cuéntas aero
mozas contratan y adiestran en los préximos 6 meses. Los requerimientos -
. expresados como horas-vuelo-geromoza son:

8000 en Enero; 9000 en Febrero; 7000 en Marzo, 10 000 en Abril, 9000 —
en Mayo; y 11 000 en Junio.

El entrenamiento para que una aeromoza dé servicio en un vuelo dura un
mes, por tanto cada muchacha debe contratarse por lo menos un mes antes
de ser necesitada.

El entrenamiento requiere de 100 hofas de supervisién de aeromozas ya --
entrenadas por lo tanto disponemos de |00 horas-vu elo-ceromozo menos, du
rante un mes por cada aeromoza en entrenamiento.

\).fr\,:w‘.,'
Cada ceromoza entrenado puede trabajar hasta 150 horas en un vmes y la-

compafifa tiene 60 ceromozas entrenadas al principio de enero. -

Si el méximo tiempo disponible de las ceromozas excede al requerido en

el mes (horas vuelo + supervisién) trabajarén menos de 150 horas y no es

despedida ninguna. Pero en cada mes, aproximadamente el 10% de las --

aeromozas con experiencia dejan el trabajo por matrimonio u ofras razones.
. Y

Cada aeromoza entrenoda cuesta a la compaiita $ 8000.00 of mes y cada -

ceromoza en entrenamiento $ 4000.00; tomando en cuenta salarios y otros -

beneficios. '

a) Formule el problema de contratar y entrenar como un modelo de progra
macién lineal haciendo x; el nimero de ceromozas que principian su -
entrenamiento en el mes t, donde x5 = 60 representa las aeromozas -
disponibles al principio de enero. Defina cualquier simbolo adicional -
que necesite para expresar las variables de decisién .

b) El inciso anterior supone un horizonte de 6 meses. Suponga que se ---

agregan requerimientos de julio ol modelo, por ejemplo 10000 hores.  (Com-
biarfa necesariomente la solucién pora los meses anteriores encontrada onfer:or
mente? Expliquelo.



Solucién

Sea x; el nimero de personas contratadas que principian su entrenomiento al inicio del mes t
(t=]'2'noo, 6)- ° ’

Sea y; el nimero de ceromozas experimentados al final del mest (+ =1,2, ..., 6). Nétese
que Yt también representa la cantidad de aeromozas experimentadas al inicio del mest +1,

DISPONIBILIDAD DEﬁAEROMOZAS EXPERIMENTADAS.

Observe que el nimero de aeromozas experimentadas yt al final del mes t, esté formado por
las personas contrgtadas al inicio de este mes(las cuales fueron entrenadas en el transcurso
del mes) més el 90% de las aeromozas experimentadas que habia al final del mes anterior § -1
(0 sea al inicio del mest), ie:

Yt=xt+ .§ )"f =] : (t=]l2l'°'l6)
con ~ )
Yo = %o = €0
6 sea ’
Yy SXp U9, Txp 9% (M
Y2 =% + .9y, : ' @)
Y3Exgt Gy, 3)
Y4=x4 * .93 (4)
Y5 = X5 +,,.QY4 ‘ (5)-

DEMANDAS DE HORAS DE TRABAJO (VUELOS COMERCIALES Y ENTRENAMIENTO):

La demanda total de horas de vuelo por mes corresponde a la demanda de vuelos comercicles
més {a demanda de horas para entrenar a las nuevas personas contratadas en el inicio del mes.
Para satisfacer esta demanda total en el mes t (inicio del mes t), se dispone de Y41 Geromo-
zas con experiencia, las cuales pueden proporcionar 150 hores cada una de ellas.  Por 1o tan

to, si Dt es la demanda de vuelos comerciales en el mes t, entonces:

Demonda enel mes t : ]50)'1._] = Dt + 100 X (t=1,2,...,6)
con YO = xo

Introduciendo una variable de holgura a cada ecuacién, entonces

130y, 3 =D, +100x +v, (+=1,2,...,6)
Yo = %4 (**)

Ug >0

it



v, .
e, . v 2
""‘,A Wit ? . , ‘_,
¢

w bt

Observe que u; es'upa varicble de holgura que representa el nimero de horas disponible no
usadas a] final:del pérfodot. Expresando esta restriceién para cada t se tiene que:

Demanda en el mes 1 : . 150yo = 8000 + 100 xy + u]
Demanda en' el mes 2= 150yy = 9000 + 100 xy +
Demanda en e] mes 3 : 150y2 =80C0O' + 100 xg +
Demanda en el mes 4 : 150y3 = 10000 + '|00x4 +u
Demanda en el mes 5 : 150y4 = 9000 + 100 x5+ ug
*  Demandaenefmesé:s 150y 5 = 12000 + 100x, + Vg
FUNCION OBXTIVO:
~
» -~
Ya que el objetivo de la compafifa es determinar cuantas aeromozes contratar en los préximos
meses, entonces la funcién objetivo es minimizar los costos involucrados. Estos costos son los
costos de las aeromozas experimentadas més los costos de las ceromozas que estén siendo entre
nadas. Por lo tanto, la funcién objetivo esté dada por
min £ = 8000 [x0+7_']+"h"+76J +4000[x] +x2 +...+x6]
yo que X, =y, :
. ; . ‘
min Z=8000[y°+y.|+,,_+.y6- +4000[x]+x2+...+x6:] . (***) .
Por lo tanto nuestro modelo de programacién lineal para el problema dado, esté definido por
*), %)y (***). La representacién de este problema de programacuon lineal en forma parh-
cionada (6 tobleou 'd fablero) es la siguiente.
Yo M1 Y Y3 Y4 Y5 yg %o M1 %o X3 X4 X5 g Uy YplUzususi,
800 800 800 800 800 80O 800 400 400 400 400 400 400 1 Z (min)
' I 1 6@
1 -1 0
.9 1 -1 0
-9 1 -1 0
-9 1 1 0
-9 1 -1 0
-9 1 -1 0
-9 1 -1 0
150 ~100 =1 {1 8000
150 -100 -1 9000
150 -100 o= 8000
150 J -100 R 10600
150 -100 C -1 9000
150 . -100 - -1 12000

x= [YO Y] Y2 Y3 Y4 Y5 yé Xo x] X2 X3 X4 X5 x6 U‘ U2 U3 U4 U5 Ué] > 0



Xa1 ¥p1 Y1 *a2 Xp2 Xc2 Y2 *a3

Xg3 U3 ¥aq4 Y4 *o5 Ys
] T T —
4 .7 ) .4 7 1 Y A = z.(max)
] i | 0
1 1 1) : | = 10 000
11 1 1 1 f | = 0
| ] )
-1.4 ' -1+ 1 1 1. i = 0
i ! l
-1.7 ,-1.4 | 101 1 = 0
! |
: -1.7 -1.4 . A2 1 1= o0
I

u, X

X = [xAl ¥g1 Y1 *a2 *m2 Uy Xa3 ¥*g3 Y3 *agq Y4 *ps usjlé 0 -

NOTA: Las restricciones del ( 1 ) al ( 5 ) pueden expresarse
sin variables de holgura, con objeto de expresar estasrestric
ciones como desigualdades en lugar de igualdades. E1l procedi
miento para,obtener estas igualdades es el siguiente: . -~

Obviaménte de la ecuacidn ( 1 ) se tiene

+ x < 10 000 ' (1l

X B1

Al

Sumando (1) y ( 2 ):

Xpq F Xgq F X, F Xy F Xy Fuy T 10 000

b4 + X < 1

Al "Bl + Xp 0 + X35 + Xoo < 10 000 ( 27 )
Sumando ( 1), ( 2 ) vy ( 3)

X a1 + xBl + X + Xpo + xC2 +xA3 + Xp3 + u3 = 10 000+1.4xAl

X a1 ¥ ¥yt ¥ax * Xpp * Xcp *Xa3z * ¥p3 £ 10 000 + 1.4x,, (31

Sumando (1), (2), (3) v (4)

xAl+xBl+xA2+x32+xcz+xA3+xB3+xA4+u4 = 10 000+1.4xA1+1.4xA2+1.7xBl
Z
xAl+xBl+xA2+sz+xC2+xA3+xB3+xA4 £ 10 0001-1.4xA1+1.4xA2+1.7xBI +

1.4x% + 1.7x
A3 B2 (41)



Sumando (1), (2), (3), (4) y (5):

o s .;;hl+xB1+xA2+sz+x 2 3t X3t gt Xpgtug = 10 000+1.4x,,+1.4%,,
+ 1.7x,;l+‘"1.4xA3+1.7xB2
;Al 31 A2+xB2+x 23+ 3+ 4+ £ 10 000+1.4x, 1 +1. 4%, ,+1. 7,
+1.4xA3+1.7sz " s1)

Por lo tanto, las desigualdades del (1 ) al (5 ) .son las restric-
ciones a nuestro problema estas restricciones pueden obtenerse di
rectamente del contexto del problema sin la introduccidn de var;a
bles de holgura, nuistro problema expresado a través de las res-
tricciones de la (1*) a 1la (5 ), queda representado en forma par-
ticionada como sigue: .

*a1 *B1 *a2, *p2 *c2 *a3 *B3 *a4 *ps

47 4 7 1 .47 4 3=z (max)

1 1 S , g £ 10 000
i 1 1 1 1 £ 10 000
-4 1 1 1 1 1 1 £ 10 000
-4 -.7-.4 1 1 1 1 1 £ 10 000

1-.4 1 1 1 }£€ 10 o000

x = [ *a1 ¥81 *a2 ¥m2 ¥c2 *a3 %m3 X a4 ¥*ps5| 3o

-

et
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Tarjeta 1

Tarjeta 2
Tarjeta 3

Tarjeta
final

NOTAS:

TARJETAS PARA USAR EL'PROGRAMA GRANM = AL >

Columna 1

/) IPB T . e o

// XEQ GRANM- 1 - - o S
*L@CALINIT, PIV@T, TABNU, RMDVE, CLEAN TABPR

3

-  Tarjetos de datos (Ver pégino 3)

- Este programa esté listo para usarse en la computadora |BM 1130 de CECAFI,-

- La tarjeta 1 es la tarjeta anaranjada obtenida del CECAFI,

- El ndmero 1 que aparece en la 20, tarjeta se perfora en la columna 17,

- El progroma en la IBM, tiene una capacidad de 10 restricciones y 15 variables inclu-
yendo de holgura y orhflcmles

- Este programa también se encuentra disponible en'lo Burroughs del CIMASS, bajo el
nombre de 1I/SIMPLEX. Las instrucciones para correrlo en el CIMASS aparecen en
la siguiente hoja. Este admite una capacidad mayor sobre el ndmero de restricciones
y variables como se indica en la segunda hoja.

- Este programa utiliza el método de la gran M,



TARJETAS PARA USAR EL PROGRAMA 1I/SIMPLEX

Columna 1
Torieta 1 # USER clave /
Tarjeta2  #RUN (JR82) 1/SIMPLE X
Torjeta 3 DATA FILE 5

-  Tarjetas de datos (Ver pégina 3)

Tarjeta # END
final :

NOTAS:
- Este programa esté listo para usarse en la computadora B 6700 de CIMAS/CSC,
"= La tarjeta 1 es la tarjeta roja obtenida del CIMASS,

- El simbolo "#* significa un cardcter invélido. Este se obtiene presionando las te-
clas MULTIPUNCH Y NUMERIC simulténeamente y perforando los némeros 1, 2, 3,
4,

- Este programa tiene una capacidad de 30 restricciones y 40 variables incluyendo de
holgura y artificiales,



TARJETAS DE DATOS PARA EL PROGRAMA GRANM O 1I/SIMPLEX "

Lo siguiente informacién deberé porporcionarse en lo que se indica como tcrlefos de
dotos en las hojas anteriores.

TARJETA DE IDENTIFICACION DEL PROBLEMA.

En esta tarjeta puede usar desde la columna'l a la 70 para poder dar cuolqu:er identi-
ficacién que desee dar a su problema. —

>

TARJETA DE DIMENSION'Y ETIQUETAC!ON DEL PROBLEMA Y CONTROL PARA CO-
RRER MAS DE UN PROBLEMA,

El usuario debe dar cuatro némeros enteros con Formafp (4110) en la siguiente forma:
Columnas 1-10:  Nimero de renglones del problema.

)
Columnas 11-20:  Némero de columnas del problema.

Columna 30 :  Eseriba el nimero 1 si desea poner etiquetas a los renglones y a las
columnas,
Escriba el némero 0 en caso contrario.

Columna 40  :  Escriba un 1 si desea correr un problema adicional .

Escriba un 0 en caso contrario.

NOTAS:
El nimero de renglones no incluye la funcién objetivo.

Si escribe un 1 en la columna 30, el usuario, después de la tarjeta deberéd dar el grupo
de tarjetas para etiquetas de renglones y el grupo de tarjetas para etiguetas de columnas.
Si en lugar de un 1 escribe cero deberé omitir este grupo de tarjetas y pasar a los tarje~
tas de coeficientes de las variables artificiales en la funcién objetivo.

Si escribe un 1 en la tarjeta 40 vea los notas generales.

TARJETAS PARA ETIQUETAS DE kENGLONES.

Las etiquetas para identificar a los renglones de los restricciones, pueden tener como mé
ximo 6 caracteres de cualquier tipo.

En una tarjeta puede escribir hasta 7 etiquetas. Estas etiquetas deben ir en las columnas
1-6, 11-16, 21-26, 31-36, 41-44, 51-56, 61-66.



TARJETAS PARA ETIQUETAS DE COLUMNAS (VARIABLES) .
3
Las tarjetas para identificar a los columnas o sea a los variables involucradas en el
" problema (incluyendo de holgura y artificiales) deberdn escribirse de acuerdo a las
reglas anteriores para efiquetar renglones.

TARJETAS DE COEFICIENTES DE LAS VARIABLES ARTIFICIALES EN LA FUNCION
QBJETIVO,

A cada variable artificial asignele un 1 y a las variables no artificiales asignele un
0. Estos nimeros escribalos en las columnas 10, 20, 30, 40, 50, 60, 70, de acuer-
do al orden en que etiqueté a sus variables (columnas)

IMPORTANTE, Esta tarjeta es requerida aidn si el problema no tiene variables  ar-
ti ficiales.

TARJETAS DE COEFICIENTES DE LAS VARIABLES NO ARTIFICIALES EN LA FUNCION
OBJETIVO,

Escriba los coeficientes de la funcién objetivo con el formato (7 F 10.0). Estos coefi-
cientes debe escribirlos de acuerdo al orden en que etiquetd sus veriables (columnas).
Los coeficientes de los variables de holgura y artificiales deberé ser cero.

IMPORTANTE : Los coeficientes de la funcién objetivo deben corresponder al problema
de minimizar. Por lo tanto, si su problema es de maximizer multiplique por =1 y consi-
dere los coeficientes que resultan como los datos de entrada en este programa,

TARJETAS DE LOS COEFICIE NTES DE LA MATRIZ DE RESTRICCIONES,

. Cada renglén de restricciones va en una o varias tarjetas, escribiendo los elementos su-
"~ cesivamente en una tarjeta con un formato (7 F 10.0), Cada vez que proporcione un nue
vo renglén debe empezarlo en otra torjeta,

TARJETAS DE LOS LADOS DERECHOS DE LAS RESTRICCIONES,

Los coeficientes del lado derecho de restricciones se proporcionan sucesivamente en una
tarjeta o en caso de ser insuficiente use otra tarjeta. El formato es (7 F 10,0)

TARJETAS PARA INDICAR EL CONJUNTO INICIAL DE VARIABLES BASICAS,

En una tarjeta programe sucesivamente los nimeros de las columnas que van a ser usados
como columnas (variables) bésicas inicicles, Use formato (7 | 10).



NOTAS GENERALES:

1.
2,

El orden de las tarjetas debe ser como el indicado.

Si en la TARJETA DE DIMENSION Y ETIQUETACION escribid un 1 en la colum-
na 40 entonces su nuevo problema debe ir después de fa TARJETA PARA INDICAR
EL CONJUNTO INICIAL DE VARIABLES ARTIFICIALES, Es importante que en el
nuevo problema empiece con la TARJETA DE IDENTIFICACION DEL PROBLEMA,



EJEMPLO 1, Considere el problema lineal

maxz=x4-x5

$.0,
2x2-X3-X4+x51 0
-2x) +2x3-x4 t x5 2 0
xj=2xg  =x4+x52 0
x1t xo + x3 = 1

Deberemos multiplicar la funcién objetivo por ~ 1 para que el problema sea de minimiza-
cién y también agregar varlables de holgura a las primeras tres restricciones para que -~
lleguen a ser igualdades. Con estas observaciones el progroma lineal estoré en forma estan
dard, lo cual es una condicién para aplicar el programa GRAN M, Si definimos z'=~z, -
nuestro problema en forma estandard es -

min z' = - x4 * - x5
' -2xg * X3 t x4 = x5 t5 =0
2x) -2x3 t x4 - x5 *s9 ' =
"X] +2x2 +x4 - x5 +53 =0
XI+X2+X3 =]
Xilo; i=],2, 000,5
s; — 0; i=12,3

Obsérvese que aunque el programa lineal ya est§ en forma  estandard, todavia no estd listo
para empezar el algoritmo de la Gran M porque en la Gltima restriceién no existe una varia-
ble que aparezca en esta restriccién pero no se encuentre en las otras restricciones. (ie., no
se tiene una solucién bésica factible inmediata). Por lo tanto, deberemos agregar una varia
ble artificial que llamaremos ty, a la cuarta restriccién para ast completar nuestra solucién
bésica factible en la cual se inicia el algoritmo. Sin embargo, al introducir esta variable -
artificial en la restriccién deberemos agregarla en la funcién objetivo multiplicada por una -
cantidad positiva M muy grande, Asi nuestro problema resulto ser:

min z' = - x4+ x5+ Mt

-2x2+x3+x4-x5+s] =0
2x] -2x3 * x4 = Xg +s) =
=X +2xp Xy = Xg +53 =
Xy + x2 + x3 +f.| =

X: 2 i=



~

Es_conveniente representar el programa lineal en un tablero (o tableau), para poder enten-
der més fécilmente la informacién que deberemos proporcionar al programa de oomputadora
GRAN M 6 [1/SIMPLEX. Esta representacién aparece abajo -

X) X X3 X4 %5 sy H u M
Funcién Obj. F.O,) fo 0 o0 -1 1 0 0 0 M|
Renglén 1 (R, 1) 0 2 1 1 =11 0 0 0] 0
Rengién 2 (R.2) 2 0 <2 1 -1 0 1 o o0} o0
Renglén 3 (R, 3) -1 2 0 1 -1 0o 0 1 o1} o
Renglén 4 (R. 4) I B 0 0 0 0 o0 1 1

——— % * * *

Var.Holgu- Var,

L A/rt.

Solucién inicial
bésica facﬁblq

Este tablero contiene toda la informacién necesaria y la notacién apropiada para correr el
programa GRAN M § el 1I/SIMPLEX, A continuacién se presenta su codificacién para el
GRAN M, Para correr el 1I/SIMPLEX la codificacién es idéntica excepto por las tarjetas
de control como se mencioné ‘en la explicacién de estos programas.
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EJEMPLO 2 L

fﬁb)‘iz=x]+

ssa;
Xy + x5 11

fi] "')22 <1

-)’E] +x2 <‘

;. >0
.x|

Exprescmdo la funcnon obijetivo en férmlnos de minimizacion e introduciendo varicbles

%)

de holgurd; arhf|cmles° el probléma és equuvolente a:

: mih (-z) == x] - x2 + Mf]

' *1 < %o
.‘;,‘gi +§2

En forma de tablead:

+1 =1
+Q ) =
¥ 2

Funé. Obj. F:0:) |1 21 o _M 0 0
Renglén 1 (R.1) 1 1 3 1 0 0
Renglén 2 (R: 2) 1 21 0 0 1 o0
Reagién 3 (R:3)- AR 6 0.0 1

* * *

Sdlucnén b~
sica factible
|m<:|a|
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EJEMPLO 3 Resolver el dual del siguiente par de problemas primal - dual.

Primal min z =2x —3x2
2>_<'| - %= X3 23
'X] - X2 + X3 ->— 2

x. 20
Dual max w=3 )\“] +2 Ay
20+ Ny 52 L
SHE
-hM-H 20 3
A, 20 :
i
Este dual es equivalente a
! min (-w) 5=3 X =2 Ag * Mty L
D+ Nty =2 L
M+ s th S
Mt i<

En forma de tableau; el dual esté dado por

Yo o on g
F.O. 3 2 0 0 M 0| -w
R 2 10 1 0 o) 2
R2 1 1.2 01 o] 3
R3 -1 10 00 1 0
* * * -
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EJEMPLO 4

NG

max z Tx] = xp *x3 = 3x4 x5~ x4 = 3x7

s.a.
- 3)(\3 + x5 + Xg | =
XoF2x3 = x4 =10
- X} + xg o =0
X3 Txgtxz =
X; 2.0

min (~z) = - xy txg = xq +3x4 = x5+ xg t3x7

. 5.0,
. 33 * x5 T xg =6
,X2‘+2X3- X4 =10
x| - %6 =0
x3 +tx6 %7 =6
En forma de Tableau:
X] X X3 X4 X5 Xg X7
FO. [T 1 9 3 a1 31 =
R1 1o 7 0 3 o0 1 1 o0
R2 0 1 2 <« 0 0 O 10
R3 1 0 0 O 0 -1 0 0
R4 0 o 1 0 o 1 1 6
* % - % To%
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OBJETIVO GLEINIRAL

Los directivos de un proyecto adguirirdn un enfoque -
may dtil y preciso en cuanto correzponde z los méiodos CFi4 Y
PERT, (CRITICAL PAYT] LHE1MI0D y PROGIAM LEVALUATION AND REVIFY
TECHNIQUL), para planificar y controlar privectos complejecn -~
de gran importanciu, permitiéndoles comparar y evaluar de una
manera rapida y cficaz los distintos programas de trokzujo.
Ademds de proporcionar los efectos de cada variacidn o retra-
s0 cn los plancs adoptados, y con ello identificar las opora-
ciones quc requicxen cambios.

Nos permitiiios acercar a tcdos los que dixcata o indi-
rectamente tienen coutacto con proycctos vitales de alguna --
Empresa, con ¢l aidn de aumentar su gran potemecial on cuvanio
a la planificacidn, programacidén y control de los misnos.

Trataremos de dar respuesta a prequmtas quc siempre -

surgen entre los directivos .de un proyeccte.

¢ Coémo identificar las actividades que se deben term?,
nar dec acuerdo a lo planeado ?.

e

Si el proyectc compucsto se va @ terminar de acuexdo
tanbién al programa 2. _

¢ Como revisar los avances del proyecto conformc pase:
el tiempo ?.

Rogamros que si nuestro trzbajo hace nacer oin ustedes ~
T una inquictud de critica siempre constructiva, unircemos nucs--
tros csfucrzos para dar contestacion a las interrqgantcs qu.o
presentaren. - -



OBJETIVOS ESPECIFICOS

'l

En suma el objctivo general antes @xpresado es la con
. e - . . . . ot -
juncion de los siguicntes objetivos espec; ficos:

1. - Informar sobre los antecedentes del CPM y PERT.

2. - Resaltar cue la diferencia entre CI'M y PERT no
es subtancial solo de formna, formato y nombre.

3. - Valorar las ventajas dque nos proporcionan estos
métodos CPM y PERT. | )

4, - Ver que el diagrama de GANTT FreSeﬁta serias di
ficultades para los fines de comtysl en cual- =
quier tipo de proyecto.

5. - Saber elaborar una tabla de secuencias necesa-
rias para la coordinacidn de actividades dentro
del proyecto.

‘6. = Diagramar la red 1ldgica de actividades, apoydn-
dose en tablas de secuencias.

7. - Interpretar la programacion de un proyecto con
ayuda de CPM y PERT.

8. - Calcular la solucién de ura red 1l8gica de acti-
vidades por los métodos CPM y PERT.

9. - Llevar al éxito todas las etapas de un proyecto
al utilizar métodos CPM y PERT.

10. - Mejorar la planeacidn, progfamacidon y control -
con ayuda de estas técnicas CPM y PERT.



>

1.~ RESUMEN GENERAL DE LOS METODOS EXISTE:TI'ES_ FARA

PIANFACION PROGRAMACION ¥ CONTROI. DE EPROYECTOS

s~
./1\
»

1.1 Diagrama de Barras:

No es

nada nuevo el saber utilizar el diagrama de ba- -~

rras,o diagrama de Gantt, para poder claberarprogramas de -

trabajo y

ejecutar un proyecto, ya que se forina como sigue:

Se determinan cuales son las actividades importan

‘tes de un proyeccto.

-

Se asigna una estimacidén de tiempo para cada acti
vidad.

Se representa cada actividad pox una recta hori--
zontal acotada en tiempo.

Se hace una lista de actividades por cada rengldn
y con un cierto orden de ejecucion se colocan -
las barras segun el tiempo efectivo.

Se convierten los tiempos efectivos a una escala
de . fechas de calendario, y se hace coincidir el
inicio del proyecto con esta eScala de. fechas ca-
lendario.

Se ajustan las posiciones de las harras represen-

" tativas de las actividedes, tomando en cuenta las

fechas no laborables ( dias de descanczo, festivos,
vacaciones).

* Un diégraha ;esultante,'seré el demostrado c¢n la figura

siguiente:
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1.2

" DEFICIENCIAS AL UTILIZAﬁ UN_DTAGRA*A DR GANTT, FEN

PLANEACION PROGRAMACION Y CCNTROL DE PFROYECTOS.

<

a.- Existen problemas para representar la coordina--
cidén 1légica dc actividades, acrec=zntindose aun -
mas cuando el proyecto es complejo.

Al final de cuentas no es posible evaluar el pro
greso sin intervencié: continua dcl personal -
principal.

b.- No se logra por -este método diferenciar la plarea
cién y programzcidn, y no es posible ver clara- -
mgnte que actividades necesitan ser iniciadas al
teérmino de alguna actividad en cuestidn.

c.- No se detectzn facilmente cuales son las activi--
dades que en realidad controlam la duracidn del
proyecto, ya sea gque aparentemente todas tienen -
la misma importancia, y por comsiguiente si se -
llega a retrasar alguna primcipal, el proyecto su
fre una descompensacién con respecto a la dura--
cién de lo anteriormente programado sin poder pre
decir este tipo de efectos, tomandose a poco tiem
.po de iniciado un proyccto, medidas de acelera- -
cidén del mismo, para compensar ecstas deficiencias.

d.~- No es posible asegurar ninguna €fecha de termina--
cidén de ciertas actividades ya que pueden ocurrir
retrasos inevitables de condicioncs de trabajo, -
clima, etc., provocando muy sexios problemas.

e.- Es importante también hacer notar que el diagrama
de Gantt, tanpoco es recomendable para distribu--
cidén de recursos (material, personal equipo,capi-
tal, etc.,) y programacién d um proyccto.



1.3 VENTI\JAS D, DIAGRAMA DF, CAN‘T‘T, SERERO_ MULSTRA

LOQ RESULTI\D’)S DE__ CIM

I d

Un diagrama de Gantt que reprcsente aun proyecto con
el auxilio de los métodos de programaciodr:, muestra Ochtl
vamente las duraciones, o sca las fechas de iniciacidn y
de terminacidn posibles, y las holguras para cada activi-
dad de que consta el proyectc, asi como para determinar -
la distribucidn en el tiempo, de los recursos necesarios
para el proyccto.

1.4 ANTECEDENTES DE LOS MErODOS CPM y PERT ( METODOS DE

PLANEZ\CI ™7, PROGRAMAHCION y CONTROL) .

A Ultimas fechas se idearon dos métodos para la pla--
neacidn, programacidn y control:

a.- Métgdo de la ruta critica (cPM), duracidn detelr-
ministica. )

b.- Método PERT, duracidn probahilistica.

Para efectcs de nuestro trabajo, hablaremos de CPM y
PERT indistintamente.

El método dc la ruta critica fue desarrollado en los
Estados Unidos, a principios de 1957, por c¢l Six. Morgan R.
Walder, en ese cntonces, miembro del Departamento de In-
genieria de la Compaiiia E. I. Dupont de Remours & Co., Yy -
por el Sr. James E. Kelley, Jr., entonces investigador da
la Compafiia Remington Rand.

A partir de ello, el método CPM, lo atilizd la Compa-
fifa Dupont desde 1957, dedicdnduse a construir y moderni-
zar plantas quimicas con excelentes resultados en la ecta-
pas de planeacién, programacidén y coatrol. (ver referen--
cias bibliograficas ).



En México, el CP¥ se ha utilizado en diversos organis
mos:; : .

En 1961, en la Direccidn General de Construccidn de -
-Edificios, 'y en la Secrctaria de Obras Piblicas, En 1962 en
.la Comisidn Federal de Electricidad y después en el Combina-
~"do Indugtrlal Sahagun, y en otras grandes compaiiias construc
toras del Pais.

El método PERT, fue desarrollado en los Estados Uni--:
" dos en el afio de 1958, por un grupo de investigadores de 1la
' Boos, Allen y Hamilton.de Chicago, a solicitad de la "Special
Projects Offices" de la Marina de los Estados Unidos.

