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ABSTRACT

The objectives of systems analysis are to analyze specific systems
in order to solve predesignated problems, These objectives are at vari=
ance with those of the empirical sciences; which attempt to discover
general laws, Since the two objectives differ, the method of systems
analysis differs from the méthod 6f science., Ih an attempt to evolve
a general method for systems analysis, the matrix-network approach for
thé analysis of complex man-machine systems is presented. This approach
consists 6f seven steps which show how a system can be structured and
how mathematical models of systems aspects can be incorporated into the
over=all analysis. However, some of these steps involve,; besides formal
rules,; the judgment of a knowledgeable analyst. To delve deeper into
this judgment function, various logical, methodological, and psychologi=
cal aspects concerning this function are discussed by different authors.
On the basis of these disciussions the principal author develops require=
ments which must be met by successful approaches to the structuring of
complex systems.
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PREFACE

For thée past two years the Air Force Office of Scientifie Research
of the Offiece of Aerospace Research has sponsored a study by Stanford
Research Institute on the structuring of complex man-machine systems
under Contract AF 49(638)-=1020. This i& the final report of the work
whieh was performed under this sponsorship.

The first year of the project was devoted to the development of the
logic of the matrix-network approach to the analysis of complex systems
and resiilted in Air Force Technical Report AFOSR-2136, which contained
essentially Chapters II and II1 of the present report. The development
of this logic led me to the recoghition of the importance of the concept
of "the knowledgeable analyst' to systems analysis. Therefore, I asked
Charles J. Erickson, Dr. John B. Fink, Dr. Maurice Rappaport, and Leonard
Wainsteih to assist me in exploring this c¢onceépt. The results of their
respective investigations are contained in the chapters they contributed
to this report. As we hope to indicate by the individual authorships
for each chapter, éach author is responsible only for the chapter written
by him, and I alone am responsible for the editorship of the entire report.

The ideas expressed by myself in this report are really an outgrowth
tion in which I have been involved over the past decade. In this coinnec=
tion special acknowledgment is due to several people. Among these are:
Elmer H. Smith of the University of Michigan, who encouraged my early
work in this field; Albert Shapero of Stanford Research Institute, who
introduced me to the matrix preésentation and the threefold classification
of systems elements; and Dr. Harold Wooster of the Air Force Office of
Scientific Research, who gave the impetus for the crystallization of these
ideas.

we received during this project from Dr. Paul Brock, Dr. John G. Meitner,
Dr. Howard M. Vollmer, and Iva M., Warner of Stanford Research Institute,

and from our Contract Monitor, Mrs. Rowena Swanson of the Air Force Office
of Scientific Research.

We also wish to acknowledge the invaluable critical assistance which

K. H. Schaeffer
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I INTRODUCTION
K. H. Schaeffer

Modern technology has given us the means to assemble large complexes
of men and machinés, or systems, in which inputs can initiate events re=
moved in time and space. For ihstance, we c¢an pick up a telephone on the
East Coast, dial a number, and thus start a chain of events which causes
a phone on the West Coast to ring. Or we éan drop a letter into a mail=
box and expect it to be delivered in due time at a specified location.

In neither 6f these cases is the energy used in thée input the energy
that produces the final event. Thus, thée chain 6f events is not under
the complete control of the initiator of the action, but is influenced
by a multitude of conditions and forces. These varying influences some=
causée the input to go astray==we may get a busy signal in our tele=
call, a wrong number, 6r a broken connection; our letter may be
delayed or missent, or even get lost. The more frequent such misadven=
tures, the less useful the system; conversely, a system's usefulness is
enhhanced with increases in the reliability and efficieney with which in=
puts are transformed into desired outputs.

To achieve greater reliability and efficiency in existing systems
and to assure adequate reliability and efficiency in systems under de=
velopment, it is helpful te understand and interrelate the conditions
and factors that influence the performance of the system. One way of
doing this with existing systems is to change a system's configuration
or inputs and then to observe the functioning of the system under these
changed conditions. However, this procedure is time-consuming, costly,
and disruptive to systems in operation, and is impossible in systems
signed for emergency conditions. A more use:ul procedure is to analyze
systems as far as possible through conceptual representations.

During the past two decades many techniques have been developed for
the analysis of complex man-machine systems through conceptual represen-
tation. One can even say that a whole body of knowledge has been developed
toward this end. This body of knowledge and its techniques are variously

known as operations research, operations analysis, operational research,

operational analysis, management science, systems engineering, value en-
gineering, and systems analysis. Each of these terms has some unique



meaning, but the differences between them are of no consequence for the
problem to be discusseéd here. However,; the child needs a4 name; theére-
fore, we shall call this whole body of knowledge and techniques "systems
analysis," and its practitioners, "systems analysts.”

In spite of all the refinements that have already been developed in
the conceptual representation of complex man-machine systems, especially
through the usé of computér téchniques, and despite the refinemeiits that
can be expected to be developed in the years to come, it 1§ still true
that any ¢onceptual representation, since it is not the physical system
itself, can represent only some of the system's attributes and interrela=
tionships. But, to be meaningful, such a representatioh must structure
all factors affecting the purposé for which the system is analyzed, and
to be useful, the representation must be easily manipulated.

The preponderance of effort in systems analysis is directed toward
making the representations or models easier to manipulate, amd thus to
permit the representation of larger numbers of attributes and interrela=
tionships. Typical examples of this development are stochastic models,
which became practical only with the introduction of high speed digital
when the interrelationships are only partially known. Far less formal
work has been directed toward developing techniques that would assure
more meaningful representation. One reason for this is the feeling that
the development of techniques that permit the manipulation of more com=
plex models will, ipso facto, make the representation moré meaningful.

