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Nota do Editor

O presente Volume de 'Investigagdo Operacional' vem quebrar um longo interregno na
publica¢dio da nossa Revista, sendo o primeiro a sair ap6s a tomada de posse da nova
Direcgfio da APDIO. Pode-se apresentar algumas boas razdes para justificar quase dois anos
de auséncia da 'TO’, mas queremos desde j4 salientar o esfor¢o do anterior Editor, José
Viegas, para contrariar aquela situagio e ao qual a safda deste Volume é, ainda, em boa parte
devida.

Sem pretendermos ser muito exaustivos, poderemos comegar por referir o reduzido mimero
de artigos que chegam para publicagdo. E tal, é manifestamente contraditério em relagdo ao
grande dinamismo que a 'comunidade portuguesa de Investigagio Operacional' tem revelado
nos ltimos anos. Basta recordarmos o mimero e qualidade da participagfo nacional nos dois
dltimos EUROs realizados, respectivamente, em Bolonha e em Lisboa. Porque €, ento, tio
reduzida a contribui¢do para a Revista ?

Quanto a n6s, € fAcil identificar dois tipos de situagdes. Por um lado, os 'académicos’
reconhecem o interesse da publica¢fio de artigos de carécter cientffico mas procuram-no fazer,
sobretudo, em revistas estrangeiras. Por outro lado, os 'homens de empresa’ dificilmente
enconiram tempo para passar a escrito as suas experiéncias e resultados. A respeito destas
situac@es tfpicas, permitam-me umas breves palavras.

Comecemos pelo caso da preferéncia de publicagdo em revistas estrangeiras. Tal pretensdo €,
a nosso ver, inteiramente compreensfvel por uma questdo de maior prest{gio por parte de
alguns jornais bem estabelecidos e com possibilidade de uma mais vasta selecgdo.
Pessoalmente, aceito que um artigo de autor portugués numa de trés ou quatro revistas
internacionais, € necessdriamente de boa qualidade. Mas isto é muito diferente de dizer-se
que todos os artigos safdos nessas revistas sio de boa qualidade! Mais, a publica¢dio na
revista "Investigagdo Operacional” obedece aos mesmos requisitos que nas suas
correspondentes internacionais, passando pelo crivo de 'referees', nacionais ou estrangeiros,
boa parte dos quais exercem idénticas fungdes em revistas estrangeiras. De igual forma,
apresente Comissdo Editorial atestabem da qualidade da Revista e do prest{gio que serd




possivel grangear se os investigadores portugueses se decidirem a investir nela. O que ali4s,
¢ sempre bom referir, j4 acontece com alguns autores que ao submeterem os seus artigos
escritos em lfngua inglesa demonstram acreditar na influéncia internacional do nosso jornal,

Relativamente as pessoas que tém desenvolvido aplicagdes a nfvel de empresa,
compreendemos, de forma igual, as razoes pelas quais pouco t8m contribuido para a
'Investigagfio Operacional', O que no significa que concordemos. De facto, um dos pontos
fortes da disciplina cientffica que nos une reside na estreita relagio (ainda que, em alguns
casos, ndo seja imediatamente evidente), com muitos problemas da vida real, E, para o
ilustrar, nada melhor que aqueles que j4 tenham passado por essa experiéncia. Mais, da
andlise quer dos pequenos quer dos grandes casos, poderemos todos beneficiar qualquer que
seja a perspectiva com que trabalhamos no domfnio da investigaciio operacional, Assim,
deixo aqui expresso um apelo bem forte para que os 'homens de empresa’ reconhegam a
importancia de um pequeno relato que seja sobre a sua experiéncia, Algo que descreva
sumdriamente o caso tratado, a metodologia de abordagem, as técnicas utilizadas, a estratégia
de implementagio, os resultados obtidos, as conclusdes retiradas - ser4 extremamente bem
vindo e merecer4 garantidamente de prazos mais curtos para publicago.

Repito qﬁe este Volume ainda nfo corresponde ao conteddo Lipo que desejamos para a nossa
revista, No entanto, estou certo que muitos leitores juntardo A alegria de verem a IO c4 fora
novamente, o prazer ¢ interesse na sua leitura, Quanto ao futuro, estou confiante em que a
Revista beneficiard seguramente do dinamismo patente na APDIO e, em particular, do 3°
Congresso de Investigagio Operacional.

Jos# M. Pinto Paix3o
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SYSTEMIC APPROACHES IN THE PUBLIC POLICYMAKING PROCESS:
A SYNOPTIC ASSESSMENT

Solomon A. Berahas and Mordecai Avriel®
Faculty of Industrial FEngineering and Manégement
Technion - Israel Institute of Technology
Haifa 32000, Israel

ABSTRACT

The resolution of complex sociotechnical issues involved
in public policymaking requires the synergy of the analytical
power of modefn scientific methodologies with the political
power that enables policies to be implemented. Whereas the
former attempts to rationalize the public policymaking
process, the latter ensures the political feasibility of the
proposed policy actions. Systemic approaches can be helpful
in integrating organized knowledge within the relevant

political environment. In this paper three views of the
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of Operations Research, Faculty of 1Industrial Engineering
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policymaking process .are presented, with emphasis on the
particular problems and limitations of applying analytical
methodologies, Systems analysis, disjointed incrementalism and
a synthesis of these two systemic approaches are then
discussed and assessed. The potential contributions of
systemic approaches are indeed remarkable, yet their realiza-

tion demands important changes in the policymaking process.

1. INTRODUCTION

Leonard Euler (1707-1783) once wrote in a philosophical
comment that since the fabric of the world is the most
perfect and was established by the wisest creator, nothing
happens in this world in which some reason of maximum and
minimum would not. come to light. Today s political and
,f/éécial problems do not always demonstrate this inherent
goodness, and beliefs in history s intrinsic benevolence
are wearing down. While solutions to the problems are more
and more hard to find, problems to be solved become more

and more complex and urgent.

Many problems that arise in sociotechnical systems can
be adressed by focusing knowledge in appropriate ways by the
logical, quantitative and structural tools of modern
science and technology. The <craft that does this is called
Systems Analysis:"...It brings to bear on sociotechnical
problems the knowledge and methods of modern science and
technology, in combination with concepts of social goals
and equities, elements of judgement and taste and appropriate
consideration of the larger contexts and uncertainties that
inevitably attend such systems..."[24|. 1In this paper the
role of this systemic approaches in the public policymaking

process is examined. Our main purpose 1is to determine some
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of their potential contributions in public policy formulation,
evaluation and implementation processes, as well as to review

the principal barriers in achieving these contributions,

In this following section three views of the puinc
policymaking process are discussed. The main reasons for
the difficulties and problems encountered when applying
analytic methodologies in  the public policymaking process
are reviewed in the third section. Finally three approaches
are proposed for more effective integration of scientific

knowledge and methods in this process.

2. VIEWS OF THE PUBLIC POLICYMAKING PROCESS

2.1 Understanding What Policy Is All About

Policy can be understood as "a set of guide 1lines
for human behavior" |29|. There are three primary functions
of policy in terms of the purposeful activities and
behavior involved: It (i) enables desired behavior to
occur (ii) inhibits undesired behavior; and (iii) regulates

behavior to routine standards.

Policy has a temporal dimension since its enforcement

and/or acceptance are not immediate, but usually require

preparation and evaluation of options, persuation and
bargaining, preparation of detailed plans, and monitoring
of specific actions. In other words, policy determines
desired and plausible future conditions and required

sequence of actions and decisions (i.e.plans) to realize
them. The activities involved in formulating, disseminating,
implementing and monitoring policy decisions constitute the

policymaking process.
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Policy is required for and made in every sector of human

activities. Public policy is concerned with decisions
whose purpose is '"to promote the welfare of society as a
whole" [|26,p.257|. Some of the main areas of public

policymaking are the following:

1. Economic development and management of natural

resources.

2, Health, education and welfare .
3. Defense and foreign relations.

4, Internal and social relations.

Society encompasses different stakeholders or coalitions
of stakeholders in different policy decisions: Politicians
formulating or opposing a policy, dinterest and pressure
groups, lobbies, and the general public (the '"silent
majority"). The attitudes of individual stakeholders
towards a policy are determined by their views and opinions,
their understanding of the policy’s rationale, the behavior
expected from them, and their relative benefits (or losses)

from observing the provisions of the policy.

2.2 The Sequence of Activities: A Normative View of

the Public Policymaking Process

Public policymaking is a process [6;7;1013| - that is,
there exists a sequence of activities that must be carried
out in order to develop and implement a policy. A possible

sequence can be the following |4;5]:

1. Perception of the issue for which policy is required.
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2, Establishment of objectives and criteria.

3. Generation of policy alternatives.

4, Forecasting the consequences of policy alternatives.
5. Assessment of policy effectiveness and efficiency.

6. Choice of a set of alternatives, and sensitivity

analysis.
7. Implementation of chosen alternatives.
8. Evaluation of outcomes.

This sequence of activities 1is based on the concept

of "comprehensive or synoptic rationality", which was
formulated by  Gershuni |12, p.295| as "...the ideal
rational public policymaker obtains the best technical

advice on the complete range of feasible policies, and of
all the likely consequences of the implementation of each
of them according to this society s preferences. In the
process there are experts, who provide independent,
objéﬁtive, non-partisan information, and there are politicians
who evaluate this information". One can trace the roots of
this concept to the works of March and Simon |19, p.137],
where the notion of decision-making rationality has been
stated as follows: "|The decision maker| has laid out before
him the whole set of alternatives from which he will choose
his action ...to weach alternative 1s attached a set of
consequences ... At the outset the decision-maker has a
"utility function" or a preference ordering that ranks all
set alternatives from the most preferred to the least
preferred ... the decision maker selects the alternative

leading to the preferred set of consequences ...".
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Many scholars |3;8;14;22| have expressed doubts whether
comprehensive rationality can be achieved. Lindblom 17,
pp.139-140| has summarized these doubts in his two basic
objections: (i) no social welfare function exists; and (ii)
information, communication, and the number and complexity of
relations among policy variables 1imit human capacity for

rational analysis,

In addition to these objections, Gershuni points - out
]12, P. 301| that din model of comprehensive rationality
"the roles of the . expert and the politician are strictly
segregated". This unfortunately is often true, but never~
theless undesirable; experts and politicians should attempt
to develop cooperative interfaces, sometimes even duplication.
This is what "Warfield and Dror call '"correlation between
knowledge and power"., Finally, in the model of comprehensive
rationality there is no explicit reference to the various
stakeholders and to the political process, both of them being

instead incorporated into the social welfare function.

Regardless of the objections to and limitations of the
normative approach to public policymaking process, this
approach assis?s in shaping a framework, called Policy
Analysis, defined by Dror as follows |9, p.3] "an approach
and methodology for design and identification of preferable
alternatives in respect to complex policy issues. Policy

analysis provides heuristic aid to better policymaking".

2.3 How Policy Is Actually Made: A Descriptive View

of Public Policymaking Process

As mentioned above, comprehensive ratibnality requires
that policymakers consider all the effects, of all the

alternatives on all concerned parties. This is an almost
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impossible task. There 1is need to impose closure, or in
other words to limit the problem and action spaces by one

or more of the following procedures:

1., Some (higher order) effects of policy are less

important and can therefore be disregarded.

2. Instead of attempting to find the most effective
and efficient policies, decision-makers should be
content with satisfying ones, that is suboptimal, but

still acceptable policies.

3, Learning - that is, observation of effects and

adjustment, is important to decision~makers.

One cannot help but notice the similarities between
these procedures and the actual policymaking process. Not
all options and effects are considered; political feasibility
determines acceptable policies; and policymakers and
constituencies learn from and adjust their actions (policies,
electing politicians, etc.) to new realities. The important
role of the political environment is indeed a leading factor
in process. In reality, the political environment goes beyqnd
the catalytic role reserved for it in the normative view of
public policymaking. The structure of the political system,
the relative power of the interest groups and lobbies
involved, the different assumptions, resolutions and conten-
tion points, the coalitions, the local interests, the
habits, prejudices , ambitions and rivalries, all: these do
not only facilitate or inhibit policies, but also determine
desired and undesired ©policies: They actually do make
policies. Quade [23,p. 269| remarks that "public officials
... must face the realities of politiecs ... If a politician

does not produce or appear to produce what his constituents
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demand, his time in the office may be short". Tt is these
political realities, i.e. power status-quo. and political
feasibility that determine which policies and decisions are
made in order to achieve some specific - and wusually short-
term-goals. The rationality of policy options and alternatives
is a secondary factor. Such a view of the policymaking
process allows a small (if any) role for policy analysis.
Yet this role can be enhanced, and policy analysis can make

significant contributions to policymaking.

2.4 How Policy Should Be Made: A Prescriptive View of

The Public Policymaking Process

Whereas comprehensive rationality may not be practical
because it is impossible to consider all the alternatives,
a premature exclusion of desirable options and policies is
undesirable, Yet political feasibility often forces
policymakers to do so. Therefore, in a Prescriptive view of
public policymaking, i. e. in a policymaking strategy which
stresses ‘the the potential contributions of analytical
approaches, the concept of comprehensive rationality must
be replaced, and the basic features of the political
environment must be included and taken into consideration,.

The basic requirements of such a strategy are:

1. Bounded or limited rationality, which recognizes that
itisbeyondhumancognitivecapacities to handle logisti-
cally all the knowledge and information available and
to consider all the alternatives and options in a

decision or policy situation.

2, Political feasibility, which recognizes that policies

must conform to political realities.
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3. Analytical power to minimize errors of:

Accepting a "wrong" policy,

Rejecting a "right" policy,

Considering the "wrong" issues and problems.

Producing a policy at the "wrong" time.

Concepts of such policymaking strategies have been

proposed by Etzioni [11| and by Dror [9]. In these models

there exists a basic distinction between policies and
metapolicies, i. e. policies about the policymaking
process. As seen in Exhibit 1, there are two stages of

consideration [12]:
1. A preliminary comprehensive metapolicymaking that

a. determines general policy objectives, values,

criteria , etc;

'b. creates the necessaryadministrative structures and
procedures for detailed policy formulation and

evaluation;

c. assesses information feedbacks and reconsiders

policy objectives.

2, A detailed, specialized, disaggregated, proximate

policymaking that

a. chooses detailed courses of actions (i. e. policy
formulation and implementation) that are politically

feasible;




14 S. Berahas et al. | Systemic approaches in the public policymaking process

b. reports back to the metapolicymaking structure on
the attainability of general policy objectives and

the outcomes of policy implementation.

This type of policymaking strategies attempts to integrate
the political realities with the analytical power of modern
scientific methodologies. Decision sciences, such as opera-
tions research and management science techniques supported
by advanced computer software, statistics and probability
theory, macro and microeconomics, along withv the organized
knowledge of classical sciences provide powerful tools for
assisting decision-making in the political environment. The
role of experts in these disciplines <can be outlined as

follows:

1. Experts can assist policymakers in structuring the

problems facing them by providing objective information

2, Experts wuse a variety of tools and theories, in
addition to the tacit knowledge of the stakeholders,

i, e. their judgement, experience. and intuition.

3. Experts cannot and should not replace policymakers in

the final choice of policy options.

Following these ideas, policy analysis can be defined as
"any type of analysis that generates and presents
information in such a way as to improve the basis for

policymakers to exercise their judgement" |23, p. 4].
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3. DIFFICULTIES IN RATIONALIZING THE PUBLIC POLICYMAKING
PROCESS

3.1 The Wicked Nature of Public Policy Issues

One of the main obstacles in any attempt to apply
systematic methodologies in the public policymaking process
emanates from the very nature of the issues this process
deals with. Usually these issues involve many uncertainties,
for which neither the possible policy alternatives nor their
outcomes are clear and easy to formulate and evaluate. These

issues cannot be clearly defined, and due to the 1lack of

tndisputable and objective definition of social equity,
policies cannot be wuniversally "correct" or "false" . It
makes no sense to talk about "optimal solutions" to these

issues, since they rely on elusive political judgement for
their resolution; they generally refuse to yield to formal
analysis and research; and they invariably change. Social
problems, according to Rittel and‘Webber |25‘, are inherently

wicked, for the following reasons:

1. Theycannot be definitively formulated, yet the choice
of their formulation determines the nature of their

resolution.

2. They have no definite start and end, since each

problem can be considered as a symptom of another.

3. There is no ultimate test of a resolution to these

problems.

4. When dealing with them, resolutions leave traces that

cannot be undone.
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5. Each one of these problems is essentially unique,
therefore, requires specific and unique approaches to

its resolution.

6. They cannot be detached from ideological and political

beliefs.

7. They involve and affect many stakeholders with
different interests and goals, while the responsibility
and authority related to these problems are diffused

to many decision-making centers.

Although these characteristics can be interpreted as
inhibiting factors for applying analytic methodologies and
approaches to this type of ©problems, one can argue the
contrary: Precisely because of these characteristics

systemic approaches are required.

3.2 Failures of the Analytic Methodologies

Perhaps the primary reason for the failure of analytic
methodologies, and mainly of operations research oriented
apbroaches in the public sector is that optimization in
this sector is often not relevant. The classical models of
"homo ‘economicis' in microanalyses, or of '"social welfare
function" in macroanalysis, have often failed to describe
phenomena and to provide answers. Whereas in the past
efficiency was sought as a remedy to problems, complexity,
uncertainty and politics have forced analysts to relinquish
this view. Yet no adequate ‘substitpte to efficiency has
been found. Thus analysts have been left without an
objective function. The idea of a social welfare function
was abandoned because "éocial science has simply been

unable "to wuncover a social welfare function that would
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suggest which decisions would contribute to a societally
best state" |25, p.128|. It is obvious though that planning
cannot be separated from questions of social values, human
effects and therefore from the political process. Another
reason for the methodological failures 1lies in the lifespan
of a solution. On the one hand there is the accelerating
rate of changes as dramatized by Toffler |28]|, while on the
other hand the optimality of solutions .is generally not
adaptive to changes. Ackoff |1, p.98| remarks that "the
life of solutions to many critical social and organizational
problems is shorter than the time required to find them".
The limitations of the analytical methodologies are also
related to some commonly observed pitfalls. Some of these

are listed below:

* Belief that policy analysis can be a purely rational,

coldly objective diseipline.

* The lack of well-defined rules and procedures for
applying organized knowledge to policy issues has

resulted in ad-hoc approaches.

* The quality of data determines the quality of the
decision. Policy issues are often characterized by low
quality\data and/or inability to collect data. Therefore
quite often analysis has to conform to the available

data.

* Inability to cope analytically with uncertainties often

results in their almost complete omission.

The great expectations held by practitioners for the role
of operations research have been somewhat replaced by
disappointment and criticism. Ackoff, himself an operations

researcher, arguesg that the future of these methodologies
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depends on the ability to perform radical changes in the
'client—analyst relationships on the involvement of stake-
holders, and on the creation of new roles for these methodo-

logies in the decision-making process.
3.3 Paradoxes of Planning in the Public Sector

Planning is the process of preparing a set of decisions’
for action in the future, directed at achieving desired
goals., The failures of planning in the public sector are
seldom peripheral or accidental; in ‘ ‘most cases they
are integral to the very nature of the issues involved, and
the political process taking place. Therefore, using
analytical approaches to rationalize the planning process
can (i) 1lead to paradéxes and dilemmas (ii) wuncover
discrepancies and controversies, and (iii) finally result

in policy failures.

It is important to realize that there~ exist basic
differences between the problems encountered in, say, the
optimal design and operation of a technological prodess or
device, and the issues involved in a public policymaking
process. In general it can be argued that there are very
few analytic answers for public sector problems. Also,
there 1is the dilemma between immediate action versus
acquisition of evidence (data). Mitroff et al |21, p.538]
remark that a policymaker faces problems in which there is
a great need for the best available evidence, but at the
same time, he is beset with extensive pressures to act both
immediately and decisively. Thus "... the paradox is this:
|he| is often required to act in order to uncover the
evidence as to whether the action \Qe took is the one he
should have taken". Planning requires - the existence of an

~objective, such as public equity or weifare of the stake-

holders  involved. Yet, as mentioned before, in public
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policy it is often impossible to reach a consensus on the
criteria according to which planning and policies will be
carried out. Usually these criteria involve controversial.
and antithetical positions that are defended by interested
groups. The 1lack of meaningful analytic answers to these
issues does not permit a decisive resolution. Instead,
policymakers have to resort to political bargaining and to
second-best solutions. Finally, planners are often frustrated
realizing that the resolution of an 1issue uncovers one or
more additional problems which have to be dealt with. They
know that they cannot expect to find universal answers to
all problems, yet they are overwhelméd by the rigid inter-

faces and tightness of the problems they face.

4. SYSTEMIC APPRQACHES TO PUBLIC POLICYMAKING PROCESS
4.1 The Role of Experts and Analysis

Analysis and decision-making in a public policy issue
may involve several scientific disciplines and tools, and
usually . interdisciplinary efforts are required. For
example, housing policy may involve architects and town
planners, economists. Experts can provide considerable
assistence both by applying scientific tools and methodologies

of their disciplines, and by being involved in the following:

% Tdentification of those elements in which research

efforts must be <concentrated, in order to reduce the
complexity of the issues to manageable proportions.

% Identification of inconsistencies in policy options.

* Reduction of uncertainties in the reference system.
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* Generation and formulation of policy alternatives.

The integration of scientific expertise with the tacit

knowledge of the people involved in a public policy
decision, requires systemic approaches to the public
policymaking process. Three such approaches are briefly

reviewed below.

4.2 The Systems Analysis Approach

The theoretical basis of systems analysis can be traced
back to works on a General Theory of Systems (|7|, |15|,
IZOI). Systems analysis takes a holistic view of the issues
involved as they dynamically change in terms of objectives,
structure and environment, and attempts to find best
solutions, usually in terms of "economic rationality".

One can didentify a sequence of steps or activities
usually proposed as a normative description of the systems
process. One such sequence is the following:

- Clarification of the problem.

- Identification of the objectives.

~ Identification of measures of effectiveness.

~ Identification of the relevant environment.

- Formulation of a formal representation of the problem

(i~ e. model).
~ Collection of data.

- Generation of alternatives.
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- Investigation of alternatives.
- Examination of sensitivities.
- Recommendations, conception of new problem areas.

The systems analysis approach recognizes the importance
of the iterative nature of this process. FExamination of
alternatives and sensitivity analysis will yield new insights,
which may affect the problem conception, the objectivés and
the reference system. Therefore, this is a continuous quest
for improvement. One of the major contributions of systems
analysis is the explicit and conscious search for objectives,
a result of the basic definition of a system: A collection
of items, people, information and activities having common

objectives.

On the other hand, there are also adverse features: Quade

and Miser |24| remark that systems analysis, 1like every
other human endeavor is necessarily incomplete: Time, money
and other resources place severe limitations on how

thoroughly any topic can be studied. Also, systems analysis
as an approach, <can be misused by promoting preconceived
ideas or policies, being an excuse for inaction and delay,
or even producing misleading information. Policymakers
oftenfeartthat extensivereliance on systems analysis will
increase their dependence on the -experts, thus reducing

(giving up) valuable degrees.
4.3 The Disjointed Incrementalism Approach

As an alternative to systems analysis an approach
was proposed by Lindblom |8; 17; 18|, dinitially called
"muddling through" and then more formally "disjointed

incrementalism". In this approach the analysts seek the
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remedial rather than the utopian objectives. They examine
only those alternatives which differ incrementally from
current policies and from each other and are politically
feasible, Lindblom suggests that policy analysis and
policymaking are serial processes, proceeding through long
chaihs of political and analytical steps, with no sharp
beginning or end, and no clear-cut boundaries. According to
him, analysis is a tool for helping the policymaker by
contributing to his bargaining power. In Lindblom s view
decisions have to be made, very often without sufficient
time to analyse all alternatives - even if this were
practically possible. Thus the important thing is to
decide, especially in those cases where the costs of

analysis and delay are greater than the costs of error.

The disjointed incrementalism approach imposes closure
on the problem and action spaces, by considering "political
rationality". Archibald [2,p.6% amplifies this as
follows: "The incrementalist feels he can ignore |alterna-
tives andl consequences at will, because if those ignored‘
should prove damaging to certain groups, such groups
would press for new analyses and new decisions". 1In other
words, politics in a pluralistic society defines both the

objectives and the alternatives to be considered.

The parochial view adopted bytheincrementalists'approach
to policy analysis presents two rather antithetical points
that advocate the need to integrate systems analysis and
disjointed incrementalism. First, we argue for the latter
approach, since "a policy is no better than its implementa-
tion, lwhichl suggests that analysts need to pay attention to
the feasibility of a policy alternative at operating levels,
as well as to its acceptability at decision-making Ipoliticall
levels" ,2, p.16,. Second, we argue for systems analysis

because '"analytic contributions lare often| weakened by
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analysts paying too much attention to political feasibility"

|2, p.16|. In other words, while dincrementalism is more
realistic, real progress is achieved through planned changes,
new approaches,and an ascomprehensive as possible considera-

tion of the issues involved.

A final note about incrementalism is necessary to
clarify a possible misunderstanding: incrementalism does
not advocate ad-hot decisions, but the ad-hoc selection of
alternatives, to be omitted at a cértain stage of the
decision-making prog¢ess. Systems analysis also recognizes
the fact that some alternatives must be omitted, yet it
attempts to make these omissions rationally or strategically,
by always considering the overall objectives of the policy-

makers.

4.4 A Possible Synthehsis of Systems Analysis and

Disjointed Incrementalism

Three basic differences between these approaches can be

cited:

1. Comparison of the cost of delay in policymaking dieto
comprehensive analysis on the oné hand, and the costs
of error due to lack of analysis on the other, could
often determine the type of approach to be taken. For
example the cost of potential errors in decisions
concerned with nuclear energy are perceived by most
analysts as very high . Therefore, systems analysis,
techniques have usually been applied. In public

housing problems the opposite is often true.

2, Systems analysis views the issues in terms of
"economic rationality" while incrementalism views

them in terms of "political rationality",.
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3. Systems analysis wusually deals with improving a
client’s decision-making ability, for improving
social welfare. Incrementalists usually regard
themselves as partisans of specific interest groups.

