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EDITORIAL
"Investigagao Operacional™ muda de cara e de corpo a
partir deste numero. Pretende-se com estas mudangas nao
806 alterar a imagem da nossa revista, mas também, e de

forma concordante, alargar os objectivos que com ela a APDIO

pretende ver alcangados.

Com efeito a APDIO & ja hoje uma Associagao cientifica
solida e com uma actividade regular e multi-facetada, de que
os Grupos de Especialidade e as Conferéncias e Seminarios
internacionais que estao a ser organizados representam duas
das frentes mais evidentes. A politica editorial da APDIO
devera naturalmente acompanhar e contribuir para o amadure-
cimento da Associagao, adaptando-se a essa maior riqueza de
actividades e procurando aumentar. a contribuigcao da revista
"Investigagcao Operacional™ para a formagao e actualizagao

. .
cientifica dos socios.

Neste sentido, e com o objectivo de garantir wuma maior
rapidez na divulgagao das noticias importantes para os
sbcios, relativamente a iniciativas da propria Associagao
ou de outras (particuiarmente reunioes internacionais), de-
cidiu-se criar um BOLETIM APDIO, de que-ja foi distribuido
o primeiro numero, e para o qual serao canalisadas todas
essas informacoes. O BOLETIM nao tera uma periodicidade

rigida, sendo a sua publicagao feita em fungao da quantidade
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e urgéncia das noticias em stock. Na fase actual da Asso-—
ciagao e previsivel a publicagao de cinco a seis nimeros por

ano.

Sera nomeadamente através deste BOLETIM que se deverao
fazer todas as comunicagoes aos socios (a menos que estatuta-
riamente devam ser de outro modo,,como no caso das convocato-
rias de Assembleia Geral), particularmente as respeitantes
ésﬁacpiviaades dos Grupos . de Espegialida@e.,hA:rqqao ~de ser
deste‘p;ipcipiq‘tem a ver com .0 peso cresggnte’que‘ as des-
pesas de correio vém tomando no total do orcamento da APDIO
e o desejo de,  sem. prejudicar aweficé¢ia' das gomuqicagaes,

conter esse aumento,

.“Deverao_pqr‘isso, os .geradores de noticiasj‘a_divulgar
enviéjlasipara,a sede .da , APDIO com. pedidq\de‘kpgblicagéo no
BOLETIM  com uma antecedéncia de, més e meio a_ dois meses
gthe,afyda;awlimitep,de divulgagéo, sem o que a APDIO nao
podera comprometer-se 8 ' suportar as despesas de tal divul-
gagéq.ﬁw_‘ Cien T SR TR TR TR

.. .Quanto, éirevista\QINVESTIGAQKQ; OPERACIONAL" propriamente
Qita,‘a[peniodicidadg,iré:dimipqir, passando a ser semestral,
por ja nao ter qualquer fungao de divulgagao de noticias.
Esta diminuicao de frequéncia de publicagao ira permitir
uma .melhor ,selgcgéo 1dos. .artigos a publicar, alem de uma
melhgr_qualidqdqlggéfica‘ sem aumento dos custos. Para essa
mglhonia(qde;‘qualidade grafica irao também contribuir,
espera-se, a  composicao dos textos em computador € o novo

formato .da revista,

‘Dado, que os subsidios oficiais a APDIO e a revista foram

sensivelmente diminuidos, também no que diz respeito a re-
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vista fol necessario minimizar os custos de produggo: a nova
dimensao corresponde ao aproveitamento maximo do papel, e o
envio postal de dois numeros por ano em vez de quatro permite

poupar uma parte substancial das despesas de correio.

A dimensao da revista sera proxima das cem paginas por
nﬁmero, e a natureza dos artigos a publicar teré em atenggo
fundamentalmente a existéncia de diversos pablicos leito-
res, com procuras de diferente caracterizacao. FEsta divisao
do conjunto de 1leitores em diferentes publicos & natural-
mente artificial e susceptivel de critica mas podera contri-
buir para a clarificagao do que devam a ser os artigos que

mais interessa publicar. Assim, temos as seguintes classes:

a) Comunidade cientifica nacional produtora de artigos orien-
tados para as metodologias e técnicas da Investigagao
Operacional. A revista devera naturalmente acolher com
particular interesse a produgéo cientifica nacional, como
forma de contribuir ©para a divulgagéo desse trabalho e
estimular a sua continuidade. £ sobretudo do trabalho
desta comunidade que depende o Desenvolvimento da Investi-

gacao Operacional que esta Associagao pretende promover,

b) Comunidade técnica nacional, sobretudo consumidora de ar-
tigos orientados para aplicagoes praticas. Uma consulta
da lista de socios da nossa Associagao revela com efeito
uma percentagem significativa de so6cios (individuais e
colectivos) dos quais tem havido pequena produgap de arti-
gos' quer para a revista quer para os Congressos, mas que
provavelmente serao consumidores avidos de artigos que
possam conter ideias e métodos aplicaveis nos respectivos

dominios profissionais.




c)

d)

EDITORIAL

Deveremos pois cobrir esta procura atraves da publicagao
de artigos que déem conta de experiéncias praticas,
sempre que possivel em contextos relevantes para a reali-
dade nacional. Havera aqui naturalmente um papel impor-
tante a desempenhar pelos Grupos de Especialidade, atraves
do estimulo aos seus membros para que apresentem artigos

para publicagao na revista,

Comunidade estudantil nacional na area da Investigaggo
Operacional, quer a nivel de graduagao quer de pos-gra-
duagao. As dificuldades financeiras de muitas bibliotecas
universitarias tornam particularmente dificii uma cober-
tura bibliografica eficaz, dado o numero e custo das
publicagaes internacionais neste domiunios. Nao tendo
ilusoes quanto a possibilidade de cobrir totalmente essa
lacuna, parece-nos no entanto possivel dar uma contribui-
g¢ao significativa atravées da publicacao de artigos de

"survey" de determinadas areas de problemas ou técnicas.

A partir destes artigos (que contém sempre extensas listas
de refer@ncias bibliograficas) sera muito mais facil ao
estudante optar pelo que lhe & mais relevante para o apro-
fundar do seu estudo. No caso destes artigos procuraremos
sempre a melhor cobertura possivel, recorrendo sempre que

. - , , -
tal se mostre conveniente a utilizacao de artigos ja

3 .

. : k4
publicados em fontes de mais dificil acesso no nosso pais,
uma vez obtida a autorizagcao dos autores e editores ante-
riores, ou mesmo ao convite directo de produg¢ao de um ar-

tigo de "survey" a um autor,

Membros de outras sociedades de Investigagao Operacional
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com as quais a APDIO mantém intercAmbio de publicagoes,
e leitores estrangeiros em geral. Neste caso, e dada a he-
terogeneidade desta classe, a caracteristica fundamental
doé artigos de interesse nao sera a sua natureza (pra-
tica, teoria ou divulgagao), mas o facto de a lingua de
publicagao ser por eles 1legivel. Assim, "Investigagao
Operacional" publicara artigos em Inglés, Espanhol e Fran-

cés, alem de Portugués.

(] - ol - . .
Conscientes de que nao e facil a tarefa de produzir uma
. . . 4 . . - . -
revista numa comunidade cientifica da dimensao e localizagao
da nossa, mas de que essa missao e fundamental para a sobre-
. @ . . by . .
vivéncia e desenvolvimento dessa propria comunidade, a todos
el . (] P . el
os socios da APDIO pedimos desde ja apoio atraves, quer da
produgao directa de novos artigos, quer da contribuigao com

sugéstaes ou criticas a nova orientacao editorial da APDIO.

0 Editor

°

/\/V“’r

Jose Manuel Viegas




6 Utilidade em Modelos de Previsao

UM CRITERIO DE UTILIDADE EM MODELOS DE PREVISAO PARA
STOCKS

Bernardo C. Vasconcelos

Dep. Engenharia Mecénica (GEiN)
R. dos Bragas,

4099 PORTO CODEX

RESUMO

Inimeros problemas de decisao requerem modelos de previ-
sao. Em geral ha diferentes modelos possiveis e o utilizador
tera que escolher o que 1lhe parega mais adaptado para a
aplicagao em vista. Habitualmente, a precisao do modelo & uma
das qualidades destacadas para essa escolha. Contudo, nao é a
precisao em si que interessa ao gestor, mas a utilidade des-
sa precisao na aplicagao em causa. No presente artigo, ana-
lisa-se o caso da preciséo da procura em gestao de stocks e
estabelece-se a relagcao entre precisao e custo da incerteza
propondo-se que a diminuigao conseguida para esse custo seja

a medida da utilidade da precisao.

1.INTRODUGAO

Os modelos de previsao quantitativa continuam a ser um dos
assuntos apetecidos dos investigadores como se vé& pela fre-
quéncia relativamente elevada com o que o tema aparece nas

. A . - . -~ .
revistas e conferéncias da area da Investigagao Operacional.
feito em (Fildes, 1979) alguns

Desde o "state of the art"
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progressos foram feitos, mas sobretudo em termos de aper-
feicoamento estatistico de modelos ja reconhecidos. Continua
por isso a ter actualidade a afirmagcao entao feita por esse
autor de que embora o wutilizador esteja interessado princi-

. A .

. . N
palmente na eficiéncia economica dos modelos, os teoricos tém
estado muito mais preocupados com a sua eficiéncia estatis-
tica. Neste contexto, a eficidncia estatistica diz respeito
ao grau de precisao das previsoes; a eficiéncia economica

relaciona-se com os beneficios que o modelo permite obter.

A efici@ncia estatistica tem um preg¢o, O da maior
complexidade do modelo que acarreta maiores custos de
programagéo, manutengao e processamento de computador.
Adicionalmente, implica maiores dificuldades para o utili=-
zador em dominar o modelo e com ele inter-actuar (poderé
haver modelos simultaneamente complexos e pouco precisos, mas
esses nao merecem consideragao). O prego da eficiéncia
estatistica devera ser compensado por uma maior eficiéncia
economica mas, para que isso seja assegurado, e necessario
estabelecer a relacao entre os dois tipos de eficiéncia.
Tal relagao permitira valorizar os aperfeicoamentos
estatisticos (referidos por Fildes) do pohto de vista do

utilizador que assim tera facilitada a tarefa de escolha.

Para introduzir o problema admitiremos, sem perda de
generalidade, que o wutilizador dispoe de um modelo de
previsao relativamente simples @ que esta a considerar a
substituicao desse modelo por outro mais elaborado de que
espera obter maior precisao. Tera entao de optar entre
simplicidade e precisao: para isso necessita de saber qual o
valor da precisao adicional do segundo modelo relativamente
ao primeiro. O valor da precisao depende naturalmente do

objectivo das previsoes ja que estas nao serao um fim em
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si mas apenas uma informagao. Sera aqui analisado um caso
de previsoes para gestao de stocks, estabelecendo-se

-~ 2 @ 2 - . . e ] - ]
relagoes entre criterios economicos e criterios estatisticos.

A previsao da procura para gestao de stocks, especial-
mente em artigos de rotacgao elevada, e alias uma situacao
excelente para apreciar o compromisso "simplicidade—preci—
sao". Com efeito, os requisitos sao frequentemente de previ-
soes a curto prazo a partir de series cronologicas, para o
que existe uma enorme variedade de modelos aceitaveis, desde
as médias moveis aos modelos ARIMA, numa escala de complexi~
dade quase continua. No que respeita a precisao, a hierar-
quia & menos clara visto estar muito depenc:nte da configu-
racao particular da serie utilizada no ensaio. No entanto,
para uma dada aplicagao ou conjunto de aplicagoes & possivel
estabelecer um escalonamento. Nao se ignora que este escalo-
namento levanta sempre a questao da "robustez", isto e, de
saber se as diferengas/ de comportamento sao fortuitas ou
permanentes, se a hierarquia estabelecida ira ou nao perma-
necer no futuro; e em relagao aos stocks, se a hierarquia
estabelecida com base numa amostra de artigos permanecera a
mesma para a generalidade da populagao. Tais hesitagoes
serao pragmaticamente ignoradas no presente trabalho que se

concentrara na questao seguinte:

"Qual o valor econdmico da precisao estatistica na

previsao da procura para gestao de stocks?"

. A analise aqui efectuada conduzira a definicao de um
critério econdémico para escolha do modelo de previsao do
"nivel" da procura. O desenvolvimento matematico sera feito
para as préticas de reaprovisionamento em revisao continua

e em revisao periodica, embora a abordagem permanega
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valida para outros casos. Os resultados serao explorados

para situagcoes em que os erros de previsao seguem uma
] . » g 3 b s . 4

distribuicao normal, uma hipotese muito frequente, aceitavel

quando os artigos nao sao de baixa rotacao.

2.CUSTOS DA INCERTEZA

Os modelos de gestao de stocks consideram varios tipos de
custo. Aqui interessa considerar apenas os custos associados
com a incerteza da procura, incerteza que se vai reflectir na
constituicao do stock de seguranga. Tais custos sao
tradicionalmente designados por "custos de posse"” e "custos
de penturia", referindo-se os primeiros aos custos do capital
investido em stock e a manutencao deste, e os segundos aos
prejuizos derivados de wuma procura que nao & satisteita

imediatamente.

Nos regimes de reaprovisionamento em revisao . periodica e
em revisao continua, os custos acima referidos, relativos a
um ciclo de reaprovisionamento, podem ser expressos matema-

ticamente por:

=

Custo de posse, por ciclo, H = fM(M—y) dF (l.a)
o

L]

Custo de pentria, por ciclo, R f; r{y-M) dF (1.b)

Custo da incerteza, por ciclo, C = H + R (l.c)
em que
y = procura do artigo, em unidades fisicas, durante o

3 ' .
periodo de risco;




10 Utilidade em Modelos de Previsao

F = distribuicao cumulativa da procura, F(Y)=

= prob (y<Y);

M = nivel de controlo de reaprovisionamento;
h = custo de posse por unidade fisica e por ciclo medio
de reaprovisionamento (abreviadamente taxa de posse);
el . . 5 .
r = custo de penuria por cada unidade fisica procurada

e nao satisfeita imediatamente (abreviadamente, taxa

de pentria),

De notar que as expressoes (1) sao aplicaveis tanto a
revisao periddica como a revisdo continua mediante uma
ligeira adaptacao de convengoes. Assim, numa pratica de
revisao continua, 7y sera no "prazo de entrega", enquanto
qua na revisao periodica o periodo de risco para a decisao

e o "prazo de entrega mais o periodo de revisao".

Relativamente a M, sera o "nivel de encomenda" em revisao
continua e o "nivel de preenchimento" em revisio periodica.
Repare-se que em ambos os casos M se refere ao stock nomimal,
isto &, o stock em mao mais as encomendas pendentes, Final-
mente nao deve ser ignorado que as expressoes acima pressu—

poem algumas simplificacoes (Taylor e Oke, 1976).

Consideremos agora que o gestor dispoe de um modelo de

previsao e sejam
A . Ing % .
y = previsao da procura no periodo de risco;

e =y ~§%, o erro de previsao correspondente,
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Note-se que, fixado o modelo de previsao, § e uma va-
riavel deterministica resultante dos dados passados pelo

que
F(y) = F (§ + e) =G (e)

traduz a possibilidade de passar da distribuig¢ao da variavel
aleatoria "procura" para a distribuigao da variavel aleato-

ria "erro de previsao".