Representatives of this approach are Richard Bellman and Paul Brock,
who have developed numerous models and computér techniques for the solu-
tion of systems analysis problems. In a recént paper they discussed the
concept of a problem and problem-solving.®* Here they note that the steps
involved in reducing a "natural problem" to a "symbolic problem” (i.e.,

a problem solvable by mathematical techniques) and in interpreting the
solution in terms of the natural problem are non-trivial and require ex-
perience and skill. With this we surely can all agree. However, thg

authors then go on to state a criterion, their principal of balance,

g
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* Richard Bellman and Paul Brock: 'On the Concept of nd
Problem-Solving,"” American Mathematical Monthly, Vo
February 1960, pp. 119-134, -

** Bellman and Brock state their principle of balance as follows:

"A
physically meaningful solution of a mathematical problem arising from

a
1.
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a2 mathematical model of a physical process should never p@gsegsﬁa

greater degree of complexity than the mathematical model itself."”
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which can be used "as a rule-of-thumb guide" in the comstruction of
mathematic¢al models which lead to a physically meaningful solution.
Their discussion, however, gives no approach or method except "experi=
ence and skill" by which one c¢an proceed from a physical problem to a
physically meaningful solution, and even more important, they present
no alternative if their principle of balance cannot beé met, This they
justify by noting that their approach is applicable only to those prob=
lems that can be formulated mathematically. The principle is this a
vague guide for evaluating the efficacy of a modsl omce it has been es=
tablished, rdather than an approach o¥ an aid toward the Structuring of
complex systems.

This general concentration on the model rather than on theé natural
problenm appears to be a self-defeating approach to6 systems analysis. The
need for the andlysis of complex systems arises whenever we try to under=
stand or predict their functioning. Usually someé aspects of the system
can be mathematically analyzed; however, only rarely are all the aspects
of the system that affect the problem for which the system is being ana=
lyzed so well khown or precisely formulated as t6 vield to rigorous mathe=
matical analysis. To exclude these less well-und ;tood aspects obviously
makes the analysis incomplete. And to justify such exclusion by stating
if "the problem is not well-defined I cannot solve it" begs the need of
those who are to be assisted by the analysis. Part of the function of
systems analysis is to take ill=defined and ill=structured problems and
attempt to structure them as well as possible. A systems analyst canhot
give up just because he is unable to achieve Bellman and BrocKs "principle
of balance.” He also cannot wait for further developments in the tech-
niques of mathematical modeling, as much as these future devélopments are
desired. The systems analyst must do the best and most meaningful job
now, To do this job he will have to use his "experience and skill."

from a physical system a conceptual representation so mysterious that it
contains no principles, approaches, methods, and techniques? 1Is systems
analysis a strict bifurcation between art and rigorous mathematical model-

But is this all we can say to him? Is the process of abstracting

ing? Or, does systems analysis consist of a blend of judgment and ra=
tional thought? I believe the latter to be the case. Formal work in

the methodology of systems analysis should therefore be directed not

only at developing techniques which permit the formulation and manipula-=
tion of ever more complex mathematical models, but also at developing
techniques which give assurance that the abstractions of systems analysis
are meaningful to the solution of the actual problems encountered in com=

plex systems.



Here we are concerned with the development and justification of an
approach that can lead to meaningful solutions of the multi=variable
problems as they occur during the analysis of compléx man=machine systeiis.
To develop the réquirements for such an approach,; Chaptér II compares
science and systems analysis to discover the similarities and differences
between the two endeavors. In that Chapter; I show that while both rely
oh empirical fact and rational thought, science is concerned with the
developing of theories which describe the '"world,' while systems analysis
tries to foriulate adequate solutions to specifie, predesignated problems.
Methodoloegically, this difference implies that science is e¢oncerned pri=

systems analysis is concerned primarily with adequate solutions to prob=
lems as given. Systems analysis thus needs its own approaches as distinct
from the methods of science. The matrix-network approach to the analysis
of complex systems, which I desecribe in Chapter III, attempts to fill

this need.

Since the primary objective of this approach is adequacy of the
solution to the problem as given, the approach shows how relatively com=
plete system structures cau be developed and how the results of mathe=
matical models, the most rigorous and thus preferred type of systems
analysis, can be combined with the results of less formal analyses to
form one systemati¢ and integrated analysis of the over-all problem at
hand. Since this approach is not completely formal, it must at various
times rely on a ploy, the ploy of a Knowledgeable analyst==that is, an
analyst who acts not only as a decision-maker (effector), but also,
through his judgment, as supplier of the decision ¢ritérion. One ex=
ample of this oc¢ciirs in the preliminary selection of the factors to be
considered in the analysis, and in Chaptér IV, Leonard Wainstein, a po-
but extremely insightful case study method as an aid in this phase of
structuring complex man-machine systems.

That the occasional reliance in the matrix-network approach on the
analyst's judgment as the decision criterion is not a unique weakness
of this approach is demonstrated in Chapter V by C. J. Erickson, an
anthropologist, and myself. Here we show, using phonology as our ex-
ample, that the same judgment function can occur also in formal scien-
tific analyses, where the emphasis is on rigor. However, while this
Jjudgmental element, the knowledgeable analyst, may not represent a unique
weakness, the knowledgeable analyst is the logical and methodological
mystery in this approach and as such requires a more satisfactory ex-
planation than he receives in Chapter III. In an attempt to supply such
an explanation, I asked two psychologists to discuss this problem from
their respective points of view. First, in Chapter VI, Maurice Rappaport
attempts to give a better understanding of the decision-making process

4
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which the knowledgeable analyst employs by examining the psychological
miliéu in which the analyst operates. Here Rappaport focuses attention
on the psychological processes assgociated with decision-making, especially
those cofinected with finding a problem, problem=structuring,; and purposive
problem=solving. In Chapter VII; John B. Fink describes the judgmental
function through a systematic behavioristic examination of the knowledge=
able analyst. Fink uses a stimulus=response discrimihation model to show
that onhe cam describe and define the operations which the knowledgeable
analyst must perform, and that on the basis 6f this model; o6he can state
procedures for systems analysis. In Chapter VIII, the final chapter, I
attempt to draw conclusions about the nature 6f the knowledgeablée analyst's
Jjudgmént under consideration of the arguments advanced by my coauthors

and myself in the previous chapters. On the basis of these conclusions,

I develop a requirement which must be met by every successful approach

to the structurihg of complex systems.