Nevertheless, these two approaches are compatible., A

sythesis would require (i) the acceptance of the notion

of political rationality and of the important role of analysis
and (ii) organizational changes to overcome resistance

to new policies and to increase the likelihood of programs

being executed in a manner consistent with their purposes.

In order to make such a synthesis plausible, a scenario of

the political process is required (see Exhibit 2), Politi-
cians do not have to possess expert knowledge, but they do
have fixed positions to defend, a result of their political
beliefs and of their responsabilities to their constituencies.
In order to make policy, they choose from organized knowledge
those facts and theories which promote their ideas and
positions, and those which are beyond any doubt, and thus
cannot be ignored or avoided. Their main contribution to the
policymaking process beyond the definition of the policy
theme, is the political power they can use in order to enable
policies to occur and to coordinate the processes of policy-

making and policy implementation.

5. SOME CONCLUSIONS

We have reviewed some ideas concerning the public
policymaking process, its nature, the type of problems
usually encountered, the approaches to resolving these
problems, the <contributions and limitations of policy
analysis and the inherent paradoxes of planning. We may now

question the potential value of policy analysis and the
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related methodological approaches to the policy-making

process,

All the limitations and pitfalls, as well as the reported
failures in rationalizing the policymaking process, might
frustrate and discourage both analysts and policymakers.
They may feel being involved in futile exercises: Changes
will happen if and only if they are ©politically feasible;
problems are more wicked than known methodologies can deal
with; rationality is not sufficient; the role of analysts
in resolving conflicts during the various phases of the
policymaking process is, at best, marginal. Why then bother
with these? Liebman |16, p.108' gives an answer which may
disappoint the dedicated analyst , but it nevertheless
provides a direction and meaning to the efforts of the
conscious practitioners: "... |analysis is| highly useful

.. in illuminating the <conflicts and generating a set of
alternatives for further exploration. Using Ianalysisl in
this fashion 1is philosophically different; it requires
explicit recognition that the analyst’s objective 1is the
provision of intuition, insight, and wunderstanding which
supplements that of the decision-makers, Answers are useful
only insofar they accomplish this goal'". Nobody argues that
this is easy: "Wicked problems would not be wicked if they
were easy" |16, p.108|. Yet analysts can greatly contribute
by adapting their tools and methodologies to the novel

requirements of complex public policy issues. The task of

policy analysis cannot be automated decisions and .a totally
planned future. By contrast, its major function is that of
a map: An aid to better orientation which helps to avoid
catastrophes, points out decision alternatives and their
consequences, assists the -analytical processes, but leaves
the responsibility and authority for decisions to policy-
makers and politicians. In order to realize such a synergy

it is necessary for the policymakers and politicians to learn
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to trust scientific and methodological approaches. Yet, this

can be only achieved if system analysts will be detached, as

Samouilidis |27| remarks, from the "hard quantitative
analysis" - which indeed is their most important competitive
advantage ~ and attempt to propose flexible procedures that

integrate organized knowledge, experience, intyition, and

political realities.
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FEASIBILITY DETAILED COURSE
AND IMPACTS OF ACTION

Exhibit 1: A model for a policymaking strategy. [12, p.311]
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Exhibit 2: A plausible synthesis of systems analysis and disjointed
incrementalism,
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1. Introduction

In attempting to determine the position of Reduced
Instruction Set Computing (RISC) for the time period 1990-
1992, it is necessary - to ask two questions: (1) to what
extent will RISC be accepted by manufacturers; and (2) to
what extent will it be accepted by users. It 1is obvious
that if manufacturers do not decide to pursue a RISC design
philosophy with their computers, the acceptance of the
users will be a moot question. On the other hand, if
manufacturers do pursue a RISC strategy, and the users do
not accept it as an alternative to conventional machines,
the sales of  RISC machines will be negligible. It will
require the acceptance of Reduced Instruction Set Computing
by both parties for it to be a viable option in 1990 and

beyond.

In attempting to answer these questions, this analysis
will estimate both the number of major companies manufactu-
ring RISC machines, and the percentage of sales represented
by RISC machines, in 1990-1992, The number of companies
engaged in the manufacture of RISC machines is an estimate of
industry interest in this technology, while the percentage of

RISC machines sold will be indicative of the users'interest.

For reasons detailed below, the most 1likely candidates
for Reduced Instruction Set Computing are the machines
which are presently in the range from "superminis" down to
and including microcomputers. It is this segment of the
computer market on which this study will primarily concentra-

te.
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2. Description of the Technology

2.1 Definition of RISC

The acronym RISC stands for '"Reduced Instruction Set
Computer", According to some &experts we interviewed, the
"R" should stand for "Rational™ (in their company’ s case)
or perhaps even "Religious" (for unnamed =zealots). The
"instruction set" refers to the commands that are each
uniquely identified and individually handled by the compu-
ter s central processing unit (CPU). These commands involve
actions such as adding two numbers, copying a number from
one memory location to another, or getting the next instru-

ction to be executed from a different location.

For the purposes of this paper it 1is not necessarily the
mere size of the instruction set that qualifies a computer
processor as RISC. The two primary characteristics of RISC

processors are:

1. An instruction is completed almost every clock cycle.
If pipelining is used, then it is very short (two or three

levels).

2, The processor is completely contained on one or two

very large scale integration (VLSI) chips.

2.2 History of RISC

Processors of a conventional design generally have an
extensive set of low level '"machine" instructions-typically
250 to 400 separate instructions. Some of these instructions

perform very complex actions and thus require some complex
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circuitry and many computer cycles to perform. Much computer

programming even through the 1970°s was done in "assembly
language" which meant that programmers had to directly
program in these low level instructions. To these program-
mers, powerful instructions which individually accomplished
several simple actions were desirable. Computer memory
was expensive also, so these complex instructions helped
to keep the computer programs small. But ‘such processors
are difficult to 'design and wusually all instructiows take
multiple clock «cycles to perform. Even simple instructions
are slower because of the compromises made in design so

that complex instructions can be handled.

By the late 1970"s there was a strong trend toward the
use of "high-level 1languages" such as FORTRAN, Pascal and
C. These use much more complex instructions that a program
called a ‘"compiler" translates into the computer s machine
instructions. Programs are much easier to write in a high-
level language. They can be easily transferred to a diffe-—
rent computer with a different set of machine instructions,

recompiled on,that machine, and run without major changes.

Studies in the mid 70°"s showed that programs which had
been written in a high-level language and then compiled
rarely wused the complex machine instructions that cost so
much in design complexity and speed to provide. Compilers
could be developed that worked very efficiently with a much
smaller instruction set. The advances in integrated circuit
technology indicated that it would soon be possible to
produce powerful processing units on single ships; a simple
instruction set would make this task even more possible.
These advances in IC technology also meant that computer
memory capacity would become less and less expensive so
that a longer program made up of larger number of simpler

instructions would not be a very significant detriment.
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IBM was among the first to realise the potential for a
new kind of processor that used fewer, simpler instructions
but could perform them very quickly. They.began a quiet
research effort into not only the processor but also a

special optimizing compiler that would accompany it.

Berkeley and Stanford researchers also began to develop
single chip RISC processors (Berkeley--the RISCl, Stanford--
the MIPS). Other groups at both schools began complementary
research into compilers so that each processor‘s instruction
set design could be exactly matched to the needs of the

compiler.

The first major public announcement of a RISC processor
was made by the Berkeley research group in 1983, This
announcement and accompanying claims for RISC began an
intense debate about the advantages of this new approach.
This was soon followed by Pyramid Coorporation s commercial
introduction of a computer which was <claimed to be RISC.
Although it possessed some characteristics of a RISC proces-
sor, it wused many smaller =scale integrated circuit chips
to make up the processor, It did demonstrate one claim of
RISC, though: it was faster than the benchmark standard
DEC VAX 780 computer and cost only one half as much.

Rumors started of an intense development effort code-
named "Spectrum" within Hewlett-Packard. Then H-P announced
that it would fully adopt the RISC technology in its new
computers. The dintroduction date for these computers
was delayed, then delayed again. Finally, they were formally
announced Feb 25, 1986 but the actual commercial introduction
date was pushed back still further until late ip 1986.
H-P“s chairman admitted that problems with software compati-
bility between the RISC machines and their present computers

wvere the cause for the delay.
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In January,1986 IBM announced an engineering and scienti-
fic workstation, the PC-RT. This computer dis both the
first commercially available RISC processor-based workstation

and the first IBM scientific/ engineering workstation.
2.3. Advantages of RISC

The RISC design offers the promise of significantly

faster program execution at a reduced cost.

RISC gains its speed 1in two ways. First, an instruction
is completed every clock <cycle rather than every four to
sixteen cycles or more in a conventional processor. Second,
because the entire processor is on one integrated Eircuit
chip, signals between élements of the processor can travel
much faster than would signals between processor elements

on multiple chips.

RISC is less costly because of its single-chip, simpler
design. A processor contained on a single chip is less
expensive to manufacture than a processor made of many
chips with complex circuit - board fabrication and assembly
costs, A RISC processor is also simpler and quicker to
design than a conventional design. The long lead times and
capital costs of ‘devélopment are reduced, according to one

expert , by as much as one-half.

2.4 Disadvantages

A RISC processor has some disadvantages when compared to
a conventionally designed processor. First, the RISC proces-—
sor does require more memory to hold a program than does
a conventional processor. Second, the instruction sets
of all RISC processors are significantly different from
any computers now available.This means that anyprograms which

were written directly in those instructions (instead of
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high-level 1languages) are not wusable. A great deal of
software, especially business software, cannot be used. For
users that already own this software, switching to a RISC
based computer would be very costly. Emulators, programs
which make one computer seem to act 1like another, can solve

this problem~but they decrease performance significantly.
2.5. Most Likely Applications

Not all computer applications are appropriate for RISC
technology. For example, it is doubtful that mainframes
and super-computers will incorporate RISC into their archi-

tectures for the following reasons:

(1) Central processing units form a relatively small
percentage of the cost of a mainframe, so cost/performance

considerations are not of major importance for this market.

(2) For many mainframe users (e.g. banks, airlines,
brokerage houses), input/output speed is the ‘limiting

factor, rather than CPU speed.

(3) Because of a mainframe’s size and complexity, there
are many more architectural options available. Increases in
speed can be done by several means, of which RISC is only

one.

(4) There 1is a huge inventory of software written in

lower-level, machine specific languages for mainframes.

The most appropriate applications of RISC should be in
the range from "superminis" down to and including microcompu-
ters. Within this range, the scientific and engineering
market, with its nearly constant demand for ever-higher

processing speed, seems to be the most promising segment.
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3.Assessment of the Adoption of RISC Technology
3.1. Parameters of Interest

Four major areas of interest were originally identified
as being crucial in the analysis of the adoption of RISC
technology: (1) Price/Performance Data; (2) Software Concerns;
(3) Availability of Substitutions; and (4) Fconomic
Conditions. FEach of these areas will be discussed with
regard to its potential impact on the future of Reduced

Instruction Set Computing.

Price/Performance Data. As IBM discovered with the

advent of products manufactured by Amdahl and other compa-
nies, many of the customer; for computing power weré interes-
ted in more than performance alone. Although not everyone
was willing to forego the services offered by IBM in favor
of products that "delivered more bang for the bucks",
a substantial number were. It is this trend that the major
developers of RISC technology are counting on continuing

in the foreseeable future.

Based on information from several informants, today’s
hanufacturersof RISC machines are capaﬁle of between three
and eight times the performance of conventional (68020
based) machines for a ten to twenty percent premium. Some
industry observers are predicting twenty times capabilities
(as compared with the VAX) in 1990, with machines capable
of thirty to fourty times the capability of present equipment
in development by then. It is also predicted (by the same
sources) that a multi-processor RISC machine will be availa-
ble with the abilities of a present day Cray supercomputer
at several orders of magnitude 1less than the current

price of a Cray. The stated goal of GaAs RISC technology
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is fifty times the performance of tcday s VAX sometime
in the 1990 s.

It is the opinion of some industry observers that the
question may not even be that of price/performance but that
of performance alone., They believe that at least some of
the scientists and engineers will select RISC machines
simply for the increase in performance that will be available
as compared with conventional machines, with price being

a relatively minor consideration.

Software Concerns. In discussing the future of RISC

technology at the outset of this project, two primary
concerns about software were identified. The first was
whether there would be an adequate source of software for
these machines. (The slower than expected acceptance of
Apple’s Macintosh illustrates the pitfalls of software
scarcity.) The other concern was the issue of software
compatibility: 1if a company already has a large base of
company-specific software, would the question of compatibility
be a major force in the decision of whether or not to

use RISC technology.

The people to whom we spoke with believed that neither
of these issues were major concerns in the markets under
consideration. RISC machines <can accept programs written
for other machines as long as the program is in a standard
high-level 1language. Our sources stated that much of the
RISC technology in the next few years would be directed at
the scientific/engineering and the CAD/CAM users. Software
for these products which are presently on the market is
written in high-level 1languages and should be entirely
portable to RISC machines. This is an indication that much of
the software which will be required in the early 19907s is

available now.
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The present software which is not written in a higher
level language can still be used with RISC technology
through the wuse of emulators and translators. There is a
performance loss with this approach. But if absolute perfor-
mance is not the goal of the user, there are price/performaﬁ—
ce gains available which, although somewhat reduced, are
still attractive.

\

Based on available information, it appears that the
question of software availability/compatibility will not
delay the acceptance of RISC technology. It is also evident
that as more Reduced Instruction Set Computing machines are
introduced into the market, more software will be generated

both by the manufacturs and by independent software houses.

Availability of Substitutions. None of the sources contac-

ted provided information regarding possible substitutes
for RISC in the near future. IBM s RISC machine, in deyelop—
ment since 1977, was introdyced only last month-a time
to market of nine years. Another local firm dedicated
to manufacturing a RISC machine was started in 1981 and
has yet to bring a machine to market. Based on precedents
such as these, it seems likely that any substitution which
could adversely affect the adoption of RISC technology
in the time period 1990-1992 would have to be in development
now. There is no indication of any such development currently

under way.

Economic Conditions. There are three levels of economic

activity in the time period of 1990-1992 which may have
some impact on the total number of RISC machines purchased.
The levels are: (1) the state of the computer industry;
(2) the state of the national economy; and (3) the state

of the international economy. This analysis assumes that
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no major shocks will strike any of the three areas. Even
if such shocks do occur, RISC machines” market share will
probably not be affected, although the distribution of

machines may be.
3.2.Methodology

Several techniques were employed in an attempt to determi-
ne the position of :RISC technology in the 1990s. The techni-
ques used fall into two <categories: data <collection and

data analysis.

Information was obtained for this analysis through a
literature search of magazine and newspaper articles, and throtgh
interviews with various people associated with RISC develop-
ment. Articles 1in such popular journals as the San Jose

Mercury News, the Wall Street Journal and Business Week

helped to identify the current players in RISC technology
as well as providing an insight into the thoughts of some
industry analysts regarding the future of RISC. Limited
information regarding the projected performances and prices
were also available from these sources. Technical journals

such as IEEE Spectrum and IEEE Computer provided additional

technical information on Reduced Instruction Set Technology.

Interviews were the most useful means of obtaining
information on the potential market for 1990-1992., While
some companies were willing to discuss their products,
strategies, and goals, several others declined any signifi-
cant discussion. These refusals were instructive as they
provided some indication of perceived potential of the
RISC industry. Companies which declined to participate in
the study appeared to believe that the release of any
information pertaining to their RISC activities would

provide valuable information to competitors. This is consis-
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tent with an estimate .of a market for RISC machines which

is significant but not vast.

Cross-impact matrices and scenarios were constructed to
formally express the data and the impressions of the analysts
This led to the <construction of a mathematical model to

produce market forecasts.
3.3. Cross Impact Analysis

Figure 1 is a cross-impact matrix in which the relations
among the main variables are stated in qualitative terms,
This qualitative analysis forms the basis for the mathemati-
cal model. The rationale for the cross-impact matrix is

as follows:

Initial Market Share: The wearly succeéess or failure
of the RISC machines offered by IBM (the PC-RT) and Hewlett-

Packard (the Spectrum series) will strongly influence the

amount of industry R&D effort. Several companies appear to
be doing modest amounts of RISC development, waiting to see
whether RISC will have a serious chance at significant
market share. Initial sales of the IBM and HP machines will
be closely watched and will .be wused as an indicator of
future market potential. These -early results will also
influence software houses  decisions to produce suitable
programs. Overall market penetration will depend quite

strongly on initial market share.

R&D Effort: It dis virtually axiomatic that further
R&D will increase the speed/cost ratio. For reasons detailed
in the technical section, RISC s relative speed/cost advanta-
ge over conventional architecture should increase with
time depending on the amount of R&D effort- especially

design and development effort-devoted to it.
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Figure 1 - Cross Impact Matrix

Speed/Cost Ratio: Since this is RISC s primary advantage,

the correlation with market penetration is positive

and strong.

Software Compatibility/Availability: Appropriate software,

and a perception by users that compatibility is not a
problem, is «crucial if RISC is to expand beyond a very

narrow market niche.
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Market Penetration: Wide acceptance of this technology
will spur further R&D efforts as more players enter the
market. A larger user base will induce more software produc-

tion, and will deter market entry by potential substitutes.

Availability of Substitutes: Given the lead times charac-

teristic of computer development projects, any significant
substitute for RISC would have to be well under way now
if it is to be on the market by 1992. No such project
is apparent. In the wunlikely event that a substitute did

appear, it would negatively affect market penetration.
3.4. A Mathematical Model

In this section, we present the mathematical model used
to obtain numeric values for our assessment. The model is a
stochastic simulation model, one in which the relations
between variables are explained in a quantitative and

dynamic way.

The structure of the model is described in broad terms
by the flow chart in Figure 2(1). The mathematical equations
that describe the relations indicated by the arrows are
simple functional forms commonly used in econometric analy-
sis., More specifically, the relations are as follows.
The design effort in RISC architecture, defined as the
percentage of the total computer architecture design budget
affected to RISC projects, is proportional to the initial
market share obtained by RISC computers (first arrow).
The design effort on RISC architecture affects the speed/cost
performance of RISC computers relative to that of conventio-
nal computers: the speed/cost ratio increases at a certain
annual rate which depends on the design effort and the
proximity to a theoretical maximum speed/cost ratio perfor-

mance attainable.
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MARKET SHARE IN 86/87
(market 1,2
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Figure 2 - Structure of the Mathematical Model
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The speed/cost performance has in turn a positive effect

on the potential market penetration of RISC computers.

Potential market penetration is the long-run penetration;
it can also be interpreted as the market share that would
be immediately achieved 1if there were no adjustment costs
or any other faetor of dnertia in market demand. Given
the diversity of consumer behavior relative to speed/cost
performance, we divided the market initially considered-
"supermini" computers and below, excluding embedded systems
and toys - into two submarkets: Market 1 idincludes computers
for scientific applications, real time usage, and other
applications in which CPU speed 1is an important factor;
Market 2 includes all other computers in the overall range
considered(2).Although the functional form explaining the
relation between speed/cost performance and potential
market penetration is the same for both markets, the parame-

ter reflecting the intensity of this demand varies.

In practice, we expect market penetration to adjust
progressively to its potential, In this model, the adjust-
ment of actual market . penetration to its potential 1is

described by an S-curve, which seems to be a good approxima-

tion for the adoption pattern of a new technology(3). The

shape of this curve reflects the speed of adjustment
in demand., Finally, market penetration has a feed-back
effect on design effort. For simplicity, this value is set

to equal the market share of RISC technology computers(4).

The values of the parameters wused in the model are not
always easy to interpret. For this reason, we performed a
preliminary sensitivity analysis of the impact of each
parameter on the values of the main model variables. Then

we combined this analysis with expert opinion to construct
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a base-case parameter set (5).

Using the base-case parameter set, we solved the model
using the Monte-Carlo method, which consists in subjecting the
model to a large number of simulated trials. In each trial,
the values of the input variables are randomly generated.
In our case, the dinput variables are the market share
achieved by RISC computers in 1986-87 and the speed of
adjustment of demand. Based on these values, we solve for the
time-paths of the different wvariables using the relations
previously described. Repeating this process a 1large number
of times yields a family of time - paths for the
most relevant variables. For example, Figure 3 shouws the simu
lated tume-paths for the variables "Potential Market Penetra -
tion " and "Actual Market Penetration"” (1987-1995) obtained af
ter 50 differehts trials. From this, it is possible to derive
the probability functions for some important variables, the

"output! variables (6).

100%

Fotential

0% | —
1987 1991 1995

Fig 3: Potential and Actual Market Penetration:
Results of 50 Stochastic Simulations with a

Fixed Parameter Set.
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We are mainly concerned with the distribution of the

variable "Actual Market Penetration in 1992". One way of

interpreting thié fuqFtion is to consider it as a cross-
section of the graph‘iﬂ Figure 3 taken for 1992. The results
presented in the next section refer to this function.
It is important to note that a model like the one we used
does not provide exact estimates of the "output" variables,
but rather a probability function. We can, of course,
use average values as point estimates; however, the most
reasonable way of presenting the results - the one we
will use in the next section - 1is by confidence intervals

for the "output" variables.

3.5. Results and Analysis

The main results for the base-case can be found in
Figure 4, the probability function for the actual market
penetration of RISC architecture computers in 1992. In
broad terms, these results mean that the penetration in the
"scientific" market 1is 1likely to be between 10 and 403,
whereas the one in the '"general" market will probably not
exceed 57%. (Note that, for <convenience, the x-axis 1is
differently labeled in the second case). These results seem
to be in accordance to the expectation that the "scientific
applications” market is the one where RISC architecture
may be more useful. MHowever, the difference between the
penetration in the two markets is significantly larger
than what we expected from the potential market penetration
alone. For a speed/cost ratio of four , potential market
penetration is estimated to be 50% and 40% in Markets
1 and 2, respectively (see values of deml and dem2 presen-
ted in Appendix  2). The reason for this contrast is the
difference of the speed of adjustment in demand, which

is higher for Market 1. That is, we expect that in the
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long~ run the penetration of RISC computers will be high
both in Market 1 and in Market 2. However, in the medium-run
(i.e. five years from now) we expect the penetration in
Market 1 to be substantially higher, die to a higher speed

of adjustment in demand.

Probability
100%

50% ]

& % $U88435R
3 500 Cuaen ey
gl
0% 50% 100%
Penetration in Market 1
Probability
100%
50% |

10%
Penetrationin Market 2

Fig. 4 ~Market Penetration in 1992: Results for the Base Case
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Probability
100%

50%

0%
100%
Market Penetration
Probability
100%
50% -
b
100%

Market Penetration

Figure 5 - Penetration in Market 1 in 1992
Sensitivity to the value of initial market penetration (1986/87)
Results for imp 1 = 5% and imp 1 = 20%

(Note): in the base-case, imp 1 =109
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Probability
100%

50% |

50% 100%
Market Penetration

Probability
100%
1 F
50% |
09 e I ok
0% 50% 100%

Market Penetration

Fig. 6 - Penetration in Market 1 in 1992
Sensitivity to the speed of adjustment in demand
Results for sad 1 =5 and sad 1 =2
(Note: in the base-case, sad 1 =1)
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In order to evaluate the sensitivity of the results to
the value of the various parameters, additional simulations
were made with different parameter values. From these
.simulations, we identified the speed of adjustment in demand
and the initial market share as the most important factors in
assessing the market penetration in 1992, The results
of the sensitivity analysis for these key parameters are
presented in Figure 5 (initial market penetration) and
Figure 6 (speed of adjustment in demand). We consider only

the case of Market 1, the market of greatest interest.

The fact 'that 1992 is approximately on the middle of the
S-curve explains the strong dependence on the value of the
speed of adjustment parameter: small changes in this parame-
ter, which 'move the curve horizontally, may have a strong
impact on the resulting values in the years where the curve
is steeper. Putting in another way: even if it is possible
to accurately forecast the 1long-run penetration of RISC
computers, it is very difficult to antecipate the exact
moment when the "jump" of that variable will occur. (By
"jump" we mean the steep section of the S-curve). Therefore,
medium-term forecasts, where medium-term 1is the range

when the "jump" is expected to ocdur, are highly variable.

The marked dependence of the results on the initial
market share is a well-established relation in the literature
on diffusion of dinnovations: a small initial change may

‘have a strong impact on the process of adoption, in particular
on the speed with which adoption adjusts to its potential.
In terms of the present model, this means that the success
of the first RISC machines introduced in the market, namely
the IBM RT and the HP Spectrum, is likely to be very influent
on the future adoption of the RISC technology.
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Based on these reéults and on expert opinion, we estimate
that there will be five major competitors in the RISC
market in 1992. No attempt is made to specifically identify
these major players. There will, of course, be a larger

number of companies with minor involvement in the market.
3.6. A Final Note

By the time this paper is being revised (February 1987),
some important new facts about the market for RISC computers
are known. In the first quarter of 1986, IBM introduced
its first RISC machine, the IBM RT, specially designed
for scientific applications . The computer is being well
accepted by the market. On the other hand, the introduction
of Hewlett-Packard s HP Spectrum, a computer of much wider
application than the IBM RT, has been repeatedly delayed,
apparently due to software compatibility problems. Based
on this new information, we expect the penetration of
RISC computers in Market 1 to be approximately as in Figure
4(a), while the ©penetration in Market 2 is likely to lie
on the low half of the range depicted in Figure 4(b).

Notes

(1). For a more detailed description of the model, see
Appendix 1.

(2). We estimate the relative weights of Market 1 ‘and
Market 2 to be by 1992 20 and 80% respectively.

(3). See, for example, Rogers (1982).

(4). On average, one expects this to be true.

(5). The values of the base-case parameter set are presented

' in Appendix 2.
(6). For more on simulation methodology and random numbers

generation, see Porter (1980) and Payne (1982).
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Appendix 1: Technical description of the model

General description: The purpose of the model is to

assess the market share of RISC architecture computers in
1992 , as a function of several parameters and previously
generated random variables. Instead of point estimates,
the model provides an approximate probability function for
the results. Variables are measured in annual values and

interrelated in a dynamic way.

