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Systems Concepts

Most people have intuitive ideas about the systems approach, or
“systems engineering” as it is called in the more technically oriented
contexts. Civil engineers have been constructing large systems for a
long time—systems such as cities, roads, aqueducts, and pyramids.
Today aeronautical, chemical, and electrical engineers design large
technically complex systems with complicated man-machine inter-
faces. Computer programmers, biologists, economists, and socioclogists
all use systems concepts.

To a large extent these intuitive notions of systems are correct. After
all, is systems engineering not just “good engineering,” what we have
been trying to do all along?

W is good engineering. And beyond that it is more
a change in emphasis than a change in content—more em hasis on
defining goals and relating system performance to these goals, more
emphasis on decision criteria, on devW@g
systems for analysis, and on controlling implementation and opera-

1
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(ollectively, systems concepts constitute a viewpoint ?nfi an ap-
proach involving the @;@E%mimtion of an overall svsiem. as distinct from
the piecemenl SGWS. In addition, f:he general
oiass of systems concepts also includes a number of techniques, both
methodological and analytical, which are involved in the design and
operation of systems. g

Wehster's unabridged dictionary devotes one full column to the
word “‘system” and its grammatical forms and synonyms. Some of the
definitions relevant to our purposes are the following:

o A complex unity formed of many often diverse parts subject o a
common plan or serving a common purpose. ‘ .

s An aggregation or assemblage of objects joined in regular interac-
sion or interdependence; a set of units combined by nature or art
to form an integral, organic, or organized whole; an orderly
working totality. . . .

s A group of devices or artifical objects forming a network or use
for a common purpose.

s An organized or established procedure or method or the set of ma-
terials or appliances used to carry it out. o

s An organization or network for the collection and distribution of
information.

For the purposes of this book, a system is defined as a set of conce 18
and/or elements used to satisfy a need or requirement. The idea of a
cvetem arises when one can associate a need with a capability for sat-
éé%‘yiﬁg that need. Thus there are many kinds of sys&gms: aerospace
systems, sewer systems, administrative systems, @ar{iéevaseuﬁaf SYS-
tems, systems for gambling, and even systems for beating the system.
As shown in Fig. 1, “systems engineering’ is defined as the setl @f_ con-
cepts and iechniquesmmmmmﬂm
m& to the creation of the system or, more completely, to

{he satisfaction of the original need. Thus one can speak of the sys-
Mﬁ@gﬁmen to Mars or the systems engi-
neering of a more purposeful and efficient judicial system. .
There is no clear-cut distinction as to the types of systems for which
systems concepts are appropriate. In the spirit of Robert Machol and
Ralph Miles in Chapter 3, the class of systems for which systems con-

cepts are relevant have the following properties:

s The system is man-made. o
o The svstem has inteeritv—all components are contributing fo a
common purpose, the production of a set of optimum outputs from

the given inputs.

Systems Concepis a

o The system is large—in number of different parts, in replication of

identical parts, perhaps in functions performed, and certainly in
cost.

The system is complex, which means that a change in one variable
will affect many other variables in the system, rarely in a linear
fashion, -
The system is semiautomatic with a man-machine interface, which
means that machines always perform some of the functions of the
system and human beings always perform other functions.

Some of the system inputs are random, which leads to an inability
to predict the exact performance of the system at any instant.

A system need not exhibit all these characteristics in order for sys-
iems concepts to apply. Nevertheless, characteristics of this nature
determine the degree of relevance and necessity for systems concepts.

(" remetonr
s

Requirement

System
implementation

System
opersation

Sy;\\
completion

Figure 1 Sysitems engineering stages.
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Figure 2 shows a hierarchy of system types. The tLa_s.g-Lgml of the
triangle consists of the codification of our knowledge intc the basic
sciences, wherein we mean to include the soft sciences as well as the
mnces. The second level of the triangle consists of the technolo-
Eies,‘w&d techniques_we have acquired for applying our
knowledge. At the third level are the technical systems, which ;?pglz,
integrate, and manage technologies in a collective effort to achieve a
technical goal. Above the technical systems are the civil systems, more
directed toward social welfare goals—transportation systems and med-
ical-care delivery systems for example. At the apex of the triangle are
the social systems, whose goals are social welfare—management sys-
tems, systems of law and justice.