11 SCIENCE AND SYSTEMS ANALYSIS
by
K. H. Schaeffer

The methods of any human endeavor are determined by the objective
for which the endeavor is undertaken. Thus the objectives of systems
analysis will determine the meéethods and approaches required by systems
analysis. If the objectives of systems analysis are identical in form
to those of the sciences, systems analysis can effectively employ the
scientific method. However, to the extent that this identity ih form
does not exist, systems ahalysis may nét be able to use the scientifie
method effectively but may require its own unique methods.

In the following paragraphs I shall attempt to show that in fact
the objectives and methods of scienceé and systems analysis are not iden-=
tical, and that the difference in their methods is especially apparent
in the selection of facts to be considered and in the structuring of
these facts.

This thesis is contrary to much common belief. The phrase "manage=
ment science” tries to indicate by its name that we are dealing with a
science, and Churchman, et al., in their [iitroduction to Operations Re-
search, not only insist that operations research is a science but treat
this as an unargumentative assertion.”™ Likewise, the Operations Research
Society of America stated in its 1952 constitution (Article 1I): 'The
object of the Society shall be the advancement of the science of opera-=
tions research . ."**  However, even within the professional organiza=
tions, doubts have arisen as to whether this discipline is truly a

t

"science." Thus the new constitution of the Operations Research Society
of America, which was presented to the membership in 1961, rephrases

Russell L. Ackoff, and E. Leonard Arnoff, Intro-

* C. West Churchman,
duction to Operations Research, John Wiley & Semns, Inc., New York,
1957, p. 3. )

** "Proposed Revision of the Constitution and By-Laws," Bulletin of the

Operations Research Society of America, Vol. 9, Supplement 1 (Spring
1961), p. 62.




Article II to read: ''The purposes of the Society shall be the advance=
ment of operations research . . ." dropping all references to 'the science
of."

There are differences between the scientific méthod and the method
o6f systems ahalysis, but the two methods alsé havée much in coiifion. Both
reasoning. With these large common elements it is not surprising that
honhest eéonfusion has arisen, In addition, it should not be overlooked
that "science' and the "scientific method" are "6.k. werds,” and since
most analysts have been trained in one of the sciéntific diseiplines it
is usually considered t6 be more expedient to foster rather than to des=
troy the halo which scieénce can give to systems analysis.

The Objectives of Sci

The objectives of science can be éexamined from at least two distinet
points of view. One can ask, "What are the objectives of science as an
activity within the larger social context 6f other human endeavors==that
is, what are the objectives of functions of science within society?"” or
one can ask; "What are the objectives of science within the context of
science itself--that is, what are thé objéctives of the scientist in his
role as a scientist when he is practicing science?"” FEspecially since the
last war, much has been written and many a discussion has been precipitated
on the objectives of science from the first point of view, but for our
present inquiry only the latter point of view is of consequénce, even if
far fewer words have been written about it, especially in popular and ;
semipopular writings. j

Among the modern writers who deal with the objectives of science
from this second point of view, we find by no means a unanimity of thought
but $till a rather consistent theme. Some writers feel that science has
two objectives, and this view is probably most eloquently stated by 4
Einstein:

The larger part of physical research is devoted to the develop-
ment of the various branches of physics, in each of which the
object is the theoretical understanding of more or less re=
stricted fields of experience, and in each of which the laws

- =i

* "Proposed Revision of the Constitution and By-laws,” Bulletin of the
Operations Research Society of America, p. 62.
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and concepts remain as closely as possible related to experi=
ence. It is this department of science, with its evVer-growing
specialization, which has revolutionized practical life in the
last centuries, and given bi¥th to the possibility that man
may at last be freed from the burden of physical toil.

On the othey hand, from the very begihning there has always
been present thé attempt to find a unifying theoretical basis
for all these single sciences, consisting of a minimum of con-
céepts and fundamental relationships, from which all the con=
cepts and relationships o6f the single disciplines might be
derived by logical process. This is what we mean by the
seareh for a foundati@n of the whole of physics Thé Céﬁ=

animated the researcher;*

If, along with Einstein, ohne divides the s¢iences into the special-
ized sciences and a unified base science, then it is beyond dispute that
if systems analysis 1s a science it belongs to the former c¢lass. Its
objectives as such would be, to paraphrasé Einstein, the theoretical
understanding of a more of less restricted field of experience through
laws aid concepts that remain as closely as possible related to experi=
ence. The important emphasis, however, even in these specialized sciences,
is on the "theoretical understanding.”