Este método permitidé acortar la duracidn del proyecio
Polaris, en dos aiios.

1.5 BASES DE LOS METODOS DE PIANEACION PROCRAMACION Y

CONTROL

Veremos a continuacidn en forma breve, los fundamen-

tos de los métodcs CPM y PERT, y los andalisis que pueden -~
efectuarse ‘en ellos. .

Sus Bases son:

a. - Permitir la diferenciacidn entre planeacidon y -
programacion.

b. - Reconocer.en la planeacidn:
1) Actividades componentes del proyecto

2) Coordinacidén de las actividades en orden 198
gico.

c. ~ Presentar un proyecto en diagrama de- flechas.

d. - Asignar a las duraciones de cada actividud, en el
Método PERT, tres tiempos: Mas probable, Optimis
. ta, Pesimista, mediante los cuales se ajusta una
distribucidn conveniente de probabllldad para la
duracidén de la actividad.



e. - Dar informacidn para hacer unm andlisis, en rela-
+ # - .
cion a cuanto se aminora.el costo de una activi-
. < . . ¢
dad si reducimos su duracion.

f. - Proporcionar datos. para analizar los recursosg re
dqueridos, para cada duracion posible de cada ac-
tividad. -

g. - Apoyarse en métodos como la programacidn lineal.

h. - Para el método PERT, se auxilia en métodos esta-~

disticos.

1.6 ANALISIS BASICOS DL I.OS METODOS CPM y PLERT

Al tener la presentacidn de un proyecto, por medio de un
diagrama de flechas, se procede a la prograracidn o al andlisis

de tiempos.
En el diagrama 1la longitud de cada flecha es:
a. - En el Método CPM, la duracidén de la actividad.

b. - En el Método PERT, la duracidn probable de la ac-
tividad correspondiente. \

Con base a estas longitudes, se consigue la daracidn de
la ruta mas larga dindonos la minima duracién del proyecto, . -
proporciondndonos asi, una ruta critica y las actividades gue
son excluyentes de las anteriores se consideran tener holgursas;
las cuales son importantes para programacidn de recursos, siem
pre y cuando no se consuman duraciones mayores de las parmiti-
das y retrasen el proyccto.

En el método PERT, ademis es posible determinar las pro
babilidades de que se-pueda terminar un determinado grupo de -
actividades, del proyecto en conjunto -a un determinado tiempo.

1.7 GRAEICA Y AMALISIS QUE SE PUEDEN HACER HABITNDD
UTILIZADO LOS METODOS CPM y PEHRTD

‘Habiendo utilizado en un proyecto, lecs métodos de CPM Yy
PERT, es posible elaborar diagramas de Gantt, que nos represcn

—8—-




te todas y cada una de las actividades con holgura respectiva
decreciente, hasta llegar a holgura cexo, siendo ésta la acti
vidad critica de un provecto. Las holgura# son parametros -
1mportantes en cuanto a elaborar con ellos graficas tipo re--
cursos requeridcs vs. ticmpo, evaluando el exceso o falta de
c:.ertcs recursos para pocderlos distribuir Sptimamente a tra--
vés de todo el proyecto.

Si la ruta critica de un proyecto, da fechas mayores a
la deseada, sa puszde recurrir a métodos de p:ogramacién lineal,
optimizando para la actividad en cuestion un costo minimo a -.
menor duracidn, lo mismo logrando reunir estos parametros pa-
ra las actividades de un proyeccto, podemos decidir alcanzar el
objetivo a un minimo costo y a un minimo tiempo.

1.8 APLICACION DEL CPM y PERT AL CONTROL DE EJECU'CION DE

g - : UN PROYECTO -

Los métodos CPM y PERT, periciten determinar las activi
dades criticas 4 Jac que Llenen holguras pequefias. Si el pro
yecto en cuestidn sufre retrasos, en alg‘.ma actividad critica,..
estas tdécnicas. nos proporcionan informacidn sobre el nueve es

tado del proyecto.

Queda al Ccnsejo Directivo decidir el comprimir la red,
o dada la imposibilidad d=2 Hacerlo, llevar a cabo un ecstricto
control de la nueva ruta crltlca y de las actividades con pe-

‘quefia holgura.

También la informacidn .permite la asignacida Svtima de
recursos, conforme a los progresos alcanzades poxr el proyecto.

1.9 VENTAJAS DE LOS METODOS CPM y PSRT

a. = Desglosar un proyecto en todas -sus actividades -
componentes, el poder clasificar en orden d= -
importancia y organizar la planeacidwm, programa-—
cidén y control de ejecucidn del mismo, bajo esas
mismas reglas. o : ;

-9 -



Ce

Coordinar de una manera eficiente a todos los or-
ganismos involucrados en el proyecto en las eta--.
pas de plancaclon, programacién Y control de eje-

[

cuc;on del proyecto. : L ; ,

Utilizar la experiencia de un grupo directivo de
distintos organismos responsables y claborar en -
conjunto, un proyecto maestro que enfogue todas -
las actividades del mismo, -

Determinar cuales son las actividades del proyeccto
que controlan la duracién (actividades criticas),
y las holguras o margencs de tiempo disponibles ~
para retrasar la terminacidn de las otras activi-
dades, sin retrasar la temminacidn del proyecto.

Detcrminar de antemano y con toda precision los -
recursos (materiales, personal, equipo capital,
etc.), necesarios en cualquier tiempo durante la
ejecucidn del proyecto.

Compara planes y programas alternativos para el -
mismo proyecto, o para una de sus partes, y ajus-—
tarse a las condiciones propias de la empresa _en
cuestidn.

\

Analizar los efectos de cualquier situacién impre
vista y de tomar las madidas correctivas eficien-
tes.

Permitir quc el perszonal directivo de un proyecto
sdlo tenga gue intervenir cuando ocurre alguna si
tuacidn imprevista.

Permitir el delegar responsabilidad de los dife--
rentes organismos encargados de un proyecto o al-

gunas de sus partes.

Poder sustituir personal directivo en cualquier =

.momento, sin trastornar la ejecucién del proyec--

to o0 de una parte del mismo.

-— - - .=

Encauzar la experiencia adgquirida en la ejecucida
de proyectos productivos similares, por lo tanto,
la elaboracidén de planes standard.

- 10 -



b

1. -~ Comparar ordenadamente los datos estimados con -
o . # .
los valores de ejeccucion y determinar el efecto
de las desviaciones.

1.10 APLICACION DE COMPUTADORRS ELECTRONICAS EN LOS METODOS

CPM vy PIRT.

Calcular los métodos CPM y PERT se puede hacer a mano,
sin embargo, por la magnitud de los proyecto se hace impres-
cindible la ayuda del computador.

Tenemos a nuestro alcance computadoras de firmas como
Burroughs, IBM, CDC, BULL, UNIVAC, que proporcionan todos los
cdlculos para la base de programacidn, y expeditar programzs
de costos. :

-12 -



2 TABIAS DE SECULINCIA -

Al iniciar la planeacidén de un proyecto deberemos tomar
en consideracion sus diversas fases para lograr una base sdli-
da en la.aplicacidn de los métodos de programacidn CPM y PERT.

Sin embargo antes de iniciar la primera fase que serd -
la de enumerar todas las actividadzss por orden de importancia,
debemos de cumplir con tres reglas basicass

a.- Debemos de tener coleboradores experimentados y -
con amplios conocimieutos en la parte especifica
del proyecto, que les corresponde.

b.- Se requiere ademds informacidn sobre los recursos
» -, v .
disponibles como los humanos, economicos, equi»o,
.. . «
espacio para la realizacion del proyecto.

c.- Hay que tomar en consideracidn fechas claves para
el cumplimicnto de determinadas actividades y zuna
do al medio ambiente que influye en forma impor-
tante, en el desarrollo del proyecto.

2.1 PRIMERA FASE EN IA PIANEACICY DE UN

PROYECTO.

lLa primera fase cs la elaboracidén de una lista de acti
vidades componentes de un proyecto en actividades de primer or
den o principales, y subdividir cada una en actividadzs de so-
gundo orden y continuar asi sucesivamente.

Esta divisidn mencionada anteriormente se puede repre-
. . . s 2 - ,
sentar en la siguicnte ilustracion: h )

- 13 -



Namero de Orden de

. .‘\‘~

las Actividades. 1° _ 2° 3°
- / ~ )
1
2
/
< ° a
By . b
. < .
i .
\ m
r— N
1
2 -
I PROYECTO < B 7 g - .
G S -
g n
" <
< o
A‘3 - ra
. b
X q .
AN ~ .
h oy
-

2.2 SEGUMNDA FASE EN 1A PLANEACION DR

UN -PROVECTO

En esta fesc se especifican el orden de sccuencia de
ejecucidn de actividades del proyecto, para lo cual se to--
man en cuenta los requisitos del proyecto, ya sean condicio
nes necesarias de una persona O empresa.

, Para cumplir esta fase de planeacidn es recomendable
preparar una tabla de secuencias.

La tabla de secuencias es una matriz cuadrada donde

se describen todas las actividades en los renglones y colum
nas, de manera que a cada actividad renglén le corresponde

una actividad columna.

-4u-
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Se siguen dos reglas para formar una tabla de secuch=

cias: '
a..- Se analiza cada actividad corrcspondiente al =
. rengldn en turno y sc determinan cuales activi=
dades se pueden hacer inmediatamente después, =

colocando una cruz en el casillero correspondicn
te.

b. - Se analizan las actividades columna y se deter=-

minan cuales actividades se pueden hacer inmc--

: diatamente antes de dichas actividades, colocan
do una cruz en el casillero correspondiente.

la aplicacidén de las reglas anteriores se pueden hacer
en cualquier orden, una vez determinada la tabla de secuen--
cias dcbe ser revisada una y otra vez para mejorar la planea-
cidn del proyecto.

Esta tabla de secuencia es esencial para la ejecucidn
de un proyecto mas no forma parte del métode CPM y PERT. So-
lo es una investigacidén de objetivos, métodos y elemcntos -
disponiblas. .

Toda esta etapa nos aclara si nuestro proyecto satis-
face nuestros objetivos y si es costeable su realizacidn.
Cuando dispongamos de un conocimiento de redes aunado a la =
tabla de secuencias, entonces podemos elaborar el dlagrama -
de red Ge un proyecto en particular.

3 CREACION DE IA RED DE UN_PROYECTO

El primer paso para utilizar los métodos de ruta cri-
tica es la identificacidn de todas las actividades conteni-—
das en el proyecto, y la representacion de estas actividades
por medio de un diagrama de flechas.

Este paso es usualmente llamado “fase de plarcacidn".

Aqui nos limitaremos a indicar las reglas bdsicas para hacer

un primer dibujo de una red.
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Existen ciertas reglas y convencionalismos que deberan
sequirss en-preparar redes éstas nos mostrardn un alto grado
de conocimiento sobre el proyccto y todos los juicios l6gicos
que hay que conservar. Por supuesto las reglas lejos de ser
rlgldas son muy flexibles dependicndo del usuario, sobre el -
conocimiento de los conceptos y su experiencia en métodos de
CPM y PERT.

Hay varias formas de dibujar una red. Acui enfatiza--
remos el convencionalismo existente en el ramo industrial co-
mo la construccidn de usar en metodos de ruta critica, el sis
tema de actividad en una flecha.

3.1 TERMINOS BASICOS

. Varios de los mds comunes términos en trabajos de re-
des se definen a continuacidn: , -

Definicidn:

Una actividad es una pprcién de un proyecto que esta
conforme 2 los siguientes indicadorxes: Esta no puede comen-
. zar a menos que sus predecesoras zn orden ldégico sean termi
nadas.

Las-actividades siempre tienen un principio y un fin
y pueden estar asociad»>s a las mismas, tiempos, recursos del
proyecto. Las actividacdes se repressntan graficamemnte por -
flechas acompafiada de la descripcidn y el tiempo estimado de
la misma.

DILJJOS DE ENSAMBLES

Figura # 1

Definicidn: . . .
Una flecha que sdlo 1nd1ca una depen lencia de una acti
vidad con otra, es una actividad ficticia. Una ficticia tie-
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R
ne duracidn de cero Y se represcnta tan comunmente como una
fleclhia de linea interrumpida (Figura # 2), o una flecha sé-~ .

lida asociada con cero duracidn (figura # 3).

Figura # 2 " Pigura # 3

. Definicidn:
Los puntos iniciales y los finales de las ac;1v1dd--
des son llamados EVENTOS.

Tedricamente los eventos son puntos instantaneos en
el tiempo. Hay sindnimos com> Nodos y Coneciores. Si un -
evento represanta la llegada final de mds Se una actividad,
éste es llamado evento Receptor. Si un evento representa el
punto de partida de varias actividades se 1llama evento --
Radiante. Un evento se presanta a menudo como una figura
geomdtrica como estd a continuacién en la figura # 4.

EVENTO EVENTO RECEPTOR EVENTO RADI2ZNTE

Definicidn: .

Una red es una representacidn gréfica de' la planea-~-
cidén de un proyecto, mosirando las interrelacioncs de varxias
actividades. Las redes. pueden ser llamadas "Diagramas de
Flechas". Figura # 5 cuundo los resultados de lcs tiempos
estimados y computados han sido agregados a la red, se pue-
de usar como para progranar un proyecto.
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Figura # 5
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.4 - REGLAS DL 1A RED

Las pocas reglas para redss pueden ser clasificadas
como tédas comunes a todas las actividades de un diagrama
de flechas, y estas reglas son 1mpuestas para cl uso'de =
computadoras que manejen los métodos CPM y PERT.

ey

» "
.
L

4.1”1I2EGLAS BASICAS DE U RED LOGICA

Regla 1.- Antes de iniciar una actividad, todas las acti-
N vidades precedentes debande terminaise.

Regla 2.~ Las flechas sdlo implican una precedencia 18gi-
ca. La longitud de la flecha no tiene ninguin -
significado., ( A menos gue se utilice la csca-
la tiempo para la red).

4.2 REGLAS IMPUESTAS POR LOS COMPUTADORES O METODOS DL CALCULO

Regla 3.- Dos eventos pucden directammente conectar una so-
la actividad.

Regla 4.~ Los numeros de-los eventos no deben estar dupli-
cados.

Reglas.~ Las Redes daben tener solec un evento inicial que
o no tenga predecesor), solo un evento final ( que
no tenga succsor).
Existen pagquectes de computadora gque no ticnen es
ta restriccidn. -

© 4,3 INTERPRETACION DE ILAS REGLAS

La regla 1 y 2 pueden ser interpretadas si conocemos
la porcién de una red de la figura # 6.

. De acuexd> a la regla 1, este diagrama establece que
“antes da que la actividad D pueda iniciarse, las activida--
des A, B, y C deben ser completadas.
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"Nete que csta no implica que las actividades A, By ¢ -
sean completamente simultdieas. '

Note que ademds que el evento 4 es un evento recep~-.
tor. por que ahi terminan las actividades A, By C y comienza
la actividad D.

4.4 ERRORDIS COMUNES

v

Los errorcs mAs comuncs que se presentan son al no res
petar la Regla 1.

Nos ilustraremos con la misma figura 6, suponganos -
gue la actividad B, depsnde de haber terminado la actividead -
B y C de solo uni parte de la actividad A y completar ls <e--
gunda parte de A totalmente indepandiente. El1l diagrznua que -
ilustra correctam=nte e¢sta situacidn es:

la.PARTE \\ZaPARTE
, >

Ficura # 7

Donde la actividad s=2 divide en dos actividades A la.
parte y A 2a. paerte adcmés de introducir una activided fieti
cia, como veremos en la figura # 7, la actividad ficticia sc
ha usado para corregir el problerma.

Otra condicidén s2 puede presentar en una red, se ilus
tra en la figura # 8., : :

E N

Figura 3# 8
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¢, D, forman un Loop, el cual es --
en

Las actividades B
o) la l4gica de la red. N

’
la in@igagién de un error

En la figara 8 la actividad B no puede iriciarse hasta
no completar la actividad D asimicmo la D no se inicia al no
termlnarse la ¢y 1a € no pringapla porgue no se ha terminado
la B y caemos eu un circuito cexrado que impide la loglca de:

la red..

4.5 REGL\S PARA INTRODUCIR EI PROBLEMA A

UN%_COMPUTADORA

Las regles para redes la 3, 4 y 5 son los proccdinien
‘tos para codificar redes para el andlisis por computadoxra.
La regla 3 se viola cuando ocurre lo demostrado en la figura

# 9. B
N

o ]

Figura # 9
Las actividades B y € puede llamarse actividades re=~
petidas; como la forma de distinguir las actividades son -

sus nodos

Quedard asi:

cédigo Computadora Descripeidn Actividad
1 -2 Actividad B
l -2+~ Actividad C

Enconces tenemos que recurrir a las actividades fic-
ticias para no caer en crror de la regla 3, como se Jdemues-
tra en la figura # 10..
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N

3 2
Figura # 10

Ahora si se pueden distinguir las dos actividades al
ser bautizadas de la siguiente manera: :

cédigo Computadora . Descripeién Actividad

1 =2 Actividad B
l] -3 Actividad C
2 -3 : ' Actividad Ficticia

4.6 EL USQ_DE IAS ACTIVIDADES FICTICIRS

Algunas veces s2 emplean actividades ficticias en -
forma rcdundente como 2n la figqura # 11.

Figura # 11

Donde evidentemente para iniciar la actividad E es
solo si se ha concluido la actividad D, C y B por lo tanto
remarcar que la actividad B es necesaria para iniciar la
actividad E, vienc siendo redundante.
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Otxo caso donde la ct1v1&ades flCthlaS no son: ne~.

cesarias es la figura 12.

Figura # 12

En donde las actividades 2-5'y 4~5 que al ser fzctx
"cias no tienen duracién si pedemos prescindir de ellas y
! _ modificames la figura 12 a la figqura 13 siguiente:

Figura # 13

Otro uso importante de las actividades ficticias es
ta ilustrado en este ejemplo. Supongamos en una parte de
un prOyecto de 1la flgura 14 este se realiza

c - i <= -—. . .-Pigura # 14 v . e~ --Figura 3 15 - N
que- la actividad B depende de la actividad A por tener en -
comin el mismo recurso, ya sea una persona en especial o -
una maquina especifica. En este caso B debe diluiarse como

dependiente de A por el uso de una actividad ficticia figu
3 . ra 15.

-
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5 CAICULOS RASICOS PARA TA PROGRAMACION

-

Con base a los fundamentos para disefiar la red de un -
proyecto queda por calcular los tiempos aproximados que se -
asignardn a cada una de las actividades; y asi comenzar a pro
gramarlag y calcular la ruta critica de la red: en el caso de

.. Gtilizar. el método CPM los tiempos son deterministicos o seca

-”una sola duracién por cada actividad; en el método PERT los -
tiempos son probabilisticos c¢n donde se asocian tres para ca-
da una de las actividades, salvo esta diferencia entre los rd
todos CPM y PERT todos los cdlculos que describiremos aqui -
son idénticos para anbhos. (
. la programacidén de un provecto comprende dos pasos ba-
sicos, el primero gue hace un cdlculo hacia adelante y el se-
gundo es el calculo hacia atrds en la rcd.

¢ Basandose en un tiempo de ocurrencia del nodo inicial
de red, el calculo hacia adelante de la fecha dc inicio mic

temprano y tardio para cada actividad, e indirectamente el -
inicio mds temprano y mis tardio para cada uno dz los even--
tos.

~ Los tiempos realces, se.conocen sélo después de haber -
concluido varias actividades y poder comparar contra los tiem
pos esperados, pueden diferir por la desviacioncs entre los -
" tiempos reales y estimados de los tiempcs planeados, para ca-
da actividad.

Por la especificacidn de los tiempos de ocurrencia ter
minales para los eventos de una red el c¢dalculo hacia atras -
nos calculard. la terminacidn mis temprana y tardia para cada
actividad e indirectamente la terminacidn permitida de tiempo
para cada evento. Dzspués de un cdlculo hacia ndelante y ha-
cia atrds se ha realizado, queda por hacer el cdlculo de’ lag
holguras para cada actividad y determinar los arcos criticos
de una red. Cuando una actividad tiene holgura, hay nds tiem
po disponible para hacer lo que esta actividad decea.

_ Casi siempre se adopta la unidad de trabajo de un dia.
Es muy conveniente plancar los tiempos de Jas activi- -
dades en dias de trakajo, en 1las redes comenzando con un

L
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tiempo inicial de cero cn el evento inicial. dcl proyecto.
La convérsidn de estbs cdlculos a fechas culendarlo reqaig
re de hacer un calendario c¢ue contemple sélo los dfas de - .
trabajo numerados. En suma Se ﬂomprende Que el proyecto -
tiene solamente un everito inicial Y terminal Y que la ter-
m1nac10n pormltlda para el proyecto es igual a la inicia--~
cidén mds tardia obtenida de los cdlculos hacia atrds. Es-
tas consideraciones, se¢ asocizn normalmente con el método
CPM, pero no usualmence para el método PERT. Finalwmente,
se toma en consideracidn que un diagrama de fiechas para -
represcntar un proyecio e el gue se usa para iniciar con
los calculos mencionados. f

5.1 MNOMENCIATURA

La siguiente nomenclatura se debera uszr en las £0r
- . . ’
mulas que describen lcs calceulos para la programacidn:

N = Conjunto de todcs lcos eventos de un proyecto.

Nj = Nodo que represcnta el evente 1 i =1 ....m.
Llamado tanbién Nodo Inicial.

2
|

3 Nodo que rep:ésenta el evente j j =1 ...n
Llamado también Nodo Final.

A = Conjunto dc todas las actividades de un proyecto

o
Il

Es la actividad que se inicia en el Nodo In:cnal
i y termina en el Nodo Finmal 3.

;s = Duracidn de la actividad del 8j al Ny.

K-esima Cadena que conduce del evento inicial N
al evento final Nj.

el
~
n

k = Nimero posiblé de cad=na que conectan el cvento
inicial N. al evento final N:.

t(iik) = Duracidn total de la cadena iik.

t () =Sty
' Aije 11y



. . . P
Ei = Ticmpo de ccurrencia mas temprana rara cl evento
inicial 1i.
. . ) : . , ] . .
Li = Tiempo de ocurrencia mas tardia del evento inj--

cial i

ESjy = Tiempo de iniciacidn mis temprana para la activi.
dad (i-3). .

LFjj = Tiempo de terminacidén mis tardia para la activi-
vidad(i-j).

EFj5 = Tiempo de terminacié:n rmas temprana de una activi-
dad i-j.
Lsij = Tiempo de iniciacidn .mis tardfa poru la actividad
(i-3). |
Sij = Holgura total para la actividad i-j.
FSij = Holgura libre para lc actividad i-j. )

Tiempo procrimado paca la terminacidén de un proyec
to o la ocurrencia d= eventeos claves e¢n un proycc-
'to. .

)
(0]
i

5.2 CALCULO HACTA ADETANTE

Como se vio anteriormente el cdlcule hacia adelante es
el cilculo de la iniciacidén mds temprapa y mas tardia para ca2
da actividad en el prcyccto apoyado en un dia de tsabajo cgs
pecifico. Complementando esto, el calculo hacia adzalante se
inicid en un tiempo cevo gazda una fecha base y todas las acti
vidades subsecuentes eunpiezan lo mas pronto posible, aconte---
ciendo todos su eventcs sucesores., De acuerdec a la légica -
de una red, un evento final ocurre cuando todas las activida-~
des predecesoras se han terminaco y entOnces, el tiempo mas -~
temprano para que ocurra un evento cs igual almayor tiempo de
iniciacién tardfa de todzs las actividades quc lleguen al -
evento en cuestidn. Estas considcraciones o rejlas cstdn su-
marizadas abajo.



5.3 REGIAS PARA LI CALCULO HACIA ADELALTE

l, - El ticempo de ocurrencia del primer cvento inicial de
la red se considzsra cero. E,=0 para el yrimer evenlo.

2. - cada agtividad comienza tan pronto como seoa posibie
hasta que ocurra su evento predecesor.

Para una actividad arhitraria’ (i-j) se pueda cscribir:

ES;+ = El mayvor EF de ladyéétividades inmediatamente
precedentes de la actividad (i-j).

3. - El tiempo de terminacidén mds temprana d2 una activi.-
dad es la suma de su tiempo de i, «iacidn mis tempra-
na y la duragién estimada'por actividad. Para una -
actividad arbitraria (i-j) esta se puede escribir co-
md:

Ey

Al mayor de LFj§ = ESjq + Tij

By = Maximo de los valcres LFj 4 de las actividades cue
llegan al evento j. L

.Ej = Mﬁx t (11k). ' A .
Ej = Max (ES;y + tij) = Hax (EFij) j=2,3..,g.,
. i & B(T) , , i B B(1)
Donde R Lo . - '
B(J) = Es el conjunto de nodos que conectan con Nj -

Estas reglas las podemos recprescntar como las mosiramds cn
la figura.
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Estas consideraciones o reglas se aplican a todo ti-
po de. redes como la demostrada en la figura

5.4 CALCULO HACIA ATRAS

I

El proy031to del cdlculo hacia atrds es contaulll
1os tiempos m#s tardics parmitidos de inicio y de tcrmlna——
cidén para cadu una dc las actividades lo cual permitira cue
ocurra el cvento terminal en su ticmpo mds teuprono espzra-—
do, como en el cdlculo hacia adelante.

Paxra completar esto; el cdlculo hacia atris se ini--
cia en un solo ecvento terminal del proyecto y arbitrariamen
te se le asigna el. mismo tiempo de ceurrencia mids tempr-na
y corresponde a lo miximo permitido para que ocurre. Sigjuien
do convencionalisinos, uno lo puede interpretar cono el tier
po mds tardfo de iniciacidén de una actividad, al dnrle cl -
tiempo de inicio de una actividad Jue puede ser retrasado --—
sin causar dircctamonte algin incremento en el tienpo total
para completar el proyecto.

Cuando Li = Ej se asigna para el evento terminal de una red,
retraso permitido para que una actividad se inicie se crlcu
la como la subsiraccién de la duracidn de la actividad 1 -
dltimo tiempo final permitido. Finalmente, de acuerdo = la
1légica d2 la red, un evento debe ocurrir antes ds que ningu
na actividad sucesora comience. Por lo tanto, el Gltire -
tiempo permitid» para un evento es icual al menor de lcs -
tiempos de iniciacidn tardia p*rmltlda de las act1v1dda 'S
que salen del evento en cuestidn.

Estas consideraciones o reglas las sumarizamos aqui.

5.5 RECIAS TARA CALCULO ITACIA ATRAS

Regla 1.~ El tiempo de terminacidn mas tardie para eleven-
to final del proyecto (t) es un conjunto igual
o menor quec una fecha programada para terminar -
el proyecto, T 2 debe ser igual a su tiempo de
ocurrencia mas temprdna calculada por lcs calcu-
los hacia adelante.
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Regla 24+ El tlcmpo de;uermlna01on 163 pardla para una ag
tividad’ urblﬁlurla (i-9) ew lgﬁhl a la mds pe-
queia, o mads tcmprana, de los tiempos de inicia

P ,:_giénvmés.tardiaade sus @qtjvidadgs sucesoras.

~ R LI T T

. -LFij = Minimo de las L¥ de Las act1v1dad
v vDipectgm ate erlgldas a la.act1v1aad (1—3)
Regla 3.- El tiemnj“de iniciacién wds tardia para una ac-
e : tivid‘d avbitraria (i-3) es su tierpo de teri-
nacion mis tardia menos la duracion estimada de
la actividaud.

Al
'

" '(»1’ . \ ' 1i 11

LSj3 = LFjij - Tij
Lriy = EL menor de LSjj para un evento con n ag
‘ tividadesﬂque~§alen.

s

~ . ' ' ‘ <
3 - B{i). Con}qnto de eventos.,’

KIS ‘71~" '/' \

LSij = LFj - Tij

Estas rejlas se presentan en la, figura.
. )

+ ¥ E » t
g o3& o2 L8
|
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. N s %
; T ant
co RN )
A i .
y .
5
"N - r
s .

- 29 =



5.6 W;Wm

De machos tipos de holguras definidos en u.tontu:a
sobre el tema, solo discutirenss dis clases, la holgura to
tal por actividad, o simplemante holgesa total, y holgura
-1ibre por actividad, o simplemente holguse libre, cada hol
_.gura tieno una interpretacién z‘npueut‘u diferconte como
T ‘los demtbxrml a contuuci . .

.
o
.

5.9 HOLGUDA TOTAL POR ACTIVIDAD
£inde C

3 L

. Holgura total por actividad es igual 2 la diferen—~

cia entre o nfs tempranc y lo més tard{e permitido cntre
el tiempo inicial o £inal para una actividnd en cuestidn.