The potential market dinitially considered - "supermini"
computers and below, excluding embedded systems and toys -
is divided into two submarkets: Market 1 includes computers
for scientific applications, real time wusage, and other
applications in which CPU speed isan important factor; Market 2

includes all other computers in the overall range considered.

Variables:

DES = percentage of total architecture design effort
devoted to RISC technology;
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SCR = speed-cost ratio for RISC technology computers
(not CPU’s),relative to the one of conventional technology
computers (e.g. SCR=2 means that, for the same price, a RISC

computer is twice as fast as a conventional one);
PMPi = potential market penetration in market i,i=1,2;

AMPi

actual market penetration in market i,i=1,2.

Simulation range: 1987-1992,
Parameters:

impi = optimist forecast for the penetration of RISC
computers in market i during 1986-87; (rigorously speaking,
upper -1limit of a three-standard-deviation <centered interval

for the value of AMP11987, which is normally distribu-
ted;)

lrn = learning rate parameter; the higher lrn, the
higher the rate of increase in _SCR is; (to be precise, the

SCR learning rate depends on _lrpn-times-DES, rather then lrn
alone; hence, 1rn reflects the learning rate in the case
where all DES effort is devoted to RISC technology, i.e. in
the case DES=1;)

mxs = maximum attainable value of SCR;
demi = parameter characterizing the demand for speed-
cost in market i, 1i=1,2; the higher dem, the more the

market is responsive to speed/cost performance;

sadi = parameter <charaterizing the speed of adjustment

in demand, for market i, i=1,2; to be more precise,
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average value of the parameter reflecting ‘the speed of
adjustment in demand (the actual value is randomly generated
according to a normal distribution); the higher sad, the more
rapidly actual market penetration adjusts to potential

market penetration;

S

can be treated as a parameter, since it is not generated by

CR1987: although SCR is a varible, its initial value

the model but rather inputed (as any other parameter);

Equations:
GAPt=GAPt_1(1-1rn.R&Dt) (auxiliary equation)
SCRt=mxs—GAPt

_ ~dem
PMPt—l—SCRt

AMPt = AMP 1+sad.(PMPt—AMPt%

t-1

DES, = AMP__,

The listing of the BASIC program used in solving this

model may be found in Appendix 3.
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Appendix 2: Values for the model parameters
The base-case parameter values are the following:

mksl = 10%, i.e., we expect the market share in the
"scientific applications" market to be between O and 10%

(average value of 5%) during the period 1986-87; similarly,
mks2=27:

lrn=1; this means that it takes approximately four or
five years to achieve 50% of the possible improvements in

speed/cost ratio performance;

mxs = 6; this means that "in the longerun" RISC architec-
ture has a 6-times better performance than conventional
architecture., This value is substantially lower than those
reported by different experts, for several reasons. First,
the values reported are taken relative to the performance
of contemporary conventional architecture computers (e.g.
the VAX 780); it ié likely, however, that éﬁe performance
of conventional 'architecture will increase in the future.
Second, some of the values include speed gains due to the
adoption of GaAs chips; however, these do not correspond
to net relative gains of RISC architecture, since GaAs
chips may also be wused in conventional machines. Third,
many of the estimates are for CPU performance rather than
computer performance. The relative advantage of RISC techno-
logy in speed performance is 1likely to be '"diluted" at
the level of <computer performance, in which other factors
besides CPU speed matter. Finally, one should take into
account the normal "optimistic bias" often found in forecasts
made by those who are more interested in the success of

the technology.
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deml = .,5; this means that for SCR=4 potentiai market

penetration is 507%;

dem2 = .4; for SCR=4, potential market penetration is
approximately 40%; this lower level of dem is consistent
with the idea that in non-scientific applications CP! speed

is a less important factor;

sadl = 1; this means that, on average it takes approxima-
tely four or five years for the actual demand to -adjust to

507 of its potentialj;

sad2 = .5; the lead time is now approximately ten years;
this value seems to be consistent with the historical
evidence that hardware improvements tend to be adopted at a

lower rate by the general purpose computer producers;

SCR1987= 33 aggording to the opinion of producers and

some magazines, the first RISC architecture machines are
expected to work four times faster than the corresponding
conventional ones; however, its cost is also expected to be
higher (ld to 29% higher); considering this and the natural
"seller bias" in disclosing this sort of information, we

think 3 is a reasonable value for SCR.

Appendix 3: Listing of the BASIC Progr;b Used to Solve
the Mathematical Model

DIM pl(10), p2(10)

ns=500 '(number of simulations)
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'"Input parameters
scr0=3
mxs=6
lrn=1
impl=1
imp2=02
wl=2
deml=5
dem2=4
sadlm=1
sad2m=5

'Derived Parameters
w2=1-wl
gapO=mxs~scr0
sdml=impl/6
sdm2=imp2/6
sdsl=sadlm/3
sds2=sad2m/3

FOR s=1 TO ns

scr=scr0

gap=gap0

'Random Variables Generation
x=RND(s)
y=RND(s)

ampl=impl/2+sdm1*SQR(-2*LOG(x))*COS(6.28%y)
IF ampl<.01 THEN ampl=01

x=RND(s)

y=RND(s)
amp2=imp2/2+sdm2*SQR(-2*LOG(x))*C0S(6.28%y)
IF amp2<.001 THEN amp2=001
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x=RND(s)
y=RND(s)

sadl=(2% sadlm)/2+sdsl*SQR(—2*LOG(X)*COS(6.28*y)
IF sadl .001 THEN sadl=.001

x=RND(s)

y=RND(s)

sad2=(2*sad2m)/2+sd52+*SQR(—2*LOG(x))*COS(6.28*y)
IF sad .00l THEN sad2=,001

FOR t=1987 TO 1992

amp=wl*ampl+w2*amp2

rad=amp

gap=gap¥*(l-lrn¥*rad)
scr=mxs-gap
pmpl=1-1/scr”(deml)
pmp2=1-1/scr”"(dem2)
ampl=ampl*(l+sadl*(pmpl-ampl))
amp2=amp2*(l+sad2*(pmp2~amp2))

NEXT t

i1=INT(ampl*10)+1
pl(il)=pl(il)+1
12=INT(amp2*100)+1
p2(i2)=p2(i2)+1

NEXT s
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Resumo

A identificagao ordenada dos estrangulamentos tecnologicos
de uma actividade industrial qualquer & sempre um problema

P -~ .
previo a pretensao de lhe aumentar a capacidade.

Apresenta-se um método geral de resolugao deste problema
que se fundamenta num modelo analdgico hidraulico, o qual

funciona por simples gravidade.

0 método foi aplicado as fabricas da Siderurgia Nacional,
no Seixal e na Maia, com vista a ampliaggo do Plano Siderur-
gico Nacional (produtos 1longos) na sua versao relativa ao
quinquénio 1976-1981. (%) '

(*) S0 agora e possivel a publicagao deste trabalho por

motivos de confidencialidade.
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1. INTRODUGAO
1.1 Consideracoes Genéericas
A SIDERURGIA NACIONAL, fundada em 1955 e <cujo arranque

industrial teve 1lugar em 1961, dispoe de uma fabrica no

Seixal e de outra na Maia.

o » . @ . . .
A fabrica do Seixal e uma "siderurgia integrada'", no que
toca ao fabrico dos chamados 'produtos longos", (barras,
cantoneiras, varao para betao, fio, <carril), isto e,

- ') k) ] . ° .
comporta todas as operagoes industriais unitarias, desde

@ .
o minerio de ferro ao produto acabado.

Quanto aos '"produtos planos" (chapa fina, com diversos
tipos de acabamento superficial), jé assim nao acontece,
porque o produto final € obtido, por laminagem a frio, de

um semi-produto importado, as bobinas, ou '"coils".

- N . g :
A Fabrica da Maia nao comporta alto forno, nem laminagem
a frio de produtos planos mas, tao somente, uma instalagao de
- . - 3 . '
forno electrico para a produgao de ag¢o liquido, um vazamento
. .
continuo e um trem continuo, para a laminagem de produtos

longos.

Devido as diferencas de tecnologia e de matérias primas,
ja apontadas, os planos de fabrico sao elaborados separada-
mente para produtos longos e planos, ambos tendo em comum,
obviamente, a atengao, por um lado, as solicitacoes previsio-
nais do mercado e, por outro lado, as capacidades de produgao

de cada uma das unidades industriais.

Em fins de 1976 o esquema fabril simplificado, isto e,

apenas em termos de grandes operagoes, e o fluxo de massa,
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em milhares de toneladas, correspondente ao plano de explora-
¢ao elaborado para o ano de 1977, era o da Fig.l1 no qual,
topologicamente, a linha a trag¢o e ponto separa as zonas

correspondentes a FAB e FAM (1).

Acontecia, e ja desde anteriormente, que as perspectivas
do mercado nacional e internacional do ago apontavam para
a previsao de, num horizonte economico de dez anos, a
procura exceder largamente a capacidade de fabrico, tanto

de produtos longos como de planos.

Aquelas perspectivas davam portanto crédito de viabilidade
economica a uma larga ampliacao das fabricas da SN, a qual
foi decidida a nivel governamental e inserida no chamado
"Plano Siderirgico Nacional" (PSN) (2). Este Plano incluia,
nao so a ampliaggo e beneficiacao das instalagaes existentes,
mas também novas instalacoes, desde um cais para navios mine-
raleiros de grande porte ate a fabrica de produtos planos,
incluindo "chapa forte", para a industria metalo-meclnica e

a construgao naval, a partir de ago liquido.

1.2 Definiqgo do problema

O primeiro problema tecnologico levantado para a SN pelo
referido PSN - em termos atée de uma ‘Verdadeira questao
prévia - era, obviamente, o levantamento das operagoes
unitarias que constituem estrangulamentos tecnolégicos
quanto a obtengao de produtos acabados, longos e planos,
e, bem assim, o seu ordenamento, desde o mais fortemente

condicionante ao mais fracamente condicionante.

Devido as ja referidas grandes diferengas de tecnologia
entre os ricos de longos e de planos, o problema dos

estrangulamentos\gecnolégicos foi abordado em separado para
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cada um daqueles tipos de produtos, tendo sido resolvido,

facilmente e por um processo classico, o dos produtos planos.

Restava o problema relativo ao dos produtos longos, cuja

resolugcao foi o objectivo do presente trabalho.

A titulo introdutdrio e prévio, observa-se que desde logo
se vé que o problema em causa pede uma abordagem eépecial do
ponto de vista lo6gico, uma vez que, por exemplo, as equagoes
de conservagao da massa, verificando-se sempre, isto &, qual-
quer que seja a distribuicao e ordem dos estrangulamentos

.
tecnologicos, nada informam sobre esta matéria.

2. MODELO ANALOGGICO
2.1 Consideracoes introdutéorias

0 nivel de actividade de uma operagao industrial
qualquer mede-se pela massa do produto acabado obtido por
unidade de tempo, isto é, tem as dimensoes fisicas de um
caudal méssico,(MT_l) (3).

Os principios da Hidrodindmica informam que num sistema
constituido por um reservatorio contendo um 1iquido que
possa escoar, por simples gravidade, através de um tubo de
didmetro constante que se abra no fundo, a velocidade do
liquido neste tubo = e, portanto, o caudal voliumico de
saida - & proporcional a altura desde aquele fundo até
a superficie 1livre do liquidd. Para um 1iquido homogéneo,
mas, de resto,qualquer, o que se acaba de dizer para o caudal

- .
volumico vale para o caudal massico de escoamento.

. 5 . . . 4 .
Estes principios. simples e bem conhecidos da Fisica
permitem estabelecer uma analogia perfeita entre uma operacao

‘
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industrial, funcionando a um certo nivel de actividade, e o
] 3 I . I3 . . . b
sistema hidraulico descrito, funcionando em regime estaciona-

. . .
rio, mantendo constante o nivel do reservatorio, mediante
. g . 5 o 4 . |
alimentagao exterior da superficie 1livre do liquido, tambem

por simples gravidade.

Ao nivel maximo de actividade daquela operaggo, dito
também "nivel de saturagao", corresponde, portanto, um
certo nivel de altura de liquido no reservatério anélogo, o
qual designaremos igualmente por nivel de saturagao, simboli-

zado por NST.

Claro que para a resolugao do problema em causa, que e
-
o ordenamento dos estrangulamentos tecnologicos inerentes a

[0R)

cada uma das operagoes unitarias do esquema da Fig. 1,
necessario, depois de fixada uma escala da qual decorra uma
comoda praticabilidade do modelo - por exemplo, tonelada-cm3
e ano-minuto - que os reservatorios anélogos das unidades
tenham alturas superiores aos respectivos NST. Assim, a cada
regime hidraulico estacionario de nivel inferior ou igual
ao NST corresponde um nivel de actividade praticavel na
operacao industrial anéloga. Os regimes com nivel superior
a NST sao os anélogos de niveis de actividade da mesma opera-
¢ao, todavia somente possiveis depois de aumentar suficien-
temente a sua capacidade de produgao.

Atendendo a que numa siderurgia - como, alias, em quase
todas as industrias integradas - as operagoes sao sequen-
ciais, quer dizer, o produto de uma operacao e carga da
seguinte, torna-se 6bvio, a partir dos principios expostos,
que se as grandes operagoes unitarias figzermos corresponder
reservatorios - de paredes transparentes, por razoes que
adiante se tornarao claras - com conexoes tubulares idéhticas
as da Fig.l, se obtém um sistema que pode ser hidraulicamente
alimentado, por simples gravidade, a partir do reservatério

. - . ~ -
analogo a primeira operagao, que é o alto forno.
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0 esquema deste modelo analogico € o da Fig.2 na folha

seguinte.

- -

Antes, porem, de expor <como e que este modelo permite

resolver, em termos de extrema simplicidade, o problema do
~ P " : -~

ordenamento dos ET, e necessario tecer algumas consideragoes

preliminares, como segue.
N

a) Comparando os esquemas da Fig.l e da Fig.2, nota-se que

neste ultimo se incluiu num Gnico reservatorio analogo TB+VC,

isto porque VC esta sempre saturado, devido a razoes tecnolo-

gicas bem conhecidas. O mesmo se aplica a FE e LD+FE.

b) Para atender a que os rendimentos de transformagao sao
todos inferiores a 1, cada um dos reservatorios analogos das
unidades deve ter ainda, tambeém no fundo, um segundo tubo de
saida, com didmetro correlacionado com o do "produto", e
simulando,em termos de respeito pelo balango massico, a
obtengao, marginal mas inevitavel,de "outros" (OT): escorias,

sucata, gases, lamas, quebras, etc..

c) No modelo descrito a variavel de saida, LONGOS, &
fungao, em FAB, de duas variaveis de entrada independentes:
carga do alto forno e carga do forno eléctrico (CAF+CFE), Em
FAM tem-se uma unica variavel de entrada, carga do FE. Além
destas varaveis independentes, de entrada, haveria ainda que
considerar uma variavel de correlacao FAB - FAM: a eventual
transferéncia de biletes excedentarios de FAB para o TAC (TC)
de FAM (4). Essa transferéncia seria, evidente e facilmente,
simulada por um tubo de saida lateral e horizontal, ligando o
reservatorio simulador de TAC (FAB) ao de TAC (FAM) e situa-

do exactamente a altura correspondente ao NST de TAC (FAB).

d) Atendendo a que os FE sao tecnologicamente mais simples

e, consequentemente, mais faceis de controlar do que o AF, a
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abordagem do problema resulta muito simplificada - pela elimi-
naggg de duas variaveis independentes - se suposermos os FE
sempre saturados (pela condicionante mais forte, que pode nao
ser, e nao &, o préprio forno) o que, alias, nao implica
qualquer quebra na generalidade e utilidade das deducoes pos-

P . . -
siveis, porque e essa a situacao real,

e) No que toca ao rigor e pormenor destas dedugoes, &
6bvio que o modelo sugerido é susceptivel de
pormenorizagoes adicionais (agora nao necessarias), por
desdobramento dos analogos correspondentes as grandes
unidades numa rede de anélogos menores, cada um deles
relacionado com os ET inerentes a sub—operagaes internas
dessas mesmas unidades, os quais ET, globalmente, definem o
nivel de saturagao da unidade a que pertencem no modelo

da Fig. 2.

2.2 Funcionamento do modelo

Partindo do dispositivo hidraulico esquematizado na Fig. 2
em vazio e alimentando, por simples gravidade com o liquido
homogéneo adoptado, o reservatorio analogo do AF, os outros
reservatorios sgo, consequentemente, tambéem alimentados por
simples gravidade, atraveés dos respectivos tubos de interli-

gagao.

A alimentaggo deve ser a caudal 1lentamente crescente
(regime quase-estacionario), por forma a garantir, por um
lado , que nao sobrevenha um extravasamento brusco e
rdpido do AF antes de se atingirem niveis informativos
nos reservatorios analogos das outras unidades e, por
outro lado, que os niveis em todos estes reservatorios

subam lentamente.

0 ordenamento dos ET fica entao perfeita e simplesmente
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definido pela seguinte observagao: o ET mais condicionante é
aquele em que no correspondente reservatorio anélogo primeiro
se atinge o respectivo nivel de saturacao e assim por diante,
ate que o ET menos condicionante é o que corresponde ao ulti-

mo NST a ser atingido.(s)

2.3 Modelos alternativos

Definido o modelo capaz de resolver completamente o
problema que se punha de ordenar os ET da SN, procedeu-se
contudo, antes da sua‘concretizaggo, a uma analise compara-
tiva, em termos de custos - beneficios, de possiveis esquemas

alternativos.

.. , o, -
0 primeiro que ocorreu, por ser o mais obvio, e um

. .
modelo analogico electrico - rede de Kirchoff em regime
nao estacionario - em que os analogos dos caudais sao

intensidades de corrente, etc..

Esta alternativa foi 1logo excluida, por ser muito mais
onerosa, sem nenhum beneficio em contrapartida que a justifi-
casse, ja que o modelo nunca seria, nem de utilizagao fre-
quente na SN nem de comercializacgao que interessasse a esta,
por isso ser totalmente marginal, tanto a ela propria, SN,

como ao- problema concreto posto pelo PSN.

A segunda alternativa era constituida pela simples simula-
¢ao do funcionamento do modelo em computador, dispensando
portanto a sua construgao, o que, desde logo, a definia como

a mais vantajosa em termos comparativos de custos-beneficios.

Todavia, o facto de o computador disponivel ser digital,
em vez de analogico , tornava a simulacao em causa dificil,

relativamente ao funcionamento do modelo como ja descrito-
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~isto é, carga lentamente crescente de reservatorios vazios-—
-mas muito mais facil em relagao a um outro esquema de fun-
cionamento, fisicamente diferente, mas equivalente, do ponto
de vista da informagao légica que fornece, o qual se descreve

a seguir.

3. ANELISE LOGICA

No quadro em anexo 2, "Planeamento de Producao a 5 Anos",
todas as unidades foram colocadas ao respectivo nivel maximo
de produgao, procedendo-se enm seguida, segundo a 1o6gica do

modelo, a analise dos excessos, (ou faltas), de carga de cada

.. . . ~
unidade, isto e, a analise dos niveis que, nestas condigoes

. e .
seriam observados em cada reservatorio analogo do modelo, no

fim do intervalo de tempo que, na escala escolhida, fosse o

analogo de um ano de exploracao.

Pondo de parte o ano de 1977 -~ nao porque a analise que
vai expor-se lhe nao fosse aplicavel, mas porque os respecti-
vos Planos de Fabricacao e Orgcamento estavam jé elaborados em
termos definitivos - tem-se que as informagoes basicas conti-
das nesse quadro sao as das linhas 17, 22, 47, 48 e 78 (que

aqui se reproduzem) por forga das deducoes que se passa a

apresentar.
ANO 1978 1979 1980 1981
L17 BLTS VC 77 500 90 000 90 000 90 000 (t)
L47 EXCLG1 - 77 600 - 82 700 - 52 900 -
L48 EXCLG2 - 28 800 - 35 800 + 800 -

L22 EXCBLTS1,2 + 34 500 + 42 900 + 42 900 + 84 900

L78 EXCBLTSP/FAM - - - + 84 900

Quadro 1.
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Para ganho de inteligibilidade, convem comegar por escla-

recer que o indice 1 em L40 e L22 corresponde ao nivel "1"
de actividade do AF, - equivalente a cerca de 1030t de gusa
por dia util de laboragao (v. L34A do 'quadro) - o maximo

- .
entao previsivel,

Quanto ao indice 2 nas mesmas linhas L47 e L22 corresponde
ele ao nivel de actividade do AF - -equivalente a cerca de
1180t de gusa por dia util de laboragao (v. L34B do quadro)-
-0 qual saturava o orgao mais restritivo de RDA, que & o con-

junto "nave de vazamento e pontes" (NV,TP) na Fig. 2.

0 facto de em L22 serem idénticos os valores corresponden-
tes aos dois indices 1 e 2 - e dai a notagao EXCBLTS 1,2-
~deve~se a uma razao totalmente diversa, a qual & serem os
valores dessa linha correspondentes a saturacao das unidades
produtoras de biletes, i.e. TB+VC, quig¢a por recurso a uma
hipotética importagao (cfr. L47 e L48 ou as equivalentes L51C

e L51D do quadro em anexo 2).

> 2 = L s o5
Quanto a L17, correspondente a produgao maxima previsivel

do VC em 1976, é sabido, por um lado, que para uma instalagao

. - £ .35 . . k3 . . .
deste tipo sao exigiveis, em principio, valores nominais
substancialmente superiores, da ordem das 120 000 t/ano,
mesmo sem recurso a ''vazamentos seguidos", ou em 'carga con-

tinua'" mas, por outro lado, nao e menos sabido que dificul-
dades concretas e bem conhecidas a data condicionavam forte-
mente o VC de FAB.

Sao precisamente estas condicionantes que explicam os

numeros de L17, do quadro em anexo 2.

. ] - ] b I3 -
Feitas estas consideragoes introdutorias, passa-se a
analise dedutiva das informagoes contidas nas 5 1linhas do

Quadro 1 primeiro em termos gerais que atendem apenas ao
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- )
sinal dos numeros desse quadro e, depois, aos valores concre-

tos desses numeros.

Para simplificar a simbologia, escrever-se—a apenas
TB,VC,TAC,etc., para representar as capacidades maximas de
TB,VC,TAC,etc., em termos de produgao, i.e. de caudal de
saida no modelo analogico da Fig.2, no qual as setas margi-
nais a direita indicam a correspondéncia dos niveis de acti-
vidade AFl e AF2 com os de LD+FE, NV,PT,etc., sem qualquer
preocupacao de conteudo quantitativo, disto &, atendendo
apenas a ordenagéo dos niveis correspondentes. De facto e
nesta ordenagao que reside a maior riqueza de conteldo logico
por via do seguinte raciocinio, simples mas fundamental: se
uma unidade saturada provoca "overload" na unidade imediata-
mente a jusante do esquema de fabrico isso significa que a
capacidade desta & inferior a daquela; recipfocamente se a
uma unidade saturada corresponde '"underload" na unidade

imediatamente a jusante isso significa que a capacidade desta

e superior a daquela.

. " . kg . N
Para comegcar a wutilizar este raciocinio a partir da
- .. -
simulagao numerica que e o quadro em anexo deve notar-
se que o Quadro 1 revela que em 1978 e 1979 a gituagao é da

mesma natureza, pois que se tem

EXBLTS > 0 (1)
EXCLG1 € 0 (2)
EXCLG2 £ 0 (3)

Por forga do raciocinio que se acaba de expdr, deduzem-se

imediatamente as seguintes implicagoes logicas:

(1) === TAC & (TB + VC) (4)
(2) === AF1 = (NV,PT)1 ¢ (TB + VC) (5)
(3) === AF2 = (NV,PT)2 £ (TB + VC) (6)
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Como se sabe que AF2 2> AFl, conclui-se que fica apenas
por esclarecer, para alem de (4), (5) e (6), a relacgao
entre AFl e TAC. ‘

. . <
A 1gnorén01a quanto a este ponto representar-se-a

simbolicamente por
AF1 7?7 TAC (7)

Para resolver esta questao principiemos por fazer notar,
por um lado, que a negatividade das relagoes (2) e (3) signi-
fica que ha uma margem excedentaria da capacidade do TB(6)
relativamente a de TAC e, por outro lado, que a saturacao
dessa margem excedentaria - por recurso a lingotes, de stock

e a uma hipotetica importagao, (cfr. linhas 484, B, C, D do

quadro em anexo 2 - é que conduziu aos valores de EXCBLTS do
Quadro 1 deste texto. Significa isto que, se nao se utili-
zasse essa margem excedentaria do TB, os valores de EXCBLTS

sofreriam as variagoes

- & 1(EXBLTS) ~<——s EXCLGl { 0 (8)
- A 2(EXBLTS) @ EXCLG2 ¢ O (9)
sendo, de acordo com o Quadro 1,
Al N 2 > 0
A1 >4 (10)
isto e, os novos valores EXCBLTS 1 e EXCBLTS "2, corresponden-

tes aos niveis de actividade do TB definidos pelo consumo dos

LG vindos de (NV,PT) nas variantes 1 e 2, sao calculaveis por
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EXCBLTS 1 = EXBLTS -/Z\I1 (11)

it

EXCBLTS 2

EXBLTS - /\2 (12)

Para continuar a seguir o raciocinio fundamental, ha
agora que considerar, quanto a (11) e (12), as seguintes

variantes

(11) > 0 (13)
(11) £ © (14)
(12) > o0 (15)
(12) < 0 (16)

que, associadas duas a duas,  esgotam todas as hipoteses

possiveis:
(13, 15); (13, 16); (14, 15); (l4, 16) (17)

Todavia, a relagao (10) mostra ja que estas 4 hipoteses

nao sao todas distintas, pois que, por forga dela resulta que
(13) a———s (15) (18)
sendo portanto
(13, 15) == (13) (19)
e (13, 16) impossivel,
As hipoteses (17) reduzem-se pois a
(13); (14, 15); (14, 16). (20)

Ora, sempre por via do mesmo raciocinio, pode tambem
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escrever—se, quanto a variante (13):
(13) <—— (NV, PT)1 = AF1l 22 TAC (21)

') . 3 » e . . 3 ]
o que significa que, nesta hipotese, fica assim definida a

relagao desconhecida em (7).
Atendendo a (4) e (6) pode finalmente escrever-se

(TB + VC)Y > AF2 = (NV, PT) > AFl1 2 TAC (22).
(11) = TRFBLTS » O

Para completar ‘a ordenagao quanto as grandes unidades
contempladas no diagrama da Fig. 2 basta apenas definir a

relagao
(LD + FE) ? (TB + VC) (23)

o que, sendo matéria, nao de 16gica, -mas de simples
calculo numérico, se fara quando chegar a altura de ver
em qual das hipoteses de (20) se enquadram as situagoes
definidas pelos valores concretos (nao so6 pelo sinal) dos

numeros que constituem o Quadro 1 do presente texto.