Popper emphasizes this view when he states that "the empirical
sciences are systems of theories." Popper describes these theories in-
formally as '"nets cast to catch what we call '"the world': to rationalize,
to explain, and to master it. We endeavor to make the mesh ever finer
and finer." More formally Popper informs us that "scientific theories

are universal statements.'™**

A different approach is taken by Kemeny. T In an attempt to answer

the question "What is science?" Kemeny notes that since science embraces

* Albert Einstein, "The Fundaments of Theoretical Physics," Read1ngs

in the Philosophy of Science, edited by Herbert Feigl and May

Brodbeck Appleton—Century—Crofts, Inc., New York, 1953, pp. 253-54.
** Karl R. Popper, The Logic of Scientific Discovery, Hutchinson & Co
Ltd., London, 1959, p. 59. -
*¥k  John G. Kemeny, A Philosopher Looks at Sci ence, D. Van Nostrand Co.,
Inc., Princeton, N.J., 1959, p. 85. o




the whole field 6f factual knowledge, it cannot be defined by its subject
matter (since it has none of its own) but only by its method. Thus, ac=
cording to Kemeny, any activity which employs the scientific method is

a science. This method Kemeny characterizes in turh as follows: 'First
6f all the scientist is an observer. Next he tries to describe in ¢éom=
plete generality what he saw, and what he expects to see in the future.
Next he makes predictions on thé basis of his theories, which he checks
against facts again."

Even so, Kemeny feels that science can only be defined indirectly,
proaches insist that science does not deal with the specific event biut
with general descriptions,; universals, the theoretical.

The writers cited so far all tend toward a realistiec approach to
science; thus one may feel that this consistency in their themes is
traceable to this common approach. However, one can find the same comi=
mon theme among writers who tend toward a nominalistic approach to science.
Since terms like "genéral" and "universal" are anathemas to nominalism,
the émphasis of these writers is rather on the fact that science does
not consist of specific events.

For instance, Chwistek tells us that physical theories are pure abs
their rule reduces to this, that they make possible the systematic clas-
sification of phenomena as well as the investigations directed toward
the discovery of unknown phenomena.'* This statement indicates that,
while the "rule" makes the body of science applicable to specific situ-
ations, the body of sciencé is made up of pure abstractions (i.e., des=
criptions in complete generality, in Kemeny's terminology), which are
not even images of the reality (the specific).

Cohen and Nagel write that "the ideal of science is to achieve a
systematic interconnection of facts. Isolated propositions do not con=
stitute a science. Such propositions serve merely as an opportunity to
find logical comnection between them and other propositions."** Kemeny

* Leon Chwistek, The Limits of Science, Routledge & Kegan Paul Ltd.
London, 1949, p. 3. ) )
** Morris R. Cohen and Ernest Nagel, An Introduction to Logic and

Scientific Method, Harcourt, Brace and Co., New York, 1934, p. 394.
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scientifi¢ method has applications outside of science, and that only
"the most striking applications of scientific method are to be found
in the various natural and social sciences.'™

We can thus conclude that, regardless of whether one's approach to
science is realistic or nominalistie, or whether one beliéves there are
many separate sciences or one theoretical basis, or whether one believes
§cience is the only exemplification of the scientific method rather than
one of a nunber of exemplifications, there is always the theme present
that science does not have its objéective in the specific, the particular
fact or event, but rather in something more systematic¢, abstract, general,
oy universal.

The Objectives of Systems Analysis

The objectives of systems analysis are the analyseées of particular
ations or systems meet certain problems.**

These objectives differ from those of science in two important as-
pects. First, systems analysis deals with the specific, the particular,
thé unique. Its ihnterest in the general description, the universal, and

* Op. cit., p. 392.

** Some will consider this statement too restrictive since it does not
include the selection of the "optimum" situation. I omitted this
decision-making process between alternatives for two reasons. First,
this process is syncretic rather than analytic in nature. Thus the
logic and methods required for it are quite different from those re-
quired in analyzing how a particular situation meets any given set
of problems. Second, while the meaningfulness of this synthesis
depends on the meaningfulness of the analysis which preceded 1it,
the contrary is not the case. Thus one can develop a method for
structuring and analyzing complex systems without considering the
problem of selecting the "best" system from a number of alternatives.
However, it is not possible to develop a meaningful method for ge-
lecting between alternative systems if one has not previously or
simultaneously developed a meaningful method for structuring and
analyzing one system. This restrictive statement, therefore, fo-

cuses attention on the truly analytical part of systems analysis.



the abstract is confined to those occasions where these general truths
of hypotheses permit a deduction toward the specific. While systefis
analysis usés the general as a meahs in the determination of the specific,
in the sciences the specific and isélated fact is used as an element or
Thus, what is for one typée of discip.ine the end is for the other type

a means, and vice versa.

analysis is in "the problem." Some writers on the philosophy of science
eémphasize that any scientific ingquiry must begin with a probiem.* The
types of problems from which scientific inquiry arises appear to have
invariably as their solution a "theory' in Popper's meaning of the term.
Thus a problem in science is solved if it is understood in terms of a
general theory. By contrast; in systeéems analysis the soliition to a
problem is the méeting or avoidance of the predesignated problem in
terms of some purpose. While understanding may be a significant step

in achieving the objectives o6f systems analysis, it is in this context
only a means to an end; and not an end or objective in itself.

The first gquestions asked about any problem in systenis analysis
concern thé criteria by which the problem is to be analyzed. These
criteria in turn are really expressions of the purpose fér which the
problem is to be analyzed. For instance, if the problem is to analyze
an inventory centrol system, the purpose for conducting this inquiry
could be one of many. To mention just twe, the purpose might be to de=
termine the relationship between service and éxpenditure in an effort
be to determine the most appropriate inventory control system within
the over-all company objectives. A possible answer to a study conducted
with the second purpose in mind might be to propose an "instant" manu=
facturing process which would eliminate an inventory altogether, thus

avoiding the problem rather than meeting it. There may be some general
theories which relate inventory control system service to expenditure or
to other facets of company operations; however, such general theories
are not sufficient for the solution of the specific problem with which
the systems analyst is confronted. What the systems analyst needs are

statements that relate the problem to all the conditions that confront
those facets of the system which are involved in the problem. Whatever

* See Cohen and Nagel, op. cit. and Percy W. Bridgman, Reflections of

8 Physicist, (New York: Philosophical Library, 1955).
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is needed to enumerate these conditions fully==or at least adequately
for an acceptable solutiofi=-must be included in the amalysis. The sys=
tems analyst will tFy to relate the various isolated statements of con=
ditions to one another and to show specific and possibly general rela=
tionships between them. Howéver, the fact that he may f6t be able to
arrive at genéral relatiohships does not permit him t6 limit his problem
to those factors for which general relationships can be derived. By
contrast, the scientist is intetested solély in the establishment of
general theories and therefore must limit the selection of the factors
he will consider to those which have bearing on the affirmation or con=
tradiction of one or more general theories.