' Entonces, pora la actividad u-n. a holgm totul esta -
‘dada pom o -
RARE
;j A m . “u im

- " ‘ oo ‘ i "'w
e ?u - "u - "ss

uoxguu iibra por uuvtdu o tqux tiompo do 1:\;
cs.o Mn ‘tomprano de las ‘actividades sucesoras menos @l -

‘tiompo. de torminacién wie temprana de la actividad on' =
ousstién. Zntonces, para 1a actividad (t-j) ’ h ho:l.guu

u.bro uu dada por lo uguhneqa

g - umﬂm a una uemm cueum a 1a mtvtdad on
' cuuu&\ - |

ragy - my -y

|
i . . N
;
l. '
- ‘ - -
B . [
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5.9 IDENTIFICACLON DE TA RU™A CRITICH

Def1m.c1on~ el - R \ -

La ruta CrJthd es | "1d curva con la menor holgura -
~total". Si la ho]gura cero como Ln convenc1onallgno LF pa-
“‘ra el evnnto final de la red prcsnntdda en la ruta cr1t1ca
tendra hdlgurq cero; d> lo contrario,.la holgura spbre ‘una
ruta critica pucde ser. positiva o negativa. ©i la red tie-
ne un solo evento inicial y final, y no existen fechas pro-
grdmadas 1mpuestas a- nodos intermedios de 1a red, entonces

la ruta critica es también la mayor trayectoria d%Ptro de -
la red. ' ‘

1

St N P




de una RED. !a ilustracidén es la sigquiente:

-

v g

Y AN N
:lé\xg)l H-
S i

6  USO ' SIMDOLOS ESPECIALES EN "

- LCULOS PROGRAMADOS.

\.
> |
- i

Utilizaremos unos simbolos para facilitar los cdlculos

LG —Z 1AL

LO MAS LO NMAS LO i=AS LO LIAS
TF.‘t'.."Rf\NO TARDIO TEMPRAKRO TARDIO
Pl Pul INICIALES TIEMPOS FINALES
POR ACTIVID AD(i-j) POR ACTIVIDAD (i)

PASOS EN IA PROGRAMACION USANDC SIMBCLOS

ESPLCIALES PADY ACTIVIDADIS Y EVINTOS.

-t 23 47=30 PASO HACIA ADELANTE

R e 0%
A Ve
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’ Ay
Para una-actividad cualcsquiera (18-19), sa ticmpo. de
iniciacidén mis temprano (digamos 23 en este caso) en el cua-
' ‘ drante de la izquierda del simbolo del evento.

Entonces agrcyaremos su dhracién (7) a tiempo de ini-
- o ’ - , " o .
| , @iacidn mas temprano vy obtendremos su tiempo de terminacidn
“mds temprano (30). CEscribiremos 30 en la punta de la flecua.

o

Supongamos quc tres-actividades llegan al Nodo 19 cu
anotard en el cuadrante de la izquierda al wayor tiempo de

terminacidn mis temprana.

PASO HACIA ATRAS
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El tiempo progrumado para el evento final de una acti-
vidad en cuestion (1C-19) debera ser cclocado a la derccha
del simbolo del evento. DPara otros eventos se insertard cl -

. . ~ . N
tiempo dc ocurrencia mas tardio. Parxa esile caso especial, - “
hay que subtraer su duracion (7) del tiempo de terminacidn - :
L . c . . 1) . « 4
mAs tardio (35) para obtener cl tiempo de iniciacidn mas tar- ;
dio (28). Deberd cscribirse 28 al final de la flecha. ‘

cuxndo dos o mas actividades salen de un evento, se

debe colc.ar en ¢l cuadrante de la derecna el valor mas po

. e s 2 e i

quefio de los tiempos de iniciacidén mis tardia para la acti
vidad. :

PASOS EN  EL CALCULO DE LAS EELGURAS




2

.7 EJEMPLO _ILUSTRATIVO C

-

o« - 4 N *

.

Hasta el mcmento tenemos informacidn.sobre las tahlas
de secuancias, lag reglus para claborar una red v a partir -
-’ 2 L .
de esta efectuar los calculos basicos. -
Con éstos elementos podemos obtener todos los datos -
para planificar, programar y controlar cualquier proyecto.

Si ejemplificamos un determinado proyecto que nos mies
tre las diferencias entre un proyecto gue no utilice Jas tAc-
nicas CPM y PERT contra otro en el cual s8i se tomen en consi-
deracidn, veremos, la gran diferencia que se hizo resaltar -
con anterioridad. : :

El método antiguo solo disponia de Diagraumas de Gauzt
para coordinar proyectos, como el siguiente:
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DESCRIPCION
ACTIVIDAD

3

CALENDARIO
)

EN
)

DI1AS

10 i

| ACTIVIDAD 11

2 .
ACTVDAD & [ Z7 71 O % E
ACTIVIDAD 2 b . d b F H
ACTIVIDAD 3 ’ " ‘ é |
|ACTIVIDAD 4 A B ! :
ACTIVIDAD 5 | ] ] |l !
ACTIVIDAD 6 L* R, J ] l ! :
LCTIVIDAD 7 L Iy .
| ACTIVIOND 8 | B - TR | :
ACTIVIDAD 9 N E | .
ASTIMIDAD 10 S 5 I | | i =
| :
i




. il .
En el diagrama anterior 1as”dctivia§&éélnb ticnen nin-
. guna relacidn entre si y es dificil investigarlo.

El cumplimiento de un proyecto con las caracteristj--
cas mencionadas es una tarea quy ardua ya que el responsal.le
por actividad al no tener informacidn dz otras actividades -
no cuenta con datos para iniciar la suya propia y en ciertia
medida tendra aun problcimas para terminarla y controlurla.

Hagamee uug de lng téenieces antes mengienudws e inter=
pretar eoerreetanente le viat@ hasta ahera.

Primero se disefia un 1isﬁgda ée todas las actividadss
de nuestre proyeete, no impertande el orden de colecacidn.

Lista de Actividades

; : Actividad 1

Activ;dad 2

Actividad 11 g
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El siguiente pas> es elaborar la matriz de secucncias.
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zZzO0
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JACT LCTACT | ACT | ACT,
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MATRIZ DE SECUENCIAS
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A partir de la matriz de secucncias se elabora la red

y se enumeran los nodos.

ACT 1

T2

£ TTIOT) Ve X PERMTRI
&

A(f(.ﬁ
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) Al tener lista la red se complemcnta con la informa-
cidon adecuada,

i

CODIGO DE
DESCRIPCIC N IDENTIFICACION DURACION
ACTIVIDAD NODO M ODO EN
INICIAL | FINAL DIAS
ACT. i 0 1 2
ACT. 2 (0] 3 2
ACT. 3 0 6 {
ACT. 4 { ) 4
ACT. 5 2 5 1
ACT. 6 3 4 5
| ACT. 7 3’ v 8
ACT 8 4 B 4
ACT. ] 5 8 3
ACT. I0 6 7 3
ACT. 11 4 8 5
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Con toda la infosmacidn procedemss a calcuaiax nues
Ltro proyecto con los simbolos cspaciales.

-

N, o O

3)):,\--» -D«-—D(g ')———CD—D.D——-L_}D @), "
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Red ilustrativa del proyecto utilizando los simbolos
especiales, para los cventos, actividades y el paso hacia -
adelante.

v
1]
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\
Ejemplo que ilusire la rced del myovecto utilizando los
- simbolos eipeciales para los cventos, actividades, los pasos
hacia adelante, hacia altrds, las holguris total y libre.
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Podemos resumir todos los datos contenidos en cl proyccilo

en la lista de abajo.

a

Lo Mis Temprano Lo Mds Tavdio Bolqura Criticalidadi
et An] |————— « - .
Aetividad ESjj & Ej | BF;4 1S3 LFj é L4 T?tal
Ticmpo de | Ticaps de viempo dz|Tiempo de
Inicio. Terminac. Tnicio. Terminae.
0-3 | 0 2 _ 0 2 . 0 CRIY
-_3-_-_7_~__._j L 2 10 2 10 0 CI&I’I'
7-8 10 15 10 15 0 CRIT
3—44; 2 7 B 3 . 8 1 . -1
4-5 7 11 _ 8 12 1 __d
_5-8 11 14 12 15 "1
_Bfl 0 2 5 7 5
2-5 6 7 i1 12 5 )
0-6 0 1 6 7 6
67 1 4 7 "10 6
6 7 1l 5
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T~ utilizacidn de dichas técnicas en un proyecto en
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a model for queuelng systems
is a simulation model for single-phase, multiple-channel
queueing systems. The performance of one to nine
channels may be investigated under a variety of arrival
and service. parameters and for a variety of associated
COStS.

Queues (waiting lines) are common, everyday occurrences. Queues occur in
grocery stores, in banks, in front of movie theaters, during university
registration, and so on. Queues build up as a result of an interaction between
customers arriving for service and a service facility. Almost everyone has
experienced being frustrated by waiting in a line. The purpose of this
computer exercise is to allow the user to experiment with situations in
which queues occur. The model is concerned with more than waiting time in
the queues, however. It allows one to look at the entire system from the
operation manager's viewpoint, i.e., not only worrying about the customer
but also being concerned about the utilization of facilities and the total cost
of operation.

The first section provides background information on queueing con-
cepts and how these concepts may be used by the operations manager as an
aid for decision making. - )

. The following sections present a situation in which the computer
model may be used as a tool for analysis of some possible alternative
management decisions. These illustrative problems include complete instruc-
tions on how to use the computer program QUESIM.

9.1 THE QUEUEING PROCESS
This section contams an introduction to some queueing concepts. No
mathematical formulas are presented, although refecences are given for those
readers interested in a detailed presentation of queueing theory.
175
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The queueing process is centered around a service system which has one or
more service channels, Customers (arrivals) are drawn from an input source,
or population. In queueing models, the customer arrivals from the input
source are generally characterized by a probabihity distribution. The symbol
commonly used to represent the mean arrival rate of customers is the Greek
letter lambda (\). Any arrival entering the system joins a queue, or waiting
line (a queue may be of zero length). The customer is selected from the
queue for service according to a queue discipline or a priority rule. Usually,
service times follow some probability distribution and the average service
rate is commonly represented by the Greek letter mu (u). In order to have a
stable queueing process the average service rate (u) must be greater than the
mean arrival rate (A). After service is completed the customer exits the
system. See Figure 9-1.

Generally, a queueing system is characterized by the following prop-
erties:

1. lts arrival pattern.

2. Its service time distribution.
3. lts queue discipline. —
4. 1ts layout, or customer-flow pattern.

The feature that makes some situations into queueing situations and other
situations non-queueing is the nature of the arrivals to the system. Arrivals
are the customers to the service facility, since they are the people or things
that need to be processed.

In the situation where all arrivals are on hand, such as a large stock of
raw materials, the service center may process arrivals at will, and there 1s no
real queueing problem as such. In other situations where appointments are
made ahead of time, there is also no real, or at least visible, queueing
problem.

The really interesting problems, those worthy of being studied as
queueing systems, exist when arrivals are not controlled or controllable by
the service center. The mdst common assumption made in these cases is that
the time intervals between consecutive arrivals are independent random
variables. Each arrival is considered to be unaffected by the time at which

Service sysiem

. Input Arrivals _ Served
source customers

Customers
In queue Service
channel

~

Figure 81 Single queue—single channel, single-phase queueing process.



Service
Time

Distributions

Queue
Disciplines

Layout
or

Customer-Flow

—

Patterns

a
~ - ——

any other arrival occurs or by the number of arrivals which have already
taken place. A good example is the placing of telephone calls when each
customer does not really know, or care, who else is placing a call.

Studies of queueing systems have revealed that the time intervals
between consecutive arrivals are often distributed according to the negative-

-exponential distribution. (Longer time intervals have a lower probability of
-occurrence.) In this case the number of arrivals expected forms a Poisson

distribution. Other arrival distributions are possible, but the Poisson distribu-
tion is the most frequently occurring distribution.

The simplest situation is that in which each arrival requires the same time for
service as every other arrival. A vending machine, for example, is usually
assumed to have a constant service time. The most commonly assumed
service time density distribution, however, is the negative-exponential dis-
tribution. The service process may be further characterized as being single-
phase (one operation) or multiple-phase (a series of operations).

The queue discipline is the priority rule by which waiting jobs are selected
from the queue for service. Because this represents a directly controllable
decision variable, an extensive amount of research has been done in this area
of queueing theory.

The most common priority rule is the first-come-first-served rule
(FCFS). According to this rule, the first job to arrive in the queue will be the
first job to be serviced. In addition, the following priority rules have received
much attention: (1) the random rule selects the job which has the smallest
value of a random priority assigned at the time of its arrival, and (2) the
shortest operation time rule (SOT) selects from the queue the job which
requires the least processing time at that service center.

The layout or flow pattern of a queueing system is largely determined by the
specific servicing requirements of the arriving population, and by the physi-
cal limitations of the service facility.

This factor of specific servicing requirements is important when the

job must be processed through a specific service channel or through a’

particular sequence of operations. If the job has no specific routing require-
ments, however, this factor becomes negligible. If the job requires several
operations, for example, it is possible that the sequencing of these operations
is of no consequence.

The physical limitations of the service facility are important, as they
affect the facility layout. These physical limitations impose an additional
constraint when they tend to limit waiting areas for jobs. As an example, one
may prefer to have a single-queue, multiple-channel service facility, but
adequate waiting space may not be available. The following arrangements are
some examples of system geometry or job-flow patterns: single queue—single
channel (Figure 9-1), single queue—multiple channels in parallel (Figure 9-2),
multiple queue—multiple channels (Figure 9-3), service centers 1n tandem
(Figure 9-4), and service centers in a network.
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Figure 9-2 Single queue—multiple channel, single-phase.
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Figure 9-3 Mulitiple queue—multiple channel, single phase.

Service channels

Customers -
in queue

Figure -4 Single queue—single channel, multiple-phase.

One of the primary purposes for studying queueing theory is its predictive
capabilities. In turn, this predictive capability is relevant to the design and
control of operation systems. Some of the operational characteristics of a

" queueing system which may be of interest to a manager are the distributions

of:

-

1. Queue length.
2. Customer waiting time (in queue and/or in the system).
3. Idle time of service facilities.

4. Number of customers in the service system.

These distributions may be described by their mean value, standard

' deviation, and the probability that the variable exceeds a specific value. With
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information of this nature the queueing system could then be designed (or
altered) so that

1. The resulting operational characteristics are within acceptabie
limits.

2. An economic criterion such as cost (or profit) may be minimized
(or maximized). .

An economic criterion may be established if one can associate dollar
values with arrivals and service. For example, if one knew the revenues per
arrival and the cost of service, it would be possible to set up a profit-
maximization objective. Or, if the cost of an arrival waiting n line (or in the
system) and the cost of service are known, the measure of effectiveness
could be a cost-minimization function.

For solving operational problems which may be characterized as a
queueing process there are two methods available. First, if the arrival and
service time distributions are well-known mathematical distributions, it is
possible to derive formulas for describing the operational characteristics.
Secondly, even if the queueing process does not possess properties of
well-known distributions, one can still attempt to solve the problem by
means of Monte Carlo simulation. In this approach, empirical or assumed
data for arrival and service time distributions are used as bases for generating
a large number of arrivals and services, on paper. This may be done by hand,
but for a-large simulation it is most often done on a computer. '

Since QUESIM is a computer simulation model for waiting lines, the
development of the analytical formulas for solving these problems will not
be presented here. For readers interested in the mathematical development
of these formulas see Hillier and Lieberman, Morse, and Saaty, in the
references for this exercise.

in this section, a sample problem suitable for the application of the
computer model QUESIM will be presented. The QUESIM model itself will

-then-be described. This description will point out to the user the types of

systems for which QUESIM is applicable and the control options available to
the user. Following the above, detailed descriptions of both the computer
input and the computer output for the sample problem will be given.

John Entrepreneur, who is a senior at the local college of business adminis-
tration, is going to open a campus ice cream shoppe. The store features
seventy-eight varietics of ice cream (more than double the number of his
competitor), and pretty coed’s to serve them. Even though John's store will
have more to offer than his competitor’s store, called The Establishment, it
is hypothesized that in the first few months local business will be roughly
divided between both stores.

John also feels that the confection industry has a high index of
substitutability and the improved availability of .ice cream due to the
opening of his shoppe in the near future will marginally increase the gross
sales of both stores, rather than merely dividing the present sales market,
John's marketing research efforts have turned up the following information:
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the distribution of customer arrivals into his shoppe will most likely follow a

- Poisson distribution, with a mean arrival rate of 60 people pcer hour. john

has planned that upon arrival in his shoppe each customer will take a
sequential number and await his turn for service. This will facilitate his
servicing of customers on a first-come-first-served basis.

John's preliminary analyses also show that one server (whose wages
are $1.80 per hour) can be expected to service about 30 customers per hour,
following a negative-exponential distribution. Moreover, John’s marketing
research shows that when the service rate is slower than the arrival rate,
customers will leave rather than wait in a long line. John estimates that his
cost (possible opportunity cost) will be $0.05 for every minute that a
customer must wait.

Thus far, however,.John has not been able to ascertain from his
research data the optimum number of servers to have on duty. Logically, he
knows that more than one server is required, because the mean arrival rate is
twice the mean service rate. Furthermore, he realizes that these rates are
mean rates of probability distributions, not constant rates.

John recognizes that his problem is one of design, i.e., how many
service channels to provide in the above queueing system in order to
minimize total costs. He could, in fact, actually operate his shoppe with one
server, two servers, three servers, etc., -each for a period of time, and
calculate his total costs. However, John has an alternative, and that is to
simulate his ice cream shoppe operations in a compressed time period with
QUESIM. Using QUESIM, John could experiment with using one, two, three
servers, and so on, until the model indicates to John the optimum number of
service channels to have in his service facility. Moreover, the simulation can
be done in a short period of time, as opposed to waiting for weeks of
empirical data from actual operations.

QUESIM is a computer model developed for simulating single-queue, single-
phase, parallel queueing systems, that is, the type of system proposed by
John Entrepreneur. The model determines, through an iterative process, the
optimal number of service channels to allocate to a service facility. The
configuration, or design, of the service facility is under the control of the
user; hence, the user must specify the following characteristics of the
queueing system to be studied:

1. The arrival distribution, the mean arrival rate, and the costs
associated with arrivals waiting in line.

2. The service time distribution, the mean service time, and the costs
of idle servers.

3. The simulation control limits, or the initial and maximum number
of service channels (up to nine} which may be considered available to
the service facility during a simulation run, and the maximum length
of time for the simulation to run.

The above information on arrivals, services, and simulation controt
limits comprises the input for the computer program, QUESIM. .
The computer output includes, at the top of the page, the user's

e,
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input data as a means of identifying the user’s (problem) output. Following
this identification information, the first twenty simulated arrivals and ser-
vices are printed in a tabular form. The program then prints out statistics for
the number arrived, number serviced, actual simulation-run time, maximum
length of queue, mean length of queue, mean waiting time in queue, percent
utilization of service facilities, waiting time (in queue) costs, idle service time
costs, and total costs of operations. This data is printed out for each iterative
number of service channels and the simulation is terminated when either the
number of service channels has reached the maximum allowed or the total
cost of the system with N servers (channels) exceeds the total cost with N —
1 servers. ,

An example of the application of program QUESIM to john Entre-
preneur’s problem is given next.

Shown below are the input data cards required by QUESIM for solving
John’s Ice Cream Shoppe Problem. In all, four data cards are required to run
program QUESIM; they are the user name card, the arrival data card, the
service data card, and the simulation control card. Each card will be de-
scribed in turn.

User name card is the first card. This card may contain any identify-
ing information (such as the user’s name) which is desired. The identifying
information is keypunched in the first forty card columns.

MAGGART QUIESTI PRUERLEM ONF,

pogoono00000Cd00000000000600C0000000000000000000000.
Pr3ase
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Arrival data card is the second data card. This card contains. the
arrival type (the arrival pattern) in column 1, the mean arrival rate in
columns 11-15, and the cost per unit of waiting time in columns 21-25, On
this and all data cards, the user must keypunch all decimal points. For John
Entrepreneur’s problem, this card is illustrated below.

i 1,0 <09 i

oogo U 00000000000000000000000000000000000 godoc

1] l uunuuuunuunnnnunnnnnuﬂnnunnlnlnlu qaa ul!llﬂllll

The 1 in card column one is for arrival type code 1, which specifies
the Poisson arrival distribution. The 1.0 in column 11 specifies a mean arrival
rate of 1.0 customers per time unit, and the .05 in column 21 represents the
cost per unit of waiting time per arrival in John’s Ice Cream Shoppe.

) Service data card is the third data card. This card contains the service
type (the service time distribution) in column 1, the mean service time in
columns 11-15, and the cost per unit of idle service time in columns 21-25,
For John Entrepreneur’s problem, this data is shown below.

e . .03

000000000000000330000000000000000D 0 gogooo0o0
10y
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The 2 in «loe e 1 . . 1. enponential service time
distribution, and 1., 2. -, . Lot e e n service time

The swmmiilariog o e, 00 cooth data card. This card
contains the beginming ror v, (1 4. nneis in column 1, the maxi-
mum number of «wernvie (b - L -0 0 o= 11, ond the simulation-run time
in columns 21-25. For Jol oot w0« ~ problem, the simulation control
card is shown below, The &« - 1 .t pme tor this simulation data is in
minutes,

X 1 P} - »—.

000000!0003000!H'000!0!3000000000000000000000002
[}

Ry LR N AT A E LR LR L

The complete listing of the four input data cards, one card per typewritten
line, is shown in Figurc 9-5.°

MAGGARL WQULESIM PROMLEM ONE

i 1.0 «05
2 €o0 P
1 Y 60,

Figure 9-5 Computer input—John's lce Cream Shoppe

Computer Shown in Figure 9-6 is the computer output for the first iteration (one

OULPU.I channel) of John's Ice Cream Shoppe Problem. At the top of the computer

lce é:ore:r: output, the information input on the four data cards is printed out.

Shoppe Below the problem identuficanion information, the first twenty arriv-
als of the actua! simulation are tabulited. This does not mean that only
twenty customers arrived 1 60 tumce units. The computer program is design-
ed to print out a table for only the first twenty arrivals, regardless of the
simulation-run time specified.

in the simulation table the column headings are the customer’s
arrival time and his departurc time at his respective channel number. The
program specifies that the first customer always arrives at time zero, hence in,
Figure 9-6 customer 1 arrived at time 0.0. The randomly selected service
time for the first arrival was 2.6 time units; thus, the first arrival departed
from channel number 1 (in this casc the only service channel) at time 2.6.
Customer 2 also arrived at time 0.0 and required 0.7 minutes of processing

" time, thus exiting the system at simulation time 3.3 The arrival and depar-
ture times printed out are rounded off to the nearest one-tenth (0.1) time
unit. Consequently, this rounding off makes the arrival and departure times
of some customers appear to occur at the same time, for example, cusiomer
number 4 in Figure 9-6.

Below the sample simulation data, the summary queueing statistics
and operation costs, which are the information of most interest, are printed
out. The first line tells how many arrivals entered the system and how many
.were serviced by the end of the specified simulation-run time. The number
-of arrivals will always exceed the number served, by at least one This is
because in program QUESIM arrivals occur before departures and elapsed
simulation time is checked only when departures occur. Next, the maximum
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PROGRAM QULSIM FOR MAGGARD QUESIM PROBLEM ONE
ARREVAL TYPE. i RATE s 1400 COST = 2 0%
SﬁﬂV!CE TYPE 2 TIME = 2000 COST = 03
80 CHANNELS START | “MAX 9
ull TIME ~ .on
PIRSTY TuENTY OCCURANCES FOW ®@)#eSERVICE CHANNELS
ARRIVAL -----DEPARTURE TIME AT CHANNEL NUNBERcweee=s
TiNEwoe ONE Twl YHREE FOUR FIVE SIX SEVEN EIGWT NINE
0 2.6
o0 3,3
o7 -8e6
5.1 S.1.
6,9 8.9
840 8,6
! 8.‘ 8.8
91 9,6
ii,2 12,7
Y TS D -4 - B .
16,0 15,2
15.1 17,8
17,0 18,2
17,6 FIN
19,3 26,
- 19,8 €6,0 .
30.1 20.0
20,2 27,3
20.0 28.3 v

2leé €9,6

AFTER . 5¢ ARRIVED 36 SERVED 60 TIME UNITS
QUEUE=MAXIMUM LENGTN = 16

oMEAN LENGTH = 5.5

oMEAN WAIT TINE 8 6eé
SERVICE UTILIZATION s  89.h PERCENT

COSTSewalT IN QUEUE 331¢1 UNITS AT 8§ 05 8 8 16655

IDLE SERVICE. 6.2 UNITS AT § .03 & § 19

TOTAL COST OF OPERATIONS $ 16076

FPigure 96 Computer output=John's ice Cream Shoppe.

length of the queue, the mean number of customers in queue, and the mean
waiting time in the queue are printed out. Then, the percent utilization of
the service facilities is printed out. This is followed by the cost calculations.
First, the total waiting time cost, which is the total waiting time of all
customers in the system multiplied by the cost per unit waiting time, is
given. The next_ line gives idle time cost, calculated as units of idle time (in
the service facility) multiplied by the cost per unit of idle time.

The last line printed out is the total cost of operations, which is the
idle time cost and the waiting time cost added together. It is this value that
the simulator uses as a basis for comparing each iteration to the previous
iteration for the purpose of determining when to terminate the simulation.

In the sample problem, the basic issue facing John Entrepreneur is
the number of service channels (servers) he should have in his ice cream
shoppe. The summary statistics for one channel (Figure 9-6) indicate that he
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should at least have more th. .+ .ot Phe average length of the w.
line is greater than five custe » .« .-y o~ fourteen at one time:
customers must wait, on 1l wee. .. -~ ore than 6 time units (minutes

In real life,.one would not CV L cream shoppe customers 10 t o

pat:ent' Mon:over as one would (she.t with so many Customcrs wdtline 1+«

Sserver:is busy almost 90 pereent of 14 nme
For.the cost structure gaon m the problem, the waiting time cont
the customers far exceeds the . .t e cost of the single server, The t
cost of $16.74 consists almost ¢ ~1::. 1, af w.ailing time costs.
‘ The simulation control (ur.: tor this problem requested that pro,.

QUESIM initially simulate John ELuotreprencur’s system with one servic
channel and continue to simulate his sytem, adding one additional serv i,
channel each run, until the smulanon terminated. The simulation w,
terminate either when the total cost of the system with N servers exceeds th
total cost with N = 1 servers o1 when the maximum number of allowabic
service channels has been reached.

For John's problem, the cftect of adding additional servers in .«
shoppe is shown below. The cost figures in Figure 9-7 come directly f1-
the computer printouts for the solution to John’s problem. Thesc figures,
like all simulation results, are a tunction of a random number gencrat:
which may be different for each computer. Hence, these figures may !
slightly different on different computers.

Number of Waiting Idle time Total cost
channels cost (3) cost ($) of operations ($)
1 16.55 0.19 16.74
2 7.14 0.49 7.63
3 - 0.26 2.61 2.87
4 0.96 3.7 4.67

Figure 9-7 The total cost of operations for one to four
service channels, '

Figure 9-7 shows that adding a second service channel dramaticail
reduces the cost of customer waiting from $16.55 to $7.14. Adding a thur..
service channel (server) continues to decrease waiting time cost and s 1"«
number of servers which minimizes the total cost of operations Thus 1
solution to John Entrepreneur’s problem, as given by QUESIM, is for Jui
to provide three servers in his shoppe operating under his expected stcads
state conditions. Keep in mind, however, that if we treat each simulatic:
time unit as one minute, we have simulated only one hour of operation-
Thus, John may want better data and/or a longer simulation run befoic
coming to a definite conclusion about his problem.

9.3 JOHN’S ICE CREAM SHOPPE REVISITED

John's
New
Data

Grand Opening!! John Entrepreneur’s ice cream shoppe is now open. He 1
so excited about testing out his previous conclusions on the number of
servers to have in his shoppe that after observing only the first fifteen ariivals
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he rushes over to the local computer center to simulate QUESIM with his
empirical data. !n recording his data, John kept track of both the time that
each arrival entered the shoppe and the time it took to serve each customer.
To John’s surprise, he found that all of the service times were a constant,
three minutes. John now wants to use program QUESIM with the data that
the has obtained. The required input and the resulting computer output for

" John’s new data are described next.

The user name card is always the first card in the data deck.
The arrival data card is the second card in the data deck. Fot this
problem it reads as follows:

4 0 05 15.

IR RN luuuuunnullnununmnmnunnnunuunsnuuuu l( L X

Note that in column 1 of the arrival data card the code number is 4,
which specifies that all arrival times are to be “‘read in'’ from additional data
cards. The cost of waiting is punched in columns 21-25. The number of
arrivals to be read in is indicated by the value specified in columns 31-33.
Although this value was not required in the previous problem, here it has a
specified value of 15.

Read-in arrivals are keypunched twelve per card and immediately
follow the arrival data card. Since John has fifteen data values he needs two
read-in arrival data cards, with twelve data points on the first card and three
on the second card. These two cards have a format of 12F5.0 and are shown
below for Problem Two. Notice that it is the actual arrival times that are
recorded, not the elapsed time between arrivals.