What identifies the level of a particular system? Obvious criteria are
related to the amount of technical hardware involved. A more basic
and underlying rule says that as one ascends the triangle, the goals or
purposes become more and more related to social welfare. There are

AN

Social
systems

Civil systems

Technical systems

Increasingly directed toward social welfare goals

Technologies

Sciences

Figure 2 Hierarchy of systems, technologies, and sciences.
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no social welfare criteria with respect to the basic sciences. No one
asks how an atom ought to be. Social welfare judgment does enter into
technology. Should a nation use the scientific knowledge of atom-
splitting to build a nuclear power station? An atom bomb?

Purely technical systems are evaluated according to a defined and
documented technical specification. The success of a space mission
can be evaluated by comparing performance against technical objec-
tives. Civil systems, although strongly pointed toward social needs,
can be at least partially evaluated according to technical objectives.
Transportation systems can be evaluated partially in terms of techni-
cal parameters such as cost-effectiveness and transit times, although
the design of a civil system is fraught with social consideration. Whom
shall the system serve? Who shall bear the costs? What levels of safety
shall be required?

Social systems are primarily designed to enhance social
welfare—governments instead of anarchy, law and order instead of
lawlessness and chaos, education te remove ignorance. Easily meas-
ured social indicators often do not give a true picture of the effective-
ness of a social system. Student-teacher ratios and cost of facilities do
not in themselves measure the knowledge and skills imparted by an
educational system.

Underlying every technology is at least one basic science, although
the technology may be well developed long before the science emerges
(e.g., glassmaking). Overlying every technical or civil system is a social
system which provides purpose, goals, and decision criteria. Ulti-
mately, of course, all systems involving people are embedded in a so-
cial system. ’

Solid-state physics is one of the basic sciences underlying the tech-
nology of transistor making. A machine to automatically make 10,000
transistors a day, or a factory to produce 10,000 transistor radios a
day are examples of technical systems. A network of radio stations in
an underdeveloped country, broadcasting educational material to il-
literate peasants, would be a civil system. Whether an underdeveloped
nation should allocate limited resources for such a system would be a
question to be posed within the framework of the social system.

Overview of the Book

The organization of the book roughly breaks down into a set of
chapters on theory and a set of chapters on application. There is not a
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clean break, however, primarily because all the authors have been
involved in the practical application of systems concepts.” .
Chapter 2, by Simon Ramo, “The Systen}s Approach, pro‘v1de§; an
overview of systems concepts and their wide range of agp}lca.k)lllty.
Systems engineering became accepted as a necessary activity in the
design of complex systems around the time of World War. II.and has
since been used in the design of many modern systems in mdustry,
transportation, communications, and government. In Chapter 3, “The
Engineering of Large-Scale Systems,” Robert Machol gnd Balph
Miles discuss some of the guiding principles for systems engineering.
Designing and implementing systems requires that a large numbf;er
of decisions be made—decisions concerning complex problems in
complex environments. Decision analysis. attempts to structure a_nd
analyze these complex decision problems in such a way so as to main-
tain the same logical relationships that would exist in an eleme'ntary
problem. There is a long-standing question as to whether comphcat(:}d
real-world decision problems are amenable to modeling and analysxg
1t is undeniably true that the universe within which real-world deci-
sions are made is richer in complexity than any model could ever hope
to capture. Nevertheless, decisions are made and resources are allo-
cated. The evidence is that all this occurs not on the basis of the com-
plex universe but on the basis of relatively simple models of dems.mn
cituations. What decision analysis purports to do is to incorporate into
the analysis of real-world problems logical preciseness and the correFt
expression of preferences between alternatives. In Chapter 4, “Deci-
sion Analysis in Systems Engineering,” Ronald Howard presentsl t.he
decision analysis cycle and describes the roles of probability, utility,
value, information, time, risk, and uncertainty in decision analysis.