While there are these differences in the objectives of science and
systems analysis, the two objectives also have some common elefents. The
most significant o6f these common eclements is the fact that both types of
disciplines have no final selutions. No problem in either science of
systems analysis is ever completely solved. Due to the interdependence
of the various sSciencés, no scientific theory will ever be the final
truth until all scientific theories are knowh. Likewise, due to the
impossibility of limiting a problem in systems analysis except arbi=
trarily, no problem of the real world=-be it specific or general-=can
ever be fully understood until it is related to all other facets of the
world. Thus all solutions in scienée as well as in Systems analysis
are temporary solutions-=solutions which for the time being are adequate,
but which never are final.

Differences in the Methods of Science and Systems Analysis

The objectives which ohe attempts to achieve, whether in science,
systems analysis, or any other human endeavor, determine in part the
means or methods used in the realization of the objectives. Since the
objectives of science and systems analysis differ from one another-=in
spite of large common elements--it is to be expected that the methods
of achieving the respective objectives will show differences as well as
similarities.

The two methods are similar because both involve prediction and
both are based on empirical fact and rational thought. The two methods
are most strikingly different in their approaches to the definition of

"fact,” the selection of relevant facts, prediction, and verification.



Definition of "Fact”

Since the sciences include such diverse fields as astrophysics,
nuclear physics, biology, and psychology, questions such as "What exists?"
"What 1s real?" '"What is a fact?" are not easily ahswered in statcments
which deal universally with all sciences. The first approach of the
sciencés to the problem of existéence is the assumption of a common=senseé
realism. Siuch a realism asSufes that the various objects of the external
world exist independently o6f the knower, Furtheriiore it is assumed that
this existence can bé verified objectively through direct observation.
These two assumptions, however, cannot be generalized for all scientifie
ihquiries. For instance, while I know that I am conscious, or while I
know I feel joy and pain, the scientist cannot make statements of this
type about other human beings and still insist on objective vérification.
The scientist can objectively verify the behavior of human beings but
not their sensations, unléess he first translates these sensations into
objectively observable behavior patterns. While a scientist can verify
the reality (that is, the existence) of dogs and cats through direct
obgservation, such direct verification is not possible for subatomic
particles. While we assume, in our common=sense approach to the ex-
ternal world, that time and space are independent, linear, and infinite,
such assumptions are no longer tenable for the scientist who deals with
galaxies.

Because of these difficulties, the writers on the philosophy and
the logic of science have generally abandoned c¢ommon=sense realism in
explaining scientific facts, and have had recourse to theories which im
some way combine the problems of existence and verification. Extreme
examplés of theories of this type are operationalism and instrumentalism.
Also, because of these difficultieés, there is a tendency to evaluate
theories in the philosophy of science by their ability to deal with the
problems of nuclear physics and astrophysics.

The systems analyst, in contrast, restricts himself arbitrarily to
man-machine systems which consist solely of components whose existence
is directly observable. By introducing this restriction he is, on one

sense approach to the problem of "What exists?” 'What is a fact?" On
the other hand, he is forced to eliminate from his inquiry extreme macro=
and microcosmic systems such as the total universe and the atom. This
limitation of systems analysis does not imply that these are not really
systems; it just implies that these are not systems with which systems
analysis--as delineated here--can he concerned.
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The insistence on a common-=senseé view o6f reality perimits the systems
analyst, as part of his analysis, to make such statements as "There is a
computer" without necessarily having toé relate this computer to anything
or to measure the existence of the computer in any manner or form what=
soever, For the systems analyst the existence of the computer can be
treated as an isolated fact. This fact may be related to some other
facts, but to be a fact it need not bée related to anything. This rather
naive approach can of course be questioned from many different points
of view. However, sincé the systems analyst can restrict his inquiry
to those systems in whic¢h this naive approach need not be guestioned,
~he can utilize this common-sense acceptance in an approach toward strue-
turing compléex man=machine systems (which will be outlined in Chapter III).
Another advantage of the common=-sense approach to reality lies in the

that they are objectively verifiable. Thus the systems analyst can ac=
céept the subjeétive approaches of the human component within the system,
and is not forced to the scientific circumlocution of subjéctive state=
ments through objectively verifiable measSureients.

So it is that while the scientist can consider as a fact only that
which is verifiable or measurable, the systems analyst can consider as
a fact that which he considers to exist apart from his observations and
measiurements. The systems analyst's définition is simpler (i.e., more
simple-minded) than the scientist's, but is tenable only in a limited
range of human experience. However, since the systems of systems analy=
sis fall within this range of experience, Such an approach is adequate.

Selection of Relevant Facts

It is a well=known dictum that to know everything about something
implies that one know everything about everything. All of our experi-

éences and all of nature are so interrelatéd that nothing can be com-

arbitréry decision. Thus neither science nor systems analysis can in-
clude "all" that relates itself to the world or to a problem. Both types
of endeavor must deal with sets of relevant facts selected from an in=

finite sea of facts.
To answer the question for science, we can turn to Poincard, who
devotes his entire book on Science and Method® to a discussion of "how

* Henri Poincaré, Science and Method, translated by Francis Maitland,
Dover Publications, Inc., New York.
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the scientist is t6 set about making a seléction of the innumerable facts
that are offered to his curiosity . . ." Summarizing his argument in the
final chapter, he states:

There is a hierarchy of facts. Some are without any positive
bearing, and teach us nothing but themselves. The scientist
who ascertains them learns nothing but facts, and becomes no
bettér able to foresee new facts. Such facts, it seems, occur
but once, and are not destined to be repeated.