0 9. 13. 19. 34. 36. 37. 38, 39. 42. 6. 63,

gooooccon0oo00000000000G000000C000N0000000000600000000000004009
sere

l l l !llll lll!lllilill B NNNANBAUBBDNNIU UM NN WU DG HT w0 J!S‘Ai!l l:l
—— — — i ——— — 2 c—

63. 63. 69,

The service data card follows the arrival data cards. John noted that
each service required exactly three minutes, i.e., a constant service time.
Code 3 keypunched in column 1 specifies a constant service time. The
service data card now reads as follows:

3 3- ".‘ . 03 4

Bo6oo0000000000000000800000000000N080DC0B000 000

l'llli ll.llll'llllililllll’ﬂ)lﬂl!“ﬂ)l""”lllll)lluhll”llﬂ“llﬂll X1 l“

This card requests a constant service time of 3.0 time units per arrival
at 3 cost of $0.03 for each unit of idle service time.
AY N . . . “
~ The simulation control card is again the last card in the data deck.



John now specifies a run with from one to nine channels and a simuidtion
time limit of 100 units. These parameters are shown below.

L N 9 100,

— . —— — ——— ——— — — — — — — — —— — ——— —— — — — —— — T—

" RAGGARY QUESTHM PROMLEM ™o ‘

I\ 05 15,

0 % a3, 19, 34, 36. 37, 38, 39, 42, 62, 63
69, 65 oY,
3 3N V3
i - Y., 100

Figure 9-8 Computer input—John's Ice Cream Shoppe Revisited.

PRUGRAM QULSIM FOR MAGGARD QUESIM PROQLEM TWO
ARRIVAL TYPE 4 RATE = 0 COST = 205

15 AKRIVALS READ IN AS FOLLOWS

0 9 13 19 3¢ k1.3 37 38 39 452 o2 63

65 65 69 -
SERVICE TYPE 3 TIME
MOo CHANNELS START )} HMaAX 9
Mar TIME 100

3,00 CcOsy = 003 -

FlST TWENTY OCCURANCES FOR ©8)eeSERVICE CHANNELS

ARRIyAL mececaDEPARTURE TIME AT CHANNEL NUMBERcesoe=o
TinEowe gNg TwO THREE FOUR FIVE SIX SEVEN EIGHT NINE

v o .

9.0 12¢0

1300 16.0

1900 2260

34640 3760

30.0 €000

3760 63,0

36,0 46,0

39,0 %940

42,0 92,0

6200 65,0

63,0 b8,0

6560 71.0

6500 14,0

6940 17.0
QOOYARNING®Oe8a0QUT DATA HEFORE TIME LIM]ITeonee
AFTER 17 ARRIVED 5 SERVED ;00 TIME UNITS
QUEUE=MAXIMUM LENGTH = 3

~MEAN LENGTH = b
=MEAN WAIT TIME = 23

SERVICE UTILIZATION ' = 45,0 PERCENT

COSTS=ualT IN QUEUE . 39,0 UNITS AT $ 005 = $ Be9S
Iule SERVICE 55,0 UNITS AT ¢ 003 = % le05
TOTAL COST OF OPERATIONS $ 3000

Figure 99 Computer output—John's Ice Cream Shoppe Revisited.
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The complete input data deck, one card per typewritten line, now
appears as shown in Figure 9-8.

Shown in Figure 9-9 is the computer output for the results of this problem
for one channel. On the computer output, the identification information at
the top of the page is changed to reflect the changes in the input data. The
arrival type, service type, and simulation-run time are different from the
previous situation. Furthermore, the simulation table is for only fifteen
arrivals and services, as that is the total number of arrivals read in. Notice
that on this output a warning message (***WARNING****QUT OF DATA
BEFORE TIME LIMIT****) has been printed out. This message is printed
out by QUESIM because the last arrival occurred at time 69, which was
before the simulation time limit of 100 units. Moreover, the service facility

. was idle from time 77 to time 100; thus, the actual idle time in the service

facility is overstated in the summary statistics. When this message appears,
the user of QUESIM must exercise some care in the interpretation of the
results or go back and rerun with a lower, more realistic, time limit. The
summary statistics and cost information printed out below the simulation
table is the same for all computer printouts. )
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9.4 QUESIM DATA DIECK STRUCTURE

Afrna!
Cards

b Vvddate cnd must always be included

ta

R Fo:mat ~  Jtem

o ! |! code* for distribution
N .‘1 : :g mean arriva.l rate pt_:r_unit' time
T ‘ l ‘.0 cost per unit of waiting time

. no. of arrivals to be read in

M SO
(3 S

" st sl data card is optional, depending upon the data. Its
. T~ 128500, so that arrival times are punched, 12 to a card,
voeamns 15 6-10, 1 1-15, 16-20, etc.
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The complete input data deck, one card per typewritten line, now
appears as shown in Figure 9-8; -

Shown in Figure 9-9 is the computer output for the results of this problem
for one channel. On the computer output, the identification information at
the top of the page is changed to reflect the changes in the input data. The
arrival type, service type, and simulation-run time -are different from the
previous situation. Furthermore, the simulation table is for only fifteen
arrivals and services, as that is the total number of arrivals'read in. Notice
that on this output a warning message (***WARNING****QUT OF DATA
BEFORE TIME LIMIT****) has been printed out. This message is printed
out by QUESIM because the last arrival occurred at time 69, which was
before the simulation time limit of 100 units. Moreover, the service facility
was idle from time 77 to time 100; thus, the actual idle time in the service
facility is overstated in the summary statistics. When this message appears,
the user of QUESIM must exercise some care in the interpretation of the
results or go back and rerun with a lower, more realistic, time limit. The
summary statistics and cost information printed out below the simulation
table 1s the same for all computer printouts.
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9.4 QUESIM DATADECRSTRUCTURF

Ariiva’
Car o

W “riecad must always be included
Format ™ Item
. ! ll code* for distribution
L Fs.0 " mean arrival rate per unit time
) 5.0 cost per unit of waiting time

o URRY no. of arrivals to be read in

: u.¢:.|l_ data card is optional, depending upon the data. Its
b I.“ ') so that arrival times are punched, 12 to a card,
0 13,6410, 11418, 16-20, etc.
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/ Additional data sets
/ Simulation controi card

L
Va

/ Service data card
2

~
. / Read-in arrival data card (optional)

‘ Vo
ya
/1 A.rrival data card

/ Read-in service data card (optional)
e
User name card

3. Service data card must always be included.

Card
columns Format Item
1 | code* for distribution
11-15 F5.0 mean service time
21-25 F5.0 cost per unit of idle time
31-33 F3.0 no. of service times to be read in

4. Read-in service data card is optional, depending upon the data. Its
format is 12F5.0, so that service times are punched, 12 to a card,
in columns 1-5, 6-10, 11-15, 16-20, etc.

5. Control card must always be included.

Card
columns Format Item
1 11 beginning no. of service channels
11 11 maximum no. of service channels
21-25 Fs.0 simulation run time

*Code for distribution
1 the Poisson distribution
2 the negative-exponential distribution
3 a constant rate ’
4 historical input data, read-in



9.5 QUESIM PROGRAM LISTING

OO OO DOOOOOOD

PROGKAM QUESIM

COPYRIGHT JUNE 1970 ROY D HARRIS
THIS VERSION FOR THE I16M/360
DICTIUNARY OF VARIABLES

AITIME THE HOURS OF SYSTEM IULE TIME = TOTAL

ANUM s SNUM NUMBER OF READ IN ARRIVALS AND SERVICE

AR (SUy) AN ARRAY OF READ IN ARRIVAL TIMES

ARR RT4ARR TM THE ARRIVAL RATE AND MEAN TIME

cn '’ aN ARRAY OF ARRIVAL AND SERVICE ON FIRST 2u CUSTOMERS
ClUuLE THE COST OF SYSTEM IDLE TIME - TOTAL

CUMQUL (100) aN ARRAY WHICH STORES IOLE CUSTOMER HOURS
COSTS THE COSY PER TIME UNIT OF IDLE SERVICE

cuSTa THE COST PER TIME UNIT OF IDLE CUSTOMERS
CUSERVKCUS THE NUMBER OF THE CUSTOMER BEING SERVEV

Cwall THE COST OF CUSTOMERS MHOURS IN QUEUVE~ TOTAL
OtP RIJUEP TM THE SERVICE RATE AND MEAN DURATION

HRSNQ THE WOURS OF CUSTOMER TIME IN QUEUE= TOTAL
Ied THE CHANNEL NUMBER BEING PROCESSED

) 4 NUMBER OF ARRIVALS WHICH HAVE OCCURED

KhoKS JPTION CODES FOR ARRIVALS AND SERVICE

NoMARD oEGINNINGsMAXIMUM NUMHER CHANNELS

PLUTIL THE PERCENTY UTILIZATION OF THE SERVICE FACILITY
QUL UE THE NUMBER OF CUSTOMERS IN QUEUE AT ANY POINT
SN(50y) an ARRAY OF READ IN SERVICE TIMES

TLUOP THE T0TaL COST OF THE SYSTEM

TIME s TTIME CLOCK TIME MAX SIMULATION TIME

TNARY THE. LATEST ARRIVAL TIME

THOPR THE DEPARTUREL TIME OF THE LATEST UEPARTURE

. MAY BE SET ARTIFICALLY FOR PROGRAM EFFICIENCY

XeNTMNo AMNTX  EAN WAIT TIMEoMEAN NUMBER IN QUE

CUMMON ALPHA(]1l )o ANUMe ARI(500)s ARRRT, ARRTMy CH(2Uo 10) ¢ CUMQUE (
110000 CUMUTLe CUSERVe DEFPRTs DEPTMe 1o IUSERVe [Ze KAo KCUSe KSo N
29 NFLAGoWUEUEL sSNUMe SR(5(L0)9 STATUS(9)s .Ts TIMEs- TTIMEs TNARVe TND
3IPKH(9)

NIN = «

NOUT = &

HEAD AND PRINT STUDENT NAME CARD

NELAU (NINg23) ALPHA

wHITE (NOUTe 4) ALPMHA

®EAD AND PRINT ARRIVAL DATA CARD

REAU (NINg25) KAs ARRRTe COSTA, ANWNUM

wMllTe (NOUToe-6) KAs ARRRT,s COSTA

HEAD ARRIVAL STATISTICS

IF (ANUM LE, ‘o) GU TO 2

NUM 3 ANUM

ARRRT = 1e236

RA, 8 4

HEAD (NIN927) (AR(I)e I = ) NUM)

wRITE (NOUTs,B) NUM

BRITE (NOUT#29) (AR(I)e | B 1o NuM)

SET ARRIVAL TIME AT INVERSE OF ARRIVaAL RaTE

ARRTM = ] 4yu/ARRRT

REAV ANL PRINT SERVICE DATA .CARD

READ (NINocS) KSe DEPTMe COSTSe SNUM

wRITE (NOUT#30) KSe DEPTMs COSTS

1F (SNUM .Lg. 0e¢0) GO TO 3

NUM 2 SNUM

VEPTM = } .23

KS = 4

READ (NIN92T) (SR(I)e I = 1o NUM)

WRITE (NOUTe3]) NUM

(6
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10

11

12

WRITE (NOUT29) (SR(I)y I = 1y NUM)
SELT SERVICE RATE AT INVEKSE OF SERVICE TIME
VEPRT = 1 ,0/DEPTM

READ SIMULATION CONTROL CARD AND PRINT
HREAD (NIN®32) N® MAXSY TTIME

wRITE (NOUT#33) No MaAXS

wRITE (NOUTe38) TTIMg

CHECK SIMULATION RUN LIMITS

IF  TARRRT oLE. Q40) 60 TO 7

IF (DEPTM JLEe - 0.0) GO TO 7

IF (TTIME JLEe 0+0) GO 7O 7

IF (N oEUe u) GO0 TO b £

IF (MAXS +LT, N) GO 70 7

IF (KA oEWe ) 60 T0 7

IF (KA oGTe «) GO 7O 7

1F (KS .EQe .) GO FO 7

IF (KS 6T, +) 60 TO 7

IF (ANUM oEQ, .0e0) GO TO S

IF (ANUM .GT. 500.0) GO TO 7

NUM & ANUM

VO & 1 = 29 NUM

J 8 le]

IF (AR(J) 06T, AR(I)) GO TO 7
CONYINUE

LF (S5NUM .EQ, 0.0) GO 7O 8

IF (SNUM +6Y, 500.0) GO TO 7

NUM 3 SNUM

VG 61 3 1o NUM

IF (SR(I) +LTe 0e0) GO TO 7

CONTINUE

60 TO &

PRINT OUT DATA ERROR MESSAGE

wRITE (NOUTo1S)

WRITE (NOUT» 36)

60 T0 )

END UF INPUT DATA CHECK

sCO0P = 999999,9

SIMULATION OF A GIVEN NUMBER OF CHANNELS (N) BEGINS HERE
INITALIZE SYSTEM FOR NEXT SIMULATION RUN
TIME = 060

TINARY 2 0,0 - e e e e e

WUEUE = 0,0

CUMUTL B Q60
CUSEHRY . & 00

I1Z 8 «

xKCUS = 0

NFLAL 8 ¢

IUSERV B ¢ ,

SET = RAND (1236567)
DOl M= }o 100
CUMQUE (M) 8 (40

VO 1L L = Jeo N
TNOPR (L) = 999989,0
STATUSI(L) = y40

VO 12 1 3 19 20

VO 12 J s )y l0
CH(ly J) B 0,0
PRINT MEADINGS FOR RESULTS
wRITE (NOUT3T)
wRITEL (NOUT938) N
WRITL (NOUTe"9)
WRITEL (NOUTeo¢)

PPEPLEPRPPEPDPPDODPDPDDPDPLRPBLDDPDPLLPLDPEBPDDLDLDPLBPPRPDDPLDPRPLDPRLOPDPLPEPDDLDPIPDPERDPDPPDPDDPDD

~
‘ﬁ)

6¢
%)
[.X)
(3]
60
[ Y)
1]
6v
Tv
74
1¢
]
Te
15

17
0
Ty
8v
8i
8¢
8y
B
8>
8o
8¢
8y
ay
Qv
91
Q¢
94
Qe
9>
56
97
9y
oy
10v
10l
10
103
10
105
100
10/
108
10¥
1lv
111
112
113
116
119
11o
3117
118
119
lav
124
128
123
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13

i1é

15

le
17
18

1y
Qv

el

a2

StV FIRST ARRIVAL OCCURANCE AT TIME ZERO
TNARvY = 0,0

CHile 1) = 0,0

14 = ]2}

MAIN SIMULATION BRANCH POINT

CHECR EACH CHANNEL IN TUNN FOR POSSIHLE OEPARTURE :

IF ALL CHANNELS ARE IDLE (TNDPR = 999999,9) THEN GU TO ARRIVE

IF ALL CHANNELS ARE, BUSY (TNARV IS GE. TNUPR) THEN GO TO ARRIVE
IF A DEPART IS NEXT (TNDPR IS ,GE. TNARV) THEN GO TO DEPART

SEY AND IVALUE KEEP MULTIPLE DEPARTURES IN CORRECT TIME SEQUENCE
SET = 888688, )

VO 1l I 3 19 N

IF (TSNDPR(I) oGT. TNARV) GO 10 14

IF (TNODPR(I) oGT4 'SET) 60 71O ‘14 ‘
SET s TNDPR(])

IVALUE = |

CONT f~UE

1 8  IvaLuUE

IF (SET o.L7. 888888,) GO TO }S

CALL AaRRIVE~

w0 TV 13

CALL CEPART

ON RETURN FROM DEPART CMECK SIMULATION TIME LIMIT
IF (TTIME GT. TIME) GO TO 13

END OF SIMUL'TION RUN===PRINT FIRST TWENTY TRIALS
Nl 2 Nel

IF (CUSERY oGEe 20.0) GO TO 16

NXX 3 CUSERY :

60 TO 7

NAX = 20 .

VDO 18 I = lo¢ MXX

WRITE (NOUTesl) (CH(Is J)o J = 19 NIl)
COMPUTE HOURS IN QUEUE FOR SUMMARY PRINTOUT
HRSNUW = 9.0

MAXQUE =

LY 2, ™ = 29 100

IF (CUMQUE (M) .EQe Qev) GO TO 19

MAKQUE = Me]

AM & M=)

HRSNW = HRSNU+ (XMeCUMAQUE (M) )

IF (MAXQUE oLTe 99) GO TO 21

alRlTe- (NOUToa)

IF INFLAG oNE. 76) GO TO 22

wRITE (NOUTs6 3§)

AN = N

xl1Z = 12 :
PRINT SUMMARY STATISTICS FOR THIS NUMBER (N) CHANNLLS
WRITE (VOUTs4ae) [2sy CUSERVe TIME

wRITe (NOUTsy 5) MAXQUE

XMNTX =z rRSNQ/TIme

wRITE (NOUTe .6) XMNTX

AMNTM = ARSNu/X1Z

wrRITE (NOUTe 7) XMNTM

PCUTIL = ((CUMUTL/TIME)®100.)/XN

wRITE (NQUTI48) PCUTIL

CWALIT = HRSNQ®COSTA

wRITE (NQUTeae9) HRSNWs COSTAe CWAIT
AlTIME = (TIME®XN)=CUMUTL

clple = aAlTIME®COSTS

uHx‘!’g (NQUTes0) AITIMEs COSTSe CIODLE
TCOO0¥ = CIDLEeCwalT

WRITE (NOUTes)) TCOOP

(8

197

‘QUESIM

PRPPLPRBPEPPPPRPDDBLDPLPLPBPLDPPLPLLDPLPDPRPLPPEDPLDLDPDRPDPDPDLPEPRPERPRPRPLDPRPPPRPRPDLDPDDD

12%
12%
126
127
12%
129
13v¢
131
132
133
134
135

137
138
139
160
1481
162
143
166
1485

1406

147
148
19
1Sy
151
152
154
15«
155
156
187
158
159
lé6v
161
164
1649
164
165
1606
167
168
169
170
171
172
173
17«
175
176
177
179
17y
l8v
lgl
18¢
183
186
185



192
COMPUTER MODELS
. STOP RUN IF TCOOP INCREASED FROM LAST RUN ¢
1F (1CO0P. ,GE, BCOOP) GO 1O 1
c STOP RUN 1F MAXIMUM NUMBER OF SERVERS REACHED
IF (N ,GE. MAXS) GO TO |
c UPDATE NUMBER OF CMANNELS AND CURRENT TOTAL COST
N s o)
oCO0P = TCOOP
¢ RETUKN FOR NFXT RUN wITH MORE CHANNELS (N)
, 00 70 ¢
23 FORMAT (10As)
26 FORMAT (20M1PROGRAM WUESIM FOR +]10A«)
25 FORMAT (1109XoFS,005KeFSe0e5X9F340)
26 FURMAT (l1oH ARRIVAL TYPE +1)1e8H RATE = +F¥e298H1 COST 2,F8,2)
27 FORMAY ()2F5.3)
28 FORMAT (1M o14928H ARRIVALS READ IN AS FOLLOWS)
29 FORMAT (1M ¢12FS.0) " ;s
30 FORMAT  ()aH 'SERVICE TYPE oI]oB8H TIME = +F8.2981 COST 3,F8,2)
31 - FORMAT ()H 2]4928M SERVICLS READ IN AS FOLLOWS)
.32 FORMATY (I1o9XoT109XeFS.0)
33 FORMAT (20H NDo CHANNELS START v I195H MAX o1I1)
3¢ FURMAT (30M MAX TIME oF6e0)
35 P ORMAT (354 @C@eERROR IN QUESIM DATA CARDS®oa#)
36 FURMAT (35H o9eeCORRECT DATA AND TRY AGAIN®@®o)
, 31 FORMAT (1M} i
" 38 FORMAT (31K FIRST TwENTY OCCURANCES FOR 0®,31]1916H®**SERVICE CHANNE
iLS)
39 FURMAT (B ARREVALseXobbHomeaa=DEPARTURE TIME AT CHANNEL NUMBER==-
1----)
0 FURMAT (bW TIMEwe=ouyXoooHONE TWO THREE FOUR FIVE SIX SEVEN EIGHT
. INIKE)
('Y FORMAT (1M oF®o]03XKe9F5.1)
42 FPORMAT (SO0MUC*OWARNINGO®*eQUE EXCEEDED PROGRAM LIMIT OF 99oce)
&3 FORMAT (08H 12@0RnARNING®2#20UT OF DATA BEFURE TIME LIMITecea)
'Y FORMAT (OMOAFTERsJ6oBH ARRIVED¢F6,007H SERVEDFO,usllH TIME UNITS
1§
5 FORMAT (23M QUEUE=MAXIMUM LENGTH =917)
4o FORMAT (23H =MEAN LENGTH zeFT7el)
67 FORMAT (z3H ~MEAN WALIT TIME SoF7.1)
48  FOURMAT  (23H SERVICE UTILIZATION =eF7.198M PERCENT)
4y FORMAT (20H COSTS=WwalT IN QUEUE+FTelollH UNITS AT $¢F6e206H o So
1 F9el)
S FORMAT (7X913HIDLE SERVICE oF7.1911H UNITS AT $9F602+4H 5 $oF9.2)
51 FORMAT (7X924HTOTAL COST OF OPERATIONSs16XolhEot9e2)
END
SUBROUTINE ARRIVE
COMMUN ALPMA (103 s ANUMy AR(500)0 ARRRTs ARRTMe CHM(2V, 10)s CUMQUE(
Blv0)e CUMUTLe CUSERVe DEPRTy DEPTH4y 1o IUSERVy) 12¢ KAy KCUSe KSo N
2v NFLAGIQUEUE »SNUMy SRI(500)9 STATUS(9)s Ty TIMEe TTIMEs TNARVe TND
3IPR(9)
c THIS SUBRUUTINE CALLED WHEN AN ARRIVAL IS THE NEXT OCCURANCE
c IT UFDATES THE TIME SPENT IN QUEUE
C IT UPDATES THE CLOCK TO THE TIME OF THE NEW ARRIVAL (PREVIOUSLY
Cc SLLECTED)
C IT CHECKS EACH CHANNEL TO SEE IF THE NEW ARRIVAL CAN BEGIN SERVICE
c IF A CHANNEL IS AVAILABLE IT DOES THE FIRST PART OfF THE
C DEPART PRUCESSING OTHERWISE IT ADDS ONE TU THE WUEYE
c LASTLYs IT SELECTS THE TIME FOR THE NEXT ARRIVAL TO OCCUR

M B QUEUE
CHECR LENGTH OF WUEUEs IF OVER 99 HOLD AT 99
IF 14 .LE. 99) GO TO )

Dbbbbb'bbbbbbbbbbbb)bbbbbbbbbbbbbbbbb)bbbbbbbb
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Y1)
187
188
i8v
19v
194
19¢
193
19«
195
190
197
190
19v
20V
201
20¢
203
2046
20>
200
201
200
20%
21v
21l
21¢é
213
21%
21>
210
21/
219
21
22V
221
22¢
223
224
22°
220
221
22°%

23v-
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[a N g

lu
i1
1¢
13
16

12

LE T

YPLVATE HOURS SPENT IN QUEUE

CUMUOE (Mel) = CUMQUE (Me1)eTNARVeTIME
UPDATE CLOCK TIME TO NEXT ARRIVAL
TIME = TNARV )

CHECK EACH CHANNELo IF STATUS = o IT IS AVAILABLE

VU )2 J 3 e N .

IF (STATUSI(J) +GT. 0.0) GO TO 11}
VO FIRST PARY OF DEPaART PROCESSING
STATUS (J) = 1,

GO YO (2939445)¢ KS

POISSUN SERVICE RATE

R & RAND(OQ)

¥ = ABS (DLPRTOALOGI(R))

G0 TL 7

NEGATIVE EXPONENTIAL SERVICE TiIME
R & RANDI((Q)

7T 8 aBS(DEPTM®ALOG(R))

60 T 7

CUONSTANT SERVICE TImE

1 8 UEPT™

60 TO 7

HEAD=IN SERVICE TIME

IUSERY =2 RCUSe)

NUM S SMNUM

I* (LUSERY oLE. NUM) GO T0 6
NFLAG = T

T @ 660666

LWl Tu 7

T o SR(IUSERVY) .

SeT TIME OF NEXT DEPARTUKE
INOPR(J) 2 TIMEST

STORe FIRST TWENTY UDEPARVURE TIMES IN CH
ARCUS = KCUSe

If (RCUS +6T, 20) GO TO &

11 2 Jo) i

CRIRLUSe 1) = TNDPR(J)

CUNT LNUE

CHECK 1IF OUT OF SIMULATION TIME
IF (TTIME LT, TNOPR(J)) GO TO 9
ACCUMULATE PROCESSING TIME
CUMUTL s CUMUTLeY

CUStKY = CUSERV+].0

60 TU 1o

eND UF SIMULATION UPDATING -
LAST DEPARTURE FORCEUL OUT AT TTIME

TK 8 T=(TNDPR(J)=TTIME) *
1IF (IR :G'o ved) GO TO ¢
TRn= (,

TNUPR(J) =2 TTIME

CUMUTL 8 CUMUTLeTR

LY T0 te

IF (U oGEo N) GO TO 3

CUNT INDOE

ALL CrANNELS ARE 8USYs -ADD ONE TO THE QUEUE
WUEUEL = QUEUE < )

SELECT ARRIVAL TIME (STORE FIRST TWENTY IN Cm)
0O TU (1591691 7918)0 KA

POISSON ARRIvalL TIME DISTRIBUTION

R & RANDI(Q)

TNARVY 2 ABS(ARRTM®ALOG(R))

TNARY = TNARVeTIME

:n:s:nx.nma:a.:nm:n:nmm:nxm:x::nu.:nxu:m:nm:pmm:::m:n:cm:n:c:nma:.:.n.nxmm:nmwmmmmmmm&mmiamr
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94

COMPUTER MODELS

16

(g} OOOOOOAONOO

[}

17

b

19

e

- CUMGQUE (M+])

IZ = JZe])

IF (12 .GT, 20) 60 TO 20
CHilZ, ) = pyaRy

G0 Tu 290

NEGATIVE EXPO ARRIVAL TIME DISTRIBUTION
R = ®aND(9g)

TNARY = ABS (ARRRT®ALOG (R))
TNARV = TNARVeT]IME:

12 = [2¢)

IF (1Z +GTe 20) GO YO 20
CH(lZy 1) = TNARYV

Gu Tu 20

CONSTANT ARRIVAL TIMES
TNARY = TIME«ARRTM

I 3 [Ze)
IF (12 6T,
CH(llLy 1)
GO TU 20
READ IN ARRIVAL TIMES

IZ 8 J2e)

NUM = ANUM .

IF (12 «LEks NUM) GO TO 19
AR(1Z) = 777777

NFLAO B 7o

TNARYV = AaR(12)

IF (I1Z «GTe 20) GO TO 20
CH(ILo ]) = THARYV

RETURN

END

°C) GO T0 20 -
= TNARV

SUBROUTINE DEPART

COMMUN ALPHA(l10), ANUM, AR (500) ARRRT,
1100)° CUMUTLe CUSERV® DEPRTY DEPTMs ]9
2e NFLAGIQUEUE +SNUMy SR(500)9 STATUS(9),
3PR(9)

THIS SUBROUTINE PROCESSES THE DEPARTURE
IT UPDATES THE HOURS SPENT IN THE QUEUE
IT
SLLECTED)

IT CHECKS THE LENGTM OF THE QUEUE
IF

ARRTM, CH(20, 10), CUMQUE ¢
IUSERVY I20 RAo KCUS® KS*® N
Te TIMEs TTIMEs TNARVe TND

OF EVERY CUSTOMER

UPDATES THE CLOCK TO ThHE NEXT OEPARTURE TIME (PREVIOUSLY

NO ONE IN QUEUE IT SEVS THE CHANNEL AT AN IDLE STATUE (THIS

VDELPARTURE WAS PREVIOUSLY PARTIALLY PROCESSED EITHER AT

AKRIVE OR BY A PRIOR PASS THROUGH DEPART)
If A QUEUE EXISTS THEN TAKL ONE FROM THE QUEUEs SET ITS DEPARTURE
TIMEs SET THE 'CHANNEL AT A BUSY STATUS AND RETURN

M 3 WUEUE

CHECK LENGTH OF QUEUE
IF (M LEe 99) GO 10 1
M B Y9

UPDATE THE HOURS SPENT IN QUEUE

s CUMQUE (M¢1) ¢TNDPR(I)=TIME
UPDATE THE CLOCK TO NEXT DEPARTURE TIME
TIME = TNOPR(I)

IF (WUEUE+GE.]eg) GO TO 2

IF OVER 99 HOLD AT 99

THIS SECTION COMPLETES THE PROCESSING OF A CUSTUMER

wHEN NO ONE IS WAITING IN THE QUEUE
STATUS(I) = (40

TNDPR(]I) = 999999,9

R TURN

THIS SECTION DOES THE ULEPART PROCESSING
wHEN THE CHANNEL HAS BEEN BUSY

GUEUL = WUEUE = .9

(%
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8v
8l
8¢
83
8¢
8%

817
8b
8v
ov
91
e
94
Q6
95
96
o7
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103
208
105
100
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00 TO (39635+6)9 KS

SELECT NEXT OEPARTURE TIME
POISSON SERVICE RATE

R = RAND(O)

T s ABS(DEPRT®ALOG(R))

GO TU 8

NEGATIVE EXPONENTIAL SERVICE TIME
R @ KAND{OQ)

T 8 ABS(VEPTMOALOG(R))

G0 TU 8

CUNSTANT SERVICE TIME

T 8 VEPTM

G0 10 8

REALU~IN SERVICE TIME

IUSERV = KCUSel

NUM & SNUM

IF (JUSERV oLEe. NUM) GO TO 7
NFLAG = 7o

T 2 666666

60 TU =«

T = SR(IUSERV)

TNOPR(I) 5 TIMEeT

STORE FIRST TWENTY DEPARTURE TIMES IN CH
KCUS 2 KCUS*;

IF (KCUS «GT, 20) GO 70 ©

1l 3 1}

CR{KCUSe II) = TNOPR(I)

CONTINUE

CHECK IF OUT OF SIMULATION TIME
IF (TTIME oLTe TNOPR(I)) GO TO 10
RESET STATUS HBACK TO BUSY AND RETURN
CUMUTL 3 CUMUTLST |

CUSERV = CUSERV91.0

STATUS(I) & 1.0

RE TURN

ADJUST T AND CUMUTL AT TERMINATION OF SIMULATION
LAST CUSTOMER FORCED TO DEPART AT TTIME
TK 3 T« (TNOPR(I)=TTIME)

IfF (T +GT+ 0.0) GO TO 3%

I @ ge

TNOPR(I) = TTIME

CUMUTL = CUMUTLeTK

STATUS(I) & 1.0

KHE TURN

END

FUNCTION RAND (K)

MACHINE UEPENDENT RANDOM NUMBER GENERATOR (0 TO 1)

THIS VERSION IS FOR 32 BIT WORD (IBM 360)
K SET AT POSITIVE 000 INTEGER TO INITALIZE

K SET AT ZERO TO CONTINUE STRING OF RANDOM NUMBERS
SLE NAaYLORyCOMPUTER SIMULATION TECHNIQUES,®WILEY *SUNSs1966

IF (R) 29291 ’
N 3R

N = N®16807

1F (N) 3e490s

N 8 N*214T7648366T7¢)

AN 8 N

KAND = XN/21474830647,.