As expressoes (1), atraves de conveniente mudanca de

variaveis transformam-se em

H = h, fm (m - e) . dG (3a)

— 00

Note-se que o limite - resulta da possibilidade teorica

de ser § = )

R =r. &a)(e—m) . dG (3b)

>

sendo m = M - (3c)
Admitindo que se pretende a minimizag¢ao dos custos, viria

MinCoH 4R (4a)
donde dC/dm = O (4b)

conduziria a

h, [ d6 = r. [ dG (4c)

00 m
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ou

G(m) = r/(h + r) (4d)

As expressoes (4) determinam My s isto e, o valor
optimo para m. E a Fig.l ilustra o significado de m, no
contexto da distribuigao dos erros. Note-se de passagem que
se espera que, na figura,

m
o
Fig.1
a area de probabilidade a direita de m, seja inferior
a area da esquerda pois r 5> = h (de contrario nao deveria

haver stock). O valor optimo de mg conduz ao valor minimo

do custo que viria dado por

m
Co = - h. [2 e.dG + R g:)e. dG (5)
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Os modelos probabilisticos de gestao de stocks pressu-
poem a possibilidade de determinar a distribuigao da pro-

cura. Repare-se, porém, que do ponto de vista do gestor de

- ] . . g .
stocks e a distribuigao dos erros que verdadeiramente
interessa. Com efeito, o gestor decide em fungao das
. - . A . N -
previsoes e, nesta perspectiva, o éxito dessa decisao

dependera em grande parte:

i) Da escolha de um modelo capaz de estimar convenien-

temente a procura;

ii) Da capacidade de determinar a distribuicao dos
erros de previsao, sejam esses erros causados
pela flutuagao da procura ou pela insuficiéncia

do modelo.

Estes dois aspectos correspondem a duas fases distintas de
estimagao embora se dinter-relacionem e possam mesmo ser
contemplados num unico modelo. Efectivamente, podemos ter uma
procura de perfil relativamente estavel e no entanto haver
erros de previsao consideraveis por se adoptar um modelo de
previsao demasiado elementar ( por exemplo, nao contemplar a
sazonalidade quando esta exista). Se, porém, tal modelo for
adoptado, sera necessario estimar a distribuigao desses
erros; e nada impede que para isso se utilize um outro mo-

delo, eventualmente, ate mais elaborado que o primeiro.

Pode, contudo, demonstrar-se que os custos da incerteza
sao mais sensiveis as imprecisoes da procura do que as
imprecisoes nas estimativas dos erros. Isso serve também de
razao para abordarmos primeiro os critérios para a escolha

do algoritmo da procura, o que sera feito no presente artigo.
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Deixaremos para um outro a segunda parte da questao, relativa

nd .
a estimativa dos erros.

3. ESCOLHA DO MODELO PARA PREVISAO DA PROCURA

A expressao (5) anteriormente deduzida formaliza a
influéncia da imprecisao nos custos, relagao que agora
interessa desenvolver. A maior dificuldade reside emn
determinar a funcao G(e). E pratica corrente simplificar o
problema pressupondo que os erros seguem uma distribuigao

normal, isto é,
e - N (E, V) (6)

sendo E o valor esperado e V a varidncia. A distribuigao
normal, com efeito, ajusta-se razoavelmente bem a maioria
dos perfis relativos a erros de previsao da procura de
artigos em stock, sobretudo os de maior rotagao, e tem a
vantagem de ser facil de tratar analiticamente. Sera por

isso aqui utilizada.
Designemos por
z = (e-E) /V/V )
a variavel normal generalizada e porg (z) e¢ (z) as corres-

pondentes fungoes distribuicao e densidade de probabi-

lidade. Entao, de (4d), podemos escrever

¢ (zy) = r/(h + r) (8.1)
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em que zg = (mO -E)/ V/V (8,2).

identicamente, (5) transformar-se-ia em

Co - - h 2 (. /T + E). do +
+r[® (2z./V'+ E). d¢ (9.1)
z
o

Tendo em atengao que para a distribuigao normal

z . dd= - d¢ (9.2)
e considerando a relagao (8.1) chega-se a

Co =VV . (h + 1) . o (z ) (10)

A precisao (ou, melhor, a imprecisao) dos modelos e

frequentemente avaliada atraves
s oy 2
do erro quadratico medio, EQM = % e, / N

|/ N

do erro absoluto médio, EAM = I | ey

ou do erro relativo médio, ERM = % | ey /yil/ N

cujos meritos relativos sao apresentados, por exemplo, em
(Makridakis e Wheelwright, 1978). Na maior parte das vezes
eles convergem, isto é, o modelo que leva ao menor EQM e tam-
bém o que conduz ao menor EAM e ao menor ERM, Mas ha casos
em que isso nao acontece pelo que a escolha de um modelo,
mesmo em termos de precisao, podera ser influenciada'pelo
critério adoptado. Aqui daremos preferé&ncia ao EQM por ser um

estimador, ainda que imperfeito, para a varidncia dos erros e
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por esta caracteristica ser fundamental para a analise que

esta a ser desenvolvida.
Note-se que a varifncia da amostra é dada por
s? - EQM - E2 (11)

Se o modelo de previsao for satisfatério, o valor espera-
do dos erros, E, sera proximo de zero e a varidncia podera
ser estimada por EQM. No caso de os erros seguirem uma dis-

tribuicao normal de media zero, entao

e~ N(O,V) (12.1)

\
EAM = / 2v/m (12.2)

. N - . L
podendo assim o erro absoluto medio ser usado também para
estimar a varifncia. Vem a proposito referir que, numa
analise "ex-post", E tem provavelmente um valor diferente de

"ex- ante", isto e,

zero. Mas quando adoptamos wuma posigao
quando nos debrugamos sobre o futuro, nao faz sentido
estimar para E um valor diferente de zero: se assim fosse, a

previsao poderia ser corrigida desse valor!

Admitindo entao que o EQM pode funcionar como uma estima-

tiva da varilncia, a expressao (10) passara a ser
Co =vEQM . (h + r) . ¢ (zo) (13.1)

Ou, em termos relativos

AC AEQM
- 17— (13.2)
C EQM
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Estas expressoes dao-nos um criterio economico para
seleccao do modelo da procura no caso de os erros seguirem
uma distribuicao préxima da normal, Tal critério, baseado
no custo, sera certamente muito mais sugestivo para o gestor
de stocks do que as habituais medidas de precisao EQM, EAM,
etc. Naturalmente que o gestor sentira que quanto maior for a
precisEo do modelo tanto melhor: porém, a partida, fica sem
saber "quanto melhor". A expressao (13.2) da-nos o "quanto
melhor", em termos relativos. Perante dois modelos a que se
atribuem diferentes graus de precisao, se a um corresponder
um EQM 207 menor que ao outro, entao a utilizacao do
primeiro podera levar a economias de 107 dos custos de
incerteza: sera isso compensador perante uma eventual maibr

complexidade desse modelo?

A expressao (13.1) analisa a precisao em termos absolu-
tos. A maior dificuldade na aplicagao da formula estara

na avaliagao do custo de penaria "r", avaliagao que sempre

éontém uma elevada dose de subjectividade. A discussao deste
assunto que e abordado por exemplo em (Oral et al., 1972) e
em (Vasconcelos, 1982), esta porem fora do Ambito do pre-
sente artigo. Observa-se apenas que, a avaliagao do custo de
penuria pode ser feita de uma forma indirecta. Por exemplo,
quando o gestor fixa uma taxa ou um risco de ruptura de 107
(isto é, espera-se que haja ruptura de stocks em 10% dos

ciclos) tal corresponde, de acordo com a Fig.l, a

h/(h + r) = 0,1; donde r = 9h

Este relacionamento permite quantificar "r" em fungao do

custo de posse "h", sendo este mais facil de objectivar




18 Utilidade em Modelos de Previsao

(baseado no custo de oportunidade do capital, nas despesas e

perdas de armazenagem, seguros, rendas, etc.). Permite ainda

verificar se o gestor esta a ser sensato nos niveis de

servigo que fixa. Assim, se ele fixar a taxa de ruptura em

10%, baseado na sua "percepgao do mercado”, devera esforcar-

-se também por estimar o custo da pendria "r" a partir dessa
mn..n

mesma "percep¢ao": se a estimativa de "r estiver distante

de (9.h), o gestor devera afinar a sua "perce cao".
g p p

A importlncia dos custos de penuria pode ser analisada

b . » .
atraves da sua influéncia sobre os custos da incerteza.
- -
Partindo da expressao (10) e atendendo a (8) chegamos a

conclusao que

Co / h VvV = f(k) (14.1)
sendo k = r/h (14.2)
Estas relagoes dao-nos a fungao generalizada dos

custos de gestao representada na Fig.2,

= Custo teorico

= Taxa de posse

Taxa de penuria

= r/h

= Varifncia dos erros

ju—
o
b~
v
—_—— . — - — ——
< XA H ITO
4

n A 1 . i 1 k=r/h
5 10 15 20 25 3o 35

Fig.2 - Custo da incerteza generalizado
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A sua utilizaggo pode ser exemplificada como segue: se o
custo unitario (taxa) de penuria for 19 vezes o custo
unitario (taxa) de posse por ciclo, entao k = r/h = 20. Este
valor em abcissas corresponde a ordenada 2,09. Se o EQM das
previsoes for de 90000 (usado aqui como estimativa da
varifincia) e se o custo de posse por unidade e ciclo for de

0,1 contos, vira

C, = (2,09)(0,1) V90000 = 62,7 contos por ciclo

4, COMPORTAMENTO REAL DO CRITERIO DE CUSTO

A consisténcia do critério de custo apresentado em (13)

depende da capacidade de o custo da incerteza, CO, teorica-
mente calculado, ser representativo dos <custos efectivamente
incorridos em situacoes reais, quando as premissas do modelo
sao apenas aproximagoes da realidade e se desconhece o

efeito conjugado dessas aproximagoes.

A.laia de validagéo, verificou-se o comportamento do
modelo em relacao a 36 conjuntos de dados historicos
referentes a entregas semanais de produtos petroliferos,
tendo cada conjunto 55 valores (de 55 semanas, portanto). Os
dados eram relativos a 13 produtos diferentes em 4 instala-
goes de armazenagem. O perfil de entregas variava largamente
de um produto para outro: os o0leos de aquecimento tinham va-
riagcoes sazonais grandes enquanto para os restantes combus-
tiveis isso nao era tao evidente. As previsces foram feitas

usando um modelo de amortecimento exponencial de la. ordenm,




20 Utilidade em Modelos de Previsao

&Ldﬁﬂ
4 6= 4,7 D
4,243
3,9=4,0 )
I ]
&s-a?]
31-32 au-ss]
34-35Q
31-320 3,2--3,31]
3,2-3,3[]
2,930 3,0=31[3
2627
2,2-23 2829
2627
2324
[L7=13] [z0=21 [2z=23 [z3=24] [z5=23
13=1%
- LS—LGP 1,718 1,8=19 1,9-2,0
k=10 k=20 k=30 k=i o k=50

Fig.3 - Custos generalizados C/(h.v/EQM) com dados reais

portanto, sem considerar a sazonalidade nem o declive. Os
erros foram assim maiores do que poderiam ter sido e a sua
distribuiggo, em alguns casos, afastava-se nitidamente da
normal. A utilizacao de um algoritmo tao elementar foi pro-
positada para sujeitar o critério a uma prova de robustez

. . . . ) -
relativamente a distribuig¢ao dos erros.

Percorrendo os dados semana apés semana, foram simuladas
as decisoes de um '"gestor racional” com o objectivo de
minimizacao de custo formulado en (4) e seguindo uma
pratica de revisao continua. Ciclo apos ciclo, determina-

ram-se excedentes, penurias e respectivos custos, calcu-
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lando-se depois o custo medio da incerteza, Coi’ para cada
um dos 36 conjuntos. Finalmente, fez-se a generalizagao
Coi/(thﬁﬁﬁ. A distribuicao destes valores, por intervalos
e para diferentes quocientes k = r/h, esta representada na
Fig.3. Esta distribuigao deve ser confrontada com o valor

teorico (esperado) C derivado da Fig.2,. 0 intervalo

o ’
correspondente ao valor teorico vem assinalado dentro de um

rectidngulo na escala dos histogramas. Por exemplo,

3,7+38 i
ay—asF
31-32f] 3,3~34
34—12}]
26-27 2,829
2,1-22 " 27-28 2,829
7=18 =21 [22=273] Zi=2t YY)
2-13 F 1,8-1,
L 1415 L9
15=16[] LG—IJh 1,7-=1800
k=10 k=20 k=30 K=40 k=50

Fig.4 - Custos generalizados C/(h.VEQM) com dados reais

(excluindo valores extremos)

para k = 20, o custo esperado segundo a Fig.2 esta no inter-
valo (2,0 a 2,1): na Fig.3, este intervalo esta assinalado,
verificando-se tambem que os resultados do ensaio se distri-
buem de 1,5 a 3,2.

-~ . . - -
A analise da Fig.3 revela uma concentrag¢ao em torno dos

valores teoricos. Contudo, ha alguns que se situam a niveis




22 Utilidade em Modelos de Previsao

de custo muito mais altos. Tal deriva de haver algumas sema-
nas esporadicas em que o volume de saida (e o érro de previ-
sao) e muito superior ao normal, acarretando uma falta apre-
ciavel de produto. A medida que o custo de pendria aumenta
(valores mais altos para k), a repercussao dessa peniria
sobre o custo torna-se mais importante. Se essas semanas com
saidas excepcionais forem ignoradas, a distribuigcao dos
custos concentra-se mais em torno dos valores teoricos como

demonstra a Fig.4.

De qualquer modo parece nao haver contradicao entre as
expectativas e os valores reais. As relagoes (13) serao,
portanto, de utilidade mesmo quando nao se esta muito seguro
acerca da distribuig¢ao dos erros. Essas relagoes fazenm
ressaltar ainda um importante aspecto: é que a escolha de um
modelo pelo critério do menor EQM conduzira também ao

g s .
minimo custo de incerteza.

5. CONCLUSAO

Para efectuar previsoces da procura, o agente de decisao
tem uma variedade de opgoes sobre o modelo-base a utilizar,
independentemente de adquirir ou desenvolver o "software"
correspondente. Os modelos a escolha sao qualificados,
habitualmente em termos da precisao das previsoes (incluindo
aqui a que resulta da capacidade de o modelo se adaptar as
mutagoes da procura) e, naturalmente, uma maior preciséo é
obtida a custa de uma maior complexidade de modelos. Isto
representa um custo associado com a aquisig¢ao ou desenvol-
vimento do '"software", com a maior capacidade exigida ao

computador, com a dificuldade de o agente de decisao compre-

ender o funcionamento do modelo, custo esse que devera ser
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justificado pelo aumento da precisao. Ora, se a precisao
tem um significado concreto, a utilidade dessa precisao, que
e no fundo o que interessa ao gestor, e algo bem menos

imediato.

O presente artigo estabelece a ponte entre precisao e
utilidade: esta sera a redugao dos custos da incerteza
obtida por uma maior precisao. Este conceito é . aplicado a
gestao de stocks permitindo concluir que, para as praticas
correntes de reaprovisionamento e com o pressuposto habitﬁal
sobre a normalidade dos erros de previsao, tal relacionamento
entre precisao e custo ¢ muito simples como se vé pelas
expressoes (13) e pela Fig.2. Concretamente, o gestor pode
estimar o custo da incerteza associado com wum determinado

modelo de previsao para stocks.