Ha agora que prosseguir a analise logica considerando
a 22 hipotese de (20), isto & (14, 15). Ora, utilizando rela-

tivamente a uma proposigao logica p a simbologia habitual

"p = negacao de p" tem-se
~ ,
(14) = (13) (24)

donde, por (21),

(14) === AF1 & TAC (25)
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que resolve (7) em termos contraditorios de (21), como e

forgoso.
Por outro lado
(15) =g AF2 = (NV, PT) > TAC (26), .
o que significa que
(14, 15)—= AF2 = (NV, PT) > TAC > AFl (27).
Atendendo a (6), tem-se finalmente

" (LD+FB) ? (TB+VC) > AF2 = (NV, PT) > TAC > AF1
TRFBLTS = 0 (28)

a interrogacao sendo removivel, tal como em (23), pelo

. ..
calculo numerico concreto.

ol I} bl '] ) ]
Para esgotar a analise 1logica falta apenas considerar

a 3%, e dltima hipotese de (20); isto e, (14, 16).

Como (14, 16)( (14) tem-se que permanece valida (25)

AF1 < TAC (29)
e como
~
(16) = (15) (30)

resulta de (26)

(16) —= AF2 = (NV, PT) £ TAC (31).
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Atendendo agora a (4), vem

(LD+FE) ? (TB+VC) > TAC ) AF2 = (NV, PT)  AFIl
TRFBLTS = 0 (32).

Esgotou-se assim a analise de todas as hipoteses em que
podiam enquadrar-se as situagcoes concretas nos anos de 1978 e
1979, pois que, como ja se disse, quaisquer que sejam, elas
verificam (1), (2) e (3). '

Ha, pois, que passar a sityagcao diferente de 1980, a

qual, pelo Quadro 1, se vé que satisfaz a

EXCBLTS > 0 (33)
EXCLG1 ¢ O (34)
EXCLG2 » O (35)

Ora,
RS
(35) = (3)
[
donde (35)=e(6) = AF2 = (NV, PT) » (TB+VC)

Quanto a (33) e (34) sao equivalentes a (1) e (2),
mantendo portanto a validade de (4) e (5)

(TB + VC) >» TAC (4)
AF1 & (TB + VC) (5).

Vé-se, pois, que, tal como antes, ha que resolver (7)
AF1 7 TAC (7).

Mas agora ao nivel de actividade AF2 o TB esta sobressa-

turado, como indica (35). Isto significa que em (9) éb‘Z&2=0
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e em (12)

EXCBLTS 2 = EXCBLTS > 0,
0 que obriga em (20) a excluir (14, 16),

Conclui-se portanto que em 1980 se verificaria uma das
hipoteses ja analisadas, (13) ou (14, 15), que conduziram
aos resultados (22) e (28).

Finalmente, no que toca ao ano de 1981, o arranque
previsto a 60% da capacidade PSN dos novos AF e LD disponili-
zaria ago liquido suficiente para saturar VCl, VC2, (NV, PT)
(ao nivel que ainda tivesse este estrangulamento), as novas
instalagoes de coils a quente e chapa forte e ainda, larga-
mente, TAC (84 900 t, cfr. L22 do quadro 1) apesar de, nessa
altura TAC se achar acrescentado de 240 000 t do novo trem
continuo TC2 (cfr. linha 7 do quadro em anexo). Nestes termos

a situagao era definida por

AF > (LD+FE) > (NV, PT) > (TB+VCl , 2)  TAC
TRFBLTS = (11) > 0 (36)

4. ANALISE NUMERICA

Esgotada a analise légica, restava ver, pelo calculo

numerico, qual das possiyeis conclusoes - (22), (28),
(32) ou (36), depois de nelas devidamente inserida a
resolucao de (23) - se concretizava em cada ano.

1978

Aplicando o coeficiente de transformacao BLT/LG =

0,9005 (cfr. 1linha 14 do quadro em anexo) aos valores
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concretos de EXCLG nas L47 e L48 do Quadro 1 tem-se, por (8)
e (9)v

/\1= 0,9005 x 77 600 = 69 879 t
EXCBLTS 1 = 34 500 - 69 879 = -35 379 t { 0

que se enquadram em (14), e

A\2 = 0,9005 x 28 800 = 25 934 ¢t
EXBLTS 2 = 34 500 - 25 934 = + 8 566 > 0

que se enquadra em (15).

Logo esta-se em (28). Para remover a interrogagao
entre (LD+FE) e (TB+VC) ha que atender a que LD+FE 22 600
000 t de ago liquido.

Como o VC saturado absorve 88 000 t (cfr. linha 18 do
quadro anexo), ter-se-iam disponiveis para lingotes, se
nao fosse o estrangulamento (NV,PT), 512 000 t de ago

1iquido, equivalentes a

512 000 x 0,9708 = 497 050 t de LG

o que excede as 455 300 t correspondentes a carga maxima

do TB (cfr. L12 do quadro em anexo).
Logo (28) assume o seguinte aspecto final detalhado:

(LD + FE) > (TB + VC) D AF2 = (NV,PT) » TAC > AFl
TRFBLTS = O

Portanto a ordenagao dos estrangulamentos e as respectivas
prioridades de actuagao para, removendo-os, aumentar o quan-
2 .
titativo possivel de produtos acabados, era a inversa desta,

ou seja,
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1° AF1; 2° TAC; 3° (NV,PT); 4° AF2; 5° vc; 6° TB;
No que toca a FAM, sempre que nao haja tr
de biletes de FAB a situacao a clara
TAC ? VC ) FE
donde
1° FE; 2° ve; 3° TAC
1979
131 = 0,9005 x 82 700 = 74 471 ¢
EXCBLTS 1 = 42 900 - 74 471 t = =31 571 < -
[\2 = 0,9005 x 35 800 = 32 238
EXCBLTS 2 = 42 900 - 32 238 = +10 662 >=

Logo vale (28), tal como no ano anterior.

A capacidade de LD+FE em ago 1liquido e,
de 600 000 t, das quais 510 000 disponiveis para
x 0,9708 = 495 108 t » 455 300 t de LG (carga
TB). )

Os estrangulamentos e respectivas prioridades

apresentam-se, pois, ordenados exactamente como em
FAB: 1° AF1; 2° TAC; 3° (NV,PT); 4° AF2; 5° ve; 6°

° vec; 3° TAC

FAM: 1° FE; 2
1980
Zﬁl = 0,9005 x 52 900 = 47 636

EXCBLTS "1

42 900 - 47 636 = —4.736 <'o —_—

79

7° (LD+FE)

A Iy
ansferéncia

0 ——(14)

0 —> (15)

igualmente,
510 000 x

maxima do
de remocao
1978:

TB; 7° (LD+F1)

(14)
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ZCSZ =0
EXCBLTS 2 = EXCBLTS =442 900 > 0O e {(15)

A situagao é ainda a mesma. Observa-se que o aumento
substancial de EXBLTS 2 relativamente ao ano anterior se
deve, em grande parte, a um decréscimo de 457 100 - 418
000 = 39 100 t na capacidade de TAC, por <coincidéncia das

reparagoes periodicas do TC e TM (cfr. L1l1, 5 e 3 do

quadro em anexo 2).

Consequentemente

FAB: 1° AF1; 2° Tac; 3° (NV,PT), 4° AF2; 5° ve; 6° TB; 7°(LD+FE)
FAM: 1° FE; 2° vc; 3° Tac

1981

Anteriormente consideragoes ja feitas conduziram a (36),

. - . » .
com dispensa de calculos numeéricos.

A ordenagao é, portanto, como segue
FAB: 1° TAC; 2° vC1,2; 3° TB; 4° (NV,PT); 5° (LD+FE); 6° AF

TRFBLTS = 84 900 t,

Apesar deste valor ser elevado, nao chegava para
saturar o TAC = TC de FAM (cfr. L 57 do quadro em anexo),

. I3 -
pelo que continuava a ter-se ai a ordenacao

1° FE; 2° ve; 3° TAC
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5. Conclusoes

5.1 Ordenamento dos ET

1 - Antes do arranque das unidades do PSN, previsto em
1976 para Janeiro de 1981 e a 60% da respectiva capacidade,
a ordenacao dos estrangulamentos teénolégicos na Fabrica do
Seixal era a seguinte:

1% AF1; 2° TAC; 3% (NV,PT); 4° AF2; 5° vC; 6° TB; 7° (LD+FE)

2 - Depois daquele arranque do PSN a ordenagao passaria a

ser
1° TAC; 2° vel,2; 3° TB; 4° (NV,PT); 5° (LD+FE); 6° AF2
3 - Na Fabrica da Maia a ordenagao era sempre

TAC (TC).

5.2 Beneficios economico-financeiros para a SN

Dentro da optica do PSN, se os aumentos de capacidade

das diversas unidades fabris da SN, nele previstos, fossem

executados segundo as prioridades indicadas, por ordem
decrescente, em 5.1, isso garantia a maximizagao da

capacidade produtiva disponivel durante o préprio intervalo

de tempo necessario para executar os trabalhos de ampliacao.

Como, sempre na optica do PSN, estas maiores produgoes
eram absorviveis pelo mercado, maximizar a capacidade durante
aquele intervalo de tempo equivaleria a maximizar as vendas e

o respectivo resultado l1iquido durante o mesmo tempo.
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6. PERSPECTIVAS FUTURAS DO METODO

0 méetodo exposto & tao geral que transcende largamente o

dmbito da SN e mesmo de qualquer siderurgia, sendo aplicavel
a identificacao e ordenamento - com vista a definir priorida-
des em trabalhos de ampliacao de capacidade - dos estrangu-

-
lamentos tecnologicos de gqualquer actividade, exigindo-se
apenas que ela seja esquematizavel por um conjunto de opera-—

- A . 7
¢oes em sequéncia. (')

(1) A simbologia, completa e por -ordem alfabéetica,

-
esta em anexo 1.

(2) Posteriormente e "por forgca de profundas alteragoes que
ocorreram na conjuntura internacional do ago e da baixa de
procura deste produto no mercado nacional” o PSN foi objecto
de sucessivas e grandes modificagoes, todas no sentido de
reduzir a capaéidade produtora a dinstalar, terminando ‘Ppor se
confinar ao muito ao muito mais modesto "Plano de Reestrutura-
¢ao da Siderurgia Nacional™ (PRSN), aprovado em Conselho de

Ministros de 85.10.28 e em curso.

3 . - . T
(°) £ igualmente valido e equivalente o criterio baseado
b '] ]
no caudal massico de carga tratada por unidade de tempo, uma
-~ . ! '] b '] nd
vez que e sempre conhecido o rendimento massico da. operagao.
I} . . e . -
As unidades habituais na industria sao a tonelada para a
N . . 4 .
massa e o ano para o tempo. Assim a Fig.l explicita os niveis
I ol ry
de actividade - segundo ambos os criterios, produto e carga-
1] -~ . e ] s
—atingidos em .1977 nas operagoes unitarias fundamentais da

SN.
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(5) De passagem, note-se que a generalidade do modelo e do
método exposto transcende largamente o &mbito de uma siderur-
gia integrada, ja que eles sao claramenté aplicéveis a qual-
quer actividade esquematizavel por um conjunto de operagoes

em sequéncia.

(6) No conjunto TB + VC, VC esta fora de causa, pois que,
como ja foi dito, as respectivas .produgoes (L17 do quadro)

sao saturantes.

(7) A titulo de exemplo, refere-se que posteridrmente, em
1983, o método foi aplicado com sucesso ao caso de um cliente
da SN, grande fabricante de embalagens metalicas, que preten-—

. . - b 0] ey .
dia proceder a uma ampliag¢ao de sua propria fabrica.
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ANEXO 1

AF alto forno

(A)1  grandeza "A" na variante 1, corres-
pondente a produgao no AF de cerca

de 1 030 toneladas de gusa (GU) por
dia de laboragao (DUL).

(A)2  idem para a variante 2, correspon-
dente a produgao no AF de cerca de
1 180 t GU/DUL, a qual saturava a
nave de vazamento e pontes.

A)1,2 a grandeza "A" tem o mesmo valor
g .
nas variantes 1 e 2,

ACLD  ago liquido proveniente do proces-

so "LDII

ACLFE aco 1iquido proveniente de forno
electrico,

BLTS biletes

C carga

CAP capacidade de produgao

CAR carril

CHF chapa forte

COILS bobinas de chapa para produtos

planos.
D disponibilidade de
DD dado ﬁor informagao

DUL dia util de laboragao

E exploragao
EST estimativa
ET estacionamento tecnologico

EXC excedente de
FAB fabrica da SN no Seixal

FAM  fabrica da SN na Maia
FE forno eléctrico

GU gusa

GTOT  grande total

H ) hipétese

IMP importaggo
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1 JAN em 1 de Janeiro

L
LD

PPL
PSN

RDA
ST

STK
STR

TAC
TB

TC1
TC2
TL

™

TOT
UST
VCl
VG2

linha do quadro anexo

processo de fabrico do ago
"Linz & Donawitz"

lingotes
necessidade de
nivel de saturaggo
nave de vazamento
outros produtos
produ;go ou plano
para

plano de exploraggo
produtos planos

Plano Siderérgico Nacional,
na sua versao de 1976,

pontes

redugao e aciaria
saturag50

stock

"start", ordem de inicio para
o programa do planeamento nu-
merico da produgao.

trens acabadores

trem de blocos

trem continuo em 1976

trem continuo previsto no PSN
trem ligeiro

trem medio

total

unidades saturadas

vazamento continuo em 1976

vazamento continuo previsto
no PSN

wmfge implicagao 16gica

(p,q) produto logico de p e g

2 abarcamento logico

As negagao ldgico
A variacao finita

85




86 DIAGRAMA DE FABRICO DA SN (Lonsos)

FAM=——eFAB lCAF 763,3 (incluindo redutores }
3
10°t (1977)
AF
[—*——’ o7
ICFE 102,5 GU 3331
FE LD
ACLLD
) ‘—] l ACLFE 102,4 364,4 or
- T ACL 466,8
CFE 1796 73,7
ACL 3931
FE NV, PT
o1 ACLFE . I—oo]’
179,5 , LG 381,4
VC {FAM) , Ve 8
OT-—I , [ 64,9 BLTS 339,2 ;O.TcAR 9,7
———= 07
BLTS H BLTS 404,
1681
TRF{BLTS) 0,0l ) TAC
(TC ,TM ,TL )
TAC (FAM) ' o1
o7 <—J l ‘
LONGOS (FAM) 131,6 LONGOS (FAB) 393,8

Fig.1
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MODELO ANALOGICO DA SN
CAF
FAM <@——t——u-FAB
AF
NST
NST2 (AF2) — — — — —
NaT (AR j,
|
oT1 I
CFE |
o |
‘l |
FE LD '
NST NST }
I
I
ot ACLFE ACLDD o1 :
ACL A
LD+FE 7
NST 7
L !
X |
!
CFE (FAM) |
ACL )
/
FE(FAM) NV.PT //
NST=(NV,PT)2
W PTITES .
N
\\
LG or /)
/
VC(FAM) 8 e
ST \ e '
N &'4,,,, :
o1 o1
o1 - TBVE ,  MPBLTS2]
N MPBLTST 3
s
b —— BLTS
TAC
TRF (BLTS) NST Jexcars 2
TAC (FAM)
NST
I—»or
or

LONGOS (FAM)

LONGOS (FAB)

Fig.2
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A Problematica da Rejeicao em Decisao Multicritério

Carlos Antonio Bana e. Costa

IST/CESUR - Av. Rovisco Pais 1000 Lisboa

RESUMO

0 objectivo de fundo do artigo é a apresentacao da "proble
matica da rejeigao relativa", que o autor considera ser um
tipo de formulagao do problema multicritério, muito comum em
situacoes reais de "apoio a tomada de decisao", suficiente-
mente distinta das quatro "problematicas de referéncia" defi-
nidas por Bernard Roy, na sua obra "Méthodologie multicritere
d” Aide a la Decision", para dever ser tambem considerada
como "de referéncia". Por forma a enquadrar a discussao,
comeg¢a-se por uma resenha sucinta dos elementos tedricos de
"Andlise Multicritério" cujo conhecimento o autor entende ser
fundamental para a compreensgo dos pontos seguintes, tendo-se
aproveitado a oportunidade para referenciar alguns dos textos

mais significativos sobre os assuntos apresentados.

Para exemplificag¢ao da problematica proposta apresenta-se,
. - . . - " N ~ . g
de forma sintetica, uma situagcao real de "apoio a decisao
- < . . 0]
segundo criterios multlplos" cujo estudo se insere num pro-

jecto de investigagao em curso no CESUR.
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1. DEFINIGAO DO PROBLEMA MULTICRITERIO

A formulagao matematica classica mais geral 'do problema
multicriteério de decisao pode ser assim apresentada
(Szidarovszky et al, 1986):

"maximizar" g.(x) com j = 1,...,n

J
sujeito a x e X

em que gj(x) € o vector das fungoes objectivo gl(x),...,
gn(x), X o vector das variaveis de decisao e X o conjunto

- 4 .
dgas solugoes possiveis.

De acordo com esta formulagao, o problema é basicamente
caracterizado pela presenca de varios objectivos/critérios
de decisao, normalmente conflituosos entre si, no sentido em
que uma melhoria num deles pode ser acompanhada por um de-
créscimo de performance segundo algum ou alguns dos outros.
Trata-se pois de um problema "mal definido", o que é traduzi-
do na formulagcao geral pela "maximizacao" de um vector
(Zionts, 1985). Na literatura aparece muitas vezes referido
como "problema da maximizagao vectorial" (Hwang e Masud,
1979). Nao é em geral um problema de optimizagao, por na
maioria dos casos préticos nao ser possivel maximizar em
simultidneo todos os varios objectivos presentes (dada a sua
conflituosidade), consistindo a "resolugao" do problema na

busca da solugao de melhor compromisso.

Note-se, no entanto, que, embora a situacao mais geral
seja a da procura da melhor solugao, outras formulagoes do
problema, em termos de objecto do processo de decisao, podem
ser encontradas e definidas (ver ponto 3) -~ como seja a orde-
nagao das solugoes possiveis, para a qual nao se adopta
necessariamente o mesmo procedimento que para a busca da me-

lhor solugao.
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0 conjunto X das solugoes possiveis pode ser definido como

um conjunto explicito de q restrigoes fi(g):

Estaremos nesse caso perante um "problema continuo'", que é
comum designar por "problema de programagao matematica multi-
-objectivos (Zionts, 1985), com um numero infinito de acgoes
(alternativas de decisao) definidas implicitamente atraves

das restrigoes.

Por outro lado, quando estamos perante um numero finito
(e pequeno) de solugoes (acgoes) possiveis, sendo X definido
de forma extensiva (X = A= {al,az,...,am} y com m finito),
estaremos perante um "problema discreto", muitas vezes desig-
nado por problema de decisao segundo atributos mﬁltiplos
(Hwang and Yoon, 1981).

2. BREVE INTRODUGAO A ABORDAGEM DE "SUBORDINAGAO"

Desde que Bernard Roy e os seus colaboradores introduziram
o Método ELECTRE I - ELimination et Choix Traduisant la Rea-
lité - (Buffet et al, 1967; Roy, 1968), muitos métodos (de
abordagem do problema) multicritério da familia "subordina-
¢ao" (traducao livre do termo francds "surclassement") tém
vindo a ser desenvolvidos (Siskos et al, 1984), fundamental-

mente na Europa.

Ao contrario da escola "classica" norte-americana da Teo-
ria da Utilidade segundo Miltiplos Atributos (Multiattribute
Utility Theory - MAUT) (Keeney e Raiffé, 1976; Fishburn,
1970), a abordagem "subordinagao" nao tem como objectivo

fundamental obter, a todo o custo, uma comparac¢ao binaria
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- -
entre todas as acgoes presentes num problema multicriterio,
admitindo como possivel a existéncia de situagoes de incompa-

rabilidade entre pares de acgoes.

‘Por outro lado, nao se assume necessariamente a transiti-
vidade das relacoes de preferéncia (estrita) e de indiferen-
¢a, admitindo-se muito realisticamente a possibilidade de
existéncia de situagoes de intransitividade das preferéncias}
0 "paradoxo de Condorcet" (Condorcet, 1785) e '"exemplo da
chiavena de café'" de Luce (Luce, 1956) tém de facto muito sen-

tido pratico (ver, a proposito, Sharlig, 1985).

De um ponto de vista compreensivo uma relagao de "subordi-

nacao" S & definida do modo seguinte (Roy, 1973):

Dadas duas acgoes a e b, aSb (a '"subordina" b), tendo em
conta toda a familia de critéerios, se o valor das performan-
ces parciais gl(a),.., gn(a) e gl(b),..., gn(b) fornecem
argumentos suficientemente fortes para considerar como verda-
deira no sistema de preferéncias do decisor a seguinte
afirmagao:

-

"a, tendo em conta toda a familia (F) de critérios, é

pelo menos tao boa como b".

S nao & uma relac¢ao necessariamente transitiva e completa,
modelando apenas a parte segura das preferéncias (Siskos et
al, 1984), estabelecendo assim em A uma ordenacao (normal-

mente) parcial.

Obviamente, se a domina b (a A b), entao a subordina b
(aSb), isto é: "A construgao de uma relagao de subordinagao
envolve um enriquecimento da relacao de dominéncia, que é em
geral uma relagao pobre, por forma a facilitar o solucionar

de um problema de decisao" (Roy e Vincke, 1981).
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Para além da construcao de uma (S) ou varias (Slc S2c...)
relagoes de subordinagao, os métodos multicriterio de apoio
a tomada de decisao que seguem esta abordagem diferem ainda
na forma como exploram a relagao ou relagoes de subordinacgao

k4
construidas.

Cada uma das duas fases de construgao e exploragao de S
varia e deve ser tratada de acordo com a problematica de

decisao em causa e com o caso particular em consideracgao,

3. A PROBLEMATICA DA REJEICAO RELATIVA
3.1. As 4 Problematicas de Referéncia Definidas por Roy

Relativamente a um conjunto A de acgoes (nao necessaria-
mente estavel), Roy distingue 4 formulagoes basicas (a que
chama "problematicas de referéncia") para um problema de

decisao (Roy, 1985, cap. 6):

PROBLEMATICA DA ESCOLHA - (P.a) - o apoio a decisao tem em

vista a escolha de uma s6 "melhor'" accao" (de entre as de A),

pela selecgao de um subconjunto A" de A, tao restrito quanto

possivel, tal que:

- qualquer que seja a accao pertencente a A \ A" existe
sempre uma accao de A que, para o decisor, lhe & estri-

tamente preferivel;

- ou, que seja constituido por acg¢oes que o decisor consi-
s . I} o [

dera suficientemente satisfatorias para abandonar as de

A\ AT - isto e, o abandono das acg¢oes de A \ A decorre

‘ .
da escolha de A .
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PROBLEMATICA DA AFECTAGAO (OU SEGMENTAGAO) - (P.B) -
0 apoio a decisdo tem em vista a afectaggo de cada acgao de A
a uma e uma s6 de varias categorias exclusivas, definidas
intrinsecamente através da explicitagao "a priori" de condi-
¢oes de pertenca. O resultado do processo de apoio a decisao

sera, assim, uma segmentacao de A em varios subconjuntos

disjuntos Al’A2"" (categorias).

Contrariamente a P.a em que as acgoes sao avaliadas pela
comparagao dos seus méritos e desvantagens relativos, na pro-
blematica P.B cada accao e "classificada" de per si, por
"merito absoluto", sendo incluida na categoria cujas condi-

coes de pertenga verifica.

PROBLEMATICA DA ORDENAGAO - (P.Pp) - quando o apoio a
decisao tem em vista a ordenagao (completa ou parcial) das
acgoes de A por ordem decrescente de prefer&ncia, isto &, a
explicitaggo em A de classes de equivaléncia ordenadas, tao
pequenas quanto possivel, e agrupando cada classe acgoes

consideradas equivalentes.

Contrariamente as categorias de P.B, em P.Y a ordenagéo

- . . -~ .
e feita em termos relativos, por comparagao entre si das

accoes da A, e nao atraves de uma definicao a priori de carac

5 . e .
teristicas das varias classes.

De entre os métodos que se baseiam na abordagem "subordi-
nacao" distinga-se, a titulo exemplificativo, que o ELECTRE I
é aplicavel quando se esta perante uma problematica db tipo
P.a, enquanto o método ELECTRE II (Roy e Bertier, 1973) foi
concebido para abordar problemas em que o objectivo do deci-
sor é a ordenagao das acgoes (Problematica P.?). A chamada
"segmentagao tricotomica (Roy, 1981; Moscarola, 1977) & um

caso particular de P.pB (ver Roy, 1985, ponto 11.3).
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PROBLEMATICA DA DESCRIGAO - (P.8) - o apoio a decisao tem
apenas em vista uma descricao das acgoes de A, e/ou das suas
consequéncias, de wuma forma sistematica e formalizada, por
forma a ajudar o decisor a melhor compreender, conhecer e
diferenciar as varias acg¢oes, nas suas consequéncias (carac-

teristicas proprias).

Naturalmente que, com o progressivo desenvolvimento do
. - -
processo de apoio a decisao, sucessivas formulagcoes podem ser

adoptadas.