Re TURN

END

-
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YOUR ,NAME « alL PREMIIIM TRUCK

1 « 03 21667 2

2 195, 1000, «133
l 10 ﬁOOOo

YOUR NAME =« ag nNELUX TRUCK

l «N3 01667 2

2 12. 1400, o167
1 1 ‘500N,

YOUR NAME = ad TWO PREIUM TRUCKS

1 al-] o 1667 2

] 15, 1000, o133
2 2 &£N0N,

YOUR NAME « i NEW PREIUM TRACK

i « N «1667 2

2 1S ana, 10
1 | ANQN,

YOUR NAME = we nNE DELUX TRUCK

1 o NS 1667 2

2 12, 1400 0167
1 1, 60000

YOUR NAME = wa TWO NFwW PREIUM TRUCKS
1 e 0D «1667 2

. 2- . 18¢ — . . 800, .- - <10
2 el A$000e.

YOUR NAME = (L ®REIUM / ¢ PER HOUR
1 «N6O7} 1667 2

2 15, 1000 «133
1 1, ~000.

YOUR NAME « Ce NELUX 7/ 4 PER WOUR— — ————
1 20007 1667 2

2 126 14000 e167
1 . 1, A~000o

YOUR NAME = (3 TWO PREIUM / & PER HOUR
1 o077 1667 2

2 15 1000, 133
2 el 40000

YOUR NAME = U sOT

1T 05 <1667 3

2 124 1400 0167
1 le 6000,

YOUR NAME = y<Z 07

| '-05 «1667 1

2 19, ‘000. 0133
2 2 &anpn,

YOUR NAME = ys s0OF

1l s 09 .1667 3

2 1S 1000, «133
2 2 6000,

YOUR NAME « UL RANDOM

1 009 0‘667 1

2 15, 1000, e133
1 1. 6000,

YOUR NAME = uc oANDOM

1 oD 01667 3

2 19, 1000, o133
1 le 6000,

YOUR NAME =« UJ RANDOM

1 o NS 1667 1

2 12, legn, elb7
1 l. A000.

STOP

167




PRAGRAY WUEBUES Pur YLUT AarvE o Ay BTclusm TR PR

ARPIVAL TYPL | wailr = o't COST = _e17  SCHIDULE WULE ?
(rCFS)
SEDV‘CF TYPE 7 lamFp = A gin
FIAEL Cud1 3 1ana, VARTARLFE COST @ e13
NO, CHANNELS St1emt | maY vAxY TIMF AOPL
FIPST TWENTY OCLUNDTICES FAR 1 SEQUTICE ChANELS
ARPIVAL wocee= 8 PARTHNE T] ‘F AT CuUARNNEL AiW-ifReameee
TIrFeaa UNF 1m0 T irFE Frge FIVE STx SFyFN FTGHT NINE
n 2.9
?6'0 45.5
?602 45‘6
4n 6 56 _«

128, 2 193]y
135.6 199 .4
la8,0 2087
148,0 2ce, ¢/
1R4 .8 236 3
2r0,1 247,49
221,3 263,/
223,00 265 0
243,3 26t ¢
244 ,4 rd-B I
46,7 L
249,7 285,
20242 3240
3rbeB 335.n
31n,9 338, |
376.1 421,

AFTER 276 AwRIVER  #72 QCAVEN &7ac TIME niNITS

QUEUE=MAXTMUM [ BivtaTH 7

=MFAN LENGIR 1.-

emEAN walT 11mT 21.8
SEnVICE UTILIZatium T4 .5 PERUENT
AVFRAGE ARKIVALYS PEN TTme gMIT Y
AVFRAGE SEWVICE 11imE 16.3633
MEAN NOe IN Trk SYQTEN 1739
VEAN TIME I Tre SvSTEw A7 .08,

COST INFORMATION UF QPFRATIV '

CUSTS=wAlIT IN WULUF €921,5 INTTS AT 3 17 = ¢ 987412
SEpVICF COST vamsaulE 295, 1INTTS AT & el3 = § 3618
cELvICF COST Flach lunn_ oy Itk 1 cHANNELG = § 1000.00
TOTAL CcOUST OF OPewaATIONS < 2023,29
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PRNGKRAM GQUEUES ruw YOUR nAME . H] NEw PRFLUM TRACHK

ARRIVAL TYPE | waATF = 18  COST = «17 SCHEDULE RULE 2 4;5:
(FCFS)
SErvICE TYFE 7 [imF 3 154110 .
FIXED Cual b HAn oy VARTABLF COST ¢ ol
NO, CHANNELS STarl 1 MA¢ ) MAX TTME ~000
FIRST TwENTY OCLUROENMCES FNR 1 SERVICE CHANNELS
ARRIvVAL wewmn=E PARTIINE TI+E AT CHANNFL N{/4HER====ce
TIME=== ONF 1w THREF FOUR FIVE SIX SFVEN EIGHT NINE
0 Cow
26,0 45 &
2602 4o~
40 _6 56,4

128,2 193, v
13506 199.“
14R,0 el8.¢
148.0 20847
1a4.8 236,14
2nn,1 247.9
221.3 263,/
223,0 265,n
2‘393 26".f
264,66 - PBL g1 - - — — -
2467 282~
249,7 285 n
2Q2,2 324 0
3r6,8 335,
31n,9 3381
376,1 421>

AFTER 276 Awwmiven 27?2 SERVED 6000 TIME uNITS

CQUFUE=MAXTHUM | EnOTH 7
«MEAN LEwG IR 1.0
«MEAN wall 4 1ME 1.5
SEpVICF UTILLl/atiuwn 74.5 PFRCFMT
AVFRAGE ARRIval 3 r#=i TIwww nillry N TNCY
AVERAGE SEwvICr 1InT ‘ 16.32633
" MEAN NOo IN Trr JYRTEM 1.7396
MEAN TTIME IN Iree SySTEW 37618
COST TNFOKMAT[(ON OF JPERATIY IS
COSTS=wAIT IN wucue H921,.,5 DNTTS AT § e17 = 4 987.12
SEpVICE COST varmaauE 272, UINITS AT % o1n = & 27.2r
SERVICE COST rlacw ANAL0L wITH 1 CHANNELS = g 800600
7TOTAL COST OF: (rcmaT]IONS % 1816,32
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27

PROGRAM QUBUES rum Y)IUK NAYE _ C1 PRFIUM 7/ 4 PER HOUR

ARRIVAL TYPE 1 nufe =3 «'?7 C€NST = e17 SCwEDULE L E 7
) (FCF &)
SEcVICE TYPE 2. (imr = 18,
CFIARD CLusl 3 Lina,ns VARTARLE CCST » 13
NO, CHANNELS STunl } may ) Max FIME  A00C
FIRST TWENTY HCUURDENCES FAR 1 SERYICE CrannELS
ARRIVAL cewe=2 FPP\RTIINFE 11 «F AT CHANNFL AN IMIfRrecece
TIME=== ONP  Tn0 TrRerF P02 FIVE STX SFVEN EIGHT WINF
0 2.6
19,5 39,0
196 39.1
3004 49,9

96,1 161 .M
1”1-6 15703
170,9 176 .6
110,9 176,1¢
138,5% 204 ¢
1s¢0,0 215
165,9 231,e
147 .2 232,9
182.4 248,1
1R3,2  249,0
l1p4,9 250,7 —
187,2 252,9
219.0 284 ,n
230,60 295,7
233,1 298 .1
280,5 346.3

AFTER 388 AWrivPEN 374 SERVED 600N TIME ONITS

QUEUE =MAXIMUM LENGTH 7

-MEAN LENG (N 5.2

«MEAN WALIT 1]ag 1, R
SEoVICE UTILI/a)aum 98,7 WFRCENT
AVERAGE ARRIVALY PFR TIMF IN]IT 667
AVFRAGE SERVICE tIvE 15.72‘7
MEAN NOs IN TRE OYSRTEM 4.3 42
MEAN TIME IN Twe SYSTEwW 97,481

COST INFORMATION OF JPEWBTIV.C

COSTS=wAIT IN wuews 31725, , \INTTS AT e17 = ¢ 528,55
SERVICE COST vamdualE 274, UNTTS AT $ el = & 4YeTa
sEpyICE COST rlatw Lora,ny 4Ie L ARANNELG = ¢ 1000,00
TOTAL COST OF OrPemATIUNS % 6338,3n
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PRAGNAM QUEUES ruw YOUR NanmE - D) S§OT

ARRIVAL TYPE | wATE = 1% COST = 17 SCHEDULE ROLE 3
. (SOT)
SERVICE TYPE 2 1imr = 12470
FIAEL CcUaT ¢ l#nn‘no ‘ VARTAHLF COST $ 7
NO, CHANNELS STaxl | May Mpy TTME 6000
FIRST TWENTY OCCUNPENCES FOR 1 SERVICE CHANNELS
ARRIVAL ceaea=NFPLRTIIRE TIME AT CHANNFL N MRER®==eee
TInEe=m ONF 1w THREF FAUR FIVE SIx SFVEN FIGHT NINE
0 2" .

26,0 4] .-

26,2 41,7

40,6 5e,4

128,2 181 7

135,6  185,¢
148,0 185,/

148,0 192, .~

18‘.8 2{.‘1.\'

2A0,1 2239 Tt T
221.3 236,60

223, ¢ 237 7

243,3 2554

‘244 4 256 1
246,7 257,
249,7 259,14
292,2 317,.~
Ar6,8 326,
310,.9 328,9
374.1 412,1

AFTER 276 AwWIVEN 272 SERVED so0nn TIME nNITS

QUEUE=MAXIMUN | enGTH &
=MEAN -LENG N .
«MEAN WALT |1uE 17.R
SEpVICE UTILIzais0m §9.4 PFRCEnmT
AVERAGE ARRIVAILS PFR TIMF NIT e NG HN
AVERAGE SENVICF i 1E 13.10%a
MEAN NO, IM Trr JYQVEM 1en97R
MEAN TIME IN Tme SvSTEM 723.864%
COgT INFORMATENN OF QPERATTO Ig
COSTS=wAIT IMN wuclir FOAR,H IINITS AT ¢ 17 = ¢ 494,89
SEpPVICE COST vamimalE 272," ''/NITS AT % 19 = 8 45042
SEnvICE COST risen  1a0n ny ,Igyw 1 CHANNELG = § 1400,00
TOTAL COSTY Up OPeRATIONS $ 1940.32
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PROGRAM WUEUES ruw YUUR MAYE « N1 RARDOM

ARRIVAL TYPE 1 rale = o )& COST = 217 SCHEDULE RULE 1
k (RANDOM)
SERVICE TYPE ~» 1umF = LYRL
FIXED Cuatl § 100, 0 VARTABLF COST 3 13
NO, CHANNELS START ] MaYv “Jax TIME 6000
FIRST TWENTY OCCUKPENCES FAR 1 SERVICE CHANNELS
ARRIVAL cece==)FPARTIIRE TTYE AT CHANNFL N IMPER==cee=
TIME=w- ORF fmn THREF FOUR FIVE SIX SFVEN EIGHT NINE
0 2.6
26,0 45 5
26.2 4S.ﬁ
40,6 56_«
128,2 1939 .

135.6 199.6
148,0 208,7
148,0 229,.3
186,8 247 .M
200,1 247T,9
221,3 263,17
223,0 278,y
246363 28l.1
24644 313,n
266,7 314,7
249,7 317.4
262.2 318.6
3”6.8 32906
3109 330.9
‘37401 421.%

AFTER 276 ARRLIVEN 275 SERVED 6200 TIME UNITS

QUEUE=MAXIMUM LENGTH 7

-MEAN LENGIN l."

-MEAN WAIT 1ImME 2243
SEpVICE UTILIZaiauUn 74.R PFRCENT
AVERAGE ARHIValLd WFR TIME ynNIT YA )
AVERAGE SERVICE 1 IwE 163207
MEAN NOe IN THE DYSTEM 1.7773
MEAN TIME IN THE SYSTEM 18.6376

COsT INFORMATION OF QPERATIOIS

COSTS=-WAIT IN nucUF 6159,5 'INITS AT 17
SERVICE COST variaalE 27g.0 1INITS AT $ ol
sEavICE COST FIx&0 1300 ,09 ,IyH 1 CHANNELG

1026+80

$
$ 3657
¢ 1000,00
$

TOTAL COST OF OMFcKRATIONS 2063.37
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ANALYSIS OF RESULTS

1. The three alternatives available to Rio Valley Electric Co-op (herein referred to as Rio)

are:

Mean Variable Fixed cost/

service cost/ simulation )
Alt, rate unit run Description
A=-1 15 $.13 $1000 one premium truck
A-2 12 <17 1400 one deluxe truck
A-3 15 .13 2000 two premium trucks

For all the alternatives the FCFS priority rule was used and the simulated runs were for

6000 minutes. The results for the runs are:

Mean Mean

length wait Service Cost Var. Fix Total
Alt, Queue time util. wait cost cost cost
A-l 1.0 21,5 74.2% $987.12 $36.18 $1000 $2023.29
A-2 .5 11.5 59.4 529.42 45.42 1400 1975.22
A-3 .1 1.1 37.2 51.25 36.44 2000 2087.69

From the runs Rio should choose alternative A-2 as it has the lowest total cost. However,
if the Rio Company i1s planning to grow it might prefer to choose altermative A-3 since
this alternative has the lowest service utilization and thus would allow for the most
growth (note the very low waiting cost as compared to alternatives A-1 and A-2).

2. The lower cost of the premium truck definitely changes the optimal cost alternative of
question 1. The alternatives now available are:

Mean Variable Fixed cost/
service cost/ simulation
Alt. rate unit run Description
B-1 15 $.10 $ 800 new premium truck
B-2 same as alternative A-2 .
B-3 15 .10 1600 two new premium trucks

The results from the computer runs are:

Mean Mean :
length wait Service Cost’ Var. Fix Total

Alt. Queue time util, wait cost cost cost

B-1 1.0 21.5 74.2% $987.12 $27.12 $ 800 $1814.32

B-2 - 11.5 59.4 529.42 45,42 1400 1975.22

B-3 .1 1.1 37.2 51.25 27.40 1600 1678.65

Clearly Rio should select B=3 as 1t has by far the lowest cost and because of the low

- o~

service utilizatzica will allow for the greatest expansion.

3, The alternat:ve. C-1l, C-2, and C-3 are the same as A-1, A-2, and A-3. In these runs the

arrival rate waoor
follows:
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T a1 fron 3 to 4 per hour (Poisson). The results of the runs are as



Mean Mean

e e —o— -~

length wait Service Cost Var. intx Tl
Alt, Queue time util, walt ~er e . .t
c-1 5.3 8l.8 98.0% $5268.55 54974 §1C00  Su338.30
c-2 1.3 19.8 79.8 1285.83 64.83 1400 2750,62
c-3 .1 2.1 49.9 137.50 51,60 2000 2189.10

Alternative C-3 is the best selection. This is due, as was mentioned in part 1, to th?
fact that the alternative C-3 had room for expansion while the others were already being
highly utilized. There is still quite a difference between the waiting time cost.

4. 1In this part we are asked to compare the result of part 1 using the other two priority
rules, SOT (D-1S, D-2S, and D-3S) and RANDOM (D-1R, D-2R, and D-3R). The results of the
computer runs are shown below:

Mean Mean
length wait Service Cost Var. Fix Total
« Alt, Queue time util, wait cost cost cost

A-1 1.0 21.5 74.2% $987.12 $36,18 $1000 $2023.29 -
D-1S .9 19.0 74.2 873.53 36.18 1000 1909.70
D-1R 1.0 22,3 74.2 1026.80 36.57 1000 2063, 37
A=-2 5 11.5 59.4 $529.42 $45.42 $1400 $1975,22
D-2S 5 10.8 59.4 494,89 45.42 1400 1940.32
D-2R .5 10.7 59.4 493,38 45,42 1400 1938.81
A-3 . .1 1.1 37.2 $§ 51.25 $36.44 $2000 $2087.69
D-3s o1 1.1 37.2 51.01 36.44 2000  2087.45
D-3R .1 1.1 37.2 52.84 36.44 2000 2089.29

In the first set of alternatives, D-1S is the best selection. This is due primarily to the
fact that the mean waiting time is less .for the SOT rule since the shorter jobs are worked
on first and gotten out of the system quickly.

The runs using the deluxe truck, D-2R gave the best result. Here the range was not
nearly as wide as for the single premium truck.

In the case of the two premium trucks (A-3, D-3S, and D-3R) the run using the soT
rule gave the best results. The best explanation for this is that because of the large
amount of slack in the system (35% utilization) it really doesn't make too much difference
which rule is used.

D-2R has the lowest cost of all nine runs. This indicates that under present conditioms
the deluxe truck would be the best selection and that the RANDOM priority rule should be
used. In actuality the company should probably select the deluxe truck and use a modified

-SOT rule (such SOT between 8am and 8pm, all jobs in QUEUE at 8pm on FCFS until 8am fol-
lowing morning).

CONCLUDING REMARKS

From the results of the run, the following would be recommended to Rio:

1. If Rio expects the arrival rate of calls to remain about 3/hr, they should buy the deluxe
truck, provided the premium is not available at the reduced rate.
2. 1If arrival rate is expected to increase, buy the two premium trucks.

As is suggested, the two premium trucks are probably ‘the best selection all around..One
major reason for this would be that if one of the txrucks broke down, the other would still be
able to make service calls.

T4
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Mean Mean

length wait Service Co=t Var. D ot
Alt, Queue time util, walt oo . .o
C~1 5.3 8l1.8 98,0% $5268,55 974 S1Cuv) $U3FR,30
C-2 1.3 19.8 79.8 1285.83 64.60 1400 27D30.62
c-3 .1 2.1 49.9 137,50 51.60 2000 21€9.10

Alternative C-3 is the best selection. This 1s due, as was mentioned in part 1, to the
fact that the alternative C-3 had room for cipansion while tuc others were already being
highly utilized. There is still guite a difference between the waiting time cost.

In this part we are asked to compare the result of part 1 using the other two priority
rules, SOT (D-1S, D-25, and D-35) and RANDOM (D-1R, D-2R, and D-3R). The results of the
computer runs are shown below:

Mean Mean
length wait Service Cost Var. F1x Total
Alt, Queue time util. wait cost cost cost
A-]1 1.0 21.5 74.2% $987.12 $36,18 S1000 $2023.29 -
D=1S «9 19.0 74.2 873,53 36.18 1000 1909.70
D=-1R 1.0 22.3 74.2 1026.80 36.57 1000 ~2063.37
A-2 5 11,5 59.4 $529.42 $45.42 $1400 $1975.22
D-2S .5 10.8 59.4 494,89 45,42 1400 1940.32
D-2R .5 10.7 59.4 493,38 45.42 1400 1938.81 |
A-3 .1 1.1 37.2 $ 51.25 $36.44 $2000 $2087.69
D-~35 .1 1.1 37.2 51.01 36.44 2000 2087.45
D=-3R .1 l.1 37.2 52.84 36.44 2000 2089.29

In the first set of alternatives, D-1S is the best selection. This 1s due primarily to the
fact that the mean waiting time is less for the SOT rule since the shorter joos are worked
on first and gotten out of the system quickly.

The runs using the deluxe truck, D-2R gave the best result. Here the range was not
nearly as wide as for the single premium truck.

In the case of the two premium trucks (A-3, D-3S, and D-3R) the run using the soT
rule gave the best results. The best explanation for this is that because of the large
amount of slack in the system (35% utilization) it really doesn't make too much difference
which rule 1s used.

.D-2R has the lowest cost of all nine runs. This indicates that under present conditions
the deluxe truck would be the best selection and that the RANDOM priority rule should ?e
used. In actuality the company should probably select the deluxe truck and use a modified
SOT rule (such SOT between 8am and 8pm, all jobs in QUEUE at 8pm on FCFS until 8am fol-
lowing morning).

CONCLUDING REMARKS

1.

2.

From the results of the run, the following would be recommended to Rio:

If Rio expects the arrival rate of calls to remain about 3/hr, they should buy the deluxe
truck, provided the premium is not available at the reduced rate.

If arrival rate is expected to increase, buy the two premium trucks.

As is suggested, the two premium trucks are probably ‘the best selection all around. One

major reason for this would be that if one of the trucks broke down, the other would still be
able to make service calls.
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PROGRAM WIIEVUES

MARCH 1v/2 M J MAGGLARD
THIS VERSION FOR CUC 3100
DICTIUNAmY OF VARIABLES

ATTIME THE MUURS OF SYSTEM IULE TIME = TOTAL

ANUMo SNUM NUMBER OF REAUS IN ARKIVALS AND SEKVICE
AR(50V0) AN ANRAY OF READ IN amRIVAL TIMES

ARR RlIyunp TM THE aRKIVAL RATE aANu TIME

CH AN ANKAY OF ARRIVAL anNL SERVICE ON FIRST 20 CUSTOMERS
CILLE THE CuST OF EYETEM IuLE TIME - TOTAL

CUMQUE (jun) AN AHKAY WHICH STORES IDLE CUSTOMER HOURS
CcOSTS THE CUST PER TIME UNLIT OF IDLE SERVICE

coSTA THE CUST PER TIME UNLT OF IOLE CUSTOMERS
CUSERVsRCLUIS THE NUMBER OF CUSTOME~S BEING SERVED

cealv THE CUST OF CUSTOMERS HOULRS IN QUEUE = YOTAL
DEP RTevtp TM THE SERVICE RATE ANU MEAN DyRATION

HRSNQ THE MUURS OF CUSTOMER TIVE IN QUEVUE = TOTAL
IeJ THE CHANNEL MNUMBER BeING PROCESSED

12 NUMyew OF ARRIVALS wnlICH HAVE OCCURED

KAsKS OPTIUN CODES FOR ARRLVALS AND SERVICE

NeMaAXS BEGINNINGsMAXIMUM NUMER CHANNELS

PCUTIL THE WeRCENT UTILIZATLION Of ThE SERVICE FACILITY
QUE THE NUMKRER OF CUSTOMe WS IN QUEUE AT ANY PCINT
SR(50¢) AN AHRAY UF READ IN SeRVICT TIMES

TCOOP THE TUTaL CcOST OF THe SYSTEM

TIME«TTiMF  CLUCKR TIME,MAX SIMULATION TIME

TNARV THE LaTEST ARRIVAL TIME

TNOPR THE UEPARTURE TIME Or THE LATEST DEPARTURE

MAY He SET ARTIFICALLY FOR PROGRaM EFFICIENCY
XMNTNoXMNTX MEAN wAIT TIMEOMEAN NUMBER IN GQUE

AVARRA AVERAOGE ARRIVALS PER TIME UNIT

AVSERV AVERAOE SERVICE TIME

AMNIS MEAN NO. IN THE SYSTEM

AMTIS MEAN TIME IN THE SYSTEM

vCOST ‘TOTAL VARIABLE COST Ur OPERATIONS

VCOSTS VARIauslLE COST PER UNLT

FCOST TOTaL FIXED COST QF 'UPERATIONS

FCOSTS FIXEU COST PER UNIT

wsveT AN AR®RAY OF GUEUEN SewVICE TIMES

KRULE SCHEVULE RIILE CODE (1=RANDOMI2=FCFSs3=S0UT)

COMMON L PHA(L10) sanyMoARRKT 9 ARRTMoCH(20410) s CUMUTLICUSERVIDEPRT,
DerTMoloIUSERVIIZoKA KCUSIKSeNgAFLAGySNUMsSTATUS(9) 9Ty
TIMESTTIME o INARVoTNDPR(9) yAVARRA JAVSERV 4AMNIS JAMTIS,
VLUSToVCOSTHeFCOST FCOSTS.KHULE;IOUE.CUMUUE(1nl)v
GoveT(101) san(5V0) 9ySR(S00)

COMMON sunTa/ I1ENU

DATA (lennp=4HSTOP)

ISTOP=]en

NIN=60

NOUT=e] *

READ ahu PRINT USEN NAMF CARD

CONTINUE

READ (NINe311) ILPma

WRITE (nNutiTe321) 1LPHA

IF (1LPrAl]) ebweISTURY GO TO 3Vl

READ ANV prINT AwwlyvalL 1ATA CARD anND SCHEDULE RuLt CODE

HEAD (NI~ 331) Ragu~MT CCSTA KRULE JANUM

WRITE (Ut Tedel) Aas i uwTeCISTAIKKULE

IF (ru LTe0) Ou T 2,1

SN -

IF (Ra,0Te4) w0 Tu 231

IF (Am LFelLTet - T 24

IF (r= Lte "o ! N 2wl

GU Tu el dlrvente =t
CONTINLE

WRITE (nuiTessyd d

> B> D OODDBDD DD DPDDDLD DD bbDbbbbb,bbbbbbbbbbbbbbbbbbbbb’bbbbbbbbbbbbbbbb
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4]

51

61

71

81

Y1

iel

GO Tu =l
CONTINUE
WRITE (nUNITe361)

60 Tu =l
CUNT INUE
WRITE (wuitTe371)
READ ARwIVAL STATILISTICS
CONTINUE

1F (aNiMoeLEeQev) GO TO 71
NUMzANUM
ARKRT=Z] o¢ 4
KA=4
WRITE (wUuTe39]1) NUM

X" (ANiIMeGT 450U 0) GO TO 291
READ (Nine381) (AR(I)9oI=]19sNUM)
WRITE (nUNTe401) (AR(I) e I=1eNUM)
D0 61 I=ze¢ NuM
J=l=1

IF (am(J)eGTeAR(]I)) GO TO 291
CONT INUL
SET ARRivalL TIME al INVERSE OF ARRIVAL RATE
CONTINUE

IF (ARKRT.LEeueu) GO TO 291
ARKTM=1,U/ARRRT
READ ANu PRINT SERVICE DATA CARD
READ (NiNe4ll) KSeUEPTMeFCOSTSoVCUSTSySNUM
WRITE (nUIT9421) KSH,DEPTM
WRITE (NOUT9431) rCOSTSeVCOSTS

IF (ns,EQ,0) GU TO 291

IF (A5,6Te%4) GU TO 291

IF (DNHM.LEQOQU) GO 10 91'
NUM=SNUMm
DEPTM=]1.234
KS=4
WRITE (nuUNTe44]1) NUM

IF (OniiMeGTeS5UV.0) GO TO 291
READ (Ning381) (SK(I)eI=1enUM)
WRITE (WUUT9401) (SR(I)sI=1eNUM)
DO 81 Izl .NgyM

1F (5"(1’0LT.U00) 60 T0 2N
CONTINUE
SET StRvirE RATE al INVFRSE OF SEMVICE TIME
CONT INUE

IF (uePTM.LEegyey) GO TO 291 S T TmrTm e T
DEPRT=]1.u/DEPTM
READ SIMULATION CUNTROL CARD AND PRINT
READ (NiINg45]1) NeMaxseTTIME
WRITE (NUUT9461) NeMAXSeTTIME
CHECK S1miLATION RUN LIMITS

IF (Net Qo) GO TO 291

IF (MaxSe.LTeN) 6O TO 291

IF (1IIMEJLEoveu) GO TO 291

.ENU OF InPUT DATA CHECK

BCUORP=999999,9

SIMULAT Ut OF A GIVEN NUMBER OF CHANNELS (N) BEGINS HERE
INITIALL4E SYSTEM POR NEXT SIMULATLION RUN
CONTINULE

TIMES ey

TNARV=T

IQUE=]

CUMUTL=E Y.