Chapter 5, by Ward Edwards, “Divide and Conquer: How to Use
Likelihood and Value Judgments in Decision Making,” compleme.nts
the preceding chapter on decision analysis in considering psychologfcal
concepts implicit in decision making. In any contrived, hypothetical
decision situation, it can be shown that decisions arrived at through
formal logic are superior to decisions made on the basis of intuition.
Edivards develops the thesis that these same techniques of formal
logic can be applied in foto to real-world decision situations and thf:.lt
this approach appears once again to be superior, though no proof is
possible.

Large systems are inextricably complex. Existing techniques of
analysis have been reshaped and new techniques developed to meet the
needs for systems analysis. In Chapter 6, “Analysis Techniques for
Operations Research,” Philip Morse discusses some of the analysis
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techniques and mathematical models useful to operations research
and shows how they have been applied in a practical manner to sys-
tems problems.

The aerospace industry has made spectacular use of systems
engineering—world-wide communication systems employing satellite
links, Apollo systems that fly to the moon and return, spacecraft that
travel hundreds of millions of miles to distant planets. The modern
procedures for managing, planning, implementing, and operating
complex aerospace systems were first developed on communication
systems and ballistic missile systems. The procedures were extended
to all military systems and were later incorporated by NASA.

The Jet Propulsion Laboratory has made a significant contribution
to the development of systems engineering through its management of,
and participation in, lunar and planetary projects. In recent years the
Jet Propulsion Laboratory has applied its systems engineering exper-
tise to civil systems problems such as medical-care delivery systems,
environmental control, crime prevention, and the design of transporta-
tion systems. In Chapter 7, “Systems Engineering at the Jet Propul-
sion Laboratory,” William Pickering presents the systems concepts
that have been used in the design of lunar and planetary missions and
discusses how these systems concepts have been transferred to the de-
sign of civil systems.

In Chapter 8, “Apollo: Looking Back,” George Mueller discusses
various problems encountered in the design and implementation of the
Apollo program. He makes the point that in spite of the enormity of
the Apollo program—the utilization of vast resources, the number of
highly skilled people involved, the size and complexity of the
systems—ultimately the resolution of the major problems rested with
a very small number of people making extremely difficult decisions in
the face of great uncertainties.

Planning-programming-budgeting as a management system origi-
nated in the Department of Defense during the 1960s. The essential
aspects of this management system are: a careful specification and a
systematic analysis of objectives; a search for the relevant alterna-
tives, the different ways of achieving the objectives; an estimate of the

total costs of each alternative; an estimate of the effectiveness of each
alternative, of how it comes to satisfy the objectives; and a comparison
and analysis of the alternatives. In Chapter 9, “Planning-Program-
ming-Budgeting Systems,” Henry Rowen discusses the success to date
in applying this system in government.

In Chapter 10, “Systems Concepts in Social Systems,” Robert Bo-
guslaw presents the idea that social systems are designed by the com-

3]
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ponents of the system. Man is the basic component of a social system,
and the system exists to enhance his welfare. Requirements and con-
straints flow up the system hierarchy as well as down. Thus the sog:xal
system designer is as much a negotiator and an arbitrator as he is a
er.
de:xgrt}he final chapter, “A Critique of the Systems Approach to SoFial
Organizations,” C. West Churchman reviews the history of organiza-
tional theory and the attempts to view these organizations as social
systems to which systems concepts should be applicable. He concludes
by stating a need for the application of the systems approach to sys-
tems analysis itself and by predicting that the systems approach of the
future will incorporate what he describes as a dialectical learning pro-

Ccess.

The Systems Approach

Quoting from Simon Ramo in Chapter 2:

R

“The systems approach is a technique for the application of a scientific
approach to complex problems. It concentrates on the analysis and design of
the whole, as distinct from the components or the parts. It insists upon looking
at a problem in its entirety, taking into account all the facets and all the vari-

{

/

;WM@] aspects.