As quatro problematicas expostas sao por Roy consideradas
de referéncia, no sentido em que, "relativamente a uma fase

de estudo, a problematica adoptada pode corresponder:

- a uma das 4 problematicas de referéncia ou a uma forma

restrita de uma delas (...);

- a uma combinacao das problematicas P.a, P.B, P.y fazendo

intervir em sequéncia duas delas (...);

- a uma problematica mista, isto é, nao redutivel a um dos
esquemas simples descritos nos dois casos precedentes".
(Roy, 1985, ponto 6.2.1)

3.2.1. Introdugao da Problematica da Rejeigao Relativa

Existem no entanto, em minha opiniao, situacoes reais de
decisao para os quais a problematica a adoptar nao se enqua-
dra em qualquer dos casos acima descritos. Refiro-me concre-
tamentamente as situacoes em que o objectivo do decisor e a

rejeiggo de algumas das accgoes de A.
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Proponho assin neste artigo a introdugao de uma 52 proble

matica de referéncia, adiante designada por P.6, tal que:

PROBLEMATICA DA REJEIGAO RELATIVA - (P.6) - consiste em
pdr o problema em termos de rejeigao de uma ou varias acgoes
de A, isto é, em orientar a investigaggo com vista a destacar
um subconjunto A°° de A de acgoes a rejeitar (abandonar), se
f8r caso disso de dimensao tao proxima quanto poss{vel de uma

pré-definida pelo decisor.

As acg¢oes a incluir em A serao determinadas por um pro-

cesso de rejeig¢ao directo, e nao indirectamente, como em P.a,
nd 4 - . ] .

em que o abandono das acgoes de A N A e justificado pela

escolha de A . Assim, A \ A nao e necessariamente coinci-
. -~ -
dente com A , uma vez que nao se ©poe em P.6 o problema em

termos da escolha da "melhor acgao'.

. ~ - .

Por outro lado, como a analise nao e feita por referén-
cia a condicoes de aceitagao/rejeicao a priori estabeleci-
dos, mas por comparagao entre si das acgoes de A, a formula-

¢ao do problema nao pode ser considerada do tipo P. .

Refira-se que, no entanto, P. @ & naturalmente antecedida,
na maioria dos casos, por uma fase de estudo em que a pro-
blematica em questao & do tipo P.B, correspondente a uma
fase do processo em que o problema se poe em termos de re-
jeigao absoluta, atraves da definigao de uma parti;Eo
de A em duas categorias definidas por limiares de aceitacgao/
/rejeicao a priori definidos, sendo, aqui sim, a prob;emé—
tica em questao do tipo P.B - a problematica de segmentagao
dicotomica do tipo aceitaggo/rejeigao aparece como um caso
particular de P.B, sendo as duas categorias: "acgoes conside-
radas boas e devendo ser aceites", "acg¢oes julgadas mas e

devendo ser recusadas" (Jacquet-Lagreze, 1983).
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3.2.2. Exemplificaggo
/

Por forma a ilustrar o conceito de "problematica da
rejeicao relativa", introduzido em 3.2.1, considere-se a
situagao a seguir sumariamente descrita, construida a par-—
tir de uma situacao real mais ampla de apoio a tomada de

decisao desenvolvida no &mbito do CESUR.

A entidade publica, adiante designada por EP, langou
um Concurso pﬁblico de pré—qualificagao de candidatos a

realizacao de uma empreitada de &mbito nacional,.

O objectivo da Administragao da EP (decisor) é nesta fa-
se a pré—qualificaggo de quattro das onze candidaturas concor-
rentes, as quais passargo a fase seguinte de apresentaggo de
propostas. Para tal, a Administracao da EP nomeou uma Comis-—
sao Técnica interna encarregue de proceder a avaliacao das

candidaturas, «com o apoio da equipa externa de analistas.

" De acordo com a Comissao, foram definidas condigoes de
aceitaggo/rejeigao absoluta, que levaram a eliminacao inicial
de quatro das candidaturas (exemplo de problematica de segmen

tagao dicotomica, caso particular de P.jB).

Das restantes sete acgoes potenciais, trés "terao" de ser
eliminadas por mérito relativo (caso de problematica de

rejeigao relativa - P.6).

0 problema poe-se entao em termos da ‘explicitagao de
um sub-conjunto A"" (de A) das acgoes a abandonar, de dimen-
sao tao perto quanto possivel de trés, isto-e, dos candidatos
qﬁe, juntamente com os quatro inicialmente eliminados, nao
passargo a fase posterior de aprésentagao de propostas.
0O processo de rejeigao basear-se-a necessariamente na compa-

racao entre si das sete acgoes de A.
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Para tal construiu-~se uma relacao binaria T, definida
em A (relagao de rejeiggo) tal que: Dadas duas acgoes
aeb, aThbhbsee so se os valores das performances parciais
gl(a),..., gn(a) e gl(b),...,gn(b) fornecerem argumentos
suficientemente fortes para cqnsiderar como verdadeira, no

sistema de preferéncias do decisor, a seguinte afirmacao:

a, tendo em conta toda a familia de criterios, nao deve

ser rejeitada antes de b,

T estabelece assim em A precedéncias relativas de

rejeigcao entre pares de acgoes.

E obvio que se a domina b (a A b), entao a T b. Alem
disso a relagao T & pelo menos tao rica como a relagao
de "subordinagao" wuma vez que os argumentos necessarios a
considerar como verdadeira a afirmagcao "a nao deve ser re-
jeitada antes de b" nao sao tao restritivos como os neces-

sarios a validar a afirmacao "a e pelo menos tao boa como b'".

A relagao T construida para abordar o problema atras apre-—

sentado permitiu chegar ao "grafo de rejeigao" da figura 1.

O processo de rejeicao consiste agora em ir eliminando

sucessivamente as acgoes sobre os quais incidem setas e
. - . . -

a partir das quais nao saem ‘'setas, isto e, de acordo com

. . - ] s 0} -
as precedéncias binarias definidas em A pela relagao T.

0 grafo da figura 1 mostra que a primeira acgao a rejeitar
é ag, uma vez que dela nao nasce qualquer seta. Ap5s a rejei-
cao de ac o grafo reduz-se ao da figura 2, que mostra que as
proximas acgoes a excluir serao a; e ay (sem distincao eﬂtre
elas visto serem incomparaveis segundo T, isto &, aTb e bTa).

P

Assim, o sub~conjunto A de A, constituido pelas trés




C. Bana e Costa | A problemdtica da rejeicdo em decisdo multicritério 101

- . . @ -
acgoes a rejeitar, sera formado pelas acgoes a;, ag e aj.

Logo:

A A = {az, ags a5} - acgoes que passam a fase de

apresentagao de propostas

Repare-se que a continuacao do processo de rejeigao apés a
eliminacao de agy 81 € ay (grafo da figura 3), conduziria a
eliminar sucessivamente ay e ag, altura em que o processo pa-
raria obrigatoriamente por nao ser possivel distinguir entre

32 e 84-

T estabelece assim em A uma ordenagao parcial ascendente.

FIG. 1 - GRAFO DE REJEIGAO
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ay

Q ®

FIG. 2 - GRAFO APOS PRIMEIRA EXCLUSAO

G@

Gy

FIG. 3 - CONTINUAGAO DO PROCESSO DE REJEIGAO
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A NOTE ON TWO EQUIVALENT BI-OBJECTIVE MODELS FOR THE

DESIGN AND ON-LINE CONTROL OF A PARKING SYSTEM

Luiz Flavio Autran Monteiro Gomes¥*

Department of Industrial Engineering, Pontifical Catholic

University of Rio de Janeiro, CEP 22453, Brazil

Abstract

It is shown that two bi-objective model formulations to
tackle the problem of assigning users to car parks through
a system of differentiated parking permits can be derived
so as to lead to the same compromise solution between minimi-
zing walking distances and minimizing parking expenses,
given that the probabilities of finding a parking space

are also taken into account.

In a recent paper the author has presented a bi- objecti-
ve combined stochastic-mathematical programming model formu-
lation for tackling the problem of assigning users to car
parks through a system of differentiated parking permits
(Gomes, 1986).

* At the same time this paper was written the author was
a Visiting Professor at the Institute fir Strassen-und Verke-

hrswesen of Universitat Stuttgart.




106 L. Monteiro Gomes | Models for the design and on-line control of a parking system

‘The model is as follows:

Maximize
z=3232% D px
Kk i ijk
J1 C
ik

subject to

I Xigk 2 Byy for i=1,2,...,f£ and

k = 1,2,...,m;

? xijk = Aik for i=1,2,...,f and
_ j=1,2,...,n3

In this model the objective function is random, since it
depends on the probabilities (i.e. the pi's ) that users of
different types will bring their cars on a day. Every Aik ’
i.e. the number of permits issued to users of type i in
the k th c¢ar park, is also random; each Aik is computed
by relying not only on each probability Py but also on cha-
racteristics of the stochastic process which consists of
how parking vacancies are wutilized throughout the analysis
period (e.g. a day). That is, therefore, a dynamic parking

permit assignment model.

In the preseht note we will initially concentrate our
attention on the static version of a related and apparently

similar linear programming formulation which is shown below

(1):

(1) All mathematical symbols employed are defined at the

end of the present paper.
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I Minimize

2y= I2L Cyp oy Xy gy N
k'ji
and
Z,=L L LD, .p,.X,.
2 k § i JjkTTi°71 jk

subject to

X Xijkz Bij for i= 1,2, ,£ and
le J = 192) ve gy

T3 xijk = Ak for k =1,2, , 3

ji
X 2 © v (i,3,k)

It is interesting to note that essentially the same bi-
objective function has been used by the author and his colla-
borators, although an explicitly single-objective formulation
(Gomes, 1972; Gomes and Gomes, 1980; Gomes and Gomes, 1982;
Gomes and AYr, 1983; Aor and Gomes, 1984; Aor and Gomes,

1985).

The equivalently static version of that more recent (i.e.
1986) mixed model approach is as follows, assuming ‘that

C will never be equal to zero:
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Il Maximize

' B-D.,
= E ° s
2=} T 0 X, pi XiJk
k j i Cik
subject to
X Xijk)Bij for i= 1,2,...,f and
k j“-‘ REEREELH
z xijk = Aik ' for i=1,2,...,4 and
: k= 1,2,...,n; (2)
xijk ;0 ’ v ) (i,3, k)

in which every vacancy is assigned a single user throughout

the analysis period.

As it was early shown, that second, implicitly single-
~objective function can be utilized within a cost- effective-
ness framework for evaluating changes in existing parking

systems or for ranking alternative new systems (Gomes, 1972),

Since both models I and II search for a compromising
solution between minimizing walking distances and minimizing
parking expenses, oné should expect that the objective func-
tions are identical. Indeed, the objectivevfunction of model
IT leads to the‘followigg:

2) By making use ofAk =X Aik that second set of cons-
traints becomes i
zz Xijk = Ak for i=1,2,...,4 and

ji k=1,2,...,n.
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X D . py o« X,
P; . o N P
Maximize Z =853 3 °* ijk -r3 3 jk 1 ijk
k ji Cik k ji Cik
or, which is the same,
p, . X, . ) D, .p..X.,
Maximize 2' =xx 3 I 1k and minimfze 2''= x5 y_ JK "1"7ijk
kji c ki i Cik

ik

It is therefore expectable that, given the common set of
constraints, the two games below are equivalent, for the

same constraint set:

Game I Game II
A - Ps o X, &
Minimize XX X ¢, .p.X.. Maximize X ¥ % i idk
ik* i%ijk
j ki jok i Cik
D, .0 .X,.
Minimizex 33D, .P .X.. Minimizeyyy —dk” i7" dijk
jk* i7ijk
k ji k ji Cik

It is easy to verify that those two games are associated

te the two following compatible overall utility functions

FI and FII:
Game 1 & F=Vprz, o LwazD P, .X
Cipe itMijil"2 jkTic Mgk
kji Vokgji
P X, . D, .p,.X,.
and Game II <& Fpp=Y.o3rysy i 4k .yyyzyp _jk'7i"7ijk
k ji Cik k ji Cik
where the units attached to the positive constantsw1 ’WT

and Y are as follows:




110 L. Monteiro Gomes | Models for the design and on-line control of a parking system

w1<#> 1. ‘ . (unit of satisfaction)
monetary unit

W2<#> 1 . (unit of satisfaction)
distance unit

and Y & monetary unit . (unit of satisfaction)

distance unit

It can also be seen that the same level of overall satis-
faction cannot always be achieved by indistinctly making
use of FI and FII' Indeed, if one tonsiders the particular

case in which Cik= a constant ©, one has:

- - o _w.IIx
FI Wl. IDIDD> Py Xijk w2 Djk°pi' Xijk
kji kji
and
Foo= Y. 5. Lzzs p..X..-Y .1 D P.. X
It Py i*%ijk 'gzzz jk o Fic tijk
kji kji
According to those two last particular equations,
Yy
FI= FII only when 6 = - —~_%.In other words, given the
W
1

subjective weights Wl and W2 as well as ¥, every
user would be paid an equal amount equal to © to park in

a specific car park such that the total walking distance

is minimized. In this particular and, most of the time, imagi-
nary context, 8 can be thought of as a monetary incentive

to contribute for minimizing the total walking distance.

In applications, however, the issue of the identity of
FI and FII is not really a material one, and the decision
between Ynodels I and II shall be made on the basis of the
computational efficiency of available <computer programs.
Those same considerations «can be easily extended to the
dynamic versions of both models as well as to a multicriteria
approach to the problem, such as the one developed at the

University of Texas (Phillips, 1985).
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NOTATION
i type of parking permit or type of car park user
J destination of a car park user
k car park
2 total number of types of parking permits (i=1,2,...,{)
m total number of destinations for car park users

(i=1,2,...,m)

n total number of car parks (k=1,é,...,n)

Cik parking tariff for i type user in the kthcar park

Bij number of i users having destination j

Ak number of parking permits issued fér the kﬂfar park

Djk distance between the jen destination and the Mm
car park

Aik number of permits issued type i users in the kth

car park
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X'ijk number of persons having permit type i, destina-
tion j, and permit for the k th €8T park
I3 a value at least equal to the maximum value for %

k

P; probability that a user of type i will bring his or

her car on a day
Wl weight assigned to parking tariff

Wz weight assigned to distance walked from car park to

destination
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ABSTRACT

In this paper we present an implementation of the main
principal pivoting (PP) methods - Keller, Murty, Graves -
for the Linear Complementarity Problem (LCP) with symmetric
positive definite (SPD) and symmetric positive ‘semi-
definite (SPSD) sparse matrices without any special
structure. We also describe an extension and implementation
of these methods for the GLCP, a slightly more general
linear complementarity problem that occurs quite frequently

in applications.

This paper also includes a comparative computational
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study of the PP methods on the solution of\
large scale LCPs and GLCPs with sparse SPD and SPSD

matrices. This study shows that Murty’s method is the most

. &
some medium and

efficient algorithm for SPD matrices and Keller s method is

usually superior to Graves method for SPSD matrices.

1 - Introduction

The linear Complementarity Problem (LCP) consists of

finding vectors zaRn and chn such that,
T
w = qtMz, 2>0, w>d, 27w =0 (1)

where q is a given real n-vector, M is a given n by n
real matrix and T represents transposition. This problenm
has been extensively studied for the 1last twenty years in
both theorical and algorithmic aspects. A vast number of
applications of the LCP has been proposed and in many cases
the matrix M is symmetric positive definite (SPD) or

positive semi-definite (SPSD). These include the solution

of partial differential equations arising in Dirichelet
problems with obstacles |13] or free boundary value
problems, such as the journal bearing |5| and the elastic

beam beending |37| problems. Optimal Control Problems ]6]
‘and Linear Least Squares [19] are another two sources of
applications of LCPs with SPD and SPSD matrices. A large
number of applications of LCPs with these classes of
matrices have also been proposed in elastoplastic analysis
of structures I24, 29|, portfolio selection problems |27,

29| and spatial equilibrium models |30].

If the matrix M is SPD or SPSD then the LCP stated by
(1) represents the Kuhn-Tucker conditions |17| for the

convex quadratic program
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Minimize qu +* % z" Mz (2)

subject z>0

whence the problems (1) and (2) are equivalent. The LCP
is also quite important in the solution of convex quadratic
programs with inequality and equalit& constraints and
separable objective function |21,. Quadratic programs with
nonseparable objective function can also be reduced to LCPs
with SPD or SPSD matrices by wusing duality |15, 25, 38| or
penalty function theory |21|. Finally LCPs with such
matrices also occur in the solution of nonlinear programs

by SQP algorithms I12|.

In most of the wuses of the LCPs with SPD or SPSD
matrices, the matrix M is sparse without special structure.
This has increased the use of iterative methods for the
solution of such problems |6,21,38|. In this paper we study
the applicability of direct methods on these LCPs.

In a large number of the applications referred above,
the LCP occurs as the optimality conditions of the
quadratic program (2). In some of these applications a
number of variables of the quadric program may have no sign
restriction. The Kuhn-Tucker optimaly conditions take then

the following form

weq+ Mz
zj_ i‘ei » £, € {_‘”,0} .
i=l;...,n
w, >0
i =
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This slightly more general linear complementary problem

is denoted By GLCP and is also studied in this paper.

The most well-know direct methods for the LCP, which can
be used when M is SPD or ©SPSD, are the variable-dimension
method of Van der Heyden [35|, Lemke s method |20], Cottle
and Dantzig method |4| and the so-called principal pivoting
methods. This last type of algorithms only wuses principal
pivot operations |34| and can be implemented in such a way
that the symmetry of the matrix is fully exploited |27].
Among these algorithms, the Bard-type method of ﬁurty [23]
for SPD matrices and the methods of Keller [16] and Craves
[14]| for SPD and SPSD matrices should be distinguished. Van
der Heyden's method can not be used for SPSD matrices and
for SPD matrices reduces to Murty s method. The methods of
Lemke and Cottle and Dantzig use nonprincipal pivot
operations, whence their impleméntations cannot fully
exploit the symetry of the matrix M. Hence they are not
recommended for LCPs with SPD or SPSD matrices. On the
other hand there exist principal versions of the last two
methods |3, 22', but they are fairly more complicated than
the other principal pivoting methods and are not considered

in this study.

In this paper we propose an dimplementation for the
principal pivoting methods referred above,’ extend these
methods to the GLCP and present a comparative study of
their behavior on a number of test problems with medium and
large scale sparse LCPs and GLCPs. The implementations of
the algorithms and their extensions are essentially based

on the last developments on the solution of linear

equations with sparse SPD matrices [11] and updating
techniques based on Bennet s algorithm |1| for sparse
matrices |[18]|. Since both the LCP and GLCP are invariant

under principal rearrangements, then we solve a permuted
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LCP, where the ordering for the rows and columns is
obtained by one of the ordering algorithms for sparse
matrices |11|. For a general SPD or SPSD matrix, it is
usually accepted that the minimum degree algorithm |11,
chapter 5| is the most effective procedure to reduce the
fill-in during the decomposition procedure |7|. Hence we
choose this algoritm to find an ordering for the rows and
columns of the LCP or GLCP. As 1in |27| our implementation
requires in each diteraction the LpLt decomposition of a
principal submatrix of M (the matrix D is stored as a real
vector and the matrix L is stored by columns as a sparse
strictly lower triangular matrix). It is necessary the use
of techniques to update the decomposition when a row and a
column are added or deleted from the principal submatrix.
In our implemetation it is porposed that these updatings
are performed according to the ordering achieved by the
minimum- degree algorithm. Despite Bennet s algorithm may
have some problems with rounding-errors for ill-conditioned
matrices |9|, such drawbacks are not so relevant for sparse
matrices and we choose this algorithm incorporated in a

more general updating procedure to be described later.

The computational study of the efficiency of the
principal pivoting methods indicate that Murty s method is
the most efficient for SPD matrices and Keller s method is
more efficient than Graves method for SPSD matrices. These
results are quite interesting only because Murty s method
has been totally forgotten in the solution of LCPs by
direct methods. If the matrix M is strictly diagonally
dominant (SDD,), then Graves method can be implemented in
a more efficient way, according to the recent results
presented in ]28'. Our experience with symmetric SDD, shows
that even in this case Murty s method is the most efficient
method and Keller's method is in general superior to

Graves method.
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The organization of the paper is as follows. In section
2 a short revision of some concepts, which are necessary
for the implementation of the methods, is given. The three
principal pivoting methods are briefly described in section
3. In section 4 we describe our implementation of the
principal pivoting methods for SPD and SPSD sparse matrices
without special structure. The extension of the methods to
the GLCP is presented in section’ 5. Finally a computational
study of the efficiency of the three methods is described

in the last section.

2 - Some concepts of 1linear complementarity and positive

semi-definite matrices

In this section we briefly present some properties of
the linear complementarity problems and PD and PSD
matrices, which are important to understand the remaining

sections of this paper.

The GLCP is invariant wunder principal permutations,

since for any permutation matrix P, w=q+Mz is equivalent to

whereby (Z,%) is a solution of GLCP (3) if and only if
(PZ, PW) is a solution of the permuted GLCP.

If n is the order of the matrix M, then we can consider
a partition ﬂ, } of the set {1,...,n}, where I and J are
defined by

I={i:£i=-w} » J-{i:£i=0} (5)

and there exists a permutation matrix P such that
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T MII MIJ
P "Mp= (6)
MJI MJJ
Since z;>8y for 1el, then wi=0 for all i eI and the

GCLP can be rewritten in the following form

O=qp * My zp + Mppozg

Wyt Ayt Mppozp v Moz 7

zJiO, ino

T
zg wd = 0 (8)
Hence for I=.¢ (J=¢) the GCLP reduces to a\LCP (system of
equations). In the GCLP we should disting&iih the linear
"constraints (7) and the complementary constraint (8), which

is equivalent to

z, w, = 0o , ieJ (9)

As in linear programming, a solution (z,w) that
satisfies the constraints (7) is called feasible. The GLCP
is Feasible if there =exists at least a feasible solution
and is Infeasible otherwise. A solution (z,w) is called
Complementary if it satigfies the relationship (9).
Therefore a solution to the GCLP is a Complementary

Feasible solution.

In this ©paper we study the direct methods for the LCP
and GLCP with symmetric PD and PSD matrices. The classes PD

and PSD are defined by the following equivalences
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MePD <=—> x'Mx>0 for all x # 0

T (10)
MePSD<==> x"Mx>0 for all x

A matrix M is SPD or SPSD if it is symmetric PD or PSD

respectively.

The matrices PD and PSD have a large number of
properties which «can be found in:a number of papers and
books. Next, we present some properties of these matrices,
which are dimportant., in the next sections of this paper

(their proofs can be found in [34] and |[10]).

(P1l) MePD (MePSD) =» m, ;>0 (miig.o) for all i

(P2) MePSD and m, = 0= L mji for all j

(P3) MePD (MePSD) =>, MLLePD(MLLsPSD) for all Le{l,...,n}

(P4) MeSPSD and M is nonsingular =>MeSPD

We can conclude from these properties that only a
singular SPSD matrix may have zero diagonal elements. But
if their exists an ie {1,...n} such that m;;=0, then by (P2)
all the elements in the <column and row i are zero and two

cases may occur, which are referred below.

(i) If q;=0 and ieI or qi-zo and ieJ, then both the row
and column i may be disregarded and a GLCP of dimension (n-1)

is obtained.
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(ii) If qiaéo and i8I or q;<0 and ieJ,then GLCP is

infeasible and has no. solution

From this discussion we can conclude that if the matrix
M is SPSD, then either the GLCP is infeasible or can always
be reduced to a GLCP such that the diagonal elements of its
matrix are positive. This property, together with the
invariance from the GLCP under principal permutations of
rows and columns, allow the use of ordering algorithms for
sparse SPD and SPSD matrices in the implementation of
direct methods for the LCP and GLCP, as it is describeéed in

section 4.

As in linear programming, the direct methods for the LCP

and GLCP are based on pivot operations. Given a system

Ax = b (11)

®
whereAanm, xgam, beR™ and m >n and a basic solution of

Basis B, we can write (11) in the form

w = qtMz (12)
-1 -1 .
where q=B b, M=-B "N, A= B:N and w,z are the basic
and nonbasic variables of the solution, A Pivot Operation
consists of interchanging a basic variable (leaving

variable) w, and a nonbasic variable (entéering variable)
zg and obtain an equivalent systen. To do this, the element
m.g has to be nonzero and is <called the Pivot of the
operation. If m=2n, that is, if M is a square matrix and
the pivot is a diagonal element of M, then the pivot
operation is called Principal. This 1last type of operation
can be generalized for pivots which are principal

submatrices of M. If we write the system (12) in the form
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1 zF zs
W, B q
¥ r |Yr Mps 1%)
wg = 95 [Mgp Mg

then a Principal Pivot Operation with pivot MFF changes

the nonbasic variables Zp with the basic variables Vs
such that another equivalent system is obtained. To do this ’
the matrix Mpp has to be nonsingular. Writing the new

system in the form

1 wF zs
2 = a M M
F 9p | Mpp  Mpg (14)
¥S = 95 | Msp  Mgg

then the vectors and matrices of the systems (13) and

(14) are related by the following equalities

s -1 - |
Mep = Mppr Mgp = Mgp Mpps Mg Yor Mpse 9= Mpp 9
(15)

-1 - -1
Mgg = Mgg = Mop Mpp Mgy 9g = qg = Moo Moo qp

The matrix M defined by the equalities (15) is called a
Principal Transform of M and its principal submatrix ﬁSS

is named Schur Complement of Mpgp on M [2] and is denoted by
(M| Mpp).
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The matrices PD ‘and PSD are invariant under principal

pivot operations |3| but the symmetry 1is not preserved
under these operations. However, Schur Complements of
symmetric matrices are also symmmetric, whence these

matrices are SPD or SPSD if M belongs to these classes.

These results are presented below.

(P5) MePD(MePSD) ==> MePD(MeBSD)
(P6) MeSPD = (M]MFF) €SPD for all F

MeSPSD and MFF is nonsingular => (MIMFF) € SPSD .