Deste modo o agente de decisao tem um "critério de custo"
para comprar modelos de previsao, que pode substituir com
vantagem o0s critérios de preciséo usuais. Neste artigo
tratamos exclusivamente do modelo para a previsao da procu-~
ra. Noutra ocasiao sera feita a analise correspondente
para modelos destinados a estimativa da varifdncia dos erros

de previsao.
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1 - INTRODUCTION

Manégement Science has made a substancial contribution
to the structured decision area of Operational Control, but
its effect on the managerial activities of Management
Control and Strategic Planning where the problems are much
less structured has been relatively small. Yet as the
increasing competitiveness of business imposes ever greater
demands and pressures on management, the need and opportunity
for OR to impact on these areas is growing significantly.
However the fuzzy nature of semi-structured decision-making
does not lend itself to the more conventional OR intervention
style of <client and consultant. The paper discusses a more
appropriate style based on collaboration in which the client

management is envolved directly in the intervention.

The views expressed are based on the author's experience
gained over a number of years operating in a variety of
management scientist roles within Imperial Chemical Industries
PLC, or ICI as it is commonly known.ICI is a large multi-

-national grbup based in the UK with some 132,400 employees,
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74,700 of them in the UK. The annual report for 1981 shows
that group sales for that year amounted to £ 6581 million lead-
ing to a trading profit of £ 425 million resulting from the
Company's operations of manufacturing and selling a wide
range of chemical based goods. These cover fertilisers and
crop protection chemicals, artificial fibres, chlorinated
solvents, petrochemical and plastics, oil, organic chemicals,
paints and decorative products, pharmaceuticals, industrial

explosives and general chemicals.

In Portugal ICI Portuguesa has been established for over
30 years, with active selling in the areas of fibres,
chemicals, plastics, dyestuffs and pharmaceuticals, and
managing local subsidiaries and associated companies, adding
up to a turnover of over 8 billion escudos and nearly 1,000

jobs.

2 - IMPACT OF OR

(Anthony, 1965) has proposed a spectrum for managerial
activities ranging from Operational Control through Management
Control to Strategic Planning. Operational Control is concern-
ed with task-dominated situations based on structured
decisions, by which is meant decisions which tend to be
routine and repetitive and for which a definite procedure or
set of rules has been identified. Moving along the spectrum
towards Strategic Planning leads to people-dominated situ-
ations involving wunstructured decisions, by which is meant
those decisions which are novel and require that considerable
reliance be ©placed on the decision-maker's experience and

judgement.

In ICI much progress has been made in the structured
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areas with the provision of data processing and information
systems plus a wide range of appropriate OR applications.
However towards the less structured end of the spectrum the
influence of the Company's OR function reduces significantly.
Although important contributions have been made in these areas
they have tended to be in terms of influencing the view senior
managers take of the world rather than directly impacting on
decision-making. This situation is by no means unique to ICI,
and Cyert has stated that "OR has not proved itself at the top
management level. In comparison to computers, for example, OR
is little known by top managers" (Cyert, 1981).

" Prior to the development of

He went on to say that:
management science many of the problems for which we now
have analytical solutions were viewed as being soluble only
by managerial judgement". This view continues to persist in
the less structured decision areas so that management often
fails to recognise the contribution OR can make. A manager

may also feel that the presence of OR is a threat in that it

may automate his job, removing the interesting judgemental
elements and their associated mystique, reducing his
influence, responsability, satisfaction and status, or even

worse removing his job altogether.

In most companies the OR function has no direct responsi-
bility for managing the business. Its role is to act as a
service to other parts of the organisation, but one which
management is not obliged to use, by comparison with say the
accounts function. As such it is not sufficient just to solve
a given problem, the relevant management must also be persuad-
ed to take action appropriate to the solution. This is achiev-
ed by a combination of process and task where by process is

meant the how of the OR intervention, whilst by task is meant
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the what. The rest of this paper discusses both of these
aspects in turn, beginning with process, and considers them in
the light of the desire to impact on the middle ground of
semi-structured problems where the quantitative modelling
approach of OR can be allied to managefial judgement to form

an effective decision-making activity.
3 - CONSULTANCY STYLE OF INTERVENTION

Unfortunately most OR staff are heavily task oriented
and fail to recognise that the development and use of an
effective working process is necessary to ensure a successful
OR intervention. As a result they tend to become involvéd
with other parts of the organisation through specific
projects rather than on a continuing basis, and use of the
OR service tends to depend  upon the reputation of OR
individuals with their contacts rather than on a belief that
OR can help. This <can lead management to consider OR as
applicable only to the level of decision-making at which it
is first applied in their area. Thus they tend to request
repeat applications of a given technique, and as a result
the style of working relationship generally reduces to that

of client and consultant.

The sucess of an intervention based on this style will

be highly dependent upon a number of assumptions, namely:
. the manager has correctly identified his needs;

. ;
the manager has accurately communicated his needs

to the consultant;

. the consultant has available to him tecnhiques relevant
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to the manager's needs and is able to apply them to

arrive at an appropriate solution;

the manager is prepared to manage the consequences

of implementing the consultant's solution.

At, the Operational Control 1level these assumptions
usually hold good and the OR intervention is indeed success-
ful. However at the less structured levels, the validity of
the assumptions is doubtful and all too often the application
of OR is aimed at mechanising the present rather than design-
ing the future, i.e. there is a tendency to improve the exist-
ing way of doing things instead of helping to find new ways

of doing them.

4 - CHANGE AGENT STYLE OF INTERVENTION

The nature of semi—st;uctured decision-making demands a
high level of interpersonal interactions between managers
who provide insight into the analysis of a particular
problem and apply judgement and evaluative capability based
on experience to arrive at a decision. Any change to this
activity is a social process and will only be successful if
an appropriate climate has been developed. This coupled with
the novel ' and non-repetitive character of the decision-
-making means that the traditipnal OR approach of an expert
solving'a problem and selling the results to management is
not appropriate. The OR expert must operate as a change
agent, helping management themselves to explore and structure
their problem situation and collaborating with them in
generating and evaluating alternative solutions. The assump-

tions underlying this approach are that:
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. managers can better recognise the existenceof situations

than identify specific needs;

- managers need assistance to identify the key issues

which characterise the problem situations;

. a close knowledge of the relevant organisation is
needed to generate appropriate courses of action

aimed at resolving key issues;

. the organisation must be involved in the changes in

structure and working methods likely to result;

. Effective execution of this approach requires close
collaboration between management and analyst. The creativity
and technical knowledge of the analyst should be exploited
to enable possible solutions to be identified, while the
pragmatism and experience of the managers should be used to
evaluate these in terms of feasibility and desirability.
Working together in this way will help to ensure that the
problem definition, jointly agreed, represents the actual
situation rather than some contrived approximation developed
to suit a particular solution technique. Furthermore
management will consider the chosen solution to be its own
which is based on well understood and agreed assumptions and
data. It will therefore be commited to it so that implementa-
tion depends upon the real needs of the organisation rather

than the selling ability of the analyst.
5 - PROJECT ORGANISATION

An effective way of achieving the necessary collaboration

is fo formalise the intervention as a project carried out by a
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Project Team reporting to a senior management Steering Group.

The Steering Group has overall responsability for
managing the project. Thus it must set wup the Project Team
and define the dinitial remit, guide the study in terms of
assigning priorities etc., monitor progress, ensure sufficient

resources in terms of money, materials and people are made
available, and authorise, initiate and manage any changes in
organisation or working methods which. result from the propo-
sals of the Project Team. Clearly it is a decision-making
body, not an information one, and should be chaired by the
senior manager responsible for the business or part thereof
being studied.The projett should be managed to ensure that
Steering Group meetings occur sufficiently frequently to
maintain involvement, continuity, commitment and realistic
awareness without becoming so frequent that they intrude too

much on the manager's time.

The Project Team is best formed as a mixed group of
management representatives and OR analysts. The numbers
involved will depend on the particular study being undertaken,
but typically might range from 2 to 4 management representa-
tives and 1 to 3 analysts. In many cases it will be appropri-
ate for the Steering Group to appoint as leader of the Team
the manager with whose area the project will primarily be con-
cerned. This will help ensure that the studyremains focussed
on the client's needs rather than on possible solutions. The
main role of the management members of the Team is to repre-
sent the client and to provide the analysts with the relévant
information about the problem situation. They act as a sound-
ing board for the analysts so that together the Team can
develop Eentative, conceptual ideas which mostly will be

generated by the analysts into feasible and desirable propo-
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sals to which they are all committed.

This team approach helps provide the wvell publicised
advantages of the multi-disciplinary approach . of OR, but it
also brings with it some of the not so well publicised
difficulties. A typical team might consist of an OR analyst,
a computer professional, and marketing, production and
distribution managers. In contributing to the investigation
each will seek to apply his own pre-conceived notions and
objectives; and will base his views on his personal experi-
ence. These are all likely to differ. The result is that every
one is tackling his own perception of the problem, contribut-
ing to the discussions using his own jargon and language. For
success the team must adopt a method of working which will
draw it together into a cohesive unit able to exploit the

differences between team members rather than suffer from then.

6 - METHODOLOGY

The subject of OR methodology has been exercising many
OR experts recently, e.g.( Ackoff, 1979 ). However the debate
has tended to remain on a conceptual plane with only limited
practical guidance emerging. Furthermore in a recent study
(Pidd and Wooley, 1980) surveyed a number of industrial OR
groups in the UK and found 1little evidence of any formal or:
explicit ©process, at least in the initial problem analysis

and structuring stage.

What is needed is a methodology which adimits the change
agent role, and which covers the spectrum from structured
situations characterised by distint objectives, well defined
decision-making procedures and quantitative measures of

performance, to unstructured situations in which objectives
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are difficult to define, decision making procedures are
fuzzy, performance criteria tend to be qualitative, and
human behaviour may be irrational. Such a methodology needs
to be precise enough to guide action by being explicit, non-
-random and independent of the subject matter, but vague
enough to avoid becoming a mechanistic tecnhique. It must
remain problem oriented and cater for a range of different
viewpoints, but avoid distorting the problem into a particular

form just to fit a specific tecnhique.

An approach which has been found to be very efective is
the systems-based methodology developed by Checkland at the
University of Lancagter (Ceckland, 1981). This recognises
that businesses are social entities operating as human
activity systems in a purposeful way, and it aims to
explore, identify and structure the problem before solving
it. The methodology may be considered as a framework of
related activities based on systems principles which can be
used as a learning system to explore the: problem and

identify actions required to improve the situation.

The initial activities are concerned with developing a
rich picture on the problem situation and identifying the
relevant key issues. It is useful to breakdown the problem
situation into its constituent elements of structure and
process. The structure is relatively static and may be
examined in terms of physical layout, hierarchy, reporting
mechanisms and pattern of communications both formal and
informal. These provide the framework within which the
process operates. The latter is dynamic in contrast to the
structure and may be analysed in terms of the basic activ-
jties: planning, doing, monitoring performance, and taking

control action to correct deviations. This analysis leads to
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the postulation of a root definition of a system considered
relevant to the problem situation. This should be a condensed
description of the relevant system covering its basic purpose
and essential nature with the aim of capturing insight and
representing viewpoint. It may be useful to develop several
different root definitions so that the implications of differ-
ing views can be explored. The viewpoint issue is critical
since the action ultimately taken will be dependent wupon that
chosen, and the importance of this step is that it accentuates
viewpoint and makes it explicit. All too often without using
the methodology a particular viewpoint is implicitly assumed -

- frequently incorrectly!

A conceptual model of the relevant system corresponding
to what is implied by the root definition can then be
generated for comparison with the rich picture. It is
developed by assembling in correct sequence the minimum set
of activities which are necessary in the human activity
system described by the root definition. The conceptual
model is a means of structuring and evolving the thinking
about fuzzy problem situations and not a representation of
an ideal which ought to exist in reality. A formal comparison
of the conceptual model with what exists in the problem
situation is then made in order to reveal changes which could
lead to dimprovement. These are assessed to select those
changes which are both feasible and desirable and which may be

implemented.

Although presented here as a consequence, in practice
there is usually iteration between the activities comprising
the methodology as insight and understanding develop and

perception is enriched.
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Experience shows that when wused skillfully within the

project organisation described earlier, the methodology:

- provides a formal framework and language for studying

human activity systems such as decision-making;

- provides techniques, based upon systems principles,
which reduce the risk of analysts and managers being
prejudiced by preconceived ideas concerning the

solutions;

~ helps to clarify the choices and risks involved
and provides an environmemt for building commitment

and developing realistic expections;

- allows tecnhical, organisational and social values and
viewpoints to be explicitly identified, discussed and

compared;

- encourages constructive debate and creative thinking
through sharing and understanding the range of view-

points;

- encourages open and constructive relations between the

study team and the personnel involved in the area under

study;

- provides a fertile framework and environment for
the exploitation of more formal OR thinking and
techniques.

It is of course 1impossible to establish the precise

value of a methodology such as this, and each organisation
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should adopt the one which works best for it given idits own
culture, environment and available skills, though care
should be taken to ensure that it satisfies the requirements

outlined above.
7 -~ DECISION SUPPORT SYSTEMS

Turning now to the task inside of the OR intervention,
in many cases the result is some computer based model
directed at the problem in hand. The prime feature of the
semi-structured problems found in the Management Control and
Strategic Planning is that there is no routine method for
arriving at a decision with regard to a problem because that
problem is unlikely to have occured previously and its
precise nature and structure are complex. There are no
agreed and accepted rules for processing the relevant
information to solve the problem. The manager relies on his
knowledge and experience, his understanding of existing
circumstances and his judgement to reach his decision. In
most situations the décision is a compromise arrived at by
balanﬁing a number of performance «criteria which may not
even be well defined and with the balance ‘point dependent
upon the existing conditions such as the point reached in
the business cycle. Furthermore because there is no defineable
right way of arriving at a decision, two managers tackling

the same problem will often adopt quite different approaches.

To support this activity the more conventional computer
model incorporating fixed rules and applying a spécific
algorithm to determine the solution to a given problem is
unlikely to be appropriate as it allows little scope for the
application of managerial expertise. What is needed is a man-

-machine combination which provides a framework within which
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the manager can exploit his judgemental, creative, and
pattern recognition abilities in harness with a computer
which covers the structured elements in the decision process
by using its computational, memory and retrieval, and

display capabilities.

The computer model part of this combination is termed a
decision support system (DSS) (Keen and Scott Morton, 1978)
and the combination is most effective if the DSS is designed
to enable the manager to work directly with it rather than via

third parties.

8 - VISUAL MODELLING

However until recently building and running computer
models has tended to remain very much the domain of the
professional analyst. Thus the style of an OR intervention
has usually been for the analyst to develop a model thought
to be appropriate. On tackling a particular problem manager
and analyst discuss the problem, the analyst formulates it
in the style required by the model, submits it to the
computer, collects the output sometime later, and takes the
results back to +the manager for analysis either as many
pages of computer owutput paper or in some summarised and
interpreted form. Either way the manager is presented with
information on which to base his decision, and often he may
not understand the basis on which the information was
arrived as the modei appears to him as a remote black-box.
If he doesn't understand the basis then he won't be able to
fine~tune the solution, which in many cases 1is what he will
want to do. Even if understanding 1is ﬁot a problem he may
wish to probe the given solution, or to explore alternative

solutions based on different scenarios, and this will




38 The Management of O.R. Projects

require further diterations of the process for which he may
not have time. So at best the decision may be made ‘on very
much less than perfect information. At worst the manager may
decide the model, and the OR analyst cannot help him with

his problem and discard both.