There are, on the other hand, facts that give a large return,
each of which teaches us a new law, And sincée he is obliged
to make a selection, it is to these latter facts that the
scientist must devote himself.*

Thus while the scientist can consider a faect relevant if the fact gives
a large returnh in terms of new laws and theories, the systéems analyst,
having other objectives, must use different criteria for determining
whether or not a faet is relevant.

Like the scientist, the systems analyst has no interest in facts
because they are facts. Facts to him, as to the scientist, are only
means toward ends. Since the systems analyst's ends are to study spe=
cific systems for the purpose of solving specific problems, he needs to
be interested in all those facts-=and only those facts--that bear on the
solutien of the specific problem and system under consideration,

When the analyst's field of interest is narrowed to ohe or a set
of specific problems of a given system, some of the facts which are on
the bottom of Poincaré's hierarchy may suddenly gain prime importance,
For instance, one fact about the system may be that it must be opera-
tional on day D, or that the cash budget for operating the system may
not exceed y dollars. These two statements are specific facts, facts
with which no power to generalize can be associated, and facts for which
no generalization may be intended. Thus the fact that the system must
be operational on day D may just as well be associated with the state-
ment that the system must be operational on D+l as with the statement
that the system must not be operational on D+l, or even with the state-=
ment that it is neither highly desirable nor undesirable if the system
is operational on D+1. The fact that the system must be operational

on day D, while not a generalizable fact, is a fact that may well be a

* Ibid., pp. 284-85.
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major restraint oh any proposed solution to the system problem under
discussion. Thus the fact is important and relevant to the systems
analyst while of no importance to the scientist. An analogous argument
could be developed for a cash budget limit of y dollars.

Conversely, facts of great relevance to the scientist may be of
minor importancé to the systems analyst. A scientist who attempts té
establish a general théory aboiit some events in nature will attempt to
recreate these events if possible in a strictly eontrolled environment,
and then on the basis of the measurements obtained in this cofitrolled
environmefit==in common parlance, the scientific laboratory experiment==
will enunciate a general theory. The systems analyst lacks the con=
trolled environment; he must deal with sSystems and problems as given,
not as "defined" or "established." In his complex environment; the im=
portance of the general theories describing scientific abstractions of
the actual situation may be overshadowed by other=-that is,; special==
circumstances to such an extent that the general theories are useless.

For instance, the physicist tells us that the terminal velocity of
free=falling bodies in vacuium ¢an be expressed as a function of gravity
(g) and the height of fall (s); thus:

Let us now assiume that the systems analyst is concerned with the impact
speed of certain free-falling feathérs and stones under wind conditions.
In this case, v is primarily a function of the density of the falling
bodies, wind direction, and wind velocity, rather than of gravity and
height of fall. This specific case is of course in no way a denial of
the theory of free-falling bodies, and theoretically the case can be
described as a more complex case of free fall. However, let us recall
that the essence of Galileo's discovery was the elimination of the den=
sity parameter from the general description of free-falling bodies,
Galileo showed through controlled experimentation--which has since been
substantiated over and over again--that for general scientific considera=
tions, distance (or gravity and time) is the prime factor affecting the
terminal velocity of falling bodies. Density was shown to be a factor
affecting only certain falls, not a factor affecting all falling bodies.
By Poincaré's definition, the facts of distance and gravity are more
general facts than the fact of density, and thus are higher on the
scientist's hierarchy. For the systems analyst in the specific case

cited, however, the facts of density, wind velocity, and wind direction

have greater relevance than the facts of gravity and distance.

17



Unfortunately, many an analyst, driven by the desire for "scientism'
rather than the desire for rationalized problem solving, tends to begin
his analysis with the abstractiofis science offers rather than with the
problem as given. Where this ocecurs, he offers neithér good science nor

oversimplified analyses and solutions. The producer=<and thus defender==
of these irrelevances tends to justify himself by claiming that if he had
had more time and money he could have gone into greater detail and pro=-
duced a more meaningful analysis. However,; an examination 6f his methods
and techniques usually does not bear out this assertion. What he did was
to force the specific problem to fit his generalized analysis rather than
fit the analysis to the problem. If he had had an infinitely greater
amount 6f time and monéy, he might finally have been able to refine his
"seientific approach” structure to such a degree that it could handle a
whole class of specifi¢ problems, including the one problem assighed to
him. With only a finite amount of time and mohey available--and alas,
usually far too fihite==it Would be mere chancée if this scientifie course
of fact selectioh and generalization led 6ury analyst to anh adequate solu=
tion. Systems analysis must, as far as possible, struéture the problem
as given rather than treat it as an instance of a general élass of prob=
lems.