CUSERV=Z ey

12=0

KCUS=9

NFLAG=(

IUSERVEY

176

PP P>PPEBPDEBD DB PP P PR PP DD DDPLLBEREDDED BPLBDD PEPEBRBDPLBBDPEBDDDLOD DEDERDPEDPED>DDEDED D

116
117
118
119
120
121

122
123

124
125
126
127
128
129
130



111

c
121

OOO0O0O0O

131

14l

151
le6l

171

lgl

191

2ol

211

SET=RANU 11234567 0)
DO 111 m=1+100
@SVCT(M)=0,0
CUMQUE (M) =0,0
CONTINUE
VETERMINE SERVICE TIME FOR THE 1ST ARRIVAL
GO TU (121913192419151)y KS
POISSOw SERVICE RATE
CONTINUE
RaRAND (g eg)
TaAgS (DerHT®ALOG(N) )
GO Tu 161
NEGATIVE EXPONENTIAL SERVICE TImMt
CONTINUE
R=RANQ (0 9)
T2ABS(DePTM®ALOG(NK))
GO T0 161
CONSTanT SERVICE TIME
CONTINUE .
T=0EPTM
GO Tu je61l
READ IN SERVICE TIME
CONTINUE
TaSR(]1)

‘CONTINUE

QSVCT (1) =T Tt - -
DO 171 L=19N
TNDPR (L) =999999.9
STATUS(L)=0,0
CONTINUE
DO 181 1=1920
00 18l u=1+10
CH(IsJ)=vu,0
CONTINUE
PRINT HeanING FOR RESULTS
WRITE (wuUUT9471) N
WRITE (nULIT9481)
WRITE (NUUT»491)
SET FIRST ARRIVAL UCCURANCE AT TIME ZERD
TNARV=) ey
CH(lsell=v_0
12212+1
MAIN SIMU_ATION BRANCH POIAT
CHECK taCH CHANNEL IN TURN FOR PUSSIgLE OEPARTURE
IF ALL CHANNELS ARE IDLE (TNDPR = 9v¥9999.9) THEN GO TO ARRIVE
IF ALL CHANNELS ane BUSY (TNARV IS «GEe TNDPR) THEN G0 TU ARRIVE
IF A DEPART IS NEX1 (TNDPR IS oGEe TNARV) THEN 6O TO DEPART
SET AND tVALUE KEEP MULTIPLE DEPARTURES IN CORRecT TIME SEQUENCE
CONTINULE
SET=8U8uu8Re
DO 201 1=19N

IF (INDPR(I)eGT<TNARYV) GO TQ 2V1

IF (TNDPR(I)eGTLSET) GO TO 241
SET=TNDPKR (1)
IVALUE= 1
CONTINUE

I=lvalLue

IF (5eT.LT.888848.) GO TO 21}
CALL ARKJVE
60 Tu 3191
CONTINUE
CaLL UErarRY
ON RETUrN FROM DEPART CHECK SIMULATION TIME LIMIT
IF (TH1IME«GTTIME) GO TG 19]
ENV OF SirvULATION WUN===PRINT FIRST TwENTY TRIALS
N1=3N+} (

177

D> P P>PL PRPEEPPDPLBLBDPLDPEEPPPDEDBPLLDPEPBPEPEDPEPDPP PR PRPERDPD PP PEPD DD PO PP B D

131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
la6
147
148
149
150
151
152
153
154
155
156
157
188
159
l6v
161
162
163
164
165

166

167
168
169
17
171}
172
173
174
175
176
177
178
179
18
181
182
183
184
185
186
187
188
189
190
191
192
193
194
185
196



ezl
231

241

251

261

271

2gl

1F (CUSERVGEs20a0) GO TO 221
NXX=CUSE rV

GO0 Tu 231
CONTINUL
NXA2206
CONTINOe
DO 241 IsjeNxX’
WRITE (NUUT9S01) (CH(IvJ)ey=194N1)
CONTINUE
COMPUTE ROURS IN WUEUE FOR SUMMARY PRINTOUT
HRSNW=( v
MAXQUESY
DO 261 mM=2+100

IF (CUMQUE (M) qeWeve')) €0 TO 2514
MAXQUE =M=
CONTINUE
XMZM=]
HRSNQ=HKONQ® (XMRCUMQUE (M) )
CONTINUE

IF {MAXQUE.LT.99) GO TO 271
WRITE (nNUTe511)
CONTINUE

IF (NPLAGJNE.T76) GO TO 281
wRITE (nNUUT#521)
CONTINUE
XN=N |
I1Zz12=]
XIZ=1l2

PRINT SUMMARY STATISTICS FOR THIS NUMBER (N) CHANNELS

wRITE (NOUT9531) IZoCUSERV.TIME

WRITE (NULT9541) mAXQUE

XMNTX=HRONG/ T IME

WRITE (nOUT9551) AMNTX

XMNTM=MRONQ/ XTI 2

WRITE (NUUITe%61) XMNTM

PCUTIL= ((CUMUTL/TIME)®100,4) /XN

WRITE (NOUT9S71) PCUTIL

CWAIT=HrsAQ®COSTA

AITIME= (I IME&XN)=CUMUTL

COMPUTE AVERAGE ARWRIVALS FPER TIME uNIT

TZ2=12

AVARRA=TZ/TIME

WRITE (NULT»S81) AVARRA

COMPUTE aVvERAGE SERVICE TIME

AVSERV=CUMUTL/CUSERY

wRITE (NUNT9591) AVSERV

COMPUTE MEAN NQe IN THE SYSTEM

AMNIS=XMNTX+ (AVARRA/ (1e0/AVSERV))

WRITE (NULITe601) AMNLS

COMPUTE Mg AN TIME IN THF SYSTEM

AMTIS=XMNTMeAVSERY

WRITE (NUUTs611) amTIS

WRITE (nNOUTee21)

WRITE (WUUT9631) muSNQyCOSTA,CwALT

COMPUTE 1(0TAL VARIABLE COST -

VCOST = (IISERV®YCUSTS

COMPUTE 10TAL FIXEL COST

FCOST=XN®FCOSTS

PRINT SUMMARY COST INFORMATION

WRITE (NUUT9641) CUSERVeVCOSTSH»VCOST

WRITE (NUIITe651) rCOSTSeNIFCOST

TCOOPSF LUST*VCOST+(CwWAIT

wRITE ¢NO(;T9661) TCOOP

STOP RUN IF TCOOP INCREASED FROM LAaST RUN
IF (TCOOP.GE8CUOP) GO TO 11

STOP RUN IF MAXIMUM NUMBRER OF SERVERS REACHED
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197
198
199
200
201

202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
ry
2eze
223
224
225
226
2217
228
229
2370
231
232
233
234
235
236
237
238
239
240
241
247
243
244
245
246
2417
248
249
250
251

252
253
254
25%
25¢
25/
2¢H
259
26()
261

26/



291

301

31l
kF)!
33l
34l

3s1
351
37
38l
391
40l
411
421
431
461
451
461

471
481
491

Snl
511
s21
531

541
ssl
56l
571
S81
591
601
611
621
631

641
651
66l
671

681
691

IF (NeEeMAXS) 0O TO 11

UPUATE nNUMBER OF CHMANNELS AND CURKENT TOTaL cOSTY

NzNhN+)

8CO0OP=TLUNP

RETURN ruUR NEXT RUN WITH MORE CHANNELS (N)
GO Tu 101

PRINT Qui DATA ERWRUR MESSAGE

CONTINUL

WRITE (nUuTe671)

WRITE (NUUITs6B1)

CONTINUE

WwRITE (NnUHTH6E91)

FORMAT  (10A4)

FORMAT (20H1PROGRAM QUEUES FOR s10A4)

FORMAT (I199XoFOeUeSXoFSe09SXsIlo9XkeFIL0)

FORMAT (14HOARRIVAL TYPE +I194H HATE = oFBe298n COST =9F8e2916H
1 SCHEUULE RULE +I1) :

FORMAT (54X 8H(RANDOM))

FOKMAT (55X ¢6HI{FCFS))

FORMAT (55XsSH(SOT))

FORMAT (12F5.0)

FORMAT (1h 14,280 ARRIVALS READ IN AS FOLLOWS)

FORMAT  (1H 412FS5.v)

FORMAT  (1199X9FSaye5XeFl0e09F10euefF3,0)

FORMAT  (14HUSERVICE TYPE sI1e8H TIME = sFge2) )

FORMAT (. X913H FIXED COST $9sFBe2s8X91gH VARIABLE COST $+Fg.2)
FORMAT (th oI4927n SERVICE READ inN AS FOLLOWS) .
FORMAT (T1o9XyI1¢9X,F5.0)

FORMAT  (pyHONOs CHANNELS START 91195SH MAX sI1e8Xelnm MAX TIME oF6
1.0)

FORMAT {31HOFIRST TWwENTY QCCUFRREACES FOR I1918H SERVICE CHANNE
1LS)

FORMAT (2H ARRIVAL94X144Hemae==DEPARTURE TIME AT CHANNEL NUMBER=~
lec=w)

FORMAT (4H TIME===y4X944HONE TWO THREE FOUR FIVE SIX SEVEN EIGHT
ININE)

FORMAT (1M sF6elv3Xes9FSel)

FORMAT (< UHO#92warRNINGo##2aQUE EXCEEDED PROGRAM LIMIT QOF 99#a%)
FORMAT  (48HQO0owARNING#osa0UT OF UATA BEFORE TIME LIMITewss)
FORMAT  (AHOAFTER®1p98H ARRIVED'Fo.097H SERVEUF6.0*11R TIME UNITS
1)

FORMAT  (22H QUEUe=MAXIMUM LENGTH o8X¢1I7)

FORMAT (22H =MEAN LENGTH 18XoF9a1) -

FORMAT (22H «MEAN WAIT TIME oH8X9F9el)

FOKRMAT  (p2H SERVICE UTILIZATION +8X,F9,1,8H PERCENT)

FORMAT (321 AVERAGE ARRIVALS PER TIME UNIT ,F10e4)

FORMAT  (32H AVERAGLE SERVICE TIME 'FlGes)
FORMAT  (32H MEAN NOe. IN THE SYSTem * 9F10.4)
FORMAT (3¢H MEAN JIME IN THE SYSTEM 1Fl0.4)

FORMAT  (3}HGCOST INFORMATION OF UPERATIONS)

FORMAT  (,0H COSTS=walT IN QUEUEes F9elv)]lH UNITS AT $9F6e294H = §
lOF‘;QZ)

FORMAT  (,2n SERVICE COST VARIABLEsF7,1911H UNITS AT $9Fee294H = §$
1"9.2) ‘

FORMAT (22H SERVICE COsT FIXED WF7,2,60 wWITH 411,140 CHANNELS
i= s’F")cd)

FORMAT (- UHUTOTAL COST OF OPERATIUNS $oFG,

12)
FORMAT  (aSHyoeaeoeERRUR IN GUESIM DATA CARDS®2eas)

FORMAT  (3s5n #8498 ORRECT 0ATA AND TRY AGAIN®&e#)
+ ORMAT (P2HUVQUEVES RUN TERMINATED)

EnNv

SUBROUT InF ARRIVE
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61
71
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COMMUN JLPHA(10) yANUMyARRRT ARRTM4(H(20410) 9CUMUTL yCUSERV ,DEPRT,
DErPTMI I o TUSENRVIIZeKAIKCUSIKSeNINFLAGoSNUMISTATUS(9) 9T .
TiMFeTTIME 9 TINARVYTNDPR(Q) o AVARRAIAVSERVIAMNIS+AMT IS
VLUSTeVCOSTSsFCOSTyFCOSTSsKRULE y IQUE,CUMQUE(L101)»
QoveT(101) raR(SU]) YSR(S00)

THIS SUsKOUTINE CaLLED WHEN AN ARKIVAL IS THE NEXT OCCURANCE

IT UPLales ThE TIme SPENT IN GUE

IT UPVATES THE CLUCK TO THgE TIME UF THE NEW ARRIVEL (PREVIQUSLY

SELECIFD)
IT CcrtCn> EACH CHanNEL TO SEE IF IHE NEw ARRIVEL CAN BEGIN SERVICE
IF A CHanMEL IS AVAJILARLE 1T DOES THE FIRST PART OF THE

DEPARI PROCESSING OTHERWISE IT aDDS ONE TO THE GUE
LASTLYs 1T SELECTS THE TINME FOR TrHe NEXT ARRIVAL TO OCCUR

IF (1ulhEeLTelUv) GO TO 11

CHECK LenGTH OF Quey IF OVER 99 HULD AT 99

IQUE=100

UPBATE muyRS SPENT IN QUEUE

CONTINUL

CUMQUE ( JwiiE) =CUMQUE (IQUE) « TNARV=TLME

UPDATE CLOCK TIME 10 NEXT ARRIvaL

TIME=TNAKY .

CHECK EaLrn CHANNELe IF STATUS = u IT 1S AVAILABLE

po 61 J=1.N

IF (51aTUS(J) e6T,060) GO TO 51

DO FIRS1 2ART OF THE DEPART PROCESSING

STATUS(u) =140

SET TIMe nF NEXT uvePARTURE

TNUPR(JU)=TLIME*QSVCT(}) —

STORE FiwrST TWENTY DEPARTURE TIMES IN CH

KCUS=KCuUS+)
IF (RCUSGTe2yu) GO TO 21
1l=Jel
CH(KCUSs L1 I)=TNDPR (J)
CONTINUE
CHECK Ir OUT OF SIMULATION TIME
IF (1 1IME.LT«TNUPRI(J)) GO TO 31

ACCUMULAIF PROCESSING TIME
CUMUTL=LUMUTL*QSVCT (1)
CUSERV=_LUSERV+loy
GO Tu w1
END OF SiMULATION UPDATING
LAST UEraRTURE FORCED OUT AT TTIM:
CONTINUE I T T
TRKEQSVC I (1 )= (TNDPKR (J)=TTIME)
IF (IRn,G6T.0e0) 6O TO 41
TK=Q,
CONTINUE
TNDPR(J) =TT IME
CUMUTL=CUMUTL*TK
GO Tu al
CONTINLE
IF (UeEeN) GO 10 71
CONTINUE
ALL CHANNELS ARE HUSYe ADD ONE TO THE QUE
CONT INLE
1QUE=LQuEt el
SELECT anrrIVAL TIme (STORE FIRST TwENTY IN CH)
CONTINUE
GO0 Tu (91910l9i119121)9 KA
POISSUN aRRIVAL TIME DISTRIBUTION
CONTINUE
RaRAND (ys 0)
TNARV=4puS (ARRTM®ALUG(R))
TNARVETNARV*TIME
60 Tu 141
NEGATIVe €XPQ ARRIvVAL TIME NISTRIBUTION
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lol

111

121

131
lal

151

lel

171

181

191

201
211

221

i ~

CONTINUL
R=RANV (09 0)
TNARVZAsS (ARRRT®ALUG(R))
TNARVETNARV + T IME

GO Tu 141
CONSTANT ARRIVAL TIME
CONTINUE
TNARVET LMF+ARRTM

GO Tu 14l
READ IN aRRIVAL TIMES
CONTINUE ’
NUMz=ANUM™
1240aGslle |

IF (LLQQeLEeNUM) GO TO 131
ARCIZUQ)=T7T7777.
NFLAGEZ 7o
CONTINUE
TNARVSAK(T2QQ)
CONTINUE
I12u]l+)

IF (1£.6T429) O TO 151
CH(IZo 1) =TNARV

BEGIN LOGIC TO STORE ARRIVAL ANU SERVICE TIMES IN QUEUE ARRAYS

FOR EaLm WAITING CUSTOMER/PRQODUCT
DETERMLINE SERVICE TIME FOR THE NeW ARRIVAL
CONTINUE ’
GO Tu (161917]1e1819191)4 KS
POISSON SERVICE RATE
CONTINLE
R=RANUD (g9 9)
T=ABS(DEPRT#ALOG(K) )
G0 Tu 211
NEGATIVeE EXPONENTIaL SERVICE TIME
CONTINUE
R=RANU (y9o Q)
T2ABS (DePTM®ALOG(K) )
GO Tu 211
CONSTANT SERVICE TIME
CONTINUE
T=0EPTM
60 Tu 211
READ=IN SERVICE Timg
CONTINUE
NUMz=SNUM
IF (1Z.,LENUM) 00 TO 201
NFLAG=T70o
T=666060.
GO0 Tu 211
CONTINUL
T=SR(14)
CONTINUEL
QSVeT (Iwurp) =T
IF UNLY ONE IN WUE = NO SCHEDULAING NECESSARY
IF (1JtiIEeLEe2) 6O TO 241
1Qu=Jule
USE SCneUULE RULE TO REOFNDER THe WUEUE FOR PROCESSING
KRULE = ] FOR RaNDOM
KRULE = 2 FOR FCrS
KRULE = 3 FOR SuT
GO TU (23192419221)y KRULE
C 50T SCHEDULE RULE
CONTINyYE
IfF (1uQelbte2) LU TO 241
IF (WSVCTIIQQE) eGE«QSVCT(IUARA=1)) GO TO 24l
QTS=uSVLI (Tuu=1)
WSVCT {Juwu=1)=QSVCT (10Q)
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231

241
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31

WOSVCT (luw)=uTS
IWuz UG-y

GO Tu 221

RANDOFM SCHEUULE wuLE
CONT INUE
WIzTWUE

IQUeE (RANU (Y999)2Q])
Iue=]luQel

IF (1u0eLEWl) U TO 241

ETS=WSVLI (JQUE)

USVCT (IwuF)=yGSVYCT (]1QQ)
WSVCT (luww) =QTS

WUEUE I> SCHEDULEL = RETURN
CONTINUE

RETURN

ENV

SUSROUTLINF UEPART
COMMON tLPHA(]1N) vaNUMIARRRT 9 ARRTMe(H(209210) *CUMUTL 9 CUSERVIDEPRT,

& W N

LerTMe I o TUSERV I IZyKAIKCUSeKSoNaNFLAGYSNUMSSTATUS(9) o Ty
TIMFoTTIMESTNARVITNDPR () s AVARRASAVSERVYAMNISyAMTI Sy
VEUST s VCOSTSFCOSToFCOSTSsKRULE ¢ IQUE,CUMQUE (1¢G1)
WosveT(i0l) van(500) 9SR(S90)

THIS SUBKOUTINE PRUCSSSES THE DEPanTURE OF EVERY CUSTONER

17
1T

17
1F

IF

UPLAIES THE HOUKS SPENT IN THE UUE

UPpDaleS ThE CLUCK TO TrE NEXT utPARTURE TIME (PREVIOQUSLY
SELECIED)

CHECARS THE LENGTH OF TRE QUE T
NO One IN THE WUE IT SETS THE CHANNEL AT AN IDLE STATUS (THIS
DEPARTURE WAS PREVIOUSLY PARTIALLY PROCESSED EITHER AT

ARKIVE OR BY A PRIOR PASS THROUGLH DEPART)

A WUe eXiST THeN TAKE CNE FROM QWUEs ITS DEPARTUKRE TIMEs

SET Img CHANNEL AT A BUSY STATUS AAD KETURN

CHECK LengiH OF Qut, IF OVER 99 HULD AT 99

IF (1uyEkelTelou) GO TO 11

1GUE=10v

UPDATE tHZ HOURS SPENT IN GUEUE
CONTINUE

CUMQUE (1WUE ) =CUMWUE (TGUE) ¢ TNDPR(I) =TIME
UPUATE I1mE CLOCK TU NEXT DEPARTURE TIME
TIME=TNUPR(I)

THIS SECIION COMPLETES THE PROCESSING OF A CUSTOMER

IF (14UE.GTe1) 60 TO 21

wHEN NO unE IS WALIING IN THE GQUE
STATUS(1)=0e0

TNOPR (11 2999999,9

RETURN

THIS SECIION DOES THE DEPART PROCESSING
wHEN THe CcHANNEL HaS BEEN BUSY

SET NeXT DEPARTURE TIME

CONTINUE

TNOPR (L) =TIME+QSVCI())

STORE FinST TWENTY DEPARTURE TIMES IN CH
KCUSEKCuds+}

IF (ALIUSeGTe2u) GO TO 31

[I=]+1

CHIKCUS»11)3TNDPR(])

CONTINUE

CHRECK Ir OUT OF SIMULATION TIME

IF CLiTMESLT«TnUPRI(I)) GO TO 51

RESET S1aTuS BACK TO BUSY AND RETUwN
CUMUTL=CUnUTL*QSVCI ()
CUSERV=CUSERV®1le U

STATUS(L)=1ey

SHAIFT SewmVICE QUEUE UP ONE PQOSITIUN

Do

41 li=1+1QUE
182
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41

51

61

11

3

41

51

. 61

71

a8l

91

lnl

111
121

1113111
QSVCT(IL1)=QSVCT(IL])
CONT INUE
QSVCT(IWwuE)3y.0
SUBRTACT NNE FROM GQUE
IQUE=LlGQut =]
RETURN
ADJUST T anD CUMUIL AT TERMINATION UF SIMULATION
LAST CUSIOMER FORCED TO DEPART AT TTIME
CONTINUE
TKBQSVCI L1 )=« {TNDPR(I)=TTIME)
IF (IK,G6T.0.0) 6O TO 61
TK30. N
CONTINUE
TNOPR(I)=TTIME
CUMUTL=CUMUTL+TK
STATUS({)=1.0
RETURN
END

FUNCTION ~AND (KeKK)
MACHINE UEPENDENT HANDOM NUMBER GENERATOR (0 TO 1)
THIS VEWSTON FOR cucC 3100
K SET a1 POSITIVE uOD INTEGER TO InITIALIZE
K SET Al ZERO TO COUNTINUE STRING UF RANDOM NUMBERS
SEE NAYLURSCOMPUTewW SIMULATION TECHNIGQUESIWILEY +SONSe1966
IF (R) 219219011
CONTINUE
NEK
NN=K
NNN=K
CONTINUE
IF (Kn) 31931901
CONT INUE
N=N®205}
IF (n) 41051081
CONTINUE
N2Ne838uorT7+1
CONTINUE
XNZN :
RANDEXN/ 58388607
RETURN
POSITIVe kK RUNS SECOND STRING OF RANDOM NUMBERS
CONTINUE
IF (RK=S0) T71e/7191C1
CONTINUE
NN=NN®2u9)
IF (nN) B1e91,9l
CONTINUE
NN=NN*Y 381607 +1
CONTINUE
XNN=SNN
RAND=XNN/138869%7
RETURN
KK OVER 5 RUNS THIRpD STRING OF RanNpOWM NUMBERS
CONTINUE
NNNSNNN®Z -S§]
IF (niwn) T1llel2iel2l
CONT INUE
NNN=NNN+3388607¢])
CONTINULE
XNNNSNN
RAND2ANNN/B3H8607.
RETURN
END
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INSYS

an inventory system model

computes inventory levels and tactory output for .
8 factory-wholesaler-retailer inventory system.
Inventory replenishment and lead time policies
may be changed in order to test the effect of
these policies on the performance of the overall
system.

. f

The purpose of an inventory is to provide a separation in time or location
between the production of goods and the consumption of goods. In our
specialized economy a man 1s no longer his own butcher, baker, and
candlestick-maker. Rather, we have production centers (factories} which are
specialized, centrally located, and have high production rates. There is a
great gain in production efficiency from this specialization, but it aiso
requires a large increase in inventories to separate the centralized factory
from the ultimate consumer. No longer do we follow the example of the
little red hen who planted, reaped, milled, baked, and ate (without the help
of the pig, cow, rabbit, or duck) her own loaf of bread.

The most common inventory system 1n our economy Is the factory-
wholesaler-retailer system. The wholesaler provides a time decoupling service
between the factory and the retailer, in that he holds the factory output until
ordered by the retailer. The wholesaler also provides a logation decoupling,
in that he generally ships goods over a wide geographic area. Similarly, the
retailer provides a decoupling service between the wholesaler and the con-
sumer, in that he maintains an inventory of goods on display for sale to
customers.

The purpose of this exercise 1s to provide an illustration of the
dynamic nature of the factory-wholesaler-retailer inventory system A com-
puter mode! 1s used to calculate week by week how the retail inventory, the
wholesale inventory, and the factory output rate change in response to retail
sales. The model user may make changes tn retail and wholesale inventory
policy in an attempt to control the overail inventory system.

25
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Wholesaler

_o&F

Retailer

Factory

| G S G GRRER S S s ¢

O-O0—~0O—0O» Orders T T

- (Goods

e

Figure 2-1 The factory-wholesaler-retailer systam.

Section 2.1 explai‘ns the normal inventory systems and the rules for
maintaining inventory levels. The following sections present three illustrated
computer problems for maintaining and controlling the inventory system.

2.1 FACTORY-WHOLESALER-RETAILER MODEL
The normal system for the production and distribution of goods in
our economy is through the factory-wholesaler-retailer system. A visual
conceptualization of this system is shown in Figure 2-1. The function of the
retailer in this system is to

—take orders from customers

—deliver goods to customers from on-the-shelf inventory
—reorder goods from the wholesaler

—receive, shipments from the wholesaler

The function of the wholesaler is similar to the retailer except that
the wholesaler’s customer is the retailer and there is a time lag between the
ordering and the delivery of goods. The wholesaler must

—receive orders from the retailer

—ship goods from the warehouse inventory
—reorder goods from the factory

—receive shipments from the factory.

Finally, the factory must produce the goods which are ultimately
sold to the customers. The factory may or may not hold inventories. In the
current model the factory does not maintain any inventory so that its only
functions are to

—produce goods at some rate
—change production rate as requested by wholesaler

The model just described 1s a simple abstraction of that which is
found in the industrial system. Durable goods, such as applicances, more or
.less follow the system described. There are variations in that some large
retailers order directly from the factory, or the factory may maintain a
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showroom and make direct retail sales. In other cases, the factory maintains
large inventories and performs the function of the wholesaler. In all of these
modifications, however, there is a dynamic interplay of sales with the

inventories maintained and the factory rate as illustrated in this model.

Retailer The parameters and formulas for the actual computer model of the retailer
Model are presented in this section. These formulas are a mathematical statement of
Formulas yhe verbal model description above. We also present some sample compu-
tations using the retail formuias.
Retail sales are controlled by the customer. They are part of the
input to the program by the reader. Retail sales in the past have been about
100 units per week.
Retail receipts are the units received from the wholesaler each
Monday morning that were ordered Friday one week (10 days) prior.
Retail inventory level is the number of units on hand Friday after-
noon at the close of business. The inventory level varies through the week as
shown in Figure 2-2. The formula for determining the inventory level is

Inventory level = prior inventory level + retail receipts — retail sales

Retail orders are placed with the wholesaler each Friday afternoon
after determining the inventory level. The order policy is to order the retail
sales for the week plus or minus enough units to return the base stock level
to 100 units. Thus

Retail order = retail sales + (100 — inventory level)

The effects of these formulas on inventory level and the retail order
can be seen in the following sample computation.

In a normal week
Retail sales = 100
Retail receipts = 100
Retail inventory level = 100+ 100 — 100
=100
Retail order = 100 + (100 — 100)
=100

No of
units
200
Base
100 {-- stock
time

F M Tu W Th F M Tu W Th F

Figure 2.2 Retail inventory level,
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Wholesaler
Model
Formulas

In a week in which sales increase
Retail sales= 110
Retail receipts = 100
Retail inventory level = 100 + 100~ 110
: = 90
Retail order = 110 + (100 — 90)
=120

In a week 1n which sales decrease
Retail sales = 90
Retail receipts = 100
Retail inventory level = 100 + 100 - 90
=110
Retail order = 90 + (100 = 110)
=80

The wholesaler’s policies for maintaining inventory and reordering from the
factory are similar to the retailer’s policies. The formulas for the wholesaler
and sample computations are now presented.

Wholesale shipments are dispatched each Wednesday from orders
submitted by the retailer on the prior Friday. These orders arrive at the
retailer’s on the following Monday.

Wholesale shipments = retail order (prior week)

Wholesale receipts 1s the factory production of the previous week
which 1s received each Monday morning.

Wholesale receipts = factory production {prior week)

Wholesale inventory level is the number of units on hand Friday
afternoon at the close of business. The inventory level actually varies
through the week as shown in Figure 2-3,

The formula for determining the Friday afternoon inventory level
is as follows:

No. of
units
» Base
200 ~|=t——— - m— e stock
100 —=|—
Time

FM Tu W Th FM Tu W Th

Figure 23 Wholesale inventory,
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Wholesale inventory level = prior inventory level + wholesale receipts
- wholesale shipments

Wholesale orders are placed with the factory each Friday afternoon
after taking inventory. The factory, however, requires a week to change the
production rate, so two weeks pass before the wholesaler receives the actual
order. The policy is to order the current week's shipments plus enough units
to return the base stock to a normal level of 200 units. The formula is

Wholesale order = wholesale shipments
+ (200 — inventory level)

The effects of the wholesaler's policies can be seen in the following sample

computation,

In a normal week:
Wholesale shipments = 100
Wholesale receipts = 100
Wholesale inventory leyel =200 + 100 - 100
= 200
Wholesale order = 100 + (200 - 200)
=100

In a week in which shipments increase
Wholesale shipments = 110
Wholesale receipts = 100
Wholesale inventory level = 200+ 100—- 110
=190
Wholesale order = 110 + (200~ 190)
=120

In a week in which shipments decrease
Wholesale shipments = 90
Wholesale receipts = 100
Wholesale inventory level = 200+ 100 — 90
=210
Wholesale order = 90 + (200 — 210)
=80

It should be noted that in the present simplified model, the wholesaler only
services one retailer. This is an obvious oversimplification from the real
world and allows the analysis to isolate the effect of a single retailer in the
entire system.