Thus the approach is not very helpful when applied to
semi-structured decision-making as the desired man-machine
combination, although experience shows that it can prove

very effective when used to tackle structured problems.

However an alternative approach has emerged with the
development of the visual interactive modelling as promoted
by, among others, R. D. Hurrion (Hurrion, 1980). Briefly
this involves setting up the computer system so that the
output of the model is directed in dynamic form to a colour
VDU which is made accessible to the manager. This is
particularly effective in simulation where the manager can
watch the progress of the simulation as it happéns, rather
like viewing a silent film. At any stage during a rum he can
interact with the model to change assumptions or conditions,
and the final results can be displayed in graphical form as

time series, histograms, .etc.
There are four particular benefits with this approach.

(a) The manager can be much more involved in the
model building and validation, without diminishing in
any way the OR analyst. This will dimprove the modelling
activity both in terms of quality and speed, and it will also

increase the manager's confidence in the end result.

(b) Skilfull creation of a user-friendly interface
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will enable the manager +to use the system directly himself
rather than through a third party. This eliminates time delays

and dangers of miscommunication and/or misinterpretation.

(¢) The management can observe the simulation running
which provide him with insight into how the end results are
arrived at, which will further increase his confidence in the

model and the results it produces.

(d) Since the manager is directly involved there is
less need to provide a fully comprehensive model <catering for
all possible situations, simplifying (and further speeding up)
the modelling activity by relying on managerial response to

deal with rare, unexpected circumstances.

This approach 1is consistent with the earlier discussion
on the OR process in that it reinforces management involve-
ment. Although presented here in terms of a simulation model
it can be applied to a wide range of OR activities. However
one would need to consider very carefully the wisdom of using
it where the model was, say, a large LP which might take some

minutes to arrive at its soluction.

We now have two key components which provide the means
whereby we can begin to dimpact on semi-structured decision-
-making areas. Firstly the process for investigating such
human activity systems whereby OR and management can work
together collaboratively to analyse the situation and derive
appropriate solutions. Secondly where these solutions
involve provision of some computer aid the development of
decision. support system implemented as interactive visual
models which provide an effective vehicle whereby managers

can apply their judgement, creativity, flexibility and
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experience to explore problem situations.

9 - PRODUCING DECISION SUPPORT SYSTEMS

Development and implementation of an effective DSS
requires of the OR analyst considerable skill, embracing
many of the qualities needed in more conventional modelling
plus the ability to produce an appropriate man-machine
interface (Keen and Scott Morton, 1978), (Hurrion, 1980).
However experience shows that three factors in particular

need to be considered as follows.

The introduction of a DSS is certain to have a significant
effect on the working methods of the staff involved. It will
help to formalise the decision-making process and begin to
increase the degree of structure in it by making more explicit
the application of judgement, whilst increasing the profitable
communication around the business. Hence to avoid resistence
by the staff whom it will affect, the specific details of the
system's design must match its organisational context in
terms of patterns of access to and control over data,
allocation of authority, responsability for perfomance evalu-
ation and action taking. Furthermore, since no two businesses
are identical it is important that the relevant managers are
involved in deciding on the precise form of aid to secure

their commitment to and ownership of it.

Therefore it is necessary to ensure that at the analysis
stage the organisational and social aspects of the situation
are properly considered. The systems-based methodology de-
scribed earlier can be a very effective way of achieving this.
Often such a study leads management to recognise that the dif-

ficulties which led it to request a DSS resulted at 1least in
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part from inadequacies within the existing organization and
the appropriate action 1is development of the organization

prior to the provision of a DSS relevant to the new set-up.

The next point to consider is the difficultty of getting
a DSS into regular use. However much care has been taken to
cover all the technical aspects of installing the system the
final change-over can be very difficult because of the
concern that the decision-maker has for carrying out his
job. Almost certaintly he will be wunder pressure and tight
time constraints in doing his job. He will have derived a
process which enables him to satisfy the organisation's
requirements to some acceptable level. No matter how much he
genuinely desires to improve his decision making, and no
matter how much he has been idinvolved in developing the
system, when it finally comes to chénging over to using it
he is likely to feel threatened and beset with concerns
about what happens if something goes wrong and he is not
able to make his decisions when they are required. So he may
decide not to change over immediately but to operate a
parallel system, making his decisions in the usual way and
using the DSS to check them. This should be avoided since he
is unlikely to find the time to make the same decision
twice, and any use of the DSS will be incidental, burdensome
and unhelpful so that as a result he is likely to conclude
that the system provides no benefit and it will fall into

disuse and disrepute.

This situation needs careful managing, and provides an
important role for the Steering Group since one of their
duties is to manage changes in working methods. At the
implementation stage the senior management must support the

decision-maker openly through the change-over period and
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insulate and protect him from any teething difficulties
encountered with the system, thereby instilling in him the

confidence to use it wholeheartedly and for real.

Finally, associated with the problem of implementation is
the question of training, to which there are two aspects. The
first concerns the mechanistic operations required to use the
hardware and knowledge of the facilities and features avail-
able. Properly approached with planning, preparation, documen-
tation and adequate time this should not present any diffi-

culties for a well designed DSS.

However the second aspect concerns exploiting the full
power and potential of the system, and is a much more
difficult area. Managers are often under such pressure
that with complex problems they tend to search for a
feasible solution and as soon as they have found one proceed
to implement it, They do not use the facilities of the
system to help them identify alternative, better solutions.
Thus although the DSS is aimed at increasing effectiveness
by improving the quality of decisions, 4in this situation it
is being used to increase efficiency, and as such 1is

unlikely to cost—juétify itself.

This has cledr dimplications for the design of the DSS
which must encourage and help the manager to make full use
of the range of facilities provided. It 1is also likely to
require a substantial involvement of the OR analyst during
the earlier stages of wuse of the system helping train
management to develop their decision-making process so that
they can exploit the system to the full. It may even be
desirable for the analyst to become a temporary member of

the organisation for some time to bed the system down.
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However this needs to be handled very carefully with the
roles of the analyst and decision-makers clearly defined to
avoid management opting out of wusing the system themselves
and leaving it all to the analyst, which again would fail to
exploit fully the potential of the man-machine combination

since the analyst is not the decision-maker.

CONCLUSION

Recent analytical developments have seen a growth in the
ability to evolve an understanding of the inherent structure
of decision-making processes within orgapnisations, which
begins to provide insight into the concepts necessary for
the design of aids to support those ©processes. Meanwhile
parallel technological developments now provide the means

whereby these designs may be implemented effectively.

Exploiting these advances requires the OR analyst to
adopt a change agent role which will prove highly demanding

in terms of:

- behavioural skills needed to enable the analyst
to manage and control the process of the intervention
and cope with the interpersonal issues likely to arise

in the course of it:
- technical skills needed in the analysis of novel
problem situations and the derivation of appropriate

solutions;

- creativity and innovation needed to produce management
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aids relevant to the analysis and proposed solution,
and based on OR management science techniques, both
existing and new, and utilising improvements din comput-

ing technology.

However the potential rewards for undertaking this role
are high., Sucess will enable OR to secure an exciting future
by moving away from the "technician with his toolkit" image
to a position from which it can impact significantly on the
vital semi-structured decision-making areas of Management
Control and wultimately Strategic Planning, and thereby make

increasing contributions to business performance.
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RESUMO

Este trabalho apresenta um modelo normativo aplicavel
a alocacao de vagas de estacionamento em comunidades fecha-
das. Ap6s uma definicao do sistema, passa-se ao desenvolvi-
mento matematico da abordagem do problema, onde um tratamento
probabilistico é dado a descrigao das caracteristicas de
utilizagao da area de estacionamento., 0 desenvolvimento mate-
matico e feito inicialmente de forma generalizada. Mais
adiante, atraves da aplicagao da lei da adigao de probabili-
dades, mostra-se como passar para O caso em que se garante ser
a mesma, para qualquer usuario do sistema, a probabilidade de

que esse usuario consiga uma vaga.
1.INTRODUGAO
Entende-se por sistema de estacionamento um conjunto de

areas ou lotes de estacionamento alternativos, cada dos quais

possuindo de certo numero de vagas. Em termos gerais, pode-se
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definir o problema da racionalizagao do uso de um tal sistema
da seguinte forma: dada uma distribuigao especial de destinos
de viagens e de Areas de estacionamento, considerando-se que
as demandas por estacionamento sao diferenciadas por tipos de
permissao para estacionar e que cada usuario em potencial tem
uma probabilidade conhecida de trazer seu veiculo, deseja-se
saber em que area cada usuario deve estacionar de modo a
maximizar wuma fungao de wutilidade para o numero total de

- . . - . ) .
usuarios, ou seja, uma fungao de utilidade colectiva.

Em trabalho anterior (Gomes e Gomes, 1980), alem de apre-
sentar-se as principais abordagens normativas aquele proble-
ma, propds-se um modelo de programagao linear cuja aplica-
¢ao conduz & otimizagcao do uso de um sistema de estacio-
namento, ao mesmo tempo em que se garante ser a mesma, para
cada usuario com determinado tipo de permissao, a probabili-
dade de que este usuario consige uma vaga, dado que o numero
total de vagas disponivel & menor do que o numero total de
usuarios. Aplicou-se o moaelo a um sistema de estacionamento
com 3 areas, 4 prédios de destino e 2 tipos de permissao.
Naquela ocasiao, empregou-se o seguinte modelo de programa-

cao linear:

Minimizar:
5Tz D.. C
? =k=z1i§1j§1xijk 13 ik Pk ()

sujeito a:

n

5 Xijk = Nik (i =1,...,m) (k =1,...,r) (2)

J=1 ‘

m

z ik = Bjk (3 1,...,n) (k = 1,...,r) (3)

i=1

> 0 ¥(i,3,k)
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onde:

m numero de lotes "i" existentes na area.

n numero de destinos "j".

r numero de tipos de permissao "k".

Py probabilidade de um usuario com permissao do tipo "k"
utilizar o seu carro.

Dij distdncia entre o lote "i" e o destino "j".

Cik tarifa cobrada no lote "i", para o tipo de permissao
"k" .

Bjk numero de usuarios com permissao do tipo "k", que tem
destino "j".

Nik numero de concessoes para estacionar no lote "i",
distribuidas a usuarios com permissao do tipo "k".

Xijk numero de concessoes para estacionar no lote "i",
distribuidas a usuarios com permissao do tipo "k" e
destino "j".

No modelo acima, os valores de "Nik" sao obtidos em fun-

¢ao das caracteristicas de utilizagao do estacionamento e da

disponibilidade de vagas na area. Isto é:

Niw = £ (ppr A4y

onde:
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numero de vagas disponiveis no lote "i" para portado-

res de permissao do tipo "k".

Os valores de "Xijk" sao entao determinadgs de modo que o

valor esperado da distlncia total percorrida pelos usuarios,

ponderada pelas tarifas de estacionamento, seja o menor possi-

vel. Pois e esperado que, dentre os "Xijk" usuarios com per-
missao "k" que vao de "i" 9para "j", apenas o numero medio,
dado por Xijkpk’ procure estacionamento.

No presente trabalho mostrar-se-a como, através da lei
da adigao de prohabilidades generalizada, pode-se passar do
modelo mencionado a um calculo que garante ser a mesma para
qualquer usuario do sistema, independente do seu tipo de per-
missao, a probabilidade de que esse usuario consiga uma vaga.
Para tanto, além da notacao jé mencionada, sao utilizadas,

tambem, as seguintes variaveis:

Y, numero de usuarios, com permissao do tipo "k" e con-
ik
cessao para estacionar no lote "i", que decide utili-
zar o carro.
Yik funcao densidade de prohabilidade de "Yik", normali-
zada.
P probabilidade de "Yib" ser menor ou no maximo igual a
"A,, ", isto e, probabilidade de um usuario, com per-
ik
missao do tipo "k" e concessao para estacionar no
lote "i", encontrar vaga.
No que diz respeito a estrutura do trabalho, na secgao
P B L
"Modelagem Probabilistica” desenvolve-se, de forma generica,

o conceito que serve de base para a abordagem do problema. As
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caracteristicas estocasticas da utiligacao do estaciona-
mento sao, entao, estudadas e tratadas segundo o criterio

normativo descrito no paragrafo anterior. Na secao "Exemplo

de Aplicacao", procura-se mostrar como sao calculados, de
acordo com a se¢ao anterior, os pardmetros utilizados pelo
modelo de programagao linear, ja na forma compativel com

o desenvolvimento proveniente da abordagem objeto deste traba-
lho. Finalmente na segao "Consideracoes Finais", sao te-
cidos alguns comentarios sobre aspectos de ordem pratica na

utilizacao do modelo.

2. MODELAGEM PROBABILISTICA

. 1" - .

Seja Xlik’ X2ik""’xNik’ uma ?mostra aleatorla~ de
tamanho "Nik"’ extraida de uma populagao cuja distribuigao e
b(1,p, ).

: " 1"

Aqui, X1ik Xoqke o Xyik
é o grupo de usuarios, com tipo de permissac "k", que sera
alocado no lote "i" e "pk" € a probabilidade de um usuario,

com esse tipo de permissao, demandar efectivamente uma vaga.,

A media e a varidncia da distribui¢ao sao respectivamente

2
W= p e o” = p, (l—pk). Se

+ X +o.0.+ X

Y 2ik Nik’

ik = *1ik
sabe-se que a distribuigao amostral de
" " b
Tik e bNipr Py
com média My = Nikpk e varilncia 62ik = Nik pk(1~pk).

Para que os usuarios que procuram por estacionamento realmen-
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te encontrem vaga, e preciso que "Yik" seja menor ou no maximo

0 " n
igual a Aik .

A probabilidade de que isso ocorra pode ser obtida por:

Pik = Pr ( Yik\< Aik) =
A - 4
ik Ny Yik Ny =Y5y) (4)
=Z -
P (1=pp)
Y1k=o Ylk

No entanto, o facto de a distribuigao binominal aproximar-
-se da normal quando o tamanho da amostra tende para infinito,
significa que, para um "Nik” suficientemente grande, pode-se
usar a distribuicao normal como uma aproximagao da distribui-

¢ao binomial. E tendo "Y" distribuicao normal qualquer fungao

linear de "Yik" e tambem normal (Anderson e Bancroft,1952).
A fungao linear Yik = (Yik - “ik)/éik que tem média zero e
varidncia igual a um, é a variavel normal padrao. Assim, qual-
quer variavel normal com media "uik" e varidncia "Gzik"
pode ser transformada em uma variavel normal padrao que ex-
presse o seu desvio da média, medido em wunidades do desvio
padrao. Este desvio em relagao a média é medido pelo numera-

dor da expressao da variavel normal padrao "Wik", que no
caso e dado por Y. - ... Entao, dependendo de o valor de
‘ p ik Hik

"Y. " ser maior ou menor do que a média "y, " a variavel
ik ik

"Wik" sera, respectivamente, ou maior ou menor que zero, ja

que "Gik" e uma grandeza positiva.