In applying the systems approach, the systems-oriented person rec-
ognizes that needs or problems originating at ome level invariably
have contributing factors at higher levels. Thus one should attempt to
view the immediate needs or the exacerbating problem within a larger
context. What are the factors that created the need or caused the
problem to arise? Is the problem complete in itself or is it merely a

manifestation of a larger, more fundamental concern? More police,

supported by more exotic technology, could reduce the crime rate in
city slums but would do little to get at the underlying economic and
sociological problems. To minimize the occurrence of cancer, a-med-
ical doctor tells his patients not to smoke cigarettes. A behavioral
scientist, in taking a systems approach, attempts to alleviate the psy-
chological and sociological factors that led the patiénts to smoke.

To apply this approach to a systems problem of any consequence
requires a vast wealth of knowledge and the interaction of a diverse
number of talents. Thus the use of the much heralded “systems team”
comprised of specialists from all the relevant technologies.

Using the systems approach and doing systems engineering involves
solving a Tot of problems, and for this reason it is valuable to examine
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these systems concepts within a problem solving context. John Dewey
stated the essence of problem solving some sixty years ago when he

asked:

1. What is the problem?
2. What are the alternatives?
3. Which alternative is best?'"?

Every human being, be he the president of a multibillion dollar cor-
poration or an aborigine of Western Australia, goes through life solving
problems. Indeed, it can be said that life presents itself as a sequence
of problems, terminating with one you can’t solve! So there is abso-
lutely nothing new about problem solving for human beings. What the
systems approach purports to do is to logically structure the problem-
solving methodology. I e

Dewey’s formulation has today, largely through the influence of the
communications and aerospace industries, evolved into the celebrated
“systems approach.” As shown in Fig. 3, a problem, need, require-
menit, or goal is quantified in terms of objectives that the system must
satisfy and criteria that can be used to rank alternative systems. A

process of system synthesis takes place in which a set of alternative

systems are generated. Each of these systems is analyzed and eval-
uated in terms of the stated objectives and design criteria. The ‘‘best”

or “optimum” system is then selected and implemented. Of course, in
practice the process is extremely iterative, with results from later

stages fed bWWriteria, system
options, and the like. I

How would you use the systems approach? Let us assume that you
have a situation which is concerned with a need or involves a problem.
The systems approach asks you to do the following:

«~ The Systems Approach

1. Goal definition or problem statement
. Objectives and criteria development
. Systems synthesis

. Systems analysis

. Systems selection

. Systems implementation

Gy O W L3 BN

L Figure 3 The steps to the systems approach.

" John Dewey, How We Think, D. C. Heath, 1910.

*R. A. Johnson, F. E. Kast, and J. E. Rosenzweig, The Theory and Management of
Systems, McGraw-Hill, 1967, p. 280.
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1. Express your understanding of the situation in a logic.ad, coherent

manner: some words, a picture, mathematics if that is possible.
" 2. Develop a set of objectives and criteria that tbe system must sat-
isfy in order to achieve the goal. If the situation involves a problem,
<tate the characteristics that will exist when the problem has gone
away. . . .

3. Develop alternatives to resolve the situation: not just one, but a
set of alternatives from which you can pick and choose.

4. Examine and analyze each of your alternatives with respect to
your goals and criteria. Select the alternative which you prefer, and

implement the solution.

The success of the systems approach up to this time indicates that
the process works well when the system objectives can be clearly for-
mulated, and when the required technologies and sciences are suffi-
ciently mature. The objectives for the Apollo project can be clearly
stated: “To place a man on the moon and return him safely before t.he
end of the decade.” During the 1960s four major system technologies
required for the Apollo implementation reached maturity:. large
launch vehicles, vehicles for operation in space, a system for trajectory
analysis and orbit determination, and a system for communica.tions..