It is obvious that the principal pivot operations
mantain the complementarity of the basic solutions. This
property, together with (P5) and (P6), make these
operétions highly recommendable for the solution of the LCP
and GLCP with SPD and SPSD matrices. Methods based on this
type of operations are called Principal Pivoting Algorithms

and are described in the next sections of this paper.
3 - Principal Pivoting Methods For the LCP

In this section we describe the three principal pivoting
methods, which can solve the LCP when the matrix is SPD or

SPSD. Consider again the LCP

v = qiMz, 2>0, w0, 2y = 0 (16)

where qeR" and MeR™™ | 1f qz0 then (w=q, z=0) is a
solution of the LCP. Otherwise this basic solution is a
complementary infeasible solution. The three principal
pivoting methods start with such solution and, by using
principal pivot operations, try to achieve a feasible
solution for the LCP. Since all the basic solutions used by
the algorithms are complementary, then the first feasible

solution is a solution of the LCP. The algorithms differ in
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the way to get the feasible solution (or showing that none

exists) and are presented below
(i) Murty s Bard-type method for SPD matrices |23]

Since only principal pivot operations are performed,
then in each iteration the basic variables W and nonbasic
variables z of the corresponding basic solution are related
by

vo= q + Mz (17)

where ﬁ is a principal transform of M and (;, E) is a
permutation of (w,z). If a 20 then the basic solution (w=q,
z=0) is a solution to the LCP. Otherwise, a principal pivot

operation is performed with pivot m where r satisfies

rr’
r = min {i: ai <0} (18)

From properties (P5) and (Pl) this operation is always
possible if MeSPD. Murty s method terminates in a finite

number of iterations with a solution of the LCP [23].

Our computational experience showed that the number of
iterations to achieve a solution is reduced, if we
substitute the criterion (18) by

q,. = min {qi 2 oqy< 0} (19)

where in case of ties, r idis the first idindex which
satisfies (19). Despite there is no proof for termination
in a finite number of iterations, we always find a solution
of the LCP in all test problems, as is shown in the last

section.
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(ii) Graves methode for SPD and SPSD matrices |14]|

In this algorithm a parameter 120 and a vector ppz o are

introduced to get a system of the form

w = q+ Ap + Mz, 2>0, w>0, sz =0

(20)
For certain value A°>»0O of A , the problem (20) has a
basic solution (w= q+,°p, z = 0) and in each iteration of

the algorithm (Ww=q+\p, z = 0 ) 1is a solution of (20).
Furthermore the value of A is nondecreasing and decreases
in the nondegenerate cases. To achieve this, there are
criteria for the pivot selection, that lead either to a
solution of the LCP (that is, a solution of (20 ) with21=0)
or to a conclusion that the LCP 1is infeasible. Each

iteration of the algorithm consists of the three steps that
are presented below.

Step 1~ Determine r by

- a, -
A=-—=min {-—=1:4q,<0} (21)
P

]
.

Tl
[N

) o

where r is the first index that satisfies (21) in case

of ties., If r does not exist ( A= 0), (; = 5, z =0) is a
solution of the LCP and stop.
Step 2 - It ﬁrr = 0 go to Step 3. Otherwise perform a

principal pivot operation with pivotmrr and perform a new
iteration.

Step 3 - If ﬁirzo for all i, LCP is 1infeasible and
stop. Otherwise find s by
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L o <0 (22)

and perform a principal pivot operation with pivot

m 0 -m
Pre rs sY
. = (23)
m m m_ m
msr ss sy ss

Perform a new iteration.

Note that the equality (23) is a consequence of (P5) and
(P2) and m ;2 0 by (Pl1) and (P5). When MeSPD then the
algorithm only wuses Steps 1 and 2 and termines with a
solution of the LCP, while two possible terminations can

occur when MeSPSD but M ¢SPD |14].
(iii) Keller s method for SPD and SPSD matrices |[16].

This algorithm is a quadratic programming method that
solves the LCP by solving its equivalent QP. The method is
easily described by introducing the concept of Bisymmetric
Matrix ,16'. A square matrix M of order n is Bisymmetric if

there exists a partition {F,S8} of (1,...,n} such that

"rr Mps

Plyps (24)

with MFF and MSS symmetric matrices, MSF= —MFS and P a

permutation matrix.
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In each iteration of " Keller' s method, the matrix ﬁ is
bisymmetric and ﬁigo . So, if gz 0 then (W=9¢, Zz = 0) is
a solution of the LCP. Otherwise a pivot selection is made
for a pivot m . If such a pivot can not be found, then the
LCP is infeasible. Otherwise, a principal pivot operation
with pivot m is performed and a new solution satisfying
the same requirements is obtained. The sets F and § are

updated by this operation as follows

2eF = F=F - {2}, §=s5U{2}
(25)
ReS => F =F U {2} , S =58 ={8}

As in Graves method, each iteration of ZXeller s method

consists of three steps that are presented below.

Step 1 - Find r by
q, = min {qi: qi<0 , 1e8} (26)

If r does not exist (w = §, Z = 0 ) is a solution of the

LCP and stop. Otherwise go to Step 2.

Step 2 - Compute

q -
- ~E if m >0
o rr
o, = rr (27)
+o  if m.. = 0
and
q CTR
_s = min I-—_J— jr<0’ JeF
-m -m,
8, = s¥ ¥ - (28)
+o if. F=¢ or ,El.rlo for all jeF
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If 81=62=+ , then LCP is infeasible and stop. Otherwise
go to Step 3.

Step 3 - if@48, (81>32) perform a principal pivot
operation with pivot q $ﬁ ) and perform a new iteration
rr ss

starting in Step 1 ( Step 2 ).

. Like Graves  method, the algorithm can only terminate
with infeasibility in the <case of M SPSD. In fact, if
MeSPSD then ¢,<+» by (Pl) and (P5). Finally ‘note that
Keller s method is equivalent to Fletcher - Jackson method

|8l if strategy zero is chosen in this latter algorithm.
4 — IMPLEMENTATION OF PRINCIPAL PIVOTING METHODS

Since only principal pivot operations are performed by
each one of the algorithms, then each iteration of the
methods of Murty and Keller has associated a tableau- of the
form (14), where q and M are given by (15). The set F
corresponds to the =z wvariables that are basic in that
iteration and coincides with the description of Keller s
method. In Graves method there is still the column p of A

to consider, which satisfies.

From (15) and (29), we can conclude that all the
necessary information in each iteration of the methods can
be obtained by wusing the original matrix M and solving
systems of equations with the matrix MFF , which is SPD by
(P3) and (P4). The computational work in each iteration of

the methods is given below.

- -1 o -1
Pp = = Mpp Pp» Pg = Pg = Mop Mg Py (29)
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Murty s method

Solve MFF X = = qg > qp (30)

s “ Ysp Iy

l Compute :S. = g, * M

Keller s method

Mep X7 " dp™ 9 (31)
Solve ,
MFF y=- MFr+ MFr
9g = 9g * Mgp
Compute
‘ _ T -
B Myt M‘Fr MFr
Graves method
Mep * =~ 9 7 9
Solve

Mg ¥ = "By * By

qg = qg * Mgp 9p
Compute (32)

PS = PS + MSF PF

and if MeSPSD, MEASPD and <xfF

Solve MFF z = - MFr -+ ﬁFr

ute + N
Comp m._=m, M‘Fr nFr
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To implement these three methods it is necessary to know
the set F in each iteration. This is easy, since initially
F = ¢ and each iteration consists of updating the set F by
adding or deleting elements. In fact, each simple principal
pivot operation corresponds to an update of the form (25).
Furthermore if in Graves method a double principal pivot
operation is performed with pivot given by (23), then by
(P4) and (P6) we have reS and seF and this operation

consists of the following updating

F=TF - {s} U (r) (33)

We also note that in this latter case ﬁir = 0 for all
ieS, whereby we can add ieF to the criterion (22) and wve

only need to calculate the elements air with ieF,

In each iteration of each one of the three methods it is
necessary to solve at least a system with matrix Mpp « Since

this matrix is SPD by (P3) and (P4), then we can write

Mo = ot (34)

where L. is a 1lower triangular matrix with all diagonal
elements equal to one and D is a diagonal matrix with
positive diagonal elements ,7'. Since in each pivot
operation the set F changes by at 1least one element, then
such an operation consists of updating the LDLT decompsition
of the matrix MFF ¢ SPD, when a column and a row are deleted
or added. There are stable processes to do this task which

are presented below.
(i) Add a row and a column to a matrix AgSPD

Let
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T T T
Al A3 Ll Dl L1 E
A= - (35)
A3 A2 E L2 D2 L2
and
T = = T = =T
Al b A3 L1 D1 Ll b E
A= | bY o T T BT 1 LG 1 ¢ | (36)
= - = = =T
A3 c A2 E c L2 D2 L2

To get the LDLT decomposition of A we need to obtain
il,ﬁ,-f),ET,E,;.,iz and I—)‘2 . Performing the \p\ro\dgcts in the
right-hand sides of the equalities (35) and (36) and by tthe
unicity of the LDL decomposition of the submatrix Aie SPD,

we get
Ll = Ll s Dl= Dl , E=E (37)
- = 2T = =1 =
L.,D.b=b, o =a= bD.b, ¢= = (c=ED,b) (38)
171 1 - 1
- = =T T = =T
L,D, 5 ® LD,L; —ac c (39)
Hence the matrices L1 , D and E remain unaltered.
Furthermore,from (38) we get the following process to

compute 5, ¢ and a

Solve the system L, x=b

. (40)
ompute -
P e =L (e
o
b= D_l.x
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Bennett s algorithm |1] can be wused to obtain the
matrices EZ and 52 . We note that this procedure 1is not
necessary if the row and column to add are the last row and

column of the updated matrix Mppe
(ii) Delete a row and a column from a matrix A&SPD.

. Suppose that fhe matrix A has a LDLT decomposition given
l,E,D2 and
L2 of the LDLT decomposition of the matrix A given by (35).
Erom (37) and (39) we conclude that the matrices Ll’Dl an%
IE remain wunaltered and we only have to get the LDL

by (36) and we want to obtain the matrices Ll’D

decomposition of the matrix

L5l +acer (41)

which can be done by using Bennett s algorithm. We note
that no computational work has to be done, if the row and

column to be deleted are the last row and column of K.

As we referred in the introduction, the purpose of this
paper is to study the efficiency of direct methods to solve
LCPs and GCLPs with sparse SPD and SPSD matrices of medium
and large dimensions. In section 2 we showed that these
linear complementarity problems are invariant under
principal permutations of rows and columns and we can
consider that all the diagonal elements of the matrix M are

positive without 1loss of generality. These two properties

allow the wuse of an ordering algorithm |11[ for the rows
and columns of the matrix M. According to |7| we wuse the
minimum-degree algorithm |11, chapter 5| for this purpose.

After the so- called symbolic phase, a data structure for
the matrices L and D is constructed |11, chapter 5|. These
matrices are not computed, since only LDL decompositions

of principal submatrices of M are needed in each iteration.
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Hence we do not recommend the use of the compressed scheme
referred in |11, chapter 5| and our data structures do not

use that scheme.

If the ordering given by the minimum-degree algorithm is
followed in the different updatings of the LDﬂr decomposi-
tions of the matrices MFF’ then we are sure that we have
storage space for all L and D matrices which are cons-
tructed during the whole process. Each updating consists of
modifying the elements of the data structure corresponding
to the column that are active in this procedure. Hence, we
have designed a static scheme for the implementation of the
principal pivoting methods, which needs a primary storage

space given by

stor = Z*n 4+ 3*nonz + nfill 42)

where nonz 1is the number of nonzero elements strictly
below the diagonal of M and ~nfill represents the fill-in
which would occur in the lower triangular part of the
permuted matrix, if the LDLT decomposition of this matrix was
performed. We also note that despite M being a symmetric
matrix, we store it as an unsymmetric matrix. In fact, since
sparse matrices are stored by rows or by columns (in our
implementation we choose the second type) then computing
products matrix * vector, solving systems MFFX = - MFr and
updating the LDLT decompositions become faster processes if M
is stored as an unsymmetric matrix by columns. The value of
stor given by (42) is a consequence of this type of implemen-

tation.

If we do not previously c¢hoose an ordering for the rows
and columns of the matrix M and we perform the updatings

without assuming any ordering, then the matrix L becomes
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dense after a small number of iterations. This implies that
the use of the more dispendious data structures for sparse
matrices are totally unjustifiable. Hence it is necessary
to perform periodically the so-called Reinversions [32],
which consist of computing ‘the LDLT décompositions

by using an Analyse and a factor ]7]. The need of performing
reinversions quite often implies an increase on the computa-
tional work. Hence it is highly recommendable to update LDLT
decompositions of the matrices MFF according to a previously

ordering, which is obtained by the minimum-degree algorithm.

We can also use a dynamic process to store the matrices
L and D of the LDLT decompositions of MFF' This
scheme may have some advantage if the - dimensions of all the
matrices MFF are quite small., In fact, in the
dynamic processes it is necessary to fix a maximum 1limit NM
for the 'storage space and whenever this value is exceeded
the so-called garbage collections come into operation |26,
chapter 2’. For this scheme to be more wuseful, it is
necessary that NM is much smaller than (nonz+nfill).
However the ©process of storing real elements in these
dynamic schemes [26, chapter 2] , [32] leads to a quite
often use of garbage collections. Since this 1last procedure
is quite dispendious [26, chapter 2[, we think that our

static process performs better for general sparse matrices.

Hence we: recommend an implementation of the three

principal pivoting methods based in the following aspects.

i) Use the minimum-degree algorithm - and consequently
symbolic phase to find an ordering and construct a data
structure for the matrices L and D of the‘LDLT
decomposition of the matrix M (the numerical values of

these matrices are not computed |11, chapter 5]).
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ii) Perform the wupdatings of the LDLT decompositions
of the matrices MFF accordingly to the ordering wobtained in
each updating consist as modifying the elements as data
structure corresponding to de column that are active in this

procedure (i).

iii) Use the version of Bennett's algorithm for sparse
matrices which is described in l181 ’ whenever such

algorithm is necessary.

iv) Solve the systems involving matrices MFF (two
triangular systems) wusing the data structures with the
matrices L and D of the LDLT decompositions accordingly to

the processes described in [11].

v) Use the data structure of the matrix M to compute
the products matrix * vector, which are necessary in the
implementation of the methods. We suggest |31, chapter 71

for an explanation of how these products are performed.

Following these indications and according to the
computational work per iteration of each :one of the
algorithms (given by (30), (31) and (32)), we produced a
code for all these three principal pivoting methods. In
section 6 we present an computational comparison of the
efficiency of the three algorithms on some test problems.
We should add that according to (30), (31) and (32),
Murty s method is the algorithm that requires less
computational effort per iteration and Graves  method is
the most dispendious. However these theorical conclusions
can not be definite, since we ‘kmow nothing about the
number of iterations that each algorithm requires to solve
a particular problem., Furthermore the set F idis not the
same for the three algorithms, since the criteria for the
choice of the wentering and 1leaving variables are different

in each one of the methods.
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5- Extension of the Principal Pivoting Methods to the

GLCP

Consider the GLCP (7) - (8). If we introduce the
artificial variables WI(WI = 0) and we change these basic
variables with the nonbasic variables ZI ’ then the

solution of the GLCP remains solving the LCP with matrix
Q”MII) and at the same time updating the values of the
unrestricted variables z 1o This process is only possible if
the matrix MII is nonsingular. Concerning to the
implementation described in the previous section, this
process directly amount to set inicially F=1I and compute
the LDL decomposition of the matrix MII’ according to the
ordering obtained by the minimum-degree algorithm for the
matrix M., After this initial step, the methods are
implemented as before, with the small alteration that the

rows 1 I are not considered in the different criteria for

choice of the entering and leaving variables.

If the matrix MII is - singular (MII¢SPD) then that

process is not possible. In this case MII has the form

k M

MII- b a cT +row t . (43)

Mg ¢ My

1.
colum t
where K and L are two subsets of I such that IKULI = |I| - I(IXI

represents the number of elements of the set X) and

T -1
M b= 0 (44)

ka =L1D1L'{ N a=b
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with L1 a lower triangular matrix and D a diagonal
matrix as before. If we write q=(qK’B’qL)T then the
components gy and in this interation are given by
T= = T =~
LlDlLl Sk = qK » B =8+Db QK (45)

If E: 0 then both the row and column t are not consi-
dered in the set F and "the process to obtain the LDLT

decomposition of Mgy carries on to the following row and

column of MII in the ordering given by the minimum-degree
algorithm, Ifﬁ £ 0 then GLCP is infeasible and we stop.
Therefore, if MII is a singular matrix, then either GLCP is

infeasible or we get the LDLT decomposition of a principal
submatrix Mgp of My, which idis the starting point for the

use of the principal pivoting methods.

Hence the difference between the LCP and GLCP is that
for the LCP we have initially F=¢ and for the GLCP ¢t FeI
and the LDLT decomposition of the matrix Mgp has to be
found. The initial process for the GLCP can terminate with
an indication of the infeasibility of the problem. Further-
more for the GLCP, the rows and columns iel are not
considered in the criteria for the choice of the entering

and leaving variables in the subsequent iterations.

6- A .Comparative Computational Study of the Principal
Pivoting Methods

In this section we present a computational investigation
of the three principal pivoting methods, whose descriptions
and implementations are presented in the previous sections.
To do this, some LCPs and GLCPs .taken from the literature

were tested. These test problems are presented below.
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(i) TPl ~ LCP and GLCP taken from elastoplastic analysis of

structures [24].

(ii) TP2, TP3, TP4, TP5 -~ LCPs and GLCPs randomly

generated by Stewart’ s technique described in ]38,.

(iii) TP6, TP7, TP8 -~ LCPs which occur in portfolio
selection models and are randomly generated by the
techniques described in |27]|. If n and m are the parameters

defined in that paper then

TP6 = n=200, m=53 TP7 - n=200, m=203 TP8 - n=600, m=2

In all these eight test problems the matrices are SPD
and sparse. We also considered three LCPs and GLCPs with sparse
SPSD matrices, which were randomly generated by Stewart's

technique described in |38].

The characteristics of the test problems and the
results of the experiments performed on their solutions by
the three principal pivoting methods are presented in
tables 1, 2 and 3. Murty s method was only tested with SPD
matrices, whereby is only referred 1in tablés 1 and 2. In
our experiments we used two versions of Murty s method,
which differ 1in the choice of the entering variable. We
denote by MURTY 1 and MURTY 2 the versions of Murty's
method which use the criteria (18) and (19) respectively.
After a number of experiments we concluded that for Graves
method the choice of ®he vector p such that pi =1 for all
i is in general the most satisfactory, whence we chose
p=(1,...,1)T in our experiments. For the GLCP we defined the

vector p such that

p; =0, iel and p; = 1, ieJ (46)
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All the experiments were performed in a CDC CYBER 720 of
the University of Porto. 1In the tables which contain the
results of the experiments, there are some parameters that

deserve some explanation and are presented below.
n = dimension of the problem = order of the matrix M
nonzer = number of nonzero elements of M = 2%nonz+n,

Where nonz is the number of nonzeros of M strictly below the

diagonal.

stor = total primary storage space given by (42)
nonzer
rsm = relative sparsity of M = —no
NI = number of simple pivot operations (a double pivot

operation 1is considered as two simple pivot operations) =

T
number of updatings of LDL decompositions.
NO = number of multiplications/divisions

T = CPU time in seconds
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& "
g n § stor | rsm MURTY 1{ MURTY 2| KELLER [GRAVES
’ 2
NI 530 328 346 | 350
TP1| 484 |9920 |18468 | 20.5 | Now10~® 3.5 1.9 2.8 | 3.5
T 222. | 142. 179. | 187.
NI 558 300 304 | 310
P2 | 600 {11442 |17463 | 19.1 | Nox10~® 1.6 | 0.89 | 1.1 |1.8
T 127. | 75. 91. | 103.
NI 658 408 444 | 418
TP3 | 800 [10920 16780 | 13.7 | Nox10® 1.9 1.2 2.6 1.8
T 161. | 113. 164. | 141,
NI 926 546 546 | 582
TP4 | 1000 [16382 |25021 | 16.4 | Nox10”® 4.k 2.6 3.5 | 5.4
T 354. | 218. 273. | 314.
NI 1005 | 783 785 | 819
TpS | 1500 | 9824 |14486 | 6.5 | Nox10~° 2.7 2.2 3.1 | 4.7
T 300. | 263. 334. | 364.
NI . 112 98 98 98
TP6 | 200| 1922 3035 | 9.6 | Nox107% 3.1 5.2 5.6 | 11.6
T 4.2 5.3 5.8 7.7
NI 174 104 104 116
Tp7 | 200| 801216083 | 40 |No*107° 5.5 4, 5.2 7.4
T 35.4 25.6 | 32.3 | 37.2
NI 301 279 279 291
P8 | 600| 9278]14535 | 16.5 | Nox10™> 2.9 7.7 8.4 |17.8
T 33.1 | 60.4 |64.9 |97.5

Table 1 - LCPs

with SPD matrices
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=
E n § stor | rsm MURTY 1| MURTY 2 | KELLER | CRAVES
2 §
¥ =]
NI 239 177 177 173
TP1 | 484 |9920 |18468 {20.5 | No*10~° 2.7 2. 3.1 3.4
T 187. 134. 187.| 189.
NI 521 277 279 287
TP2 | 600 |11442]17463 [19.1 | No*10™® 1.7 0.91 1.2 | 1.8
T 143. 75. 92. 106,
NI 413 281 283 287
23 | 800 | 10920] 16780 [13.7 | Nox10~® 2.5 1.7 2.5 | 3.1
T 202. 145, 190. | 204.
NI 724 476 476 494
TP4 1000 | 16382] 25021 | 16.4 | No*10~® 4.8 3.2 4.6 6.3
T 387. 263. 336. ] 376.
Table 2 - GLCPs with SPD matrices
=
E n § stor rsm e oLer
2 g
S g KELLER | GRAVES| KELLER| GRAVES
NI 225 243 108 118
TP9 | 300 | 5470 8355 |18.2 | No#10”® 0.66 1.2 0.52 0.95
T 49, 69. 37. 52,
NI 293 297 189 193
TP10 | 500 | 8224 12586 16.4 | Nox10 © 1.0 1.8 1.1 2.0
T 80. 103. 78. 100.
NI 562 572 462 470
P11 | 600 | 11518 17577]19.2 | nox107® 3. 6.2 2.7 | 5.5
T 318. 451, 277. 400.
Table 3 - LCPs and GLCPs with SPSD matrices




144 J.J. Jidice et al. | Direct methods for the solution of linear complementarity problems

From the results presented in tables 1 and 2 we can
conclude that the version of Murty s method that uses the
criterion (19) is in general the most efficent algorithm
for SPD matrices. Keller's method 1is usually superior to
Graves  method. Method MURTY 1 is usually the worst in
number of diterations. However, since the computational
work per iteration is very small, then it dis competitive
with the other methods. If there are very few deletions
from the set F during the whole procedure, then Bennett s
algorithm is almost never used and the version MURTY 1 might
be superior to even the other version of Murty's method.
This is particularly evident in the problems TP6 and TP8. On
the other hand table 3 shows that Keller's method is

usually superior to Graves method for SPSD matrices.

Recently, Pang and Chandrasekaran |28]| showed that if M
is a strictly diagonally dominant with positive diagonal
elements (MESDQ), then by a special choice of the vector p
it is possible to state that there are no deletions in
Graves method. This makes possible to implement the method
by a more efficient process [28|. If the matrix M 1is also
symmetric, then it is SPD |33| and we can compare this new
version of Graves method (denoted by GRAVES 2) with the
methods of Murty and Keller. To do this, we constructed
some problems with symmetric SDD+ matrices by a technique
similar to Stewart s (problems TP12, TP13, and TPl4). In
these three problems the matrix M is block diagonal. We
also constructed three other randomly generated problems
with no structure at all and we denoted these problems by
TP15, TP16 and TP17. The characteristics of these test
problems and the results of the comparative study are

presented in table 4.

The results presented in table 4 confirm those referred

before, that is, that Murty s method with criterion (19) is
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=
g n § stor rsim MURTY 2 KELLER GRAVES 2
A 2
NI 255 255 255
P12 | 500 | 3090| 4914 | 6.1 NO*10™> 1.9 2.0 3.1
T 27.9 33.2 39.8
NI 385 385 385
™13 | 800 | 4904 | 7298 8.1 NO*10 4.3 4.4 7.5
T 68.9 74.2 95,
NI 455 455 455
TP14 { 1000 | 4098 | 6822 4.1 NO*IO-S 4,3 b.b 10.9
T 79.7 95.6 118.3
NI 297 297 297
TP15 | 600 | 3980 | 28487 6.6 NOMO—5 11.4 15.4 12.4
T 86.7 113.7 94.7
NI 389 389 389
TP16 | 800 | 3614 | 18978| 4.5 NO*IO—5 5.8 6.7 10.4
T 70.7 87.6 94.4
NI 465 465 465
217 | 1000 | 3486 | 11472 3.5 NO*10 > 4.2 4.3 12.7
T 78.9 95.6 116.5
Table 4 - LCPs with symmetric SDD+ matrices
the most efficient method for SPD sparse matrices and

Keller s method is usually superior to the modified Graves!

method.

The computational study presented in tables 1, 2, 3 and

4 indicate that the execution time for solving LCPs and
GLCPs by the principal pivoting methods depends on the
number of wupdatings (compare the two versions of Murty's
method), the relative sparsity (compare problems TP6 and
TP7) and the £fill-in that occurs in the updatings, which
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can be seen by the value of stor. The reduction of the fill-
in is usually achieved by the wuse of ordering algorithms
such as those described in [11]|. These élgorithms are
heuristic and the minimum—degree algorithm is considered
the most efficient for reducing the fill-in for sparse SPD
or SPSD matrices without any special structure [7]. However
the use of this algorithm and subsequent symbolic phase to
construct the static data structure require a certain
amount of time, which is proportional to the value of stor
as is shown in table 5. In that table, TO and TS represent
the CPU time 1in seconds for ordering the rows and columns

and for performing the symbolic phase, respectively.