In this model, the factory maintains no inventory. The factory produces at
the rate specified by the wholesale order. There is, however, a one-week
delay when changing the production rate and a one-week delay for shipping.
The net effect is that the wholesaler receives the actual order two wecks
after 1t is placed with the factory. Thus, for example, one might have the
situation- shown in Figure 2-4.
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Week Wholesale Factory Wholesale
number order rate receipts
1 100 100 100
2 120 100 100
3 80 100 100
4 100 120 100
5 100 80 120
6. 100 100 80

Figure 24 Changing factory production rate.

2.2 NORMAL INVENTORY POLICY
This section presents the results of following a normal inventory
policy. By ‘“normal” we mean that the retailler and wholesaler follow the
rules described tn the preceding sections. The most significant rule, which
will be analyzed in detail later, is the reorder rule The normal reorder rule
which is foliowed in the current problem is

Order the current week’s sales plus or minus enough to bring the base
stocR back to 1ts normal level,

Following this reorder rule and the other inventory policies outlined
in Section 2.1, one can compute over a number of weeks the inventory level
and orders in response to retail sales. For example, if retail sales are 100 in
weeks 1 and 2, then increase to 110 in weeks 4,5, 6, and 7, results will occur
as shown in Figure 2-5.

These results are arrived at by following the computation formutas
given in the preceding section. For example, the formula for the retail order
each week is as follows:

Retail order = weekly sales + (100 — inventory level)
T 77— -——-- ~ The retail order_in_week 5 is 120 units, derived from the above for-

mula as follows: -

Retail order = 110 + (100 — 90)
=120

Week Retail Wholesale Factory

No. Saless Rec Inv Order Ship Rec Inv Order Rate

100 100 100 100 100 106 200 100 100
160 100 100 100 100 100 200 100 100
10 100 90 120 100 100 200 100 100
110 100 80 130 120 100 180 140 100
110 120 %0 120 130 100 150 180 100
10 130 110 100 120 100 130 190 140
10 120 120 90 100 140 170 130 180

~NoWn s WN =

Figure 2-6 “Normal"” inventory policy.
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It is quite possible to compute the results by hand for as many weeks
of operation as desired. Fortunately, the computer program will do the
tedious calculations. We next consider briefly the data cards required to run
the computer program and then we will analyze twenty-five weeks of
operation by using the computer model.

Computer This section presents the data cards required as input to the computer pro-
Input  gram. The program listing 1s found n Section 2.6.

User name card is the first card in the data deck. It is used to identify

‘who is making the analysis and any other identification desired. This card is

free field, in that any information may be keypunched in columns 1 to 40.

EXERLILE ONE EY ROY HARRIS

00000000000000000000000000000000000000600600000000
113080

I NHNNUBUBUHARNADUDRBIANDNUNUBRIUBAINQRUBLTAY

—— ———— ot ——— o —— . —— — — ot e e e e | it e

Control card is the second card in the data deck. This card contains
the number of weeks to be analyzed, which is punched in columns 1 and 2.

-

es

00CD0O000000000000000000000000000000008000000000008
IEEEEEEN

SHUUNUBWTNIRNNRUNABNADNNNNUBUAIRNAQGRABUBIGUYY

Weekly sales cards contain the week number and the retail sales for
that week. There is one card per week and the total number of cards must be
exactly the number specified by the control card. The week number is
keypunched in columns 1 and 2. The retail sales for the week are in columns
11, 12, and 13, right justified {that is, the last digit is always in column 13).

« 0l 100
0000000000000000000000000080C000000700000000D080G0000
ERESRS SRR TN N TN PR LU EAES FITTT S SEOL DXL T T LR

The complete data deck setup for problem one is shown in Figure
2-6. Each typewritten line in the figure corresponds to one keypunched data
card.

Computer The computer printout resuiting from the normal reorder policy is depicted
Output  in Figure 2-7. The first line in the computer output is a reproduction of the
information keypunched on the first data card. The last linc of the computer

output 1s information from the second data card, the control card. The

notation 25 WEEKS RUN is a reminder that the control card specified that

25 wecks of data were to be run. If there is too hittle weckly sales data or if

the weekly sales data is out of order the computer will print the message
SOMETHING WRONG WITH YOUR DATA and stop processing the pro-

gram.



32

COMPUTER MODELS

EXALRCISE ONL BY ROY HARRIS

25
0l
02
03
ve
05
(1)
07
]
oy
10
11
12
13
14
1%
16
17
16
19
20
2l
22
23
26
25

0
lu0
110
110
ilv
110
110
119
110
110
110
110
i1
110
llv
116
110
110
i1n
119
110
ilv
il
11y
11

Figure 2.6  Computer input—normai policy.

PROGRAM [NSYS FOR EXERCISE OME BY ROY HARR]S

WEEKR ~ececceRfla]l=crcconce

NO.

25 WEEKS RyN 0

SALES REC
100 100
100 100
110 100
110 100
110 120
110 130
110 120
110 100
110 90
110 100
110 120
110 130
110 120
110 100
110 90
110 100
110 120
110 130
110 120
110 100
110 90
110 100
110 120
ilo0 130
110 120

INV
100
100
30
L 11]

90
110
120

0

ORDER

lo0
100
120
130
120
100
90
100
120
130
120
100
90
100
129
130
120
100
90
100
120
130
120
100
90

0 0

20000y HOLESALE®eoeoons FACTORY

SHIP
100
100
100
120
130
120

90
100
120
130
120
100

90
100
120
130
120
100

920
100
120
130
120
100

100

REC
100
100
100
100
100
100

"140

180
199
130
30
0

0
T0
180
260
270
200
80
(1]

0

0

0
S0
190

INV
200
200
200
180
150

130
170
260
350
360
260
140

&0
20
100
260
380
460
440
3so
250
130
0

0
90

S T3

ORDER
100
10v
100
140
18y
190

3¢
¢

0
70
180
2690
270
200
8¢

RATE
100
1v0
1v0
1v0
100
140

-1

190
130
30
0

0
70
180
260
2m
200
8y
¢

v

0

0
50
190
3

Figure 2.7 Computer output—normal policy.
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It 1s quite evident that the so-called normal inventory policy is not a very
smart policy. A simple increase in retail sales fo a new level 10 percent higher
than before has set off uncontrollable fluctuations in the wholesale inven-
tory and in the factory rate. Even though the factory services only one
wholesaler and one retailer these uncontrollable swings cause the factory to
completely shut down by week 11. Negative inventories, orders, or factory
rates are not allowed.

By week 25 the situation is still not in control, The retailer has not
stabilized his inventory ievel back to 100 units, the wholesaler has not
stabilized, and the factory is going from boom to bust. This cyclic behavior
in the system is the result of the lead times in the system and the “blind”’
ordering policies of the retailer and the wholesaler. The next two sections
consider some methods for bringing this situation undei control.

2.3 CONTROLLING THE REPLINISHMENT RATE

The
Replenishment
Concept

This section considers the problem of controlling fluctuation in the
inventory system through a change in the reorder policies of the retailer and
the wholesaler. The basic concept applied 1s that of dampening the ampli-
tude of change. This concept 1s implemented by changing the reorder policy
to decrease the amount of replenishment of the base stock. The new policy,
the computer output, and an analysis of the results are presented here,

According to the old policy, the reorder formula for the retailer is
Retail order = retail sales + (100 — inventory level)

This policy says in effect that the retailer wants to repienish the stock he has
actually sold during the week. In addition, if sales are above or below the
base stock level of 100 units he wants to maintain, he will order enough to
bring the base stock to 100.

This policy appears reasonable enough but it is based on the rather
nearsighted assumptions that

~future sales will be the same as this week’s
—stock replenishment is instantaneous

The first assumption is obviously risky for almost any retail opeia-
tion. The second assumption is obviously not fulfilled in the present system.
The retailer orders on Friday, the goods are shipped on the next Wednesday
and reccived the following Monday. Each Friday, the retailer orders enough
“to bring the base stock back to normal’ even though the goods he ordered
the prior Friday to bring the base stock back to normal still have not arrived.
When the order does arrive the retailer overreacts by ordering too little the
next ttme. The net result, as seen in Section 2.2, 1s that the retailer is never
able to stabilize his order or inventory level. Business cycles may be caused
by just this kind of behavior.

One way to dampen the swings is to change the replenishment policy
to specify that only a percentage of the base stock difference is to be
ordered. Thus we change the formula to

Retail order = retail sales + (100 — inventory level) (A%)
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If we set A at 50 percent and thus try to make up only one-half the
difference, then we can compare the retail order when sales are up to 110

units.
Old Policy New Policy
Retail order =110+ (100—90)  Retail order = 110 + [(100 - 90) X 0.5]
=110+ 10 =110+5
=120 =115

When sales are down to 90 units the result is

Old Policy New Policy
Retail order =90+ (100—110)  Retail order =90+ [(100 ~110) X 0.5]
=90-10 =90-5
=80 =85

The overall effect of the new policy is that the retailer only partly reacts to
increases or decreases In the base stock and allows some time for inventories
to return to normal. The wholesaler may follow a similar policy in ordering
from the factory by including B percent in the wholesale order formula.

Computer User name card remains unchanged. The new reorder policy is implemented
_Input by specifying on the control card the percentage value for A (retailer) in
—Replenishment 51, mns 11 and 12, and B (wholesaler) in columns 21 and 22.

Rate
25 S0 S@

600000000000000000006000060000000000000C50000000009

11340 TFNNNNUBEINIRANANUARTNDIUNUDUBBIRINIQQUGBETAD

— e — s — ——— —— — —— — —— e . — - —

If the field is left blank, the value for A or B is set to 100 percent. Otherwise,
A or B may be set from 01 to 99 by the user,
Weekly sales cards are keypunched as in Section 2.2,
e ____ A_complete_data deck_listing for_the new_policy is shown in_Figure
2-8. The retailer and the wholesaler only try to make up 50 percent of the

difference in base stock under the new policy.

Computer The computer printout for the new 50 percent reordering level policy which

Output s generated from these data cards is shown in Figure 2-9. Note that the last

—Replenlshraeltlz line of the printout includes the input values for 4 and B specified in the
4 control card.

Analysis The overall result of the new reordering policy is a dramatic improvement in

_of the  the performance of the inventory system.
Replenishment o
Rate Retail reorders match the new sales level within eleven weeks.

Control Wholesale reorders match the new sales level within twelve weeks.
Factory rate is not yet stable, but appears to be dampening out,

Most significantly, the system is no longer out of control, i.e., caught
up in uncontrollable fluctuation. The fluctuations have been dampened out
and the system stabilizes itself to the new sales level.
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S0

25
ol
0e
03
06
0%
06
o7
08
<09
10
11
12
13
14 -
15
16
17
18
19
2v
3
ee
23
FL
r4J

50
100
1¢0
19 17
110
110
110
119
11p
1lo
110
110
1lv
21¢
i1,
11¢
i1~
11
i1n
11
Ila
1
11
i1
1}
11

Figure 2-8 Computer input—replenishment rate.

PRUGRAM INSYS FOR EXERCISE TwO BY ROY -HARRIS

WEEK =rcccacaRflAllvrccccnc.
NOe SALES KEC

! 100
2 100
3 1i¢
4 110
5 110
6 110
7 1iv
8 110
L] 110
10 11v
11 110
12 110
13 110
le 11v
15 110
16 110
17 110
18 119
19 110
r4 110
2l 110
22 110
23 11u
24 110
25 110

100
100
100
100
115
120
118
113
109
108
108
109
110
111
110
110
110
110
110
110
110
110
110
110

110

Ty
100
1y0
90
HO
KS

13

198

25 wEEKS Run 59 S0

ORDER
100
100
115
120
118
113
109
108
108
109
110
111
11¢
110
10
110
110
110
110
i10
110
110
110
110
110

[N

SHIP
100
100
100
115
120
118
113
109
los
108
109
110
111
110
110
110
110
110
110
i10
110
110
110
110
110

REC
100
100
100
100
100
1090
123
138
144
134
116

96

INV
200
200
200
185
165
148
158
186
223
248
254
240
214
185
165
159
167
185
205
221
229
226
216
201
188

ORDER
100
100
100
123
138
144
134
l1le

96
84
82
9
104
118
127
13n
120
118
107
99
96
97
107
109
116

cesnoWHOLESALE»oscoeee FACTURY

RATE
luo0
luv
luo
1oV
luy
123
130

Figure 2-9 Computer output—replenishment rate.
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However, all is still not perfect. There is still a long time lag before

the factory “catches on” to the new rate. Moreover, a simple 10 percent

increase in sales still causes a 20 percent change in the wholesale shipments
and a 44 percent change in the factory rate. Section 2.4 considers additional
control measures for bringing the inventory system under even tighter
control,

24 CONTROL OF LEAD TIME

Lead
Time
Concept

This section considers the problem of controlling fluctuations in the
inventory system through a decrease in the lead time between the order and
the receipt of goods. The basic concept is to change the lead time required to
respond to changes in the system. This concept is implemented by testing
the effect of faster delivery from the wholesaler and faster changeover to a
new production rate by the factory.

Under the ""normal” system setup the two basic lead times in the system
were (1) between the order and receipt of goods by the retailer, and (2)
between the order and receipt of goods from the factory. These were as
follows:

~

Retajler normal lead time

Order on Delivered on
Friday week 1 Monday week 3

Wholesale; normal lead time

Order on Change rate Deliver goods
Friday week 1 Week 3 Monday week 4

The effects of these lead times are clearly seen in Section 2.2 when
the retailer reorders every Friday to make up goods that have previously
been ordered. In effect, he makes a double reorder for the same goods.-In
addition, the factory takes seven weeks to begin to respond to a change in
retail sales.

In the current example we will consider the effects of decreasing this
lead time. The new policy is to work the wholesaler on Saturday in order to
deliver Friday-afternoon orders the very next Monday. Thus

Retailer decreased lead time
Order on Delivered on 1
Friday week 1. Monday week 2

Similarly the lead time for the wholesaler may be changed if the
factory can shift to a new production rate without a week lag and if the
factory ships over the weekend.

Wholesaler decreased lead r)me

Order on Change rate Delivered in
Friday week 1 week 2 week 3
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The user name card is the same as that in Section 2.2. The change in
the lead times is implemented in the computer mode! by two fields in the
control card. A speedup of one week in the wholesaler deliveries is accom-
plished by placing a 1 in column 31 of the control card. A speedup of one
week in the changeover of the factory is accomplished by placing a 1 in
column 41 of the control card.

The control card now reads

25 50 50 1 1
L 00600000000000000000000000000000500060000000060000
IR R RN LPET YA EIE L LIS L BTN VR R T T PR

The weekly sales cards retain the same format.
Tbe complete data deck setup to test the effects of the decreased
lead time is shown in Figure 2-10.

The computer printout with lead time decreased is shown in Figure 2-11,

The result of the new lead time policy is a further improvement in the
overall performance of the inventory system.

Retail orders match the new sales rate within five weeks.

ngRCISE THREE BY RQOY MARRIS
e

50 S0 1 1

0l luo
0e 100
03 110
04 ' il
05 11
06 11¢
07 11v
1] 110
09 lle
10 11v
11 11

) 4 il
13 11~
14 11r
1% 11r
16 1
17 1
18 ilr
19 11
20 llo
21 11
22 1l
23 110
ce dln
rt Liv

Figure 2-10 Computer input—lead times.
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PROGRAM INSYS FOR gXgRCISE THREg HY ROY HARRIS

WEEK ==c=eceRETAIL~=~==v=== 0seseWHOLESALEOGasaaeee FACTORY
NOe. SALES REC INV  ORDEK SHIP REC INV  ORDER RATE
1 100 100 100 100 100 100 200 100 100
2 100 100 1v0 100 100 100 200 100 1v0
3 110 100 90 115 115 100 185 123 lvo
4 110 115 95 113 113 100 173 126 123
5 110 113 98 111 111 123 184 119 126
] 110 111 99 111 111 126 199 111 119
7 11lv 111 99 110 110 119 208 106 111
] 110 110 100 110 110 111 209 106 106
9 110 110 100 110 110 106 205 107 106

10 110 110 loo 110 110 106 201 110 107
11 110 110 100, 110 110 107 198 111 11iu
12 110 110 loo 110 110 110 198 111 111
13 110 110 lo0 110 110 111 199 111 111
14 110 110 1900 110 110 11} 200 11¢ 111
15 110 110 1ao 110 110 111 200 11 119
16 110 110 100 110 110 110 201 119 11u
17 110 110 luo 110 110 110 200 11¢ 110
18 110 110 lo0 110 110 110 200 11¢ 110

19 119 110 1320 110 110 119 200 110 110
20 110 110 100 110 110 110 200 110 11v

21 110 110 100 110 110 110 200 11¢c 110
22 110 110 100 110 110 110 200 11v 119
23 11¢ 110 190 110 110 110 200 11c 110
24 110 110 100 110 110 112 200 110 110
25 110 110 100 110 110 110 200 11¢ i1l0

25 WEEKS RUN 50 50 1 )

Figure 2-11 Computer output—lead times.

Wholesaler orders match the new sales rate within eight weeks.
Factory rate 1s set to the new sales level in nine weeks.

In addition to cutting response lags down, there is less fluctuation in
the inventory levels,

A simple increase in sales of 10 percent causes a 15 percent change in
wholesale shipments, down from the prior 20 percent change. Also, the
factory rate changes 20 percent, down from the prior 44 percent. Thgs, n
general, it may be said that the inventory system is now In better control.

) There are, however, many complications one could add to the model
before it would approximate the real world. For example, customers are
never so kind as to provide such nice uniform retail sales. Hence, the user
might want to try his hand at controlling the inventory system if retail sales
were to randomly fluctua}e between, say, 80 units and 120 units in any
given week.
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INSYS DATA DECK STRUCTURE

Control
Card

s
Ve
Z
i
f Addrtions! data sets
L
v

-
1,2 1
week Sales

Weekly sales card

/ Contro! card

User name card

Card
columns  Format ' Item
1,2 12 No. of weeks
11,12 12 Percentage value for retailer
21,22 12 Percentage value for wholesaler
31 11 Wholesaler tead time

41 11 Factory lead time

"
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INSYS PROGRAM LISTING

PROGRAM [NSYS

INVENTORY SYSTEM CONTROL MUDEL
COPYRIGHT 1969 BY ROY D HARRIS
THIS VERSION FOR IRBM 360
UDIMENSION ALPHA(10)

READ AND PRINT STUDENTS NAME CARD
M[ = 5

MO ® ¢

READ (MIs26) ALPHA

wHITEL (M0s27) ALPHA

READ CONTROL CARD AND INITIALIZE
READ (MI+28) Ny IRy IW, LWe LF
1IF (1R) 24243

A B leo0

60 TU &

A 3 lIR/100,

IF (lw) Sebee

B 8 1t

60 TU 7

b = Iw/l00,

Rl = 100

RU B8 100,

wS = 100

wl ® 200

w02 3 100

w0l = 100,

FR % 1006

PRINT HEAUINGS FOR wEEKLY QUTPUT
wrITE (MO929)
wRITE (MO933)

START OF DO LOOP THROUGH WEEKLY COMPUTATIONS
DO 24 1 B 1y N

HEAU AND CHECK DATA CARD CONTAINING wEEKLY SALES
READ (MI*31) KWEEKe SALES

IF (I=KWEEK) 599,48

wkITt (M0932)

o tu 25

COMPUTE RETAIL INVENTORY LEVEL ANU ORDER -
KREC = WS

RINV = RI¢RRFEC=S/LES

IF (RINV) 10410011

RINV = 060

RORD 3 SALESe+((]1), ,=KINV)®A}

IF (KORD) 12412913 N

HURD = Qa0

SET wHOLESALE DELIVERY RATE FROM CONIROL CARD
IF (Lw=1) 15414415

wSHIP = RORD

w0 TO 16

wHKIP = RO

CUMPUTE wHOLESALE INVENTURY LEVEL AND ORODER
wKEC =& FR

WINV = WIewREC=WSHIP

IF (WINV) 17917918

I1B8M
a

18M

1B8M

-
s 4]
x

5> D DL PP PPrPLDPI>OPLPEPDEDPDPLDRPDPPRPPEPRPRPDPR>LPDPPLEDPDPP PP PRSI D

> .

PP r >

L A~NT U & GCA-



17
i
19
e0
21
ee

23

cé

2%

(s X el

26
a7
28
29

3u

31
32
33
36

WINV 3 Q.00

wURD = WSHMIPe ((200,=WINV)2H)
If (wORD)
WURD = Q.0

19419420

SET FACTORY RATE FROM CONTROL CARD

IfF (LFe])

22421422

FRATL = w0}
60 TO 23
FRATE = w02

PRINT OUT CURRENT WEEK RESULTS

1

WRITE {M0433)

FRATE

UPDATE ORDERING AND FACTORY RATE FOR NEXT wEER

RI = RINV
RO = RORD

WS o WSHIP

wl = wINV
w02 = wWo)

w0)] = wORD
FR = FRATE

CONTINUE

PRINT CONTROL CARD VALUES
WRITE (MO¢34) No IRy lWe Lwo LF

CONTINUE
60 TO 1

" FURMAY

1
1

FORMAT
FURMAT
FORMAT

FURMAT

23HREC
FURMAT
FORMAT
FORMAT
FURMAT
END

(10A4)

(111,18HPROGRAM INSYS FOR 410A4)

(12+9X912+8X9s12+8Xe11+9Xe11)

(3/HQWEEK w=weee=RETAlleeccccaca
3uHeseseyOLESALE#oS08080 FACTORY)

(14 +36HNO, SALES REC INV
INV  ORDER RATE)
(I298XeF3. )

(3,4 SOMETHING WRONG WITH YOUR DATA)

(1H 41244F6.09FT2003F6.09F740)
(lHUoIZ2ol0M WEEKS RUN9&4I3)

ORDER

SHIP

I+ SALESy RRECs RINVy RORDy wSHIP, WREC, WINV, WORD,

PPPEPPPRPLPPPPPLPLPPIPDPRPIPLPPERRPEPIPPEPPPPPPPDPEDPDEPEDDP PR
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a model for Inventory ordering policy
computas the most econamical inventory order quantity under a
variety of conditions, including price discounts, shortage cost, and

storage limitations.

t

A primary purpose of inventories I1s to decouple production from consump-

71

tion. Inventories are goods which may be used as a hedge against uncertainty .

in demand or as a buffer for production fluctuations.
The replenishment of inventories is the topic of this exercise. We

“describe an elementary, but fundamental, inventory replenishment model

the Economic Order Quantity (EOQ) model. In Section 3.1, the develop-
ment of the basic EOQ model is given. In Section 3.2, the basic EOQ model
is extended to include a real worid phenomenon: quantity price discounts.
In Section 3.3, the basic model is modified to incorporate shortage costs.
Consideration of storage limitations and their effects upon the order quan-
tity decision are the subject of Section 3.4,

The rational basis for deciding how much, if any, inventory to hold,
and to order, 1s an economic basis. There are costs associated with holding
inventory in stock, e.g., insurance, taxes, interest on capital, and so on.
Conversely, there are costs related to not holding inventory, e.g., lost sales,
frequent purchase orders, production delays, etc. There is also the cost of
purchasing the replenishment for inventories, e.g., paperwork and material
handling.

The intent of this exercisc is to allow the user an opportunity to get
a feel for the effects of changing parametric values in the basic economic
order quantity formulas. Hence, the reader 1s encouraged to conduct sens-
itivity analysis on each parameter in the EOQ formula.

3.1 ECONOMIC ORDER QUANTITY

_ This section introduces the basic Economic Order Quantity (EOQ)
model. It also describes in detail the data cards required for the accompany-
ing computer program, and the computer output.

43
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Figure 3-1 Inventory level and usage pattern for EOQ model.

The A basic assumption of the EOQ model 1s that the consumption of the
Economic inventory is constant over time and that it i1s possible to replenish the

ng‘rg:; inventory on very short notice. The quantity in inventory at any point in
Inventory time, for this circumstance, 1s shown in Figure 3-1. The basic EOQ model

Model also assumes no quantity price discounts and no backorders.

In this “sawtooth” usage pattern the inventory is consumed over
time until it is depleted. It is then instantly replenished (stralght vertical
line), and the usage continued.

Inventory The rational basis for determining inventory levels is to balance the cost of
Cost  holding inventory against the cost of not holding inventory. In the consump-
tion situation described above, the types of cost for holding the inventory
are fairly obvious. Storage must be provided for the inventory and the
inventory must be financed.

The cost of not holding inventory may not be so obvious. Since it |
was assumed that the inventory was easily and instantaneously obtainable,
then there 1s no cost attached to being caught short. However, like a
housewife who goes to the grocery store three times each day to purchase a
single meal, there 1s a cost attached to procurement of the inventory. Not
holding inventory may lead to very high procurement cost.

The issue 1n the economic order quantity model 1s to determine how
much inventory to order each time. The cost of procurement per unit goes
down if more s ordered each time, but the cost of holding inventory goes
up. Figure 3-2 shows a graphic representation of these costs as they vary
with the size of the order. The total incremental cost of inventory is shown
as the top curve on the graph in the figure.

Total incremental cost = holding cost + ordering cost

The best inventory policy i1s to order the amount of inventory each time - -
which yields the minimum total cost. This ‘“correct quantity’ to order is
called the economic order quantity (EOQ).

The following defimitions and variables will be used in deriving a
mathematical expression for the EOQ.
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Cost $

Total incremental
cost

Cost of holding
inventory

Cost of ordering
inventory

0 Qlo Units

Figure 3-2 Costs of holding and ordering inventory.

Holding cost = (average inventory ) X (unit inventory holding
cost per year) )
= (Q[2) X (P X FH)
where Q = quantity ordered
P = price per unit
FH = annual unit holding cost as percentage of the unit price
Order cost = (number of orders per year) X (cost per order)

Q

where R = annual requirements in units, level demand
Cp = procurement cost (includes costs of paperwork,
handling, etc.)
Cost of inventory = (unit price) X (annua! requirements)
=(P) X (R)
Total cost = holding cost + order cost + cost of inventory
QXPXFH . RXCp

Total cost = 3 Q + PXR {’
. XPXFH RX(
Total incremental cost = Q 5 + 2 P f

Solving for the economic order quantity Q, by algebra: the minimum point
on the total incremental cost curve is where the inventory holding cost and

the procurement cost curves intersect. Where they intersect they must be
equal. Therefore, at Q,:

Q R

5 (PXFH) ={ =) G

2 { ; ) (Q) P
Clearing denominators:

Q(Q)(P X FH) = 2R)Cp

2RCp
3 = —
Q"= PxFH

_ fRGp
Q= VexFH
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Solving for Q by calculus' the minimum point on the total incremental cost
curve is where the {irst derivative equals zero. Taking the first derivative with
respect to Q and setting it equal to z¢ro: \

0 = (PX FH)[2- (R|Q?)Cp
(PX FH) . RCp

2 Q?

_ 2RCp
@ = pxFH

_ |2RCp
Q- JP X FH
Sample 1t 1s a straightforward matter to find the economic order quantity (EOQ)

Problem and the total inventory cost (TC), when the values for R, Cp, P, and FH are
One  rown. For example, if

R = 1600 units (total annual usage)
Cp = $5.00 (cost of one procurement)
P =$1.00 (unit price of product)
FH = 0.10 (unit holding cost per year as percentage of price), then

_\/2 X 1600 X 5.00

1.00 X 0.1
Q =400 units
400 X 1.00 X 0.1 1600 X 5.00
Total cost (7C) = > + 200 +1.00 X 1600
TC =20.00 + 20.00 + 1600.00
TC = $1640.00

This computation 1s not too tedious to d/o, if there is only one.-
However, when there are many alternatives to test and when more compli-
cated formulas are required, then a computer program is a great computa-
tional aid. The next section introduces the data input and computer output
for the simple example shown above. In following sections more complicated
problems illustrating the use of the computer program will be presented.

Computer Before describing the data cards, several comments will be made pertaining
Input 1o the program itself. The user should keep these comments in mind when

—Prob(l)em using the program. :
ne The program 1s applicable only to a fixed-order-quantity inventory
system, and all quantities in the program are expressed in annual amounts or
rates. In the case of R (annual inventory requirement), a level usage rate is
assumed throughout the year. In order to convert the program for monthly
or seasonal calculations one would have to adjust the imputs to the same

time scale.

Although the figure available for inventory holding costs is often
stated as an annual cost per unit, this program requires that holding costs be
expressed as a percentage of the unit value of inventory.

To run the economic order quantity computer model, only two cards

-
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are required: (1) the user name card, and (2) the “data’ card. When muitiple
problems are batched together, a new name card is required for each
problem.

The user name card may contain any identifying information (such
as the user's name) which is desired. This identifying information is key-
punched in the first forty columns.