Two major factors inhibit the successful application of this desxg.n
process to civil and social systems. The first and most fundamental is
that system objectives and system criteria can rarely be clearly statfad.
How does one choose between two transportation systems: one which
gives a fast, bumpy ride and one which gives a slow, smooth ride? By
what criteria does one discern the optimality of an educational
system? ‘

The second inhibiting factor is the lack of maturity in the required
technologies and sciences—the soft sciences. The “descriptive” man
yet remains to be described. In addition to unknowns in physiological
man, knowledge of psychological man is in a rudimentary state. The
lack of this fundamental information results in one library, optimally
designed for use, which has no windows and a second library, also
purported to be optimally designed, which has many windows. Ev.en
less understood is the subject of what man ought to be—“normative
man.” Yet this question is implicit in the design criteria of every so-
cial system.

Systems engineering draws on all the concepts of the basic scifence-s
and disciplines. The present state of the art for systems engineering is
that there now exists a well-demonstrated methodology for integrating

technical disciplines into technical systems. Civil and social systems
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now lie on the frontiers of systems engineering. It is possible that civil
and social system designers may experience only limited success until
the psychological and social nature of man is better understood.

It thus appears that the systems approach works well when certain
conditions are satisfied. These conditions are met for the design of
technical systems, but only partially so for the design of civil and so-
cial systems.

In some ways it is unfortunate, though almost inevitable, that the
modern concept of the systems approach has evolved out of highly
sophisticated technical programs. It has come into being burdened
with the technical jargon of the aerospace business and cloaked with
the mystique of computers and mathematics. Yet the true nature of
the systems approach has the purity of simplicity and the believa-
bility of common sense.

The systems approach is just plain common sense in that each con-
cept, each step, is the reasonable thing to do. The value of the systems
approach is that it allows you to bring all these common-sense ideas
together in concert to focus on the resolution of complex problems in
complex environments.

The systems approach will not solve problems for you. Only you can
do that. What the systems approach will do is permit you to under-
take the resolution—your resolution—of a problem in a logical, ra-
tional manner. You are the one who must ascertain that a problem or
a need exists. You are the one who must develop alternatives. You are
the one who must develop the criteria for selecting a suitable alterna-
tive. The systems approach will not do any of these things for you.

Psychologists say that we human beings yearn for uniqueness, for
the right to be an individual, a very special individual. The systems
approach will give you this opportunity in a very rational framework.
The systems approach will allow you to express your individualism

rationally when you identify your problem, your alternatives, and
your decision criteria.
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logical advance and lagging social maturity. But in a decade or so, the
public, the Congress, local governments, and leaders in industry and
science may all be convinced of the value and importance of the sys-
tems approach. At about that time, we will face a new bottleneck: a
shortage of good systems engineers, including, of course, the non-tech-
nologist members of the systems team—the economists, political scien-
tists, psychologists, and sociologists. The work is difficult. Assembling
technical and non-technical specialists into working groups with the
wisdom and imagination required cannot go forward as rapidly as is
desirable.

Still, it is pleasant to imagine a time when the only thing that re-
tards the use of logic, objectivity, and all the tools of science is a lack
of enough trained professionals. That will be the beginning of a golden
age. Once most people are wedded to a logical and objective approach
to social problems, the world will be a lot better, and science and tech-
nology can be used to the fullest on behalf of society.
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Systems Definition

Many books on systems engineering have been written, and in each
the authors have been faced with the problems of defining the term
“system.” There is no unanimity in these definitions, and it does not
appear that any universally acceptable definition is likely to emerge
in the near future. The most that can be asked is that the author deline-
ate the area about which he is discoursing so that the reader can have
an indication of their common areas of interest.

To pick one example, Johnson, Kast, and Rosenzweig define a sys-
tem as follows: ““...an array of components designed to accomplish
a particular objective according to plan.”' This very general defini-

'R. A. Johnson, F. E. Kast, and J. E. Rosenzweig, The Theory and Management of Sys-
tems, McGraw-Hill 1967, p.113.