Prediction

Both science and systeis analysis involve theé prediction of future
events. However, in spite of this similarity, prediction is also one
of the areas in which the two disciplines differ from one another. The
scientist predicts only those types of events which he can predict,
whereas the systems analyst predicts those types of events he must pre-
dict. If the scientist lacks the theory to predict certain tyﬁég of
future events, he refuses to predict them, excusing himself by stating
that at this time we lack the theories necessary to predict events of
this type.* The systems analyst, however, must predict. It is in many
respects his role to be the fool who rushes in where angels fear to tread.
Where he cannot measure, he may even guess. However, to keep his argu=-
ments as rational as possible, the systems analyst will restrict himself

* The philosophical problems associated with prediction in the sciences
are omitted here; since each one of these problems is shared by sys-
tems analysis. These problems present therefore no distinction be-
tween the methods of science and systems analysis.
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to the narrowest basis possible. Thus the analyst will try to predict
not a whole host of situations, but the least number of situations to
which he can meaningfully restricét his analysis,

Statistics is the tool which, uhder the requirements of science,
has been developed for describing rigorously and rationally the argu=
ments that lead toward the rational prediction of future events. This
tool has been applied to scientific problems as well as t6 those of
systems analysis=-in many respects maybe even more freqiiently to the
problems of the latter than the former. However, the use and especially
the interpretation of statistics raises some quéstions when applied to
certain types of préoblems which are not infrequent in systems analysis.
The systems analyst is frequently called upon to analyze a system in
relation to a one=time occurrence. How will this system perform if
its vehicle is on the first flight to the moon?" 'How will this defense
system react to the first enemy surprise attack?" If the analyst answers
these questions by formulating a probability model based on valid and
consistent assumptions, hé says in effect that there is a class of pos=
sible systems performances (or reactions) and the member of this class
most likely to occur is "a." Now let us assume that the system performs
a possible~<but not the most likely==event. Was the analyst in his analy
sis right or wrong? From the point of view of statistics, the analyst
can only be shown to be wrong empirically if a large set of "first flights
or "first enemy surprise attacks' occurs and the distribution of the
events is significantly different from those forecast by the analyst.
Since "firsts" are one-time events, this type of empirical verification
is impossible. In accordance with this type of reasoning, the analyst
can always claim to be right as long as the event which occurred was
one of the events which he considered possible, regardless of the proba-
bility which he assigned to its occurrence.

By contrast, those who commissioned the analyst will consider the
analyst's answer to have been wrong. These people will insist that they
asked the analyst what will occur, not what is most likely to occur, and
since his answer did not list the event which occurred, but rather anothe
event, the analyst in the eyes of the world is judged to be wrong. The
analyst naturally will complain about such a "misinterpretation” of his
results. But how can he, if he dared to take credit when his prediction

of the most likely event was truly the event that occurred?

The solution to this difficulty can hardly be that in relation to
is neither right nor wrong. If this
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meaning, the analysis must stand in some rélationship of validity to the
actual event., What this relationship is I do not know. All that can be

said here 15 that the meaningful prediction of one-time events is a prob=
lem for which no satisfactory solution has so far been presented.

Verification

Some logical positivists have gone so far as to imsist that only
empirically verifiable statements are meaningful.® Regardless of whether
one cares to share this extreme point of view, it has long beén recognized
that empirical verifiability is an essential attribute of the statements
6f the empirical sciences. Thus the seéientist in formulating his theories
must state them in terms that are at least potentially empirically veri=
fiable. The effect this requirement has on the scientist's definition
of fact has been briefly indicated on the foregoing pages.

For the systems analyst, verifiability doés not 6ccupy a central
position. To be sure; the systems analyst would like to state his con=-
clusion ih quantitative statements which are empirically verifiable; but
unlike the scientist, he will not insist that he may formiilate no other
types of conclusions.

do not differ in their views on what is verifiable, nor on how a svate=
ment can be verified. Thus one is tempted to regard this differesice in
emphasis as a minor difference, However, the fact that verification is
at the very heart of the empirical sciences while it is on the fringes
of systems analysis makes this in some respects the most crucial of the
four differences. The differences between the two disciplines on the
definition of fact and on the admissibility of certain not directly
verifiable facts would not be possible if it were not for the difference
in emphasis on verification. Thus this difference in accent, whi¢h at
first glance appears to be so minor, may actually be the most fundamental
difference between the two endeavors.

The objective of science is the development of theories which describe
the "world," while the objective of systems analysis is the formulation of

* See, for example, A. J. Ayer, Language, Truth and logic, Dover Pub-

lications, Inc., New York, 1950.
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adequate solutions to specific, predesighated problems. This difference
in objective leads to a difference in méthod. While the methods of the
two endeavors are similar in their reliance on empirical fact and national
thought, they differ in their definition of fact, fact selection, proba=
bility, and verification. Two of these differences (definition of fact,
and verification) demonstrate the systems analyst's greater concern to
arrive at some answeér--a partial answer being better than none--and his
lesser concern with a rigorous methodology. The other differences (fact
sélection, and prediction) bring out the systéms analyst's concern with
specific truth applicablée to one=time events, in contrast to the scien=
tist's concern for general truth applicable to an infinite set of events.
It is in the areas of fact selection and prediction, then, that sys-
tems analysis needs differént conceépts and different approaches from
those of science. In an attempt to evolve a general method for systems
analysis, the following chapter presents an approach to the systematic
selection, structuring, and analysis of faets ih systems analysis.
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III THE MATRIX=NETWORK APPROACH TO THE ANALYSIS
OF COMPLEX SYSTEMS
by
K. H. Schaeffer

The approach described here has much in common with the Systems
Analysis and Integration Model (SAIM) developed by Albert Shapero,* and
in the diseussion which follows I am indebted to Shapero and to SAIM=-a
debt which I gratefully acknowledge. The first two steps of the approach
taken heére are nearly identical with SAIM's initial operations, but it
is still well to distinguish between the two approaches since their ob=
Jjectives are different. SAIM was designed to be employed as a self=
contained tool in the analysis, synthesis, evaluation, planning, and
management control of weapon systems, and it has been shown to be highly
successful in these applications. By contrast, we are concerned here
with an approach toward structuring and analyzing systems, so that pre-
dés1gnated problems can be soived wheféver ﬁéssibié thfeugh the formua

orous analys;s—-and where thls is not possible, through the use o£ a
systematic framework for connecting formal analyses with informal judg-
nients.