Substituindo~se os pardmetros "Uik" e "Gik", da expressao
de "Wik", por seus respectivos valores
NPk € AT

e fazendo Yik = Aik’ o calculo da probabilidade Pr (Yik g Aik)
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pode ser feito, para cada lote "i" e tipo de permissao "k", a

partir da variavel normalizada que tem distribuigao n(0,1).
Aie = Nik Py _ |
"Pik= = (i=1, eeeym ) ((k=1,..., 1) (5)
N P

A distribuicao normal é simétrica em relacao ao eixo que
passa pelo seu valor médio, tendo, portanto, média e mediana
iguais (Cramer,1973). Isso significa que, parabque um usuario,
com tipo de permissao "k", tenha por exemplo, 50% de chance de
encontrar uma vaga no lote "i", & preciso que o numero de
vagas desse lote, que sao destinadas ao tipo de permissao em
questao, isto e, o valor de "Aik", seja igual ao valor medio
"W, " da distribuigao amostral do nimero de usuarios que pro-

ik

cura estacionamento, dado por "Nikpk".

Para se determinar a variavel "Wik", os valores de "Aik" e
"pk" sao pre-estabelecidos, porém os "Nik" nao sao deter-
minados para cada lote "i" em separado. Dispor-se, sim, do
nimero total de concessoes para estacionar "Nk", a serem dis-
tribuidas a portadores do tipo "k" de permissao. A saber, esse

valor deve ser igual a demanda‘'em potencial "B, " para o res-
P k

. . . - . - . . ke
pectivo tipo de permissao, ou seja, o numero total de indivi-

duos desse tipo, que frequenta a comunidade. Assim, tem-se:

n
O, = I Ny ] =(B =z B, ] Ckliooir) (6)

A resolugao da expressao (5) para "Nik" e a aplicagao do

somatorio para os '"m" lotes de estacionamento "i" possibilitam

a utilizagao da expressao (6) no sentido de se determinar
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"Wik". Entretanto, dois problemas aparecem ao se desenvolver o
calculo. Primeiro, deve-se tomar o cuidado' de fazer com que
na expressao de "Nik" resultante, a variavel "Wik" nao
aparega sempre elevada a expoente par. Pois isso significaria
que o valor algebrico da variavel "Wik" estaria sendo negli-

" ser maior

genciado. No entanto, dependendo de o valor de "Aik
ou menor do que a media "uik", a variavel normalizada "Wik"
resulta, respectivamente, maior ou menor do que a sua media,
que no caso e igual a zero,

0 outro problema aparece quando se faz o somatorio em

"i" (i=1,...,m). E que a variavel "Wik" também esta sujeita

a esse somatorio e, portanto, acaba sendo desmembrada em "m"
valores diferentes, ou seja, um para cada lote "i", o que,
aparentemente, cria uma indeterminacao. Todavia, esse proble-
ma é facilmente contornado fazendo-se uso do que estabelece o

criterio normativo, isto e, que a probabilidade de "Yik" ser

" fmnen

menor ou igual a "Aik seja a mesma para todos os lotes "i",

Como essa probabilidade é determinada pela variavel aleato-

ria normalizada "V, ", basta fazer com que "Wik" independa de

"i", isto e, seja igual a "Wk" para qualquer "i',
Procedendo-se, entao, ao desenvolvimento a partir da ex-
g - 4 g " "
pressao (5), e possivel se escrever uma expressao para Nik s
\

" apareca elevada a expoente, por

de forma que a variavel "Wik
exemplo, unitario. Assim, o valor algébrico de "Wik" passa a
ter influéncia sobre a relacao entre "Nik" e "Aik"' Além
disso, pode-se mostrar (Aor e Gomes, 1982) que o sinal positi-
vo do radical proveniente da resolugcao da equagao quadra-

tica resultante, deve ser ignorado. Entao, tem-se:

1 . 1
Nik = Py [Agy + ik (I=py) 5 -

(i=1,...m) (7

T
p/A—
BREIN Aik (I1-p)  +yz, (I-py) 4](k=1,...r)
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Continuando o desenvolvimento, faz-se o somatorio e igua~
~-la-se "Nk" a "Bk". Uma vez que a 2a. parcela sob o radi-
cal pode ser desprezada em presenga dos demais valores, e que

wik =y K ¥i = 1,...,m, tem-se:

A m
1
Vi (1—pk) my3 o -y /l—pk.Z;Aik - (pkBk—Ak) =0 (k=1,...,r) (8)
1=

E "Wk" é dado por

m i
"1-Pk,21/Aik - /(1—pk>[i§m]2+ 2m (1-p) (p B -A)

1=

Wk= - . (9)
m(l—Pk)

(k=1, ...,r)

"
3

Os valores da variavel "Wk calculados dessa maneira,

sao, entao, introduzidos na expressao (7), possibilitando,
assim, a obtencao das quantidades "Nik", que correspondem as

restricoes de éapacidade dos lotes de estacionamento, de modo

que a probabilidade "Pik", de "Yik" ser menor ou igual a

"Aik", seja, para cada tipo "k" de permissao, a mesma, igual a

"Pk", qualquer que seja o lote"i",

Sabe-se que os ”Nik" foram calculados a partir de pre-

fixacao dos "Aik", ou seja, numero de vagas disponiveis

no lote "i", para portadores de permissao do tipo "k". Se este

valor, ao inves de ser fixado para cada um dos "r" tipos de

ermissao "k", em cada lote "i", o for apenas para o lote como
P p

todo, de forma que nao se faga distincao entre os tipos de
permissao, a quantidade de vagas "Ai" existente em cada lote,

é o que passa a interessar , sendo:

r
A, = L A, (i =1,...,m)
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As restrigoes de capacidade que eram da forma dada pela

expressao (2) passam a ser da seguinte forma:

= N. (i=1l,...,m) (10)

Mmoo
<
[N
.
=
i

r
z

k=1 j=1

onde "Ni" é dado pela expressao (5).

Como se pode notar, a quantidade dessas restrigaes, que
era igual a "r.m", € agora igual a "m", ou seja, ha apenas
uma, e nao "k", para cada lote. Assim, a alocacao de vagas
é feita de maneira menos restritiva. E estando o problema de
programacao linear com maior liberdade de alocagao no que
diz respeito as restricoes a que esta sujeito, o valor otimo
da fungao objectivo apresenta um resultado melhor, ou seja,

maior ou menor valor caso o problema seja de maximizagao ou

minimizag¢ao respectivamente,

Embora mais eficiente, a alocacao feita dessa maneira
introduz um outro problema. Nao se pode dizer, a priori, que

os "Ni" encontrados por simples soma dos "Nik" calcula-

dos, garantam, para os "m" diferentes lotes "i", a mesma pro-

babilidade "Pi”’ de "Yi" ser menor ou igual a "Ai". Isso

significa que, se o numero "Ni" de permissoes para estacionar

no lote "i", concedidas independentemente do tipo "k" de per-

missao, for determinado simplesmente galculando-se "Ni" com oS

.
valores de "Nik" calculados a partir da pre-fixacao dos
"Aik"’ serao obtidos valores para os quais a probabilidade, de
WYi" ser menor ou igual a "Ai" fatalmente nao sera a
mesma para todos os lotes, isto e, a cada lote "i" correspon-

dera uma probabilidade "P.".

0 calculo de "Nik"’ partindo da premissa segundo a qual,

em um dado lote de estacionamento, havera vagas reservadas

55
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para diferentes tipos de permissao, e feito atraves da

expressao (5).

No entanto, ja se sabe que a melhor utilizacao dos lotes
ocorreria quando nao houvesse vagas reservadas para portadores
de um determinado tipo de permissao, mas quando qualquer
usuario em potencial, chegando a um dado lote, tivesse a mesma
probabilidade de conseguir uma vaga, independente do seu tipo
de permisséo. Tal probabilidade, no entanto, seria como foi

. 4 . . N -
visto, especifica do lote comrsiderado, isto e:

r r
Ay - . Nik Py
k=1 - =¥, (i=1l,...,m) (11)
/42; Nik P (1-py)

Para o calculo de "Nik" atraves de (11), seguir-se-ia o

seguinte roteiro:

1) Explicitar-se-ia "Nik” em (11)

2) Langar-se-ia mao da relagap

n m
T Bjk = 3 NS (k=1,...,r) (12)
J=l i=1
e resolver-se-ia a expressao (12), para se obter o valor de
"Wi" para cada lote "i",
3) Calcular-se-ia "Nik" para cada valor de "Wi" e de

- ~ . .
De acordo com a expressao (12), no entanto, nao e possi-

"

- , , .
vel o calculo de "Nik segundo o roteiro acima (como e pos-
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sivel quando se utiliza a expressao (5)) a nao ser por via

e .
numerlica.

Entretanto, se for exigido que a probabilidade "Pi", que e
funcao de "Wi", seja a mesma para todos os lotes "i'", essa
probabilidade pode ser encontrada, fazendo-se com que a va-
riavel aleatoria normalizada "Wi", seja tinica, igual a "y"
para todos os lotes. Se for determinada uma probabilidade "p"
de um usuario qualquer trazer seu carro, em fungao das pro-

"

babilidades Vpk , tem-se em (11):

it
—
-

Nik P = Nip (i .,m)

[ nela

"

A probabilidade "p" pode ser calculada supondo-se que se

tenha o seguinte:

EVENTO G, = ocorréncia de portador de permissao do tipo "k"
(k = 1,...,r)

EVENTO H = um portador de permissao traz o seu carro.

Tem-se:

]
—
.

-
~
~

Deseja-se:
p = P (H)

Pelo teorema de Bayes, tem-se:
r
P (H) =k§1 P (H|Gk) P(G,)

ja que "Gk" (k = 1,...,r) sao exclusivos e exaustivos.
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As probabilidades "P(Gk)" (k = 1,.,r) sao facilmente

calculadas pelos quocientes:

iMoo
o

By
P(G) =" = — (k=1,...,r) (13)
r n B B
. X jk
k=1 j=1

que era o que faltava para- se determinar "p".

Assim, a expressao (11) passa a ter o seguinte novo

aspecto:
Ai - Ni p .
= \Pi (l=1,.-.,m)
/Ni p (1-p
0 calculo dos valores de "Ni" (i = 1,...,m) se faz de for-

ma analoga ao que foi feito para os de "Nik", de acordo com o

desenvolvimento decorrente da expressao (5); sendo que, agora,
deve-se ter Y, =¥ ¥i = 1,...,m. As expressoes (7) e (9),

entao, adquirem, respectivamente, o seguinte novo aspecto:

Ny= L0+ vrCep) § - e vi(-p)2]

i 2 (14)
e:
m m
Vi-p VA, - V(1-p)[z /I;|’+ 2m(1-p) (pB-A)
i=1 i=1
y = (15)
m(1-p)
Garante-se, assim, que a probabilidade "Pi"’ de "Yi" ser

menor ou igual a "Ai", seja constante, digual a "P", para
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qualquer lote "i", isto e, que qualquer usuario tenha a mesma

probabilidade de encontrar vaga.

3. EXEMPLO DE APLICAGAO

Como exemplo, <considera-se um campus universitario com

os seguintes 3 lotes de estacionamento:

Lote n. dervagas disponiveis
i Ai = k§1 Aik (i = 1,2,3)
1 60
50
3 120
m
Total A = 3 Ai 230

Sao 2 os tipos de permissao e 4 os prédios de destino. Os

valores B., sao:
jk

Permissao
r
k 1 2 B, = B,

. J k§1 jk
Predio j

1 45 35 80

2 23 38 61

3 14 27 41

4 81 15 96
B s B 163 115 5 B 5 278

= 3 R B = X . = X B =
k j=1 jk g=1 I o k
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As probabilidades Py sao:

Permissao "k" | 1 2

Probabilidade "p " I 0,90 0

Py 70

’

Portanto, deseja-se alocar 230 vagas a 278 usuarios saben-
do-se que, desses usuarios, 163 sao do tipo de permissao

k =1 e 115 do tipo de permissao k = 2,

As distélncias "Dij"’ em metros, entre os lotes de esta-
cionamento e os predios de destino, sao:

Prédio j 1 2 3 4
lote i
1 1350 150 100 460
700 1230 400 520
3 1050 2000 700 270

Os pregcos de estacionamento Cik’ em Cr$/dia, sao:

lote i 1 2 3

permissao k

1 60 30 50
2 25 30 40

0 modelo de ©programacao linear e formado pela fungao
objectivo dada pela expressao (1), e pelos dois conjuntos de
restrigoes, dados pelas expressoces (10) e (3) respectivamente,

alem, naturalmente, das restri¢oes de nao-negatividade.
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0 calculo dos valores de "Ni" se faz inicialmente pela
determinacao da probabilidade "p" de um usuario qualquer

procurar por estacionamento. Assim:

p (H) = P (H|Gy) P (G;) + P (H|Gy) P (G,)

o
]

onde:

k P (H|Gk)
1 0,90
2 0,70

e pela expressao (13).

k P (G,)
1 0,59
2 0,41
Valores estes que substituidos na expressao de "p" dao p = 0,82

0 valor de "y" pode, entao, ser obtido pela resolugao da
expressao (15), obtendo-se assim: Y = 0,256. O que ira pro-
porcionar uma probabilidade de aproximadamente 60% de um usua-

rio encontrar vaga.

Os valores de "N.", que devem ser obtidos para ue se
;" a P q

possa proceder a resolugao do problema de programagao linear,
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sao fornecidos pela expressao (14). Tem-se, entao:

r
* N1 = k§1 Nik
1 72
60
3 146
Total N = 278

0 valor o6timo da fungao objectivo é igual a 3.707.700.

solugao Otima e apresentada na tabela seguinte:

X.. X

Jjik Jik
X111 X112
X211 23 X212
X311 11 X312
X411 X412
X121 45 X122
X221 X592
X321 3 X322
X421 X429
X131 X132
X931 X932
X331 X339
X431 81 X432

38

12

23

27
15
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4. CONSIDERAGCOES FINAIS

O problema classico de transportes, quando formulado para

"m" pontos de origem e "n" de destino, admite um total de

"m + n" restricoes dadas pelas quantidades produzidas e atrai-

das por cada origem "i" e destino "j" respectivamente. O obje-

tivo, entao, e determinar os pares "i,j" que otimizam a solu-

cao do problema.

Com a introdugao de ‘tipos de permissao diferentes a di-

mensao do problema e aumentada em uma unidade, ou seja, os

'

pares "i,j" devem ser agora determinados para cada tipo "k" de

permissao.

No modelo proposto em (Gomes e Gomes, 1980) o numero "Nik”

de concessoes a serem fornecidas para usuarios com permissao

de tipo "k" é& obtido, para cada lote "i", a partir da pré-

-fixag¢ao do numero ”Aik” de vagas a serem destinadas a cada

tipo de permissao. O numero de wusuarios com um determinado

tipo de permissao, por sua vez, e fixo para cada destino "j".

Sendo assim, cada ponto de origem ou destino admite uma
restrig¢ao para cada tipo de permissao, isto e, se "r" for o
numero de permissoes, o numero de restri¢oes de origem sera

"r.m" e o de destino "r.n", e o total de restrigoes, dado por:

r.m + r.n =1 (m + n)

O numero de variaveis que no problema classico e igual
a "m.n" passa a ser "r.m.n", ou seja, tambem é multiplicado

pelo numero "r" de permissoes.

Do exposto conclui-se que o problema de programagao linear
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resultante tem "r.m.n" variaveis de decisao sujeito a

"r (m + n)" restricoes. Todavia observa-se que existem "r"

grupos de variaveis e "r" grupos de restrigoes. O problema

pode, ser decomposto em "r" problemas independentes, a saber,
um para cada tipo de permissao, sendo que cada um tem "m.n"

variaveis e "m 4+ n'" restricoes.