This chapter is based on material in “Methodology of System Engineering” by R. E.
Machol in System Engineering Handbook, McGraw-Hill, 1965, pp. 1-3 to 1-13. Portions
are reprinted with permission of the publisher.
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tion is, in fact, too general for our purposes. It encompasses entities
which we will not regard as systems or for which our systems concepts
have little relevance.

The fallowing characteristics are typical of those that restrict the
class of systems to those of interest. -

1. The system W and it incorporates equipment, com-
puter software, procedures, and the like. This eliminates anthills,
river basins, universes, and many other interesting “‘systems.”

9. The system has integrity—all components cog’gibute to a com-
mon purpomhgmuction of a set of optimum outputs from the given
inputs. What this purpose iwwe define optimum, and even the
mature of The imputs will often be unknown at the start of the system
dWWucidation will be an important part of the
task. Rigorously applied, this criterion would exclude cities and, in-
—d.;gd, nearly all social systems.

3. The system is large—in number of different parts, ip replication
of identical parts, perhaps in functions performed, and certainly
in cost_;:g:mh things as the ignition.system in an automobile are thus
excluded.

4. The system is complex,,which is here taken to mean that _g__g_b_il’_l_gg
in one variable will affect many other variables in the system, rarely

in a linear fashion; in other words, the mathematical model of the

1e_mathematical moce’ -
system will be complicated. This eliminates systems which are merely

large, such as a bridge or highway (apart from considerations of traf-
fic flow).

5. The system is semiautomatic, which means that xp__@ines aj\ii
Computersm/s-&_me of the functions of the system, and human
beings perform_other functions _of the system. The large, completely
fanual system (pyramid building with slaves or a large data bank
maintained by clerks) is eliminated because it is too inefficient for our
interests. The large, completely automatic_system is_eliminated be-
cause it either does not exist, or else exists only as a subsystem of a
larger system with an essential man-machine interface.

6. The system inputs are_probabilistic, which leads to an inability
to predict the exact load or performance at any instant. In some cases
ihe rate of input is predictable (e.g., in an automatic factory), but
even here there are difficulties in design because of unpredictable var-
1ability in such things as environment and raw materials.

7. Many systems, especially the most complicated, all-encom-
passing systems, are competitive. In military systems a rational agent
(the enemy) is trying to destroy or reduce the effectiveness of the
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system; in business systems ordinary competition, or in public service
systems cheating or mere noncooperation, have similar effects.

It must be understood that no one of these characteristics is neces-
sary and no subset is sufficient. A system, much like beauty, lies in
the eye of the beholder. There is no generally accepted definition
which will separate systems from nonsystems. A decade ago, the title
of “system,” within our context, was usually construed to apply only
to technical systems, but today the term has been extended to civil
and social systems.

An example of a system which would appear to be amenable to
straightforward analysis might be a transportation system for inter-
continental travel. One could imagine many alternative systems,
ranging from ships to rockets, but let us assume that criteria such as
minimum travel time, cost effectiveness, and technical feasibility dic-
tate that the optimum alternative uses a large jet airplane of the
Boeing 747 class.

Now, the system does not consist of just the 747 airplane; pilots are
needed to fly the plane, stewardesses are needed to help the passen-
gers, a ground crew must prepare the plane and load the baggage. In
addition, the plane must take off and land on airfields. While in flight
the plane occupies an airlane, hopefully to the exclusion of other
planes. All this requires facilities, personnel, and procedures. Passen-
gers do not appear as if by magic, in one-to-one correspondence with
the number of seats on the plane. Thus there must be a reservation
system, a subsystem of our transportation system, to insure that an
adequate, but not too many, number of passengers will be present for
the flight.

All these activities must be managed by an organization that oper-
ates and maintains the plane, and ensures that personnel, supplies,
and facilities are available in the right number at the right time. The
proper management of this operation requires that estimates of fu-
ture requirements be made years in advance, based on a mass of data
concerning past operations and on indicators of future trends.