Problem | TO | TS Problem TO TS Problem{ TO |TS

TP1 14.6|1.4 TP7 | 12.9 | 1.6 TP13 (5.9 |0.5

TP2 11.9)0.9 TP8 24.4 | 0.9 TP14 [6.6 |0.5

TP3 10. |0.9 TP9 5.3 10.4 TP15 160. |6.6

TP4 16.3]1.2 TP10 7.5 0.6 TP16 {28.21(3.4

TP5 18.410.9 ° TP1l | 12.4 (0.9 TP17 14;§~1.5

TP6 1.710.2 TP12 2.9 |o0.3

Table 5 - CPU time in seconds for ordering and symbolic phase
The use of the minimum-degree algorithm 1is not so

recommendable for LCPsand GLCPs whose matrices have special
structures, where the use of dissection, band or envelope
faster techniques |11]| seem more advisable. In these cases
the data structure for the implementation of the methods are
not exactly the same. An example of this type of LCPs are
those which occur in the discretization of ordinary
differential equations by finite-differences or finite

elements |5,6|. These matrices have a band structure with
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very few or no zeros inside the band. Since these matrices
are stored by using rectangular arrays, that contain all
the elements inside the band |11, chapter 4|, then our
implementation does not seem the most recommendable in this
case. However,in order to get some more experience with real

(TP18,TP19,TP20), taken

from |6], whose matrices are tridiagonal and symmetric

problems,we solved three LCPs

SDD, . The results of these experiences are presented in

table 6 and confirm those referred before for the other

SDD+ matrices.

Problem TP18 = n=500 Problem TP1l9 = n=800| Problem TP20 - n=1000
Method =% =% =

NI | NO%*10 T NI | NO*10 T NI { NO»1l0 T
MURTY 2} 251 0.95 21.1 412 2.53 54.8 507 3.85 95.6
KELLER | 251 0.96 25.7 412 2.54 67. 505 3.8 90.1
GRAVES 2| 249 2.8 29. 410 7.3 75.8 499 111.2 116.3

As a conclusion

of

this

comparative

study

Table 6 - LCPs with tridiagonal symmetric SD%_ matrices.

we can say

that Murty s method is usually the most efficient method
for solving LCPs or GLCPs with sparse SPD matrices. The
efficiency of Murty’'s method can be improved 1if it is
possilble solve a less number of systems. This can be

achieved by having in each iteration more than one

entering

matrix (see |5|). In fact,

(and
possible if the matrix M of the

leaving)

variables.

This
LCP or

modification

GLCP is

substantial savings

is

a Minkowski

in execution

time are achieved if in' each iteration all the basic wvariables such
that ﬁi<Q are leaving variables. This is "~ shown in [5] for
tridiagonal matrices and our experience showed that we
usually solve LCPs and GLCPs in 1less than 5% of the




148 J.J. Jidice et al. | Direct methods for the solution of linear complementarity problems

execution time by incorporating such modifications din
Murty s method. We are currently doing research on

designing rules based on this idea for SPD matrices which
are not Minkowski. Our computational experience with such
criteria has been quite eﬁcouraging but it is still soon to

get any final conclusions.

Murty s method can also solve LCPs and GLCPs with
unsymmetric P-matrices [23]|, whereby it <can be used for
such problems with wunsymmetric SDD, matrices. For these
matrices it dis not necessary to permute rows and columns
for stability purposes |36, chapter 4,. So it seems that a
similar implementation of Murty's method can be done for
SDDy matrices, which uses LU decompositions of the matrices
Myp and updating procedures for the LU decomposition of

these matrices. This is currently under investigation.
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DETERMINAGAO DO MINIMO GLOBAL
EM PROBLEMAS DE SINTESE DE ESTRUTURAS

L. M. C. Simdes
Professor Auxiliar, Departamento de Engenharia Civil, Universidade de Coimbra (Portugal)

Resumo

Neste artigo sio descritas duas estratégias que permitem a obtengfio do Gptimo global de estruturas
calculadas para um consumo minimo de material. Sdo apresentados, pela primeira vez, em
problemas de optimizagdo de estruturas, exemplos de comportamento nfio convexo deste programa
bilinear. Indicam-se duas versGes da primeira metodologia, do tipo "branch and bound" B&B). A
segunda, que corresponde a um desenvolvimento original, é do tipo "cutting plane" (plano de
corte), deduzida a partir de uma generalizagio do algoritmo de Benders, que € resolivel por
cédigos para programas lineares mistos. Se a escolha das secgdes se limitar a um conjunto discreto
de alternativas, verfica-se uma convergéncia mais rdpida para o mfnimo global, num niimero finito
de passos.

1. Introdugo

No 25° ano a seguir ao trabalho publicado por Schmidt na segunda Conferéncia em Métodos de
Computagio Electrénica [16], pode dizer-se que as técnicas de programagfio matemdtica tiveram um
lugar privilegiado no desenvolvimento de novas metodologias paré o célculo estrutural auxiliado
por computadores. Entre as aplicagdes mais correntes, refere-se a determinagio do peso minimo de
uma estrutura de topologia constante. A literatura especifica € tdo numerosa que se poder4 remeter o
leitor para a recolha bibliogréfica [19].

Os métodos que tém sido apresentados mais frequentemente para solucionar esses problemas
podem ser catalogados em duas categorias: critério de optimalidade e programagio matemadtica. O
primeiro € baseado na minimizagdo do Lagrangeano e o outro decorre da aplicagfo de métodos de
optimizagdo ndo-linear.
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De um modo geral, aceita-se que qualquer das alternativas possui falhas devidas & natureza
nfo-linear e ndo-convexa do problema. Nio € possivel garantir que o minimo local, fornecido por
métodos que assentam num comportamento convexo, € também o minimo global,

A determinagdo do volume minimo de uma treliga que se comporta de uma forma eldstica € um
exemplo desses problemas. Contudo, como na literatura ndo existem referéncias relativas ao
comportamento nio-convexo deste tipo de estruturas, este trabalho foi iniciado com a apresentagido
de situagdes em que se verifica a ndo convexidade do dominio, em sintese de estruturas.

Foram escolhidas duas das estratégias mais apropriadas a optimizagfo nfo-convexa. O método de
B&B, que permite a convergéncia para o minimo global, pode ser aplicado a solugfio de problemas
com varidveis separdveis (por exemplo, as fungGes de uma varidvel e o produto destas). Este
algoritmo é competitivo, dado que em cada né se resolve um programa linear. Séo resolvidos
problemas por esta metodologia e apresentados alguns resultados da experiéncia computacional do
autor.

Em alternativa, propde-se uma generalizagio do algoritmo de Benders em que sfo utilizadas
fungdes duais em lugar de varidveis duais, Deduz-se um programa "master” que é equivalente ao
programa matemético do peso minimo. O "master” ¢ um programa linear misto (varidveis reais €
0-1), que se pode resolver de um modo eficiente, O desenvolvimento apresentado € original, sendo
complementado com um exemplo de aplicagfo.

2. Exemplos de comportamentos nio-convexos em programas bilineares de optimizagio de
estruturas

Os exemplos a seguir indicados servem para ilustrar alguns dos problemas que surgem, quando se
pretende efectuar a sintese de estruturas que se comportam de um modo eldstico.

2.1. Calculo de uma grelha

A grelha representada na figura 1 € constituida por vigas "sandwich" ortogonais e suporta um
carregamento perpendicular ao seu plano.

Supondo que a geomeltria da estrutura € conhecida, incluindo o ndmero de vigas, comprimento dos
vios e condi¢des de apoio, as restrigdes vao estar relacionadas com as tensdes por flexdo no né B

(provocadas pelos momentos my e m3) e tensdes por flexdo nas secgdes criticas entre os nés AB e
BC (provocadas pelos momentos my € my, respectivamente).

Pretende-se calcular a drea das secgBes y1 € yp, de modo a minimizar o volume da grelha, isto €:

min 11 Y1 + 12 Y2 (1)
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ly/2

14/2 2

‘4

Z
)2 l,12

Z
’ l
Fig. 1 - Grelha,

onde 1y el sdo os comprimentos das vigas que se cruzam perpendicularmente. Variando
simplesmente y{ € yj, de modo a representar o domfnio admissivel da grelha, indicam-se a seguir

duas situagdes em que o comportamento € nfo convexo.,

12 CASO
Supde-se a actuar em toda a grelha, uma carga uniformemente distribuida q; =0.8 = q9, sendo a
carga pontual P nula.

2 activo

L 4
22 & H,activo

o1 s M, activo

1€ % .
1e % «— Dominio
1% Z

16 % f

1% %

106 contorno
da F.O.

S

2 [A [ 8 10 12 14 16 18 20 22 2¢ Y

® minimo local

et el T cithe B B

Fig. 2 - Dominio da grelha para o 12 caso.
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Os comprimentos das vigas sdo 1) =30 e 1, = 31. Considera-se que quer os momentos estdticos

Wi, quer 0s momentos de inércia Ij sfo directamente proporcionais & drea das secgGes, ou seja:
wj=0._5 I Ij=0.3 yj j=12 2)

O problema daf resultante possui os trés 6ptimos locais indicados na figura 2.

2°CASO

Considera-se outra situagdo de carregamento a que corresponde uma carga uniformemente

distribuida qy = 1.2 = g9 ¢ uma carga concentrada P =25.0
Os comprimentos das vigas passam a ser 1} =21. e lp =24, As novas relagdes que ligam as

caracter{sticas geométricas das secgdes sdo:
W= 5. Yj ; Ij =25. ¥j (3

Nestas condi¢des seriam apenas obtidos os dois minimos locais representados na figura 3.

a M, activo
B M activo

\:ontorno )
a F. 0, ™—a

@ minimo local

Fig. 3 - Dominio da grelha para o 2° caso.
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2.2. Minimizagfo do peso de uma trelica com dez barras

O segundo exemplo diz respeito & minimizagdo da treliga hiperstdtica da figura 4 que estd sujeita a

ac¢do de duas cargas verticais. Limitando as tensées admissiveis a $j = + 2.5, os deslocamentos

méximos d; = + 3.5 e para um vector das cargas nodais A igual a:

AT 2 [0. 0. 0. -10. 0. 0. 0. -10.]

Para manter a topologia da estrutura, imp3e-se um limite inferior na 4rea das barras 3 de 0.1

Fig. 4 - Treliga de dez barras.

Obtém-se duas solugdes Sptimas a seguir indicadas;
OF =219.93

a 487 0.0 356 241 01 1.2 94 343 341 0.1
] 04 -03 -06 04 22 00 29 -08 08 07
d 02 -35 -10 -35 04 -13 0.6 -3.5
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OF =223.34

a 487 0.1 381 233 01 01 137 331 330 0.1
s 04 00 -05 -04 13 00 20 -09 09 00
d 04 35 -10 _-35 04 -13 05 -2.6

Qualquer destes pontos é uma solugio das equagbes de Kuhn-Tucker e corresponde a um conjunto
especifico de multiplicadores de Lagrange. Ambos minimizam localmente o volume da estrutura.
Qualquer direcgfio que ligue estas solugSes possuird, pelo menos, um ponto fora do dominio do

problema, ou entdo um volume superior ao minimo local.

3. Métodos de ""branch and bound"

Em face da existéncia de minimos locais nos problemas de optimizagfio com restrigdes bilineares, é
necessdrio desenvolver métodos de programacgio matemdtica adaptados a esse tipo de
comportamento ndo-convexo. A estratégia B & B converge para o minimo global dado que o
dominio inicial, ndo-convexo, € substituido por uma sequéncia de dominios convexos que se
intersectam (utilizam-se para isso fungdes convexas, que subestimam as fun¢des ndo-convexas do
problema inicial). Como se sabe, se um programa matemdtico tiver uma fungfo objectivo convexa e
um dominio convexo, qualquer solugdo local € também a global.

Os dois ingredientes principais desta metodologia sdo uma 4drvore combinatéria (cujos nés vao
sendo definidos) e limites superiores e inferiores associados a cada né da drvore. Nestas condi¢Ses
é possivel eliminar um grande nimero de solugGes possiveis sem ser necessdrio calcul4-las.
Tratando-se de um algoritmo de enumeragio implicita, a sua eficiencia pode ser bastante melhorada
se se partir de uma boa solugfo inicial, pertencente ao dominio do problema (que fornece um limite
superior adequado).

Pode-se eliminar uma solugdo parcial em cada uma das situagdes seguintes:

1. Chega-se a uma solugfo que pertence ao dominio do problema inicial;

2. O subprograma em que se utilizam subestimativas, ndo tem solugéo;

3. Nio € possivel encontrar uma solugdo nesse dominio com um peso inferior ao da estrutura
utilizada como limite superior.

Se uma solugdo parcial for eliminada, isto significa que todas as continuag¢des desse né foram
enumeradas de um modo implicito (e por esse motivo nfo é necessdrio enumeré-las explicitamente).
O algoritmo termina quando o Ultimo né for eliminado; o éptimo global corresponde a estrutura que
d4 o menor limite superior.

Tem de se assegurar que nenhum dos nés € estudado mais de uma vez, ou omitido no cdlculo,
sendo necessério varrer a drvore combinatdria.
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3.1. Transformacio de funcdes factordveis em subestimativas convexas
As expressdes bilineares do tipo:
px+qy+kxy ©)

sdo casos particulares do tipo de programas que envolvem fungdes factordveis.

Como a subestimativa convexa de uma expressio linear é ela prépria, é necessério determinar a
envolvente dos termos em que surgem produtos de varidveis. Considere-se a fungio f(x,y) =x y
definida entre os limites:

as<x<b ; csy<d ®)

Nos semi-espagos em que as varidveis sfo todas ndo-negativas, os valores da fun¢do nos cantos do
domfnio coincidem com a subestimativa, Como sfo suficientes trés pontos para definir um plano
em 3-D, a fungfio € subestimada por um de dois planos que se intersectam, segundo uma recta
determinada a partir dos cantos que correspondem a valores intermédios da fungdo bilinear,
Toma-se para subestimativa convexa a coordenada z no plano mais préximo da expressio
factordvel:

zy=cx+ay-ac 6)
zp=dx+by-bd )
z=max { 21,2y } <f(x,y) =xy 8)

De um modo semelhante para sobrestimativas cncavas, consideram-se dois planos que se
intersectam segundo uma recta determinada a partir dos cantos a que correspondem os valores mais
elevado e mais baixo da fungfo bilinear, Tira-se a coordenada no plano mais préximo da fungfo

inicial;
z{°=dx+ay-ad ®)
z°=cx+by-bc 10
2% =min { 2;°, 2,0 } 2 f(x,y) =x y (11

Note-se que t&ém que adaptar-se estas aproximagdes quando se consideram os outros quadrantes.
De realgar que a fungfo subestimativa z (e sobrestimativa z°) nio ¢ diferencidvel em todos os
pontos do seu dominio. E contudo possivel ultrapassar esse obstdculo através da construgiio de um
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programa linear (PL) equivalente. A maneira mais simples de o fazer consiste em adicionar algumas

restrigdes e varidveis. O programa matemadtico:

min cT x 12)
sa Axz2b (13)
fo+max{g1Tx,g2Tx]sh (14)
pTx+min[q1Tx,q2Tx}2r (15)

€ pois equivalente ao PL :

min ¢ x (16)
sa Dx=2e amn
fTx+u<h (18)
pTx+v2r 19)
nglTx ngZTx 20)
qulTx quZTx 21)

Esta formulag@o ndo € a tnica possivel. Recomenda-se a introdugdo de mais varidveis quando
aparecer o mesmo termo nfo-diferencidvel em vdrias restrigdes.

Se as relagBes em que entram termos bilineares forem igualdades, como € o caso das equagles de
equilibrio no método dos deslocamentos, essas equagdes devem ser substitufdas pelo par de
inequagbes equivalentes. Isto conduz a um grande aumento do niimero de varigveis e restrigdes.
Pode-se contudo demonstrar que nos problemas de optimizagio de estruturas uma dessas
inequagBes € sempre ndo-activa, pelo que nio € necessdrio consider-la, o que reduz de um modo
significativo a dimensdo de cada PL.

3.2. Sequéncia de fora para dentro

E apresentado a seguir o algoritmo de Soland [18] para restriges separdveis, que foi adaptado pelo
autor as fungdes subestimativas convexas acima descritas.

Na primeira iteragfo, considera-se o programa linear (Pp), cujas restrigdes sdo as subestimativas
convexas que substituem as restrigdes do programa bilinear. A solugdo xP de (Pp) € um limite

inferior do 6ptimo que se pretende determinar,

min ¢T x (22)
sa Ax2b ; (23)
lpSx<L, (24)
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Se xP ndo pertencer ao domfnio do problema bilinear inicial, tem de se restringir o dominio do
problema, de modo a ser obtida uma solugfio que se encontre no dominio do programa bilinear.

(Pp) € pois substituido por um conjunto de subproblemas definidos de entre os limites do problema

inicial, dado que existe uma solugdo éptima x* para pelo menos um dos problemas j ¢ WP .
Calculando as solugdes de todos os subproblemas daf resultantes, seja:

xS = minj ¢ WP T xj (25)

Se xS for uma solugdo que nio pertence ao dominio do programa bilinear, vai-se substituir um dos
problemas correspondendo a um subdominio de WP por um conjunto de subproblemas.
Entdo, faz-se p=p+1. O problema s & substituido pelo conjunto WP, de modo que

WP = (wp-l - {s}) u WS contenha uma solucdo éptima do problema inicial para pelo menos um
dos programas WP ,

Para cada j € WP, ou xJ ndo pertence ao domfnio do programa bilinear, ou cTxi>eT x* . Isto
significa que se realizou algum progresso para a solugio final.

A drvore combinatéria vai ter um dos seus nés identificado pelo subpréblema j e os problemas que
substituem j no conjunto WP estdo nas extremidades dos ramos que partem para baixo desse né.
Em qualquer situagfo intermédia, no decurso da resolugdo do problema, pode-se identificar o
conjunto WP como sendo o conjunto de nés que constituern folhas da rvore.

Cada né depende do limite superior v, determinado pela solugfio até af encontrada de minimo
volume, Qualquer folha cujo limite inferior seja estritamente inferior a v estd activa. Se isso nio
acontecer, corta-se esse né, o qual nunca mais € considerado nas iteragdes seguintes do algoritmo.
Prossegue-se esta metodologia até que cada folha seja cortada.

Além disso, € necessdrio definir (de um modo heuristico) uma regra de refinamento, que permita
dividir os limites das varidveis que véo originar os novos subproblemas: Escolhe-se o fndice i da
varidvel que maximiza a diferenga entre o termo bilinear e a subestimativa convexa na restri¢do que

mais violaria as restri¢des do programa bilinear usando x5 , O intervalo f1;,L;] € pois subdividido
nos intervalos [l;,x] e [x;L4]

Deste modo, logo que se escolhe um né para ramificar, a partigio do seu dominio s6 depende da
solugio do subproblema onde surgem as subestimativas convexas, nio estando relacionado com
outras parti¢Ses a0 mesmo nifvel da 4rvore. Este procedimento corresponde a uma forma mais fraca

do teorema de convergéncia, dado que ndo é obrigatério completar as parti¢Ges dos intervalos no
mesmo nivel da 4rvore, reduzindo assim o nimero total de subproblemas que vai ser necessdrio

resolver,
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3.3. Aplicacio

O problema matemético seguinte possui restrigdes bilineares e é semelhante 3 determinagdo do
volume minimo de treligas (as varidveis x e y representam dreas das secgdes e tensdes nas barras,
respectivamente):

min X + Xy + X3

sa XyxXq4+x3%x6=0
3x1x4+1.2x9x5-%3%x6=10
5%4+x5+x6<2.5
d<xy55. A% <5, Jd<xg3<5,

0.$x4<25;0.<x5<2.5 ;-2.5<x4<0.

Este problema possui trés minimos locais:
OF X
3.53 0.1 333 0.1 0.0 25 0.0

360 05 30 01 05 25 -25
3.60 25 01 10 1.0 00 -25

Para representar este problema no convexo graficamente, ndo € possivel ir além de duas equagdes
a trés incégnitas sem se ser colocado dentro de um subespago do problema. A figura 5 representa
uma perspectiva onde séo imprimidos todos os valores da fung#o objectivo abaixo de um dado
nivel.,

Substituindo as fung@es factordveis pelas suas subestimativas convexas (dado que a determinacdo
das envolventes das fung@es lineares ¢ trivial), obtém-se (na formulagdo mais extensa) um PL com
10 varidveis e 15 inequages. Qualquer dos nés da 4drvore combinatéria é definido pelos limites nas
varidveis x; a xg . Na drvore combinatéria da figura 6, estio representados os resultados da
estratégia B & B, utilizando uma regra de refinamento fraca e uma ramificago do tipo alargado
(escolher em primeiro lugar o limite inferior mais baixo),

3.4. Experiéncia de computaciio
Foram utilizadas outras subestimativas convexas [17], que conduziram por vezes a problemas cuja

dimensdo € menor. Contudo, o nimero de subproblemas que seria necess4rio resolver cresce de
uma forma significativa, em virtude dessas aproximagdes serem mais grosseiras.
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F.O. F.O.
X
5.0 3 5.0
40~ 4400
_‘
3n0" —3.:0

Fig. 5 - Gréfico para diversos valores de x; e xg mantendo xg constante.

Nesse trabalho foram igualmente abordados outros tipos de exploragio da drvore combinatéria.
Utilizou-se uma estratégia alternativa, que consistia em escolher sempre o né direito do nfvel
inferior até se chegar a um né que seria eliminado; voltava-se atrds na 4rvore e prosseguia-se,
utilizando a mesma regra até serem percorridos os nés remanescentes. Esta estratégia (oposta & que
consiste na escolha do né associado a subestimativa cuja fungio objectivo € mais baixa), embora
reduzisse o espago de armazenagem necessdrio, iria aumentar o mimero de programas lineares que
seria necessdrio resolver entre 30 e 35%.

A regra de ramificagfio que € seguida para subdividir o intervalo da varidvel, cuja aproximagio mais
se afasta do valor real, tem uma influéncia mais marcante. Se o intervalo for dividido ao meio, em
lugar de se utilizar a informagio do programa que utiliza subestimativas convexas, o niimero de
problemas necessério para obter o minimo global cresceria entre 70 e 80%.
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Fig. 6 - Arvore combinatéria correspondente a sequéncia de fora para dentro.

3.5. Sequéncia de dentro para fora

Um algoritmo alternativo de B & B que foi inicialmente desenvolvido por Reeves [14] para o tipo
de programag@o em que, quer a fungfo objectivo, quer as restrighes presentes, sdo quadriticas pode
ser igualmente aplicével a problemas nos quais as restrigbes e/ou a fungdo objectivo sio redutiveis a
formas factordveis. Cada iteragiio vai ser efectuada sobre um subintervalo do dominio inicial, dado
pelos limites nos valores das varigveis.

Basicamente este algoritmo € constituido por trés passos:

No primeiro passo de cada iteragéo determina-se um ponto base a partir se efectuam as operagdes
de "branch and bound". Os 6ptimos locais de programas convexos que determinam o volume
minimo s#o valores que asseguram 2 partida melhores resultados, embora seja possivel iniciar o
algoritmo em pontos que nfo sejam minimos locais (ou mesmo pertencentes ao dominio do
problema com restrigdes bilineares). Quando se utiliza este tipo de al goritmo como verificagfo do
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resultado obtido pela aplicagio de métodos convexos, o minimo local encontrado € um ponto de
partida ideal.

Logo que seja especificado um ponto de partida, no segundo passo elimina-se o intervalo que o
rodeia. Se o ponto xV , onde V representa o nimero de iteragdes do algoritmo, pertencer ao
dominio do programa bilinear, elimina-se o intervalo para o qual xV éa solugdo global do
programa de optimizagdo em que se utilizam as subestimativas convexas. Este segundo passo
consiste em trés operagdes:

1. Divide-se o intervalo considerado em subintervalos que rodeiam o ponto base.

2. Define-se uma regido em cada subintervalo para a qual o ponto de partida é também o mfnimo
global do problema inicial.

3. Obtém-se um intervalo de eliminagfo a partir da unidio das regides eliminadas dos subintervalos
individuais.

No caso de se partir de um valor de xv, que ndo pertenga ao domifnio do programa inicial, define-se
um intervalo para o qual o PL obtido utilizando subestimativas convexas (LCE) ndo possui
qualquer solug#o; esse intervalo € igualmente eliminado.

No iiltimo passo do algoritmo, procede-se ao B & B. As regides que ainda n#o foram eliminadas
sdo divididas em subintervalos e para cada um destes resolve-se um LCE. Os limites inferiores daf
resultantes, sdo comparados com o valor do limite superior mais baixo v que percente ao dominio
do programa bilinear e sfo eliminados, caso o igualem ou excedam. Se ainda restar algum
subconjunto do dominio inicial do problema inicia-se nova iteragfio, tomando um ponto base
situado dentro do intervalo ndo eliminado.

Na figura 7 estéio representadas as duas estratégias B & B descritas.

R

O NN
%% x¥

Reeves Soland

Fig. 7 - Estratégias de Reeves e Soland.

O critério de paragem, que permite a verificagfo do minimo global para valores limites fixados,
requer que a solugdo xV dada pelo LCE nesse intervalo esteja também no domfnio do programa
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bilinear. Isto implica, atendendo as subestimativas convexas donde se partiu, que o valor éptimo

das varidveis de decisdo se encontra num ponto extremo.

3.6. Aplicaciio

Nesta secgdo aplica-se o método de Reeves como verificagio do volume minimo de uma treliga de
trés barras, obtido por rotinas de programagfo convexa. Considera-se a trelica de trés barras
representada na figura 8 e que estd sujeita a duas condigdes alternativas de carregamento. SupSe-se
que as varidveis de decisfio (dreas das sec¢Ges), podem variar de uma forma continua.

y X

1%condigio

de carregamento

2 condlg Jo r%

de carregame j
/|

Fig. 8 - Treliga de trés barras sujeita a duas condi¢des alternativas de carregamento.
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Utilizando o método dos deslocamentos, pode escrever-se o programa:

min v2aj+ay+v2aj

sa (v2/2)agdyl + 17285 ;1 +dyl) =40,
1225 [yl +dyl) + (v2/2) a3 dy = 0.
v2/2)a; d12+1/2 a5 (d;2 + dy2) = 0.
1/2 a5 (12 +dy?) + (v2/2) a3 dy2 = 20.