Com o tipo de formulagao em que o valor de "Wk" & tnico
para todos os tipos de permissao, o numero de vagas a serem
destinadas a cada tipo de permissao, como foi visto, nao é
pre-fixado; as restricoes de capacidade de estacionamento

sao da forma apresentada no texto e o numero de restrigoes
desse tipo e igual a "m". O numero de restricoes de destino
e igual a "r.n", e o total, dado por 'm+r.n", nao pode ser

decomposto em "r" grupos independentes.

Com o modelo proposto na forma deste artigo, a probabili-
dade de um usuario encontrar uma vaga é a mesma para todos,
independente do tipo de permissao, ao passo que se cada grupo
de usuario com tipo "k" de premissao for considerado de forma
independente, dependendo da quantidade "Ak" de vagas a serem
fixadas para cada tipo de premissao, os valores obtidos para
"Pk" (probabilidades de um usuario, com tipo "k" de permissao,

encontrar vaga) podem apresentar grandes discrepéncias.
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ABSTRACT

Recent developments in the theory of computational
complexity as applied to combinatorial problems have revealed
the existence of a 1large «class of so-called NP-complete
problems, either all or none of which are solvable 1in
polynomial time. Since many infamous combinatorial problems
have been proved to be NP-complete, the 1latter alternative
seems far more likely. 1In that sense, NP-completeness of a
problem justifies the use of enumerative optimization methods
and of approximation algorithms. In this paper we give an
informal introduction to the theory of NP-completeness and
derive some fundamental results, in the hope of stimulating

further use of this valuable analytical tool.

This report was presented as an invited survey paper at

the DO 77 Conference, August 1977 in Vancouver (Canada)
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1.INTRODUCTION

After a wave of initial optimism, integer programming soon
proved to be much harder than 1linear programming. As integer
programming formulations were found for more and more dis-
crete optimization problems, it also became obvious that such
formulations yielded 1little computational benefit. To this
day, integer programming problems of more than miniature size

computationally intractable.

For some structured problems, however, highly efficient
algorithms have been developed. Network flow and matching
provide well-known examples of problems that are easy in the
sense that they are solvable by a good algorithm - a term
coined by J. Edmonds (Edmonds,1965A) to indicate an algo-
rithm whose running time is bounded by a polynominal function
of problem size. This notion 1is not only theoretically
convenient, but is also supported by overwhelming practical
evidence that polynominal-time algorithms can indeed solve
large problem instances very efficiently; the polynominal
involved is usually of low degree. For example, in a network
on v vertices a maximum flow can be determined in O(v3) time
(Dinic,1970), (Karzanov,1974), (Even,1976) and a maximum
weight matching can be found in O(v3) time (Gabow,1976),
(Lawler,1976).

It is commonly conjectured that no good algorithm exists
for the general integer programming problem. A similar conjec-
ture holds with respect to many other combinatorial problems
that are notorious for their computational intractability

(Johnson,1973), such as graph coloring, set covering, travel-
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ling salesman and job shop schedulling problems. Typically,
all optimization methods that have been proposed so far for
these problems are of an enumerative nature. They involve some
type of backtrack search in a tree whose depth is bounded by a
polynominal function of problem size. In the worst case, those

algorithms require superpolynominal (e.g., exponential) time.

For the time being, we shall loosely denote the class of
all problems solvable in polynominal time by P and the class
of all problems solvale by polynominal-depth backtrack search
by NP. It is obvious that P c NP,

The battle against hard combinatorial problems dragged on
until S. Cook (Cook,1971) and R.M. Karp (Karp,1972) showed the
way to peace with honor (Fisher,1976). They exhibited the
existence within NP of a large class of so-called NP-complete
problems (Knuth,1974) that are equivalent in the following

sense:
- none of them is known to belong to P;

- if one of them belongs to P, then all problems in NP
belong to P, which would imply that P = NP.

NP-completeness of a problem 1is generally accepted as
strong evidence against the existence of a good algorithm and
consequently as a justification for the use of enumerative
optimization methods such as branch-and-bound or of approxi-
mation algorithms. By way of examples, even restricted

versions of all hard problems mentioned above are NP-complete.

NP-completeness theory has proved to be an extremelly

fruitful research area. The computational complexity of many
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types of combinatorial problems has been analyzed in detail.
Under the assumption that P # NP, this analysis "~ often reveals
the existence of a sharp bordeline between P and the <class of
NP-complete problems that is expressible in terms of natural
problem parameters. A truly remarkable feature of the theory
is the large proportion of time in which a given problem in NP
can be shown to be either in P or NP-complete. Moreover, the
two types of problems really have proved to be quite different
in character. As mentioned, extremely large instances of
problems in P are efficiently solvable, whereas only rela-
tively small instances of NP-complete problems admit of
solution by tedious enumerative procedures. FEstablishing NP-
-completeness of a problem provides important information on
the quality of the algorithm that one can hope to find, which
makes it easier to accept the computational burden of enu-
merative methods or to face the inevitability of a heuristic

approach.

In this paper we shall not attempt to present an exhaus-
tive survey of all NP-completeness results (Karp,1972),
(Karp,1975), (Garey and Johnson,1978A). Instead, we shall
examine some typical NP-complete problems, demonstrate some
typical proof techniques and discuss some typical open prob-
lems (cf. (Aho et al.,1974), (Savage,1976), (Reinolds et al.,
1977)). We hope that as a result the reader will be stimulated
to consider the computational complexity of his of her fa-
vorite combinatorial problem and to draw the algorithmic

implications.

2. CONCEPTS OF COMPLEXITY THEORY

A formal theory of NP-completeness would require the

~introduction of Turing machines as theoretical computing
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devices (Aho et al.,1974). Turing machines can be designed to
recognize languages; the input to the machine consists of a
string, which is accepted if and only if it belongs to the
language. P is then defined as the class of languages recog-
nizable in polynomial time by a deterministic Turing machine,
an artificial but theoretically accessible model for an
ordinary computer, that is polynomially related to more real-
istic models such as the random access machine (Aho et al.,
1974). NP is similarly defined as the class of languages
recognizable in polynomial time by a nondeterministic Turing
machine, which can be thought of as a deterministic one that
can duplicate dits current state in zero time whenever

convenient,

For our purposes, we may identify languages with recog-
nition problems, which require a yes/no answer, and strings
with instances of such problems. A recognition problem is in
P if the existence of a feasible solution can be determined in
polynomial time; it is in NP if any feasible solution can be

recognized as such in polynomial time.

Problem p' is said to be reducible to problem p (notation:
P'« p) if for any instance of p' an instance of p can be
constructed in polynomial time such that solving the instance
of p will solve the instance of p' as well, Informally, the
reducibility of p' to p implies that p' can be considered as

a special case of p, so that p is at least as hard as p'.

p is called NP-hard if p' « p for every p' & NP. 1In that
case, p is at least as hard as any problem in NP, p 1is called
NP-complete if p is NP-hard and p ¢ NP. Thus, the NP-complete

problems are the most difficult problems in NP.
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A good algorithm for a NP-complete problem p could be used
to solve all problems in NP in polynomial time, since for any
instance of such a problem the construction of the correspond-
ing instance of p and its solution can be both effected in

polynomial time. Note these two important observations:

-~ It is very unlikely that P = NP, since NP contains many
notorious combinatorial problems, for which in spite of
a considerable research effort no good algorithms have

been found so far.

- It is very unlikely that p ¢ P for any NP-complete p,
since this wounld imply that P = NP by the earlier

argument.

The first NP-completeness result is due to Cook (Cook,
1971). He designed a "master reduction" to prove that every
problem in NP is reducible to the SATISFIABILITY problem. This
is the problem of determining whether a boolean expression in
conjunctive normal form assumes the value true for some as-
signment of truth values to the variables; for instance, the
expression is satisfied if X;p = X3 =Xy = true. Given this
result, one can establish NP-completeness of same p e NP by

specifying a reduction p'= p with p' already known to be NP-

(x) A (?(1 vV x v§3) A (x (1)

2 3)

-complete: for every p" ¢ NP, p"« p' and p'« p then imply

that p", p as well. In the following section we shall present

several such proofs.

As far as optimization problems are concerned, we shall
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reformulate a minimization (maximization) problem by asking
for the existence of a feasible solution with value at most
(at least) equal to a given threshold. It should be noted that
membership of NP for this recognition version does not immedi-
ately imply membership of NP for the original optimization
problem as well. In particular, proposing a systematic search
over a polynomial number of threshold values, guided by posi-
tive and negative answers to the existence question, is not a
valid argument. This dis because a nondeterministic Turing
machine is only required to give positive answers in poly-
nomial time. Indeed, no complement of any NP-complete problem

is known to be NP!

As an obvious consequence of the above discussion, NP-
—completeness can only be proved with respect to a recognition
problem. However, the corresponding optimization problem might
be called NP-hard in the sense that the existence of a good

algorithm for its solution would imply that P = NP,

So far, we have been purposefully vague about the specific
encoding of problem instances. Suffice it to say that most
reasonable encodings are polynomially related. One important
exception with respect to the representation of positive

integers will be dealt with in Section 3.5.

The classes P and NP are certainly not the only classes of
interest to complexity theorists. There is, for instance, the
class PSPACE, which contains all languages recognizable in
polynomial space. This class is the same for both determi-
ni%tic and nondeterministic Turing machines., There is a notion
of PSPACE-completeness analogous to NP-completeness. The stan-
dard PSPACE-complete problem is "quantified" SATISFIABILITY or
QSATISFIABILITY (Stockmeyer and Meyer,1973), (Aho et al.,
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1974). An instance of this problem results from the quanti-
fication of bolean expression by both existencial and univer-

sal quantifiers, e.g.
Az - -
Vxl Ix, VXS [(x1 \Y XZ) (x1 v X, v x3)]

The question then becomes: does there exist a truth
assignment to the existentially quantified variables such
that the reduced expression (in terms of universally quanti-

fied variables) is a tautology?

The QSATISFIABILITY problem <can be viewed as defining a
game between two players: an "existential" player who tries
to select values to make the expression true and a "universal"
player who tries to defeat him. This insight has suggested a
rich lore of simply-structured combinatorial games for which
the problem of determining the outcome of optimal play is
PSPACE-complete (Schaefer,1976). One example of such a game is

"generalized hex" (Even and Tarjan,1976).

Clearly NP < PSPACE. It has not yet been proved that
NP £ PSPACE. However, it seems reasonable to conjecture that
this is the case and that PSPACE-complete problems are more

difficult than NP-complete ones.

We should also mention that there are problems which have
been shown to be inherently more difficult than any problem in
PSPACE. For example, consider the "reachability" problem for
vector addition systems: given a finite set of vectors with
integer components, an initial vector u and a final vector v,
is it possible to add vectors from the given set to u, with
repetition allowed, so as to reach v, while always staying

within the positive orthant ? This problem has been shown to
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be decidable (Sacerdote and Tenney,1977) but to require expo-
nential space (Lipton,1976). Some other combinatorial problems
have been shown to require exponential space as well

(Stockmeyer and Meyer,1973).

3. NP-COMPLETENESS RESULTS

In this section we shall establish some basic-NP-complete-
ness results according to the scheme given in Figure 1, and we
shall mention similar results for related problems. Our proofs
will be sketchy; for instance,it will be left to the reader to
verify the membership of NP for the problems considered and

polynomial-boundedness of the reductions presented.

SATISFIABILITY

l

CLIQUE 0-1 PROGRAMMING

VERTEX PACKING
SET PACKING SET PARTITION

VERTEX COVER

I

SET COVER DIRECTED HAMILTONIAN CIRCUIT KNAPSACK

UNDIRECTED HAMILTONIAN CIRCUIT 3-PARTITION

3-MACHINE UNIT-TIME JOR SHOP

Figure 1 - Scheme of reductions.
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3.1 SATISFIABILITY

SATISFIABILITY: Given a conjunctive normal form expression,

i.e. a conjunction of clauses Cl""’ Cs’ each of which is
a disjunction of literals xl,il,...,xt,it where xl,...,xt
are boolean variables and Xpoeees Xy denote their complements,

is there a truth assignment to the variables such that the

expression assumes the value true?

NP-completeness

It has already been mentioned that SATISFIABILITY was the
first problem shown to be NP-complete. The proof of this key
result is quite technical and beyond the scope of this paper;
we refer to (Cook,1971), (Aho et al.,1974). We shall take (1)
as an example of an instance of SATISFIABILITY to illustrate

subsequent reductions,

Related results

Even the 3-SATISFIABILITY problem, 1i.e. SATISFIABITILY
whith at most three literals per clause, 1is NP-conmplete
(Cook,1971). The 2-SATISFIABILITY problem, however, belongs to
P. Often, the borderline between easy and hard problems is
crossed when a problem parameter increases from two to three.
This phenomenon will /be encountered on various occasions
below, and is held by some to explain the division of mankind

in two and not three sexes.
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3.2, CLIQUE, VERTEX PACKING and VERTEX COVER

CLIQUZ: Given an undirected graph G = (V,E) and an integer

k, does G have a set of at least k pairwise adjacent vertices?

VERTEX PACKING (INDEPENDENT SET): Given an undirected
graph G' = (V',E') and an integer k', does G' have a set of at

least k' pairwise non-adjancet vertices?

VERTEX COVER: Given an undirected graph 6 = (V,E) and an
integer k, does G have a set of at most k vertices such that

every edge is incident with at least one of them?

NP-completeness

SATISFIABILITY =« CLIQUE:

V= ((x,i) | x is a literal in clause Ci};
E= {{(x,i), (y,3)) | x#75, i+ 3};
k = s

Cf. Figure 2. We have created a vertex for each occurrence
of a literal in a clause and an edge for each pair of literals
that can be assigned the value true independently of each
other. A clique of size k corresponds to s literals (one in
each clause) that satisfy the expression and vice versa (Cook,
1971). The NP-completeness of CLIQUE now follows from (i) its
membership of NP, (ii) the polynominal-boundedness of the
reduction, and (iii) the NP-completeness of SATISFIABILITY.
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CLIQUE . VERTEX PACKING:

V' = V;
E' = {({i,j} | 1 = 3, {i,3} ¢ E};
k' = k.

Cf. Figure 3. A set of vertices is independent in

and only if it is a clique in the complementary graph G.

relation between the two problems belongs to folklore.

©)

OO ® ©

Figure 2 - Instance of CLIQUE for the example.

O——@ O———=0

Figure 3 - Instance of VERTEX PACKING for the example.
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O—FGF—O—06

Figure 4 - Instance of VERTEX COVER for the example.

VERTEX PACKING « VERTEX COVER:

V=1V"'
E =E';
K= |V'] - k'.

Cf. Figure 4. It 1is easily seen that a set of vertices
covers all edges if and only if its complement is independent

(Karp,1972).
Related results

Given the above results, it is not surprising (though less
easy to prove) that the problems of determining whether the
vertex set of a graph can be covered by at most k cliques or,
after complementation, by at most k independent sets are NP-
-complete (Karp,1972). These problems are known as CLIQUE
COVER and GRAPH COLORABILITY respectively. In fact, it is
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already an NP-complete problem to determine if a planar graph
with vertex degree at most & is 3-colorable (Garey et al.,
1976C), whereas 2-colordbility is equivalent to bipartiteness

and can be checked in polynominal time.

3.3. SET PACKING, SET COVER AND SET PARTITION

SET PACKING: Given a finite set S, a finite family s of
subsets of S and an integer m, does s ificlude a subfamilly

s' of at least m pairwise disjoint sets?