HMAGGARD EOR F‘RD_ELEM ONE

00000000006000000000000000000000000000680000008000080
ERER R AR Y A UE UL YL U PR L L S P P TR

The data card contains the numerical data for the economic order
quantity computation. Columns 1-5 contain the annual usage requirement,
and the ordering cost is punched in columns 6-10. The holding cost,
expressed as a percentage of the unit price, is keypunched in columns 11-15,

and the unit price is punched in columns 16-20.
1600.5.,00 0,10 1.00

The user name card and the data card are the only two cards
required. A listing of the two cards which produced the output shown in the
next section is shown in Figure 3-3.

MALGARU EOwW PROBLE 1 ONE
1600,5.,00 v, 10 1,%u

Figure 3-3 Computer input—Problem Qne.

Computer The computer output (Figure 3-4) includes the identification information
Output  from the user name card and the information specified on the data card.
-Prob(l;:m Below this, the program prints out the quantities calculated in the program
" These are (1) the optimum order quantity, (2) the total inventory cost, {3)
the number of orders to be placed annually, and (4) the unit price at the

order quantity determined.

3.2 PRICE DISCOUNTS
When discussing the economic order quantity model 1n Section 3 1,
it was noted that the basic model assumes no quantity price discounts.
However, the bastc EQOQ model may be extended to include price discounts

PROGRAM EOW FOR MAGGARD EOQ PROBLEM ONE
INPUT DATA ]S #ecwacevoce

R cp FH Pl cs 81 F4 R2 P3 W
1600 S.00 ¢10 1,00 0 ] 0 0 0 0
ANALYSIS RESULTS ARE @v0ce
OPTIMUM OKDER GUANTITY IS 400090
AT A PRICE PER ITEM OF l1e00
YIELDING A TOTAL INVENTORY COST OF 1660.00
WHERE THE NUMHER (F ORDER CYCLES PER YEAR IS 4.00

Figure 3-4 Computer output—Probiem One.
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The

EOQ Model
—With
Price
Discounts

Sample
Problem
Two

Solution
for EOQ
with Two
Price
Breaks

Cost

Total incremental cost
{two price breaks)

Holding cost |
{two price breaks)

Ordering cost

1 1
1] 81 82 Units

Figure 3-5 The effects of price discounts on the economic order quantity.

as input variables, Inasmuch as price discounts do happen in reality, the
extension of the EOQ model to include price discounts will be the subject of
this section.

Referring to Section 3.1, the user should note that in the derivation of
the EOQ model the price per unit (P) affects the holding cost (@/2) X
(PXFH), but not the ordering costs. Nevertheless, if price discounts are
introduced as variables, they will influence the total incremental costs (7/C).
The effects of price discounts are graphically illustrated in Figure 3-5.

The addition of the quantity discounts to the economic order quan-
tity model makes it somewhat more difficult to obtain a solution. It is not
possible to find directly the lowest point on the Total Incremental Cost
(TIC) curve shown in Figure 3-4. The general approach used is to investigate
the T/C curve at each price break. In addition, the curve must be analyzed at
different points near the price break giving the lowest 7/C to see if an even
better solution can be found. Problem Two illustrates this general search
solution when price discounts are to be considered.

The supplier has recently revised his pricing policies and now offers the
following price discounts: If one orders in lot sizes of B1 (Qg; = 300), the
price will be $0.90/unit (P;); if one orders quantity B2 (Qg, = 2000}, the
price will be $0.80/unit (Py ).

First calculate Q; using P3; If it is greater than Qg, then order Q5. If it is less
than Qg, then (using P4 ) 1t is infeasible,

Next, calculate Q4 using Py, If Q; > Qp,, then order Qg,.

If Q, 1s less than Qg, but greater than Qg,, i.e., Qg, < Q2 <Q 51,
then compare TC, with 7Cg,.

If TC; > TCg,, then order Qg,.

P
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If TC, <TCg,, thenorderQ;." -

If Q, is less than Q&1, calculate Q.

If @, > Qg,, then compare TCpg, with TCpg;.

If TCg, > TCpg,, then order Qg,.

If TCg, < TCpg,, then order Qg,.

If Q, is less than Qg,, then compare 7C, with TCg, with 7Cg,.
Order the quantity corresponding to the minimum total cost.

2(1600)(5.00
Qs = —(6%((%(—1—6)——) = 447.2 (using P;)

Since Q3 < Qg,, calculate Q, using P,.

-, [2(1600)(5.00) _ ,
Q: -m 421.6 (using P;)

Since Q, is less than Qg, (2000), but greater than Qg, (300), we
must compare TC, with T7Cg,.

' - (0.90)(0.10)({421.6) ‘ 1600(5.00)

TC, 7 2216+ 1600(0.90)
= 18.99 + 18.99 + 1440
= $1477.98

TCs,= 0.80(0.1;))(2000) . 16(2)8(()5600) + 1600(0.80)
= 80.00 + 4.00 + 1280.00
= $1364.00 i

TC, is greater than TCg,, therefore, order in quantities of 82(Qg,=
2000 units @ $0.80/unit).

Computer The user name card 1s the first card in the data deck. The data card for this
Input  example problem contains some additional information. Columns 1-20 are
—Prolzllem the same as described in Section 3.1. The minimum quantity that can be
W0 ordered to take advantage of the first price discount is punched in columns
26-30 and the unit price at the first price discount is punched in columns
31-35. Columns 36-40 and 41-45 contain the corresponding information for

the second price discount. The data card is as shown:

1600,5,00 010 1,00 0 200, 0,90 eonn, 0.8

00000000000000000000000000006000000080000000000000
12105001 NNOUBANUHENBNUBAND AN NBUD AN AN DO HOU G U G0

The complete computer input for this example probiem is exhibited
in Figure 3-6.

MALGARU EOW PRUHSLE™M TWOs PRICE DISCOUNTS
1600500 vel0 1,00 0 300 Ve90 200040.m

Figure 3-6. Computer input—Problem Two.
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PRUGRAM E£0u FOR MAGGARD EOUQ PROBLEM TWOs PRICE DISCOUNTS
INPUT DATA IS @sceccosces
R

CP FH Py CcSs 81 P2 H2 P3 L]
1600 S.up «10 1.00 0 300 «90 2000 L80 0
ANALYSIS RESULTS ARE eese
OPTIMUM ORDER WQUANTITY IS 200000
AT & PRICL PER ITEM OF «80
YIELDING & TOTAL INVENTORY COST OF 1364000
WHERE THE NUMHER OF ORDER CYCLES PER YEAR IS <80

Figure 3-7 Computer output—Problem Two.

Computer Output  The computer printout resulting from the above data is shown in Figure 3-7,
—Problem Two

3.3 SHORTAGE COSTS

Just as it 1s true that in the real world quantity price discounts exist,
it is also true that backorders are a reality. By allowing backorders we are
saying that if an order cannot be filled at this time due to stock shortages,
then as soon as inventory 1s available previously unfilled orders, 1.e., back-
orders, will be the first orders to be filled. However, in an inventory system
allowing for backorders (see Figure 3-8) a shortage cost is usually input
relating to the backorder quantities. Generally, this shortage cost consists of
costs due to (1) possible lost sales due to stockouts, {2) decreased customer
satisfaction, (3) additional costs associated with rush shipments, and so on.

Inven-
tory
level
/max -—-—4——A——-
)
"
<
Positive
inventory
balances
o
0 \ \ time
’ ty }-4—1, ——‘l f, |
Backorder
quantities
t, = time during which {, = ume durning which there -
there are positive arc inventory shortages

mnventory balances

Figure 3-8  An inventory system with (Q =/ ..} backorders allowed.
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The basic EOQ formula may be modified to incorporate shortage
costs as follows:

1. Cp = procurement cost per order (unchanged)

. (P—XFL)(E-“:)— t, = the holding cost of the positive inventory
.2 balance during time ¢, ([ is on an annual
basis, i.e., z = a fraction of a year).
Since ty= /g /R, this becomes:

2

(P X FH)I* mex
2R
(Q ~ /max) -
3. Cs—————t, = the shortage cost of the backorders during
Y 2 time tz. -/ !
Since t, = T2 , this becomes:
—lr)3
Cs (g——"ﬂ)— where /max = maximum level of inven-
2R tory and
Cs = shortage cost.

Hence, the total incremental cost for one cycle, t; + t,, of an inventory
system which allows backorders is

Co + (PXFH) (P rax) + Cs (Q=1max)?

2R 2R

The annual total incremental cost is now obtained by multiplying the above
equation through by the number of orders placed per year, R/Q:
o RXCp +(PXFH) (Pmax) +Cs (Q= Imax)?
T Q 2Q 20
To determine optimal values for Q and /. , take the partial

derivatives of the above equations with respect to Q and /p,. , equate to
zero and obtain

0= 2RCp [P X FH) + Cs
“\VPxFa X Cs
/ _ [ 2RCp % Cs
mx “\BxrH X NPXFH)+ G
_ P(PXFH)RCp Cs
ne. = X \VPXFH+G

However, if either Q or /ma is constrained, their respective values are
obtained as follows:

TIC

1. When Q s constrained, for example, fixed at price discount
quantities, then /., is calculated as

CsQ

Imix = G S
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Sample
Probiem
Three

Computer
Input
—Problem
Three

P

2. When /., is constrained, for example, limited by storage con-
straints (see next section), then Q is calculated as

\/2CpR + (P X FH) 2 0x + Csls

T Cs

Q:

This problem is basically the same as Sample Problem One except that
shortage costs (Cs) are included. In this problem Cs = $0.30.

. 100 X 0.10) + 0.
=Jz(usomsoo X J( 0.10)+0.30 _ 11001 154

1.00 (0.10) 0.30
= 461.88 units
R 0.30
7€ = \/2(5.00) (1.00 X .10)1600 X \/(1.00 X 0.107+ 030
~ = 40(.866) = 34.64
TC =  (1.00) (1600) + 34.64 = $1634.64

The reader should note that the effect of including shortage costs is
to increase the size of Q. This is because the annua! inventory holding costs
are smaller due to the smaller average inventory. In addition, the total
incremental costs (7/C) are less than in the classical model because both
holding costs and preparation costs are lower. (This may be verified by
comparing the results of this analysis with those from Section 3.1.)

The data card for this example problem follows the same general form
outlined previously. One additional data input is necessary. The shortage
cost of $0.30 1s punched in columns 21-25.

1600,5.00 0.10 1.00 0.30

pooopo000OD000DO000G0000000C00B00L2R0000000000000000
RS R CE RS S ELER TR FAL TXE S TLT XL
The complete computer input is shown in Figure 3-9.
MAGGARU EOuW PROBLEM THREEy SHORTAGE COST
16005600 UL10 1,00 0,30
Figure 3-9 Computer input—Problem Three.

The computer printout, using this input, is shown in Figure 3-10,
PROGRAM EOW FOR MAGGARD EQQ PROBLEM THREEes SHORTAGE COST
xNPuT DATA ls osedadovoee

R CP FH Pl CcS Al Pe H2 P3 L]

1600 5S.00 «10 1,00 «30 0 v 0 0 0

ANALYSIS RESULTS aARE cecs

OPTIMUM OHDER QUANTITY 1S 461488
WiITH OPTIMUM INVENTORY OF 368041
AT A PRICE PER ITEM OF levd
YIELOING A TOTAL INVENTORY COSTY OF 1634004
WHERE THE NUM4ER OF ORDER CYCLES PER YEAR IS Jebd

Figure 3-10 Computer output—Problem Three.

—
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Sample
Problem
Four

Computer
Input
—Problem
Four

Computer
Output
—Problem
Four
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In this section, an additiona! constraint of maximum storage limita-
tions, either in terms of available warehouse space or available capital, will be
placed upon the basic EOQ model. This is intended to be an illustrative
example of an additional type of constraint which-may be (and in the real
world is) imposed upon the basic EOQ modei. By incorporating this added
constraint the reader should get some additional insight into the problems
that face management when determining what quantities to purchase from
suppliers.
This problem is basically the same as Sample Problem One except that the
additional constraint of maximum warehouse space available (W) has been
imposed.

In this problem, W = 100 units. From Sample Problem One, Q@ = 400
units, but since W < Q, the order quantity must be Q = W = 100 units,

In this problem, the cost of the limited storage constraint is 7Cpop1

-TCw.

100 (1.00) (0.10) , 1600(5.00)

TCW = +
2 : 100

5+80+ 1600 = $1685.00
7C;~TCy =$1640.00—-$1685.00 = $45.00

+ 1600(1.00)

Costy

The data card of the above example problem follows the same form as
outlined previously, with one addition. The maximum warehouse space
available, expressed in units, is keypunched in columns 46-50. The data card
looks like this:

1epn.S.00 D40 L.00 1, 0. 0. 0. 0. ina,

00000006000000000006200000000000000080000080800000

T34 58100 0BT aAdINRANBINIANRANNUBHRIUARNAQNAB8g480

The computer input for this example problem i1s shown in Figure
3-11.

MAGGARU EOuU PROBLEM FOUR, STORAGE LIMITS
1600,5.00 velO 1,00 0o O O 0. 0o 1006

Figure 3-11  Computer input—Problem Four

The computer output will indicate whether or not the warehouse constraint
has had an effect on the economic order quantity. If an economic order
quantity has been determined which exceeds I, the output will indicate that
this has happened.

Furthermore, on the output will be a statement to the effect that, (f
the warehouse restrictions are operative, the order quantity determined may
not be optimal. Suggestions are made for a method to determine the optimal
quantity f this restraint i1s present. The computer output 1s shown in Figure
3-12.
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PROGRAM EOW FOR MAGGARD EOU PROBLEM FOURs STORAGE LIMITS
INPUT DATA 1S ®eacoosaecs
R P FH Py cs 81 P2 82 P3 o
1600 Sev0 «10 1,00 0 0 0 0 0 100

ANALYSIS RESULTS ARE ®eae
BEFORE THE WAREHOUSE STORAGE LIMITATION IS APPLIED

OPTIMUM ORDER QUANTITY IS 40000
AT A PRICt PER ]TEM OF 1«00
YIELDING A TUTAL INVENTORY COST OF 1640440
WHERE THE NUMBER OF ORDER CYCLES PER YEAR IS 4s0Q

THE ORUDER WQUANTITY IS LIMITED BY THE WAREMOUSE SPACE
RESTRICTION AND IS NOT AT AN OPTIMUM. LOOSEN THE
RESTRICTION AND RUN AGAIN OBSERVING THE EFFECT,

ANALYS1S RESULTS ARE w#owe
AFTER THE wAREMOUSE STORAGE LIMITATION IS APPLIED

OPTIMUM ORDER QUANTITY IS 10000
AT A PRICL PER ITEM OF le00
YIELDING A TOTAL INVENTORY COST OF 1685.09
WHERE THE NUMBER OF ORDER CYCLES PER YEAR [S 16ev0

THIS ORDER QUANTITY IS AT THE MAXIMUM WAREHOUSE CAPACITY

Figure 3-12 Computer output—Problem Four.

To conclude our discussion of economic order quantity models and,
' in particular this computer model, we would point out:

1. that the model is, in its present form, imited to only two price
breaks.

2. the inclusion of shortage costs certainly complicates the storage
limitation .problem. In this model, when backorders and storage
limitations are included in the same probiem, the assumption 1s made
that the backorders are instantaneously filled and that the storage
limitation W 1s a constraint upon /., and not upon Q. The user
must remember that if /. is constrained by W then neither Q nor
{max  will be optimal.

3. this model will solve problems inciuding one or all of the con-
straints previously described in a single probiem. To appreciate this
fact the reader may wish to solve the following problem manually
and then by the use of the herein described EOQ model.

Data
R Cp FH P, Cs B P, B2 Py, W
1600 5.00 0.10 1.00 0.30 300 0.90 500 0.80 350

REFERENCES Bowman, E. H., and R. B Fetter, Analysis for Production and Operations Management,
3d ed., Homewood, 11l.* rwin, 1967,
Buffa, E. S., Modern Production Management, 3d ed., New York Wiley, 1969,
- ,Operations Management: Problems and Models, 2d ed., New York. Wiley, 1968
— ,Production-inventory Systems. Planrung and Control, Homewood, lil.: Irwin,
1968.

PPN
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Eilon, S., Elements of Production Planning and Control, New York: Macmillan, 1962,
Fabrycky, W. }., and P. E. Torgersen, Operations Economy: Industrial Applications of
Operations Research, Englewood Cliffs, N.}.: Prentice-Hall, 1966.
Garrett, L. }., and M. Silver, Production Management Analysis, New York: Harcourt,
Brace & World, 1966.

Hadley, G., and T. M..Whitin, Analysis of Inventory Systems, Englewood Cliffs, N.J.:
Prentice-Hall, 1963,

Hopeman, R. )., Systems Analysis and Operations Management, Columbus, Ohio: Merrill,
1969.

Magee, ). F., and D. M. Boodman, Production Planning and Inventory Control, 2d ed.,
New York: McGraw-Hill, 1967.

Naddor, E., /nventory Systems, New York: Wiley, 1966.

Olsen, R. A., Manufacturing Management: A Quantitative Approach, Scranton, Pa.:
International Textbook Company, 1968.

Plossl, G. W., and O. W. Wright, Production and Inventory Control, Englewood Cliffs,
N.].: Prentice-Hall, 1967.

Riggs, J. L., Production Systems: Planning, Analysis and Control, New York, Wiley,
1970.
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3.5 EOQDATA DECKSTRUCTURE

1
/ Additronal data sets

/ Oata card

User name card

Data Card
Card  column Format Item
1-5 F5.0 annuai usage requirement
6-10 F5.0. ordering cost f"
11-15 F5.0 holding cost '
16-20 F5.0 . unit price
21-25 F5.0 shortage cost
26-30 F5.0 minimum order quantity—first price discount
31-35 F5.0 unit price—first price discount
36-40 F5.0 minimum order quantity—second price discount
41-45 F5.0 unit price—second price discount

46-50 F5.0 maximum warehouse space available

o-
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3.6 EOQPROGRAM LISTING

c PROGRAM EOQ
C®* ECONOMIC ORDER QUANTITY MOUEL

C* COPYRIGHT ROY D HARRIS OCTOBER 1970
C* THIS VERSION FUR THE InM 360

Ce

C® R = ANNUAL USAGE REQUIREMENT, LEVEL DEMAND

CUST OF ONE PURCHASE ORDER

HOLDING CUST AS A PERCENTAGE OF UNIT PRICE

® PRICE OF EACH UNIT BEFORE DISCOUNT P(1)=P1

Ce CP s
C* FH =
c* P(1)
c* P2}
ce P(3)
Co  Pl(4)
ce® P(5)
c* Pl(o)

PRICE OF EAC
PRICE OF EAC

PRICE OF EACH UNIT AT FIRST DISCOUNT BREAK POINT
PRICE OF EACH UNIT AFTER FIRST DISCOUNT P(3) = P2
PRICE OF EACH UNIY AT .SECOND DISCOUNT BREAK POINT

H UNIT AFTER SECOND DISCOUNT P(%) = P3
H UNIT AT WAREHOUSE CAPACITY RESTRAINT

C? ECOUm ELCONOMIC ORDER QUANTITY

ce ni(l)
ce B(2)
C® (S =

s FIRST DISCOU
2 SECOND DISCO
SHORTAGE COST

NT WREAK POINT B(1) = B]
UNT BREAK POINT B(2) = 82

C* ¥ = MAKIMUM WAREHQUSE SPACE AVAILABRLE
C® TCST = TOTAL COST AT €0Q
NUMBER OF ORDEKS PER YEAR AT E0Q

C® ON =
ce Qf())
c* Q(3)
C* Q(s5)
ce®  Q(2)
C®* Q(s)

EOQ AT P(1)
EOQ AT P(3)
ECQ AT P(5)
B(}1)
6(2)

C® Q(e)o w FOR CS5=y Q@
‘C®  TC(l) = TOTAL COCST
C® TC(l) = TOTAL COST AT G(I) AND ENV(I) FOR I = 1 TO ¢
C® ENV(I) = MOST ECONO
C* ENVI6) = &

C® ENVT = OPTIMAL INVENTORY WHEN CS NOT o

ce

C.0.0..O..'O'.Q.ﬂ@b.k’..00050.000.DO..O00000000i'OOOOQOQODGOOOOGOQOOOQOQ
DIMENSION Plgle Qo) ENV(O) s TC(6)s B(3)y ALPHA(]Y)

Ml
[]+]

=5
B

(6)=0PTIMUM ORDER AT ENV(6) = W FUR CS NOT ¢

MICAL INVENTORY LEVEL AT €0 =@(I) 1I=1 YO0 5 '

€ REAU AND PRINT NAME CARD = ® = = w ® o = o ® = = @ = o v = = o = =
1 READ (MI1,71f ALPHA
wWRITE (M0972) ALP
‘C READ AND PRINT DATA CARD = = © © = @ = = o @ @ v = ® o = o = « » =
READ (MIo73) Re CPo FHy P(l)e CSy B(1l)e P(3)e B(2)y P(S)y ¥
WRITE (MO97¢)
WRITE (MOe75)
WRITE (MO976) R
c CHECK OUT THE DATA

1F
IF
1F
IF
IF
1F
IF
IF

€ e~ EWN

10 1F
11 4

(R) 1991992
(CP) 1901903
(FH) 19019¢6
(P(1)) 1901908
(B(1)) 19¢l406
(P(3)) 1961907
(B(2)) 19+1608
(B(2Y=8(1)) 19

TWO PRICE BREAKS
NSEG = 3

(PL{S)) 194199]
(%) 19912413

12 w o 1.E25
13 #t3) s

1F

c NO PRICE BREAKS

(CS) 19920020

HA

CPs FHy P(1)o CSe B(l)y P(3)e B(2)s P(S)s W

0949

1

1
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1%

1o
17

18

19
r{l

a2y
22
a3
26

25
26
a7
2y

29
30

34
a5

36

37
38
39
by
“l
LT3
LX)

44

ONE PRICE BREAK

ERROR IN DaTA

SHORTAGES NOT ALLOWED

NSEG = ]

8(1) = },E25

IF (P(3)) 19415,19
P{3) & P(]1)

IF {8(2)) 19417419

NSEG s 2

B(2) = 1.E25

IF tP(S)) 19418919
P{S) s P(3)

60 10 19 -

WRITE (MQOW7T)

60 TV

P(e) = P(5) N

Plz) 8 P(I)

IF (P(5)=P(3)) 22+22+21
Pta) = P(3)

IF (P(3)=P(1)) 24+24+23
P(2) = P(})

Ple) 3 Plz)

IF tweld (1)) 28939295
IF (weB(2)) 27429926
P(6). = P(H)

60 T0 30

Pl{6) = P(3)

6U TO 30

P(6) = P(])

60 TU 30

PL6) = P(s)

Q(2) = 8(])

wia) = B(2)

wi(6) = B(3)

IF (CS) 31931061

DO 321 =1y 3
J B 28]=]

CALCULATE u(]) 1I=143¢5

WiJ) 2 SURT(2.9CP*R/ (FH*P(J)))

DO 35 1 =3 19 6
IF (W(1)=]1.E2S5) 33434433

CALCULATE TC(1) I=] TOU 6

TCLl) = (CPOR/Q(])eP (1) ®ReP(I)aF42Q(])/2,)

60 TO 35

TC(l) = 1.E2%

CONTINUE

DO 36 1 = 1+ 6
ENVII) = w(])

1F (W(1)=Wi2)) 3943938
TC(1) =z 1.E2%
IF (W(2)=Q(3)) 40s4yeb]
IF (W(3)=G(4)) 4246244]
TC{3) = 1.,E2>
IF (W(8)=WI(S)) 44446443
TC(S) = 1.E25%

KFLB = 1
TCST = TC(])
ELOW = QU])

ENVT = ENV(D)
ud eb I 3 19 5

TEST FOR FEASIWILITY wiTH KESPECT TO THE PHRICE BREAKS

FIND EUUG WITH QUT STORAGE LIMITATIONS = @ o = = « =

> P PP EPEPDPBPEPLRPPERPDPLDPRPEPDRPDPDDLBLBPEDDLPDPPEPRPEPPREPRPEPRPEPPPERDPDEPRPRPRPEDPDD

123
124

v
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£3-)

(1]

*7
L

a9
5y

51

52
53
S¢

55

56

57

58
89

60

61

62

IF (TCST=TC(I)) 464606445
TCsT = TC (1)
KFLY = 1
ECOU = Q(])
. ENVT = ENVIE)
CONTINUE
ON = R/ECOQ

PRINT RESULTS HEFORE STORAGE RESTRICTIONS

WRITE (MO, 78)

IF (a=],E25) 47148447
WRITE (MDy79)

WRITL (MOsBO) ECOQ

IF 1C8) 4995 89
WRITE (MOs90) ENVT
wRITE (MO981) P(KFLAB)
wRITE (MO+B2) TCST
wRITE (MO983) ON

IF (W=1.,E25) S5101+5])

TEST FOR FEASIHILITY WITH RESPECY TO THE STORAGE REQUIREMENT = = = =

0053 [ =195
IF (ENVII)eW) 53453652
TC(1) = 1.E25
CONTINUE
IF (TC(RFLB)=1,E25) 54955,54
WRITE (MOeg4)
60 70 )
FIND EOQ WITH STORAGE LIMITATIONS
KFLB = )
TCST = TC(})
ECOG= Q(}))
ENVT = ENV(])
VO 57 I o 1 &
IF (TCST=TC(I)) ST7+57956
TCST = TC(I)
ECOuz Q(1)
KFLB =z ]
ENVT 3 ENV(])
CONT INUE
ON 3 R/ECOQ

PRINT RESULTS aFTER STORAGE LIMITATIONS

WRITE
WwRITE
wWRITE
wRITE

(MOv8S)

(M09 B6)

(MOeB7)

(MO 78)
WRITE (MOvgg)
URITE (MO»g0) ECOQ
IF (CS) 58959158
WRITE (MO»90) ENVT
CONTINUE
WRITE (MO+81l) P(KFLB)
URITE (MOsg2) TCST
wRITE (MO983) ON
IF (RFLB=6) 14604])
WRITE (MOo89)
60 To 1

SHORTAGES ALLOWED
ENV(6) ® QU6)
0O 62 1 ® 1y Sy 2

NV(1) ® SQRT(2+®CPO®R®*CS/ (FHOP (1) O (FHOP(])eCS)))
Q(I) = SQRT{(2.®CPO*R* (FH®*P(I)+CS))/(FHeP (1) OCS))

00 65 I = 1s 2
J = 2e]
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IF (W(J)=1.E25) 644063066

EnviJ) = 1,E2S

60 TU 65

ENVIV) = (QUJ)IPCS)/(PIJ)RFHCS)

CONTINUE

IF (ENV(6)=1,E2S) 66467166

U(6) = SURT((2.,2CPRRENV(E) a0 (CS+P(6)FHI)/CS)
VO 70 I a 1e 6

IF (Q(I)=1.E25) 68469468

TC(E) = (CPOR/Q(I)SFHOP(II®ENV(]) 002/ (2.%0(1)) +rOP (1) 4 (CSS(Q(I)=EN
jvil))Iee)/(2.%Q(1)))

60 TV 70 -

TC(3) = j.E25

CONTINUE

60 TO 37

TAaBLE OF FORMATS

FORMAT (l0A4)

FURMAT (17HIPROGKAM EOQ FOR +1044)

FURMAT (11FS,.¢)

FORMAT (26h INPUT DATA IS ¢%ococcoese )

FORMAT (60k R cP FH P1 (o1 Bl P2 82 P3
1 L] ] .

FORMAT (1x'F‘J.ﬂ'“FﬁoZ'Fb.OOFb.Z'FO-U'F5021F6od)

FPORMAT (44H ERROR IN INPUT DATAy CHEGCK AND RUN AGalN )

FpRﬂpf (26H0ANALYSIS RESULTS ARE ¢oee)

» FORMAT (54M BEFORE THE WAREHOUSE STORAGE LIMITATION IS APPLIED

1) '

FORMAT ( 27H OPTIMUM ORUEK QUANTITY ISs20XeFlgee)

FORMAT (25H AT A PRICE PER ITEM OF ¢22XeF10.2)

FORMAT (37H YIELDING A TOTAL INVENTORY COST UF 91UXeFl0.2)
FORMAT (47H WHERE THE NUMBER OF ORDER CYCLES PER YEAR IS 9F10.2)
FURMAT (S51H THE WAREHOUSE LIMITATION HAD NO EFFECT ON THE E0Q )
FORMAT (564M0 THE ORUER QUANTITY IS LIMITED BY TnE WAREMOUSE SPACE)
FORMAT (S4H RESTRICTION AND IS NOT AT AN OPTIMUM, LOOSEN THE

1)

FORMAT (54H RESTRICTION AND RUN AGAIN OBSERVING THE EFFECT,.

1)

FORMAT (60H AFTER THE WAREHOUSE STYORAGE LIMITATION IS APPLIED

1 )

FORMAT (ouM  THIS ORDER WQUANTITY IS AT THE MAXIAMUM WAREHOUSE CAPAC
1ry )

FORMAT (28H WITH OPTIMUM INVENTORY OF ¢19XsFlue2)
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