This approach is based on the assumption that there are systems,
and that these systems can be conceived to consist solely of elements
and direct relations between element pairs. This implies that all com=
plex relations within the system or affecting the system can be described
in terms of these elements and direct relations, The purposé of the ap=
proach, then, is the systematic determination and analysis of the elements
and their direct relations which constitute any given system if it is
analyzed in respect to some predesighated problem or problems.

* For a description of SAIM with special reference to its use, see
Albert Shapero and Charles Bates, Jr., A Meti
Engineering Analysis of Weapon S

Aerospace Medical Laboratory, Wrigwi Air Development Center Wright-
Patterson Air Force Base, Ohio, September 1959. A briefer discussion
is contained in K. H. Schaeffer and Albert Shapero, The Structuring

and Analysis of Complex System Problems, Air Force Technical Note
AFOSR 810, Stanford Research Institute Menlo Park, California, under
Contract AF 49(638)~1020 to the Air Force Office of Scientific Research,

May 1961.
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The employment of this approach invelves the following steps:

§§gp&ggg Preliminary selection and classification of the system
élements affecting the predesignated problems
Preliminary determination of the éxistence of direct
relations betwsen élement pairs

lm
ot
ko]
9
O

-

Step Three HRestatement of the system elements and direct relations
6 achieve greater consistency between elements and
§imi

simpler compound relations

[

Sgép_ﬁg;; Mathematical modeling of those elements and relations
that lend themselves to an analysis of this type

Step Five Evaluation 6f the completeness or adequacy with which

S the mathematical models represent the elements and
relations which are included within of subsumed by
these models

Step Six Description of the direect relations that are not or
are only partially represented by the mathematical
models

Step Seven  Judgment integration of the mathematical models and

the additional descriptions

The Assumptions of the Approach

By its name, systems analysis affirms the existence of systems,
However, to arbitrarily delineate the meaning of systems is of little
avail, since this meaning, like those of all broad concepts, is shrouded
in large gray areas. For the present it is sufficient to characterize
a system as a potential or actual physical complex which is considered
in relation to some process. On the basis of this characterization we
can speak of weapon systems, transportation systems, educational systems,
production systems, library systems, filing systems. However, this
characterization is not so broad that it includes any assemblage of
physical objects as a system. Thus, for instance, the typewriter by
itself is not a system unless a process can be associated with it. If,
however, this process is "typing," the physical objects making up the
"typing" system include-=besides the typewriter--at least the typist,
her chair, and the platform supporting the typewriter.



Conversely, when we spéak of ideological systems, political systems,
or social systems, we tend to refer to c¢ollections of processes, funé=
tions, and concepts which are disassociated from specific physical com=
plexes. Such systems would not fall among those which necessarily can
be studied by the present approach, sincé this approach is devised to
handle systems that contain aétual or potential physical entities. While
the approach c¢an be applied to all systems containing physical entities,
it is primarily dirécted at complex man-machine systems.

Although a system may form a whole, it caihnot bé understood as a
whole but must be partitioned into parts which; if connected properly
with one another, will convey the concept 6f the system as a whole,
The usefulnéss of this partitioning depends on the degree to6 which the
sum of the parts equals the whole. Here we will make the working as=
sumption that total identity exists between thé sum of the parts and
the whole.

Many philosophical objections can be raised against the validity
of this assumption, but the assumption is a workable ohe, since every
one of the steps requires to a greater or lesser degree the judgments
of a knowledgeable analyst. Through these judgments by adding, sub=
tracting, or combining parts, the analyst can, wherever nécessary, ad=
Jjust the balance between the sum of the parts and the system as a whole
so that a meaningful identity exists. Without this judgmental process
the identity between the sum and the whole can be maintained only
by definition==in which case, the common=sense defotation of the whole
may be at variance with the defined denotation of the whole. To the
degree that this variance arises, the concept which is being analyzed
and the analysis will lose realistic¢ meaning, and thereby, practical use-
fulness.

Where the end products of systems analyses have beén de¢ried because
of gross oversimplification, it has usually been the case that the sum
of the parts was not in correspondence with the common-sense concept of
the system as a whole. While at times judgment can correct this imbal-
ance, judgment (Since it is nonrepeatable and thus unstable) should be
resorted to only where rational thought is inadequate. Thus the present
approach-=as with any other approach to systems analysis--will be at its
best if it dispenses with ad hoc judgments and still is meaningful. In
short, we must take an atomistic concept of systems in order to be able
to analyze them rationally, but on the other hand we must not be bound
by this appreach to such a degree that the analysis loses practical

here as a working assumption, not as an assumption about the nature of
systems.
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In the present approach, the system eigments are the parts into
which a system is divided for analysis, and the direct relations are the
coninections between the elements; together, these represent the total

system.

The elements include the physical entities which makée up the system,
the processes and operations which connect these entities, and the forces
and factors external to the systeim which affect or are affected by the
existence and operation of the system. Thus for purposes of analysis
the environment in which the system operates is considered to be part
of the system.

The specific elements considered in the analysis will depend on the
purposeé or problem for which the system 15 studied. For instance, if a
weapon system is studied to determine its operational effectiveness, the
eélements representing the physical entities will tend to be the opera=
tional subsystems of the system, and these may be divided into equipments

and O§erat0rs However, if the weapon system is analyzed to ascertain
representing the physical entities will be the maintenance personneli thé
maintenance modules; or the parts which are replaced rather than repaired
ifi the maintenance process. The same variability in breakdown oceurs if
we consider the external forces affecting the system or the operating
procedures of the system. Thus the question: 'How many elements has
system X?" is a meaningless one; since the number of elements considered
is dependent not only on the system but also on the purposé for which

the system is studied. One can say, however, that on the one hand each
system should be broken down into as few elements as possible=<by the
same concepts of parsimony as apply to the