SET COVER: Given a finite set S, a finite family s of
subsets of S and an integer m, does s include a subfamily s'

of at most m sets such that Us S.S' =S ?

€

SET PARTITION (EXACT COVER): Given a finite set S and a

finite family s of subsets of S, does s include a subfamily

s' of pairwise disjoint sets such US,ES,S’ =8 ?

NP-completeness

VERTEX PACKING o SET PACKING:.

S = E';
S = {{{i,i} ] (i,3)eE') |ie V')
m= k',

VERTEX COVER o SET COVER:

delete the primes in the above reduction,
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VERTEX PACKING and VERTEX COVER are easily recognized as
special cases of SET PACKING and SET COVER respectively, and

these reductions require no further comment.

VERTEX PACKING « SET PARTITION:

S=E'"U{1,...,k";

s ={Sih|i e V', h =1,...,k'}U
{S{i'j}l{i,j} e E'Y where
Sip = ({i,3}[{i,3}) ¢ E'} U{ n},

Sy = WiLIn.

Cf.Figure 5. Suppose that G' has an independent set
U’ V' of size k', say, U' = {vl,...,vk.}. Then the sets

s are pairwise disjoint, and the elements of S

v.1rr oSy

1 gtk

not contained in any of them belong to E' . It follows that a

partition of S is given by

Svree Sy ae D 0Ls g gl Ga e st s o, g ¢ o,

Conversely, suppose that there exists a partition s' of §.

Then S' contains k' pairwise disjoint sets SV 1,...,Sv

1
1 k

k'
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and the vertices Vise eV clearly constitute an independent

set of size k' in G'. This reduction simplifies the NP-comp-

leteness proof given in (Karp,1972).

S @SSbSSS@SSSSSSSf\S S S S
\1Jf 21 31) 43 s1f 12] 2239 42} 57 13| 29f 33[ 4\ (1,2} | (2,3 N2,8Y] (3,8) | (4,5)

(1.2 @ e ele efe °
o | o] °l® o|e .
12,4) ° ® ® e ® e ®
(3,4) ofe ®|e o|e °
(4,5} ele e|e e @ °
1 ®|elelefe

2 ele[@|efe

3 ele|e|e|®

Figure 5 - Instance of SET PARTITION for the example.

Related results

Even the EXACT 3-CCVER problem, where all subsets in S are
constrained to be of size 3, is NP-complete, since it is an
obvious generalization of the 3- DIMENSIONAL MATCHING problem,
proved NP-complete in (Karp,1972). An EXACT 2-COVER corre-
sponds to a perfect matching in a graph, which can be found in
polynomial time. The existence of good métching algorithms
proves ' that EDGE PACKING and EDGE COVER problems are members
of P.
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3.4. DIRECTED and UNDIRECTED HAMILTONIAN CIRCUIT
DIRECTED HAMILTONIAN CIRCUIT: Given a directed graph

H = (W,A), does H have a directed cycle passing through each

vertex exactly once?

UNDIRECTED HAMILTONIAN CIRCUIT: Given an undirected graph
G = (V,E), does G have a cycle passing through each vertex

exactly once?

NP-completeness

VERTEX COVER « DIRECTED HAMILTONIAN CIRCUIT:

{((i,3),(i,3},(3,1) | {1,373} € E} U {1,...,k};

=
]

{C (1,3, {4,3}),C (1,3},G,3) ), (3,1),

o>
]

(1,3} ), C @, »,3,i) ) | {i,j) € E
U {( (h,i),(i,3) ) | {h,i}, {(i,3)} € E, h # 3}
U {C (i,3),h),(h,(i,3) ),C (§,1),h),(h,(j,1) )

| (i,3) € E, h = 1,...,k}.

Cf.Figure 6. For each edge {i,j} in G we have created a
configuration in H consisting of three vertices (i,j), (1,3},
(j,i) and four arcs , as shown in the figure. The configur-
ations are linked by arcs from (h,i) to (i,j) for h £ j.

Further, we have added k vertices 1,...,k and all arcs between
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them and the vertices of type (i,j).

Suppose that G has a vertex cover U ¢ V of size k, say,

U = (vl...,vk}. The edge set E can be written as

F = {{vh,whl},...,{vh,whmh} | h = 1,...,k}

and it is easily checked that a hamiltonian circuit in H is

given by

(1’(V1’w11),{vl,w11} ,(Wll,vl),...,(vl,wlml),

{Vl!wlml} ’(wlml’vl)" "k’(vk’wkl)’{vk’wkl} ’(wkllvk)’

eees vy W Yi{vyaw, o}, (w y Ve )s 1)
k kmk k kmk kmk k

Conversely, suppose fhat H has a hamiltonian circuit. By
deletion of all arcs incident with vertices 1,...,k, the
circuit is decomposed into k paths. A path starting at (i,j)
for {i,j} € E has to go on to visit {i,j} and (j,i); then it
ends or goes on to visit (i,3'), {i,j'}, (j',i) for some
{i,ij} € E, etc. Thus, this path corresponds to a specific
vertex i € V, covering edges {i,j}, {i,j'}, etc. Since the
circuit passes through weach {(i,j} exactly once, each edge
{i,j} € E is covered by one of k specific vertices, which

therefore constitute a vertex cover of size k in G.

The above reduction is a modification of the original con-
struction due to E. L. Lawler (Karp,1972), based on ideas of
M. Fuerer (Schuster,1976) and P. van Emde Boas.
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(2,3) (3,4)
|
|
2,3 3,4
' \
]
/
J (3’2) = (4,3) 3
/ S |
|
!
1,2 2,4 | )5
( )/ ( )/ ; (4,5)
| | l
1 7 I
1,2> 2,4> : 4,5
] | [
I | |
(2,1) (4,2) : (5,4)
N Lt -7
\\ N /:/,
\ N -
\ =N |
\ - AN |
\ - N

Figure 6 - 1Instance of DIRECTED HAMILTONIAN CIRCUIT for
the example. Not all arcs dincident wich vertices 1,...,k

have been drawn.
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DIRECTED HAMILTONIAN CIRCUIT < UNDIRECTED HAMILTONIAN
CIRCUIT:

<
]

{(i,in),(i,mid),(i,o0ut) | i€ Viys

{(i,in),(i,mid)} , { (i,mid),(i,out) } |

=
]

i eWlU {{(i,out),(j,in)} | (i,3) € A}.

The one-one correspondence between undirected hamiltonian
circuits in G and directed hamiltonian circuits in H is evi-

dent. This reduction is due to R. E. Tarjan (XKarp,1972).
Related results

The above results have been strengthened in various ways.
For instance, the UNDIRECTED HAMILTONIAN CIRCUIT problem
remains NP-complete if G is planar, triply-connected and
regular of degree 3 (Garey et al.,1976D) or if G is bipartite
(Krishnamoorthy,1975). The latter result is a simple extension
of the last reduction given above and we recommend it as an

exercise.

NP-hardness of the (general) TRAVELING SALESMAN problem
is another obvious <consequence. Intricate NP-hardness proofs
for the EUCLIDEAN TRAVELLING SALESMAN problem can be found in
(Garey et al.,1976A), (Papadimitriou,1977). It is well known
that TRAVELING SALESMAN is.-a special case of the problem of
finding a maximum weight independent set in the intersection
of three matroids. Thus, the 3-MATRID INTERSECTION problem is
NP-hard, whereas 2-MADROID INTERSECTION problems, such as
finding an optimal linear assignment or spanning arborescence,

can solved in polynominal time (Lawler,1976).
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The TRAVELING SALESMAN problem serves as a prototype for a
whole class of routing problems where, given a mixed graph
consisting of a set V of vertices, a set E of (undirected)
edges and a set A of (directed) arcs, a salesman has to find a
minimum-weight tour passing through subsets V'c V, E'c E and
A'c A, If V' =0, E' = E and A' = A, we have the CHINESE

POSTMAN problem, which can be solved in polynominal time in

the undirected or directed case (A = O or E = 0) (Edmonds,
1965B), (Edmonds and Johnson,1973), but is NP-hard in the
mixed case (Papadimitriou,1976). For the case that only
V' = 0, NP-hardness has been established for the UNDIRECTED

and DIRECTED RURAL POSTMAN problems (A = 0 and E = 0 respect-
ively) (Lenstra and Rinnooy Kan,1976) and for the STACKER-
-CRANE problem (E' = 0, A' = A) (Frederickson et al.,1976).

3.5. 0-1 PROGRAMMING, KNAPSACK AND 3-PARTITION

0-1 PROGRAMMING: Given an integer matrix A and an integer

vector b, does there exist a 0-1 vector x such that Ax 2 b ?

KNAPSACK: Given positive integers al,...,at,b, does
there exists a subset T ¢ {1,...,t} such that ZjETa'j = b?
3-PARTITION: Given psitive integers al,l..,at,b, do there
exist t pairwise disjoint 3-element subsets Si c {1,...,3t}
= i = “e ?
such that ZjESiaj b (i 1, ,t)

NP-completeness

SATISFIABILITY « 0-1 PROGRAMMING:
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1 4if xj is a literal in clause Ci’

=) -1 if ij is a literal in clause Ci’ (i=1,...,s,

j=1,...,t);

0 otherwise

= 1 - | {jlij is a literal in clause Ci}|
(i=1,...,s).

cf.Figure 7 and (Karp,1972).

X1 z 1
_ 2 -

1t X2 X3 1
X, = 1

Figure 7-Instance of 0-1 PROGRAMMING for the example.

SET PARTITION « KNAPSACK:

Given S = {el,...,eS }and S = {Sl,. .,St], we define

1 if e, e S
= (i=1,,...,8, j=1,...,t),

€, .,
1]
0 if e, & Sj

and'specify the reduction by

87
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S s
aJ. =Zi=1 Eijul 1 (j=1;...,t);

(v-/t.

o
il

cf.Figure 8. The one-one correspondence between soluctions to
KNAPSACK and SET PARTITION is easily verified (Karp,1972).

Given this results, the reader should have little diffi-
culty in establishing NP—%?mpleteness for the PARTITION
problem, i.e. KNAPSACK with .., a.= 2b.

FlL ]

3-PARTITION has been proved NP-complete through a compli-
cated sequence of reductions, which can be found in (Garey and
Johnson,1975).

€4 23456 7@9 101 1213 160 16 170 19 2 ] b
o
1 @1000110001100010000Clj'u0+ O
1
2 c110001(o o 0o 1 1 0 01 0 0 o0 CZJ-u2+ u;
3 010100101 00 1 0100 0o o0 eyyut [ o
4 oo11000®1 0 0 0 1 1 0 0 0 0 1 0| W
4,
5 00011000110001@00001Esj.u+ o
5
6 Q11110000 0 0 0 0 0 0 0 0 0 0 O E()J_u5+ A
6
7 00000111 1 00 0 0 0 00 0 0 0 e WOf
j
7 7
8 00000000 0 1 1 1 1Mo o0 0 0 0 Sy, u
Figure 8 - Instance of KNAPSACK for the example, where

s =8, t =20, u-= 21,
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Binary vs. unary encoding

KNAPSACK was the first example of a NP-complete problem
involving numerical data. The size of a problem instance is
0 (t log b) in the standard binary encoding and O (tb) if a
unary encoding is allowed. Readers will have noticed that the
reduction SET PARTITION « KNAPSACK is polynomial-bounded only
with respect to a binary encoding. Indeed, KNAPSACK can be
solved by dynamic programming in O(tb) time (Bellmore and
Dreyfus,1962), which might be called a pseudopolynomial
algorithm in the sense that it is polynomial bounded only
with respect to a unary encoding. Thus, the binary NP-
completeness of KNAPSACK and its unary membership of P are
perfectly compatible results, although it tends to make us
think of KNAPSACK as 1less hard than other NP-complete

problems.,

3_-PARTITION was the first example of a problem involving
numerical data that remains NP-complete even if we measure the
problem size by using the actual numbers involved instead of
their logarithms. This strong or unary NP-completeness of
3_PARTITION indicates that already the existence of a pseudo-
polynomial algorithm for its solution would imply that P=NP
(Garey and Johnson,1978B).

Quite often, a binary NP-completeness proof involving
KNAPSACK or PARTITION can be converted to a unary NP-complete-
ness proof involving 3-PARTITION in a straighforward manner.
Occasionally, however, the polynomial-boundedness of a
reduction depends essentially on allowing a unary encoding for
3_PARTITION. An example of such a reduction is given din the

next section.
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3.6. 3-MACHINE UNIT-TIME JOB SHOP

3-MACHINE UNIT-TIME JOB SHOP: Given 3 machines Ml’MZ’MB
each of which can process at most one job at a time, n jobs
Jl,...,Jn where Jj(j = 1l,...,n) consists of a chain of
unit-time operations, the h-th of which has to be processed on
machine “jh with ujh # uj,h—l for h > 1, and an integer k,
does there exist a schedule with lenght at most k?

NP-completeness

3-PARTITION « 3 MACHINE UNIT-TIME JOB SHOP:

n = 3t + 2;
%3
wy o= (MM MM ] Mgy (g=1, 000,30
b t
Wo_q = ([MZ,MB,MZ,Ml,MZ,Ml,[MZ,MBJ MMy M T

b t
([M3,M2,M3,M2,M1,M2,[M3,M1] Mo My M)

=
j=]
I

=
li

(2b + 9)t;

where [s]h = s,[s]h_l for h>1 and [s]l = s,

Note that both Jn—l and Jn consist of a chain of oper-
ations of lenght equal to the threshold k. We may assume the
h-th operations of these chains to be completed at time h,

since otherwise the schedule lenght would exceed k. This
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leaves a pattern of idle machines for the other jobs that

can be described as
QR S R TR L T R R

(cf, figure 9). We will show that this pattern can be
filled properly if and only if 3-PARTITION has a solution.

Suppose that 3-PARTITION has a solution (Sl,...,St).In
this case, processing J; with j ¢ Si entirely within the in-
terval [ (2b+9)(i-1),(2b+9)i] (j=1,..,3t, i=1....,t) yields a
schedule with lenght k.

Conversely, suppose that there exists a schedule with
lenght k. We will prove that in such a schedule exaétly three
jobs are started in [O,2b+9] and that they are completed in
this interval as well; <clearly, these jobs indicate a 3-
-element subset S1 with ZjES aj = b. One easily proves by
induction that Si is similarly defined by the jobs started and

completed in [ (2b+9)(i-1),(2b+9)i] (1 <i < t).

If Jj starts in [O,2b+9], its subchain of operations

completed in that interval is one of four types:
type 1: (M;);
h
type 2: (M, Mg, [M,M,]) (0.< h<ap;

type 3: (Ml,M3,[M1,M2]h,Ml) (0 Sh <a);

a,
type 4 (My,Mg, MM, ]%55M,).
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Let X, denote the number of subchains of type i and vy
the number of operations on M2 in subchains of type i. We
have to prove that X] = X, = Xg = 0, X, = 3. Observing that
a schedule of length k contains no idle unit-time periods, we

have

(1) X+ Xo ¥, 2x3 tyg ot X, Yy, = b+3;

(2) Vo + ¥gq t ¥, = b

i}
[o)}

(3) X, + X + 2x4

Subtracting (1) from the sum of (2) and (3), we obtain
+ox, = 3 and therefore x, 2 3. Also, (3) implies that

I 4=
X, < 3. It follows that Xy = 3, and X| = X, = X5 = 0.
HRE==RRilRnEininnan=sisS
Hl=IEHE = = =5 5 =5 5 MEE
S HEHIEHEENEMEN I
0 3 6 2b+6 2b4+9
::: operation of Jj (1<3<3¢t)
—— operation of Jn—l
}I[ operation of Jn
Figure 9 - First part of 3-MACHINE UNIT-TIME JOB SHOP

schedule <corresponding to an instance of 3-PARTITION with
b = 7.
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Related results

The complexity of ,the 2-MACHINE UNIT-TIME JOB SHOP
problem 1is wunknown; to introduce a competitive element we
shall be happy to award a chocolate windmill to the first
person establishing membership of P or NP- completeness for
this problem. If the processing times of the operations are
allowed to be equal to 1 or 2, the 2-machine problem can be
proved NP-complete by a reduction similar to (but simpler
than) the above one; this improves upon related results
given in (Garey et al,,1976B),(Lenstra et al.,1977). If each
job has at most two operations, the 2-machine problem
belongs to P even for arbitrary processing times (Jackson,

1956).