0<(v2/2)dyl <5 ; -5<(2/2)d4%<0
0sw2/2)dl+dy)<s 1 0sw2/2@2+dy) <5

S5<(w2/2)dyl <0 i 0S(2/2)dy2<5
2 2

l.€a; <11, l.say<4. 1.33355

Depois de aproximar os termos ndo-convexos com as envolventes convexas dadas para fungdes
factordveis e estabelecendo para um dos limites do dominio os valores 6ptimos das varidveis de
decisdo no LCE daf resultante, tem-se para V = 1:

12 PASSO
O valor éptimo vai ser
OF =15.969 ; a; =7.024 ; a;=2.138 ; a3 =2.756

22PASSO

Em primeiro lugar, tenta-se eliminar todo o dominio de 2, ie.: [ajl’aju] para tantos valores de j
quantos seja possfvel. A intengfo deste procedimento € saber se é ou ndo possivel reduzir as
operagSes de B & B do 32 PASSO, de modo a minimizar o nimero total de LCE. Limita-se a
violagio méxima das restrigbes pertencentes ao programa bilinear e eliminam-se os pontos que
pertengam a este com um volume superior a0 minimo local. O intervalo de eliminagdo é obtido
depois de se resolverem 8 LCE duas vezes.

O intervalo de eliminagfo ser4:

gl = [5.69 1.852.22] ; e 1= [7.97 2.54 3.14}]
1 u
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Fig. 9 - Intervalo de eliminagfio no 22 passo, V=1,
32 PASSO

Em seguida toma-se a regido remanescente depois de ser removido o intervalo de eliminagfo e
efectua-se a sua parti¢io em 3x2 = 6 regiSes. Podem ser eliminados os subintervalos 1,2,5e¢ 6 (1L ¢
5, porque o LCE ndo tem solugfo nos domfnios respectivos; 2 e 6, porque as solugdes dos LCE

excedem o valor do minimo local).
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Fig. 10 - Intervalo de eliminag@o no 3 passo, V = 1.

Na iteragfo seguinte do algoritmo, V = 2, parte-se para o intervalo 4 a que corresponde o limite
inferior mais baixo. Como o ponto base ndo pertence ao dominio do problema, o procedimento é
simplificado. Nio é necessdrio proceder a qualquer subdivisdo e s6 se considera um intervalo.

O algoritmo prosseguiria, terminando apds 8 ciclos que compreenderiam 78 LCE.
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3.7. Discussio

Muitas vezes em problemas de optimizagdo de treligas, o 6ptimo que & encontrado por rotinas de
programagio convexa € o 6ptimo global. A sequéncia de dentro para fora serve como processo de
verificagdo, em que se estabelece se esse minimo € global ou se & possfvel encontrar um valor
melhor. Além disso, tomar como ponto de partida um mfnimo local aumenta a possibilidade de os
problemas que utilizam subestimativas convexas ndo terem solugfo, ou de a solugio obtida exceder
o valor do minimo local.

Do ponto de vista tedrico,o0 niimero de subintervalos de eliminagfo definidos 2 volta do ponto base
(no 22 Passo do algoritmo) cresce exponencialmente com o niimero de varidveis, o que constitui
uma grande desvantagem desta metodologia. Um factor que tende a diminuir a importincia deste
argumento € que a medida que aumentam as dimensdes do problema, aumenta também a
possibilidade de nfo ser necessdrio explorar grande parte destes subintervalos. Outro aspecto
negativo deste algoritmo, tem a ver com a determinagdo do intervalo a eliminar, que rodeia o ponto
base. Este intervalo € obtido por tentativas, o que significa que os subproblemas (cujo niimero

cresce, em potencial, exponencialmente) tém de ser resolvidos mais do que uma vez.
4, Método da Decomposiciio de Recursos

O algoritmo da decomposigio de recursos de Benders tem sido até agora utilizado para resolver
problemas convexos e parcialmente convexos (eg: [7]) que envolvam dois tipos de varifveis. Tem
uma interpretagio em termos econémicos, vendo os inultiplicadores de Lagrange como pregos
sombra de uma estratégia de decomposigo que ndo é totalmente descentralizada, O érgfo central
produz as decisGes finais atribuindo pesos 6ptimos as propostas de cada um dos subsistemas,
tendo sempre em atengfo as ofertas anteriores.

Se o conjunto de varidveis y na minimizagio com restrigSes bilineares for fixado, o problema nas
varidveis x daf resultante é bastante simples. Embora o problema inicial seja nifo-convexo
considerando simultaneamente as varidveis x ¢ y , mantendo y constante ter-se-4 um problema
linear em termos de x para resolver. A ideia fundamental, que permite ao problema (P) :

min cly (26)
sa glx+xTHy2b; ; i=1,..m @7
i i¥Y =04
0<y<¥max ie: yeY (28)
X SX<xy ie: xeX 29)

ser visto no espago das varidveis x € o conceito de projecgo:
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min v(x) (30)
sa xeXnV (31)
onde

v(x) = infimum el y (32)
sa giTx+xTHiy—bi20 (32)
0<y<ymax (33)

e se tem: N
V=(xgTx+xTHjy-b20parayeY) (34)

Note-se que v(x) € o 6ptimo de (P) , mantendo x fixo. Determinar v(x) € consequentemente muito
mais fécil do que resolver o programa com restrig8es bilineares.
Considere-se (P(x)) o problema de optimizagdo:

T

min c'y (35)
sa giTX +XT Hiy - biZO ’ i= 1’_“’m (36)
0<Y<Ymax (37)

O conjunto V consiste nos valores de x para os quais (P(x))pertence ao domfnio do problema e a

intersecgio X n V € a projecgio do dominio do problema (P) no espago dos X, Como a fungio v e
o conjunto V s6 sdo conhecidos de um modo implicito através das suas defini¢es, torna-se dificil
utilizar o conceito de projecg8o do problema como forma de o resolver.

Para ultrapassar esta dificuldade utiliza-se um método de plano de corte que permita construir
aproximagdes para v e V. A ideia base consiste na utilizagfo da dualidade existente na programagao
linear aplicada a v e V, depois de projectar o problema inicial,

Resolve-se o problema "master” daf resultante, através de um processo de relaxago, o qual vai
gerar aproximagdesave 'V coﬂvergindo 0 processo para o éptimo global. Assim, determinam-se
os multiplicadores de Lagrange para (P(x)) correspondentes a diversos valores de x e que vio
sendo obtidos sucessivamente, adicionando-se tantos planos de corte ao programa "master"
relaxado quantos os necessérios até satisfazer o critério de convergencia,
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4.1. Formulagdo do problema "master"

O programa "master" (PM) que é equivalente a (P) é deduzido A custa de trés teoremas.

(A) Projectar (P) sobre x daf resultando (P(x)) .
(B) Invocar a representagfo dual de V em termos do conjunto de regides que o contem,
(C) Invocar a representagdo dual de v em termos do {nfimo do conjunto de fung@es que o dominam.

Manipulando estes resultados obtem-se o PM a seguir indicado:

min n (38)
S8 0- Ty m i O 510 + 3 jog n 16+ 2 o muit G THD{ Yimax 20
(39

- T imt,m O b5 - 810 * 2 o [ 2ot S THDT Yimax 20 40)

Simimu®=1 5 u$20 ; yf20 (41)

onde u;€ ¢ u;’ sdo multiplicadores de Lagrange correspondentes as fungdes de corte e apoio,
respectivamente.

O PM tem apenas interesse te6rico, j4 que possui um niimero enorme de restri¢des. No entanto,
pode ser resolvido através de uma sequencia de subproblemas; em cada iterag@o € resolvida uma
versdo relaxada do PM, que contém apenas algumas das restrigdes dos tipos (39) e (40).

Testa-se a solugfo (g,x) a fim de se verificar se pertence ou ndo ao dominio do problema, sendo
para isso resolvido o subproblema (P(x)) ou o seu dual. Acrescentam-se entfo novos cortes ou
fungdes de suporte, até que se chegue a uma solug#o final que satisfaga o critério de convergéncia.

Quer as fungGes de apoio, quer as de corte definem uma regifio linear cdncava, consistindo cada
programa "master" relaxado (PMR) da minimizagdo sobre uma regido linear cOncava (ie:
programagido nfo-convexa), do tipo representado na figura 11. Os termos [fo+e]+ que
representam disjungdes, quer nas fungdes de apoio quer nas fungdes de corte, podem ser

linearizados através das varidveis bindrias 8, de modo a transformar cada PMR num programa
linear misto (com varidveis reais ¢ 0-1), Tomando para limite inferior e superior da expressio
dentro de paréntesis L e U, respectivamente,

L<fTx+e<U 42)
0<s<1 43)
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¢ introduzindo a varidvel r, tem-se que [fT x+elté equivalente a:

r<suU r<@-DL+ (T x+e) (44)

T

FC V/ FECWW
ff—-/ %—Z—
o NF 7

X

Fig. 11 - Interpretagfo fisica do dominio do programa "master”.

Em alternativa a esta operagfio, que transforma o PMR num programa linear misto, pode reduzir-se
este a um programa de complementaridade linear. Para isso introduzem-se duas varidveisre q e a
condigfio de complementaridade ! q = 0, correspodentes a termo do tipo (fTx +e]*. Estas novas
varidveis estio relacionadas do seguinte modo:

q=r-fo-e “s)

Por este processo, reduz-se o mimero de restrigdes e evita-se a utilizagiio de varidveis bindrias.
Para aplicar a extensdo do método de Benders 2 optimizagio de treligas, é necessério que cada

varidvel ¥ esteja situada no semi-espago ndo-negativo, o que obriga a que x represente o vector

das tensdes.

Contudo, numa treliga, uma barra pode estar sujeita a compressdes ou tracgdes, mas no a esses
dois esforgos em simultdneo. Restringe-se a variagfio das tensGes em cada membro ao semi-espago
que € ndo-positivo, se o membro estiver comprimido e positivo, se estiver traccionado. A
expressio:

WTHSG -l * Yimax 5 0% < Vimax (46)

pode ser transformada em:
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[(uTij =95 jmin * Yjmax)1™ 5 Yjmin S ¥j S Yjmax @én

onde x ¢ y representam as varidveis de decisio e de estado, respectivamente, e se tem Yjmin 0¥

Yimax nulo,

4.2. Algoritmo de convergéncia rdpida para optimizaciio de estruturas

Os esforgos internos numa estrutura hiperstética sdo fungdo das secgbes das pegas. Uma treliga com
comportamento eldstico, possui como caracterfstica a invarifncia do vector das

tensdes/deslocamentos: se todas as dreas forem multiplicadas por um factor de escala p positivo e
para que as forgas dos membros permanegam constantes, € necessdrio multiplicar as tensées nos

membros por 1/ p; dado que os deslocamentos nodais sio uma combinag#o linear das tensGes nos

membros, seriam também multiplicados por 1/ p.

Tendo em atengfio estas propriedades, é possivel deduzir uma versio simplificada do algoritmo de
decomposigdo de recursos. Fixando o conjunto x das dreas, ¢ possivel determinar de uma forma
tinica o vector das tensdes que lhe corresponderia por inversdo das equages de equilfbrio. Se as
tenses/deslocamentos forem todas inferiores aos seus valores méximos seria possivel aument4-las ,

(0< p <1), de modo a reduzir o volume da pega até que aquelas encontrem a fronteira do sen
domifnio, Caso contrdrio, isto &, se as tensdes/deslocamentos forem syperiores aos seus valores

mdximos(em valor absoluto), as varidveis de decisdo teriam de ser multiplicadas por p > 1 de
modo a reduzir as tensdes/deslocamentos resultantes serem admissiveis. Deste modo, o vector das

dreas p x tem pelo menos um dos seus membros sujeito a uma tensdo admissfvel extrema, ou um
deslocamento méximo/minimo,

Cada PMR vai fornecer um limite inferior, que em cada iteragdo se aproxima do resultado final. Por
esse motivo, as varidveis de estado que correspondem as 4reas obtidas pelos PMR estdo fora do
domfnio do problema. Esse conjunto de 4reas permite obter um limite inferior [Tx e a partir destes

valores determinar um factor de escala p > 1. Isto acontece até que o valor de x obtido pelo PMR
seja o 6ptimo global do problema.

Pode entdo calcular-se o raio dual associado ao vector x, multiplicando por p as varidveis duais que
correspondem 2s equagdes bilineares de equilfbrio e mantendo constantes os multiplicadores
ligados 2s restantes restriges lineares activas.

Destas considerages resulta o program (ARC):
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min n = 1T x (48)
S8 -Zjegm O 0+ Zjng  ((Zimg m o© T Hj+£); (i1 + yj) T 20 (49)

xeX ;o e=luep (50)

que se pode converter do mesmo modo, quer num programa linear misto (com vardveis reais e
bindrias), quer num programa de complementaridade linear.

4.3. Aplicacio ao cilculo de trelicas cujas secgbes sio escolhidas de entre um conjunto finito de
pecas

O algoritmo descrito no pardgrafo anterior é facilmente convertivel 2 resolugfo de problemas de
sintese de estruturas em que as viriaveis de decisdo assumam valores discretos. Em cada iteragfio é
resolvido um programa linear misto (com varidveis reais e bindrias) (ARD).

A natureza de cada problema faz com que a solugdo de cada ARD multiplicada por p ndo constitua
uma solugio do problema inicial; por esse motivo ndo tem sentido desenvolver um critério de
terminagfo que se baseie na aproximagio dada pelo limite superior do problema. Deve-se contudo
realgar que, pelo facto das secgdes das pegas serem escolhidas de entre um conjunto finito de
alternativas, se garante a convergéncia de ARD para o éptimo global num nimero finito de passos.
Este programa é muito mais eficiente do que ARC, em que nfo é possfvel garantir que a
convergéncia seja finita, em virtude de todas as varidveis relacionadas com o comportamento da
estrutura serem continuas.

A treliga de trés barras que foi resolvida atrés, vai servir para mostrar como funciona este método
de plano de corte. Se se considerar que os membros diferem entre si de um valor constante € o
custo é proporcional 2 area das secgdes, torna-se apenas necessério introduzir a restrigio que obriga
aque aj, aj e ag sejam varidveis inteiras .

Fazendo no programa "master" relaxado:
x1=a1;x2=a2;X3=a3
representar as vardveis de decisdo (dreas) e,

y1=ditiyy=dpliyz=di? sy =dy?

os deslocamentos correspondentes, tem-se:



L. M. Simoes | Determinagdo do minimo global em problemas de sintese de estruturas 175

INICIALIZAGAO DO ALGORITMO:
Faz-se UB = +o0, LB = 3.828 (que corresponde a ap=ag=az=1)
e ¢ =0.000 (em virtude de se terminar com a solugfio exacta).

De dk=k-12K (k=12) tem-se:

dl = 40.-16.6T ; a2 = [-8.3 20T

Para determinar um conjunto de deslocamentos nodais pertencente ao domfnio do problema,

conclui-se que fazendo ¢ = 5.657 aumentaria as 4reas até que o conjunto de tenses ficasse dentro
dos limites permitidos no problema. Isto significa que o membro 1 teria uma tensio de tracgio
méxima quando se aplicava a estrutura a primeira condigio de carregamento.

A restrigio e = 1 € construida, fazendo:

1 [1. -0.414 0. 0. v2 0. 0. 0. 0. 0.]T

u

xTH| = [(v2/2x1 + 1/2xp) 1/2x5 0. 0]
xTHy = [1/2xy (V2/2x3+1/2x5) 0. 0.
xTHy= [0. 0. (v2/2xy+1/2xp) 1/2x,]
xTHy=[0. 0. 12x) (V2/2%3 + 1/2x9)]
fs =[-v2/2 0. 0. 0]

fg =[-v2/2 —v2/2 0. 0]

f7 =[0. v2/2 0. 0]

fg =00. 0. -v2/2 0]

fg =10. 0. -V2/2 -/2/2)

f10=10. 0. 0. -v2/2]
bl =[40. 0. 0. 20. -5. -5. 5. 5. -5. -5

Chega-se a desigualdade que corta a solugfo inicial;
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40, + 5Y2 + [V2/2 X + 1/2x) - 0414 1/2 x5 - V2 ¥ 2121 5v2

+[1/22y-0.414 (v2/2 x3 + 1/2 x)1¥ (-5v2) 2 0
ie.
-32.929 + (5x1 +2.071xy - 7.071)* + (-2.071x5 + 2.071x3) ¥ 2 0

Linearizando a restrigdo, quer introduzindo varidveis bindrias, quer por adigio de varidveis reais e

impondo a condigdo de complementaridade, a solugdo do programa "master" relaxado, n=LBé¢
13.728 :

X1=8 H X2=1 s X3=1
Invertendo as relagdes de equilibrio, obtem-se:

dl =16.724 -2.7841T ; d2 =[-1.392 17.148]T

concluindo-se que p = 2,42, para mobilizar o limite superior do deslocamento d22 . O vector

relativo aos multiplicadores de Lagrange para ep=2 vai ser:

u=[0. 0. -007 0.857 0. 0. 0. 0. 0. 2T

Sendo a nova restrigfo:
20.(-0.857) + 5v2 + {[-0.07(1/2xy + v2/2x{) + 0.857 1/2x9] (-5 v 2)}*
+[-0.07 1/2xp + 0.857(1/2 xp + v2/2 x3) - 2v2] (-5v2)}* 20

ou:
-10.069 + [0.35x | - 2.784x,]" + [4.235x3 - 2.784x, - 7.071]+ 2 0

O programa ARD tem por solugio n=LB = 16,142 ¢
x1=7 ; x9=2 x3=3
o pardmetro p = 1.005 , correspondente ao limite superior em dll . Vai ser portanto acrescentada

uma nova restri¢do ao ARD.

O algoritmo termina apds a 4* iteragdo (a que correspondem 4 planos de corte no ARD), para a qual
n= LB = 16.728 correspondendo a:
x1=7; xXp=4 ; x3=2

de modo que p =0.996 < 1, donde UB = 16.728 =LB .
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4.4, Discussio

Para se resolver o problema que surge por relaxagfio do "master" em cada iterago, pode utilizar-se
o método da decomposi¢io de Benders convencional, que teria a vantagem de reduzir
sensivelmente a metade o niimero de varidveis envolvidas em cada RMP. Além disso, por se
resolver em cada iteragfio um programa interrelacionado com o RMP das iteragdes anteriores, €
conveniente tirar partido dessas solugdes. A introdugfio de novos cortes € feita introduzindo
pequenas alteragSes no problema da iteragdo anterior e utilizando a capacidade de reoptimizar. Deste
modo, reduz-se o tempo de computagio em relagio ao que seria necessério para resolver todos os
RMP, independentemente uns dos outros.

5. Conclusées

Muitas vezes, quando se resolve um problema de sintese de treligas com comportamento eldstico
linear e cujas secg¢Ses podem variar de um modo continuo, o resultado obtido utilizando um
algoritmo de programagdo convexa coincide com o minimo global. Por esse motivo as
metodologias apresentadas neste artigo servem de técnicas para verificar os resultados obtidos. E
possivel ao utilizador controlar de um modo interactivo as aplicagdes destas técnicas que requerem
mais tempo de computagdo (e espago de meméria) do que qualquer algoritmo que forne¢a minimos
locais.

A introdugfo de restri¢es que condicionam a escolha da secgiio a um conjunto discreto, o que é
alids a situagfio real no projecto, aumenta a competitividade destes métodos de programagio
ndo-convexa. Em qualquer destas estratégias é possivel garantir a convergéncia para o minimo
global num nimero finito de iterages.
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The aim of the School is to give a state-of-the-art overview
of multiple criteria decision methods, applications and sofware
— a special attention will be give to the developments on micro-
computers. The course is adressed to beginning researchers
in such fields as computer science, operational research and
management science and to staff members in Government and
Industry involved in planning and decision making environments.
A degree (or its equivalent) in Enginneering, Mathematics, Com-
puter Science, Physics or Economics is required. Basic know-
ledge on multiple criteria decision methods is not necessary.

This third Summer School on MCDA has the same objec-
tives as the first (Sicily, 1983) and the second (Namur, 1985)
ones. It is not only intended to fullfill an apparent educational
need but also to bring together fully qualified researchers in
the different branches of MCDA, in order to stimulate the discus-
sion on unifying principles and general assumptions under-
lying the various MCDA approaches.

Contacts have been established with potencial lectures and
specialists. Till now the following persons have accepted to
cooperate: D. Bouyssou, J. P. Brans, J. Climaco, J. Dier,
G. Fandel, E. Jacquet-Lagréze, M. T. Jelassi, G. Kersten, A. Osta-
nello, B. Roy, J. Spronk, R. Steuer, L. V. Tavares, D. Vander-
pooten, Ph. Vincke, S. Zionts.

Conditions of participation and more detailed informations
concerning the School can be requested to Carlos A. Bana e
Costa (President of the Organization Committee) —IST/CESUR,
Av. Rovisco Pais, 1000 Lisboa) —, who will accept registrations
of participants till April 1988.
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da Investigacdo Operacional.

1.° CICLO DE FORMACAO

PREVISAO E STOCKS o PRODUC.AO @ DISTRIBUIGI\O
LISBOA-1987
26 - 28 Outubro ¢ 9-11 Novembro e 9-11 Dezembro
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PROGRAMA DOS CURSOS

PREVISAO E GESTAO DE STOCKS
(26 a 28 de Outubro de 1987)

Métodos de previsdo a curto prazo
Caracterizacdo probabilistica da procura
Politicas e parametros de gestio
Gestdo agregada de artigos

Aplicagdes informaticas

GESTAO DA PRODUGAO
(9 a 11 de Novembro de 1987)

Estrategias e estruturas produtivas
Planeamento da produgéo
Integragéo da producéo
Aplicagdes informaticas

DISTRIBUICAO
(9 a 11 de Dezembro de 1987)

Localizagao de instalagdes
Circuitos de distribuicdo
Programagéo de frotas
Aplicagbes informaticas

Os cursos tém caracter intensivo, durante trés dias consecutivos, das

9 as 17 horas, incluindo os almogos que sdo utilizados para prolongar
informalmente a discussdo dos temas em estudo.

INSCRICOES

Os interessados poderdo inscrever-se num ou mais cursos do ciclo,
fazendo chegar a ficha de inscricdo anexa até 14 dias antes do inicio
do curso, ou do primeiro dos cursos em que se inscreve, acompanhada
do pagamento respectivo. A admissao esta limitada a trinta participantes,
tendo prioridade as inscrigbes nos trés cursos do ciclo.

Os custos de inscrigdo, incluindo almocos e documentagdo, sdo os
seguintes:
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1 curso 40 mil escudos
2 cursos 70 mil escudos
3 cursos 90 mil escudos

Os socios da APDIO, individuais ou colectivos, tém 20 % de desconto.

Os pagamentos por cheque ou vale do correio devem ser enderegados
a APDIO —Associagdo Portuguesa para o Desenvolvimento da Investi-
gacéo Operacional.

OBJECTIVO DO CICLO

Stocks, producéo e distribuicio incluem-se nos sectores com maiores
efeitos nos custos industriais, sendo por isso areas preferenciais na busca
de economias. Porém, a sua gestdo é complexa devido a necessidade
de conjugar uma grande variedade de recursos, de forma eficaz, para
se atingirem os objectivos empresariais.

A Investigagao Operacional tem desenvolvido um conjunto de instrumentos
que ajudam o gestor a analisar os problemas e a encontrar as solu¢des
adequadas. A generalizacdo dos meios informéticos veio potenciar a
sua aplicagé@o. Com o presente programa de formagéo, a APDIO pretende
divulgar esses instrumentos no meio empresarial, associando-se ao
esforgo comum para o progresso econdmico do Pals.

O ciclo de formagé&o destina-se aos quadros técnicos envolvidos na gestéo
das operagdes industriais, Os cursos tém um cariz acentuadamente
pratico, com aplicagbes informaticas, sem prejuizo das consideracdes
tedricas indispensaveis para uma correcta utilizagdo. Cada curso é auto-
nomo, embora o seu conjunto aborde um bloco de problemas que estéo
naturalmente interligados.

APDIO

A Associagéo Portuguesa para o Desenvolvimento da Investigagdo Ope-
racional é uma sociedade cientifica que congrega a comunidade por-
tuguesa interessada em Investigacdo Operacional.
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Foi fundada em 1979 e € membro nacional da Federag¢éo Internacional
das Sociedades de Investigagédo Operacional (IFORS — International Fede-
ration of Operational Research Societies) e da Federacdo Internacional
de Controlo Automatico (IFAC —International Federation of Automatic
Control).

A APDIO tem cerca de 250 membros e realiza regularmente vérias acti-
vidades, de entre as quais se destacam a organizacdo de conferéncias
nacionais (de dois em dois anos), simpdsios e conferéncia{s internacionais
(«XXI Journées Européennes sur 'Aide a la Décision Multicritere» (28-29
de Mar. de 85), «<OR Models on Microcomputers» (25-27 de Set. de 85),
«IFAC85 on Systems Analysis Applied to Water and Related Land
Resources» (2-4 de Out), «<EURO VIIl, 8 th European Conference on
Operational Research» (16-19 de Set de 86)—a publicagdo de uma
revista cientifica (com artigos de investigagéo e sobre o estudo de casos
reais), a distribuicdo de um jornal de indole informativa e a criagdo e
apoio a equipas que se dedicam ao estudo de problemas sectoriais,
tais como os grupos de «Optimizacé@o», «Sistemas Industriais», «Trans=
portes», «Automacdo e Controlo Optimo» e «Sistemas Regionais».

A APDIO tem também desenvolvido ampla actividade a nivel internacional,

tendo estado envolvida na criagdo de uma associacdo Latino-Americana
(ALIO) de sociedades pertencentes & IFORS.

INFORMACOES

Os pedidos de informacéo poderdo ser dirigidos

APDIO
Associacdo Portuguesa para o Desenvolvimento da Investigacéo
Operacional

IST —CESUR

Av. Rovisco Pais

1000 LISBOA

Tel. 8074 55

Telex 63423 IST UT LP
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