These results form but a small fraction of the extensive
complexity analysis carried out for scheduling problems. We
refer to (Ullman,1975), (Garey and Johnson,1975), (Coffman,
1976) (Garey et al.,1976B), (Lenstra et al.,1977), (Lenstra
and Rinnooy Kan,1977) for further details and to (Graham et

al.,1978) for a concise survey of the field.

4 ,CONCLUDING REMARKS

We hope that the preceding section has conveyed some of
the flavor and elegance of NP-completeness results. In only a
few years an impressive amount of results has been obtained.
Nevertheless, there are still plenty of open problems, for
which neither a polynomial algorithm nor an NP-completeness

proof is available. We shall mention four famous ones, on
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whose complexity status little or no progress has been made

so far.

(a) GRAPH ISOMORPHISM

This is the problem of determining whether there exists
a one-one mapping between the vertex sets of two graphs which
preserves the adjacency relation. The essential nature of the
problem does not change if we restrict our attention to graphs
of certain types such as bipartite or regular ones; these
problems are polynomially equivalent to the general case
(Booth,1976). The status of the problenm is totally unknown

and we do not dare to guess the final outcome.

(b) MATROID PARITY

This problem is interesting because it generalizes both
the matroid intersection problem and the nonbipartite matching
problem (Lawler,1976). Despite serious investigation, its
status is far from clear. A special case of the matroid parity
problem is as follows. Given a connected graph G with an even
number of edges, arbitrarily paired (i.e., each edge e has a
uniquely defined mate e), does G have a spanning tree T with
the property that if an edge is contained in T, then its mate
is in T as well? An NP-completeness proof for this special
case would, of course, resolve the question for the general
problem. On the other hand, a polynomial-time algorithm for
this special case would probably suggest a similar procedure

for the general problem,

(c) 3-MACHINE UNIT-TIME PARALLEL SHOP

This problem involves the scheduling of wunit-time jobs
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on three identical parallel machines subject to precedence
constraints between the jobs, so as to meet a common deadline
of the jobs. For a variable number of machines, the problem is
NP-complete (Ullman,1975), (Lenstra and Rinnooy Kan,1977), the
special <case of three-type precedence constraints can be
solved in polynomial time (Hu,1961). The 2-machine problem
belongs to P (Coffman and Graham,1972), even if for each job a
time-interval is specified in which it has to be processed
(Garey and Johnson,1977). The 3-machine problem has remained
open in spite of vigorous attacks. In this case we would be
willing to extrapolate on the magic quality of three-ness and

conjecture NP-completeness.

(d) LINEAR PROGRAMMING (see Editor's note in the end of this
paper)

This is perhaps the most vexing open problem. The simplex
method performs very well in practice and wusually requires
time linear in the number of constraints. On certain weird
polytopes, however, it takes exponential time (Klee and Minty,
1972). Fortunately, in this case there 1is circunstancial
evidence against NP-completeness. Thanks to duality theory,
determining the existence or non-existence of a feasible
solution are equally hard problems, and NP-completeness of
LINEAR PROGRAMMING would therefore imply NP-completeness for
the complements of all other MNP-complete problems as well,
However, as mentioned, it dis not even known whether the
complement of any NP- complete problem belongs to NP. In
addition to the abhove rather technical argument, it seems
highly unlikel& that all NP-complete problems would allow a

polynomial-bounded linear programming formulation.,
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Interpretation of NP-completeness results as more or less
definite proofs of computational intractability has stimulated

the design and analysis of fast approximation algorithms.

With respect to the worst-case analysis of such al-
gorithms, a wide variety of outcomes 1is possible. We give

the following examples.

(1) For the optimization version of the KNAPSACK
problem, a solution within an arbitrary percentage € from
the optimum can be found in time polynomial in t and 1l/e
(Ibarra and Kim,1975), (Lawler,1977).

(2) For the FEUCLIDEAN TRAVELING SALESMAN problem, a
solution within 50% from the optimum can be found in

polynomial time (Christofides,1976).

(3) For the GRAPH COLORABILITY problem, a solution
within 1007 from the optimum cannot be found in polynomial

time unless P = NP (Garey and Johnson,1976A).

(4) For the general TRAVELING SALESMAN problem, a solution
within any fixed percentage from the optimum cannot be found

in polynomial time unless P=NP (Sahni and Gonzalez,1976).

We refer to (Garey and Johnson,1976B) for a survey in this
area, Impressive advances have ©been made and more can be

expected in the near future.

The above approach to performance guarantees may be
accused of being overly pessimistic - c¢f. the simplex method
with its exponential worst-case behavior! The probabilistic

analysis of average or "almost everywhere" hehavior, however,
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requires the specification of a probability distribution over
the set of all problem instances. For some problems, a natural
distribution function is available and some intriguing results
have been derived (Karp,1976), although technically this

approach seems to be very demanding.

The worst-case analysis of approximation algorithms shows
that there are significant differences in complexity within
the class of NP-complete problems. These problems might be
classifiable according to the best possible polynomial-time
performance guarantee that one can get. Another refinement of
the complexity measure may be based on the way in which
numerical problem data are encoded, i.e. on the distinction
between binary and wunary encoding mentioned in Section 3.5.
Several other ways of measuring problem size could be devised
and each of them could be subjected to a complexity analysis,
producing new information on the best type of algorithm that

is likely to exist.

The concluding remarks above were intended to confirm to
the reader that the field of computational complexity is still
very much alive. In the first piace, however, the theory of
NP-completeness has yielded highly wuseful tools for the
analysis of combinatorial ©problems that deserve to find

acceptance in a wide circle of researchers and practitioners.
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Editor's Note:

As a strong proof of the intensity of the work going on in
this field as reported by the authors, it has been proved in
the meantime that Linear Programming in general is a problem
that belongs to P. The proof is due to Khachiyan with his
Ellipsoid Method and can be found in (Khachiyan, 1979). A good
coverage of the method is also given in (Papadimitriou and
Steilglitz, 1982)., Although this method has not yet provided
an efficient algorithm (in the sense that it runs quicker than
the Simplex for the usual problems), it has encouraged new
research in this direction: an interesting linear algorithm

can be found for instance in (Meggido, 1984).

References for Editor's Note:

KHACHIYAN,L.G., 1979 - A polynomial algorithm in linear pro-
gramming - Doklady Akademika Nank, 224, pp. 1093-1096 (trans-

latedin Soviet Mathematics Doklady, 20, pp. 191-194).

MEGGIDO, 1984 - Linear programming in linear time when the
dimension is fixed, Journal of the A.C.M., Vol. 31, pp.114-127

PAPADIMITRIOU, C. and STEILGLITZ,R., 1982 - Combinatorial Op-

timization - Algorithms and Complexity - Prentice-Hall.




INVESTIGAGAO OPERACIONAL 105

Investigacao Operacional
Vol.4 -~ N.1 - Julho 1984

RESUMOS

UM CRITERIO DE UTILIDADE EM MODELOS DE PREVISAO PARA STOCKS

Bernardo C. Vasconcelos
Dep. Engen. Mecldnica (GEIN), R. dos Bragas, 4099 PORTO CODEX

Intmeros problemas de decisao requerem modelos de previ-
sao. Em geral ha diferentes modelos possiveis e o utilizador
tera que escolher o que lhe paregca mais adaptado para a
aplicagao em vista. Habitdalmente, a preciséo do modelo & uma
das qualidades destacadas para essa escolha. Contudo, nao é a
precisao em si que interessa ao gestor, mas a utilidade des-
sa precisao na aplicagao em causa. No presente artigo, éna-
lisa-se o caso da precisao da procura em gestao de stocks e
estabelece-se a relacao entre preciséo e custo da incerteza
propondo-se que a diminuic¢ao conseguida para esse custo seja

a medida da utilidade da precisao.

THE MANAGEMENT OF O.R. PROJECTS
(A GESTAO DE PROJECTOS DE INVESTIGACAO OPERACIONAL)

W H Swann
Decision Support Systems Group, Corporate Management Services

Imperial Chemical Industries PLC
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As ciéncias de gestao té&m dado uma contribuigao de grande
valor na area decisional estruturada do Controlo de Opera~
¢oes, mas a sua contribui¢ao nas actividades de gestéo a
nivel de Controlo de Gestao e Planeamento FEstratégico, onde
os problemas sao muito menos estruturados, tem sido relativa-
mente pequena. No entanto, a medida que a crescente competi-
tividade das empresas vai impondo cada vez maiores exigéncias
e pressoes aos gestores, a necessidade e as oportunidades de
intervencao da Investigagao Operacional nestas areas vao
também naturalmente crescendo. No entanto a natureza vaga dos
processos decisionais semi-estruturados nao se presta facil-
mente ao estilo de intervengao convencional da I.0. baseado
na separagao entre cliente e consultor. O artigo discute um
outro estilo mais adequado, baseado na colaboragao e no qual
os orgaos de gestao do <cliente sao participantes directos

no processo de intervengao.

As opinioces expressas sao baseadas na experiéncia do autor
ao longo dos anos, com actividade em diversas fungoes de con-

sultor cientifico de gestao dentro da I.C.I. (UK).

ANALISE PROBABILISTICA DE UM  SISTEMA DE ESTACIOMNAMENTOQ

Antonio Sérgio Pinto Aor e Luiz Flavio Autran Monteiro Gomes
Departamento de Engenharia Industrial de PUC/RJ
CEP 22.453, Rio de Janeiro,RJ

Este trabalho apresenta um modelo normativo aplicavel
a alocagao de vagas de estacionamento em comunidades fecha-
das., Apos uma definig¢ao do sistema, passa-se ao desenvolvi-

mento matematico da abordagem do problema, onde um tratamento
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probabilistico ¢ dado a descricao das caracteristicas de
utilizacao da area de estacionamento. O desenvolvimento mate-
matico é feito inicialmente. de forma generalizada., Mais
adiante, através da aplicaggo da lei da adicao de probabili-
dades, mostra-se como passar para o caso em que se garante ser
a mesma, para qualquer usuario do sistema, a probabilidade de

que esse usuario consiga uma vaga.

COMPUTATIONAL COMPLEXITY OF DISCRETE OPTIMIZATION PROBLEMS
(COMPLEXIDADE COMPUTACIONAL DE PROBLEMAS DE OPTIMIZACAO
DISCRETA)

J. K. LENSTRA, Mathem. Centrum, Amsterdam, The Netherlands
A. H. G. RINNOOY KAN,Erasmus Univ., Rotterdam, The Netherlands

Avangos recentes na teoria da complexidade computacional
aplicada a problemas combinatorios revelaram a existéncia de
uma vasta classe de problemas chamados NP-completos, dos quais
se pode dizer que todos ou nenhum sera resollvel em tempo
polinomial. Dado que para muitos dos mais dificeis problemas
combinatorios ja foi possivel provar que pertencem a esta
classe, a ultima alternativa parece ser bem mais provavel.
Messe sentido, o facto de um prohlema ser NP-completo justi-
fica o uso de métodos enumerativos e de algoritmos aproxima-
dos. Neste artigo da-se uma introducao informal & teoria
dos problemas NP-completos e deduzem-se alguns resultados fun-
damentais, na esperan¢a de estimular o uso adicional desta

valiosa ferramenta analitica.
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Investigacao Operational
Vol.4 - N.1 - Julho 1984

ABSTRACTS

UM CRITERIO DE UTILIDADE EM MODELOS DE PREVISAO PARA STOCKS
(A UTILITY CRITERION FOR FORECASTING MODELS IN INVENTORY
CONTROL)

Bernardo C. Vasconcelos
Dep. Engen. Mecanica (GEIN), R. dos Bragas, 4099 PORTO CODEX

Many decision problems require forecasting models. Usually
there are different available models and the user has to
choose the one that seems most adequate for the application
considered. Very often accuracy is one of the properties
sought for in that choice. Yet, it is not accuracy by itself
that is of primary interest to the manager, but the utility
of that accuracy for the application. In this paper, the case
of accuracy in estimating demand in inventory control is
analised and the relationship established between accuracy
and cost of uncertainty. It is claimed that the decrease in

this cost constitute the measure of utility of accuracy.

THE MANAGEMENT OF O.R. PROJECTS

W H Swann
Decision Support Systems Group, Corporate Management Services

Imperial Chemical Industries PLC
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Management Science has made a substancial contribution
to the structured decision area of Operational Control, but
its effect on the managerial activities of Management
Control and Strategic Planning where the problems are much
less stuctured has been relatively small. Yet as the
increasing competitiveness of business imposes ever greater
demands and pressures on management, the need and opportunity
for OR to impact on these areas is growing significantly.
However the fuzzy nature of semi-structured decision-making
does not lend itself to the more conventional OR intervention
style of client and consultant. The paper discusses a more
appropriate style based on collaboration in which the client

management is envolved directly in the intervention.

The views expressed are based on the author's experience
gained over a number of years operating in a variety of
management scientist roles within Imperial Chemical Industries

PLC, or ICI as it is commonly known.

ANALISE PROBABILISTICA DE UM SISTEMA DE ESTACIONAMENTO
(PROBABILISTIC ANALYSIS OF A PARKING. SYSTEM)

Antonio Sergio Pinto Aor e Luiz Flavio Autran Monteiro Gomes
Departamento de Engenharia Industrial de PUC/RJ
CEP 22.453, Rio de Janeiro,RJ

This paper presents a normative model applicable to the
allocation of parking vaccancies in closed communities. After
a definition of the =system, one passes to the mathematical

development of the approach to the problem, where a prob-
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abilistic treatment is given to the parking area utilization
characteristcs description., The mathematical development is
initially presented in a generalized way. Next, through an
application of the law of addition of probabilities, one shows
how to arrive to the situation in which the probability that
each user gets a vaccancy is the same for every user of the

system.

COMPUTATIONAL COMPLEXITY OF DISCRETE OPTIMIZATION PROBLEMS

J. K. LENSTRA, Mathem. Centrum, Amsterdam, The Netherlands
A. H. G. RINNOOY KAN,Erasmus Univ., Rotterdam, The Netherlands

Recent developments in the theory of computational
complexity as applied to combinatorial problems have revealed
the existence of a large class of so-called NP-complete
problems, either all or none of which are solvable 1in
polynomial time. Since many infamous combinatorial problems
have been proved to be NP-complete, the latter alternative
seems far more likely. In that sense, NP-completeness of a
problem justifies the use of enumerative optimization methods
and of approximation algorithms. In this paper we give an
informal introduction to the theory of NP-completeness and
derive some fundamental results, in the hope of stimulating

further use of this valuable analytical tool.