Finally, there must be organizations, desireably few in number,
concerned with the overall resources invested and the overall return
obtained. At one level this involves the stockholders and the manage-
ment of the airline. At a higher level it involves the national govern-
ment, or a consortium of governments. It is they who must provide the
overall objectives and decision criteria for the system and make the
difficult trade-offs between public and private investment, conveni-
ence versus efficiency of operation, user versus nonuser considera-
tions, and profit versus safety and reliability.
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Thus what started off to be a straightforward technical system with
seemingly well defined interfaces on closer inspection becomes.a s_ub—«
system treaded through many larger systems, with system objectives
so complex that we are left with limited prospects of realizing com-
plete answers to even such basic question as, “Do the benefits equal
the resources expended?”’

Systems Design

Consider the design of a system. Someone hands you $100 million
and asks you to make a system to control air traffic, or to connect 70
million telephones by direct dialing, or to perform some other func-
tion. What do you do next?

The designer of such a system immediately confronts a dilemma,
because the problem of designing a large-scale system is overwhelm-
ing, if it is attacked all at once; yet, if the attack is piecemeal, it is
unlikely to be successful. The hope of the designer is that the problem
can be subdivided in such a way that the parts can be handled some-
what separately, and that ultimately these parts can be rejoined in a
straightforward manner to form the total system. This subdivision can
take place simultaneously in a number of conceptually different ways.
In particular, there are:

1. The logical steps of systems design.

2. The chronological phases of systems design.
3. The functions of the system.

4, The components of the system.

In Chapter 1, Ralph Miles lists the steps of the systems design pro-
cess as: (1) goal definition or problem statement, (2) objectives and
criteria development, (3) alternative synthesis, (4) systems analysis,
(5) systems selection, and (6) systems implementation. These are the
logical steps of systems design, but rarely can they be performed in
this order. Logically, one must formulate the problem before one
solves it. In fact, one performs both functions simultaneously
throughout the systems design process. Because the problem cannot be
adequately formulated until it is well understood and cannot be well
understood until it has been more or less solved, the two are insepar-
able. Thus the design of any system is extremely iterative, with the
designer proceeding from problem formulation to solution to problem
reformulation and so on, with each cycle producing a more refined,
better understood, and, in principle, more optimal system.

Systems Design a7

The chronological phases of systems design can be ordered as defini-
tion, design, implementation, and operation. The definition phase in-
volves an analysis of the requirements and selection criteria, a genera-
tion at the systems level of a range of feasible alternatives, and an
analysis of the best alternatives. The conclusion of the definition
phase comes with the selection of one systems alternative, and with a
gross understanding of the implications of the selected alternative with
respect to performance, cost, schedule, risk, required technology de-
velopment, system lifetime, interfaces with other systems, and so
forth.

The design phase starts with the product of the definition phase, a
grossly defined system, and proceeds to define, design, and analyze
the system down to the level such that all documentation exists for the
complete creation of the system. The implementation phase brings the
system into being. This phase includes the procurement of parts and
materials, fabrication and assembly of hardware, coding and valida-
tion of computer software, and training of personnel. The implementa-
tion phase ends with the system level tests or review processes which
are required to certify the system for operation. The operations phase
starts with the first application of the system to its stated purpose and
continues through to the final phase-out of the system at the end of
the life-cycle.

While these phases logically follow one another, in practice, there
will always be some overlap. The degree of overlap that is permitted
in the chronological phases of a system life-cycle is derived from
trade-off considerations between speed of system implementation and
a desire for cost-effectiveness and risk-minimization. Large military-
systems procurements have been carried out under both philosophies,
and there are advocates and adversaries of both sides of the issue.

It is often convenient to subdivide a system along functional lines.
NASA divides its deep space communication network into a set of six
functional systems which cut across international, administrative, and
facility boundaries. The six systems are: tracking, telemetry, com-
mand, simulation, monitor, and operations control. Hospitals divide
their operations into functionally differing services such as surgery,
internal medicine, pediatrics, and so on.

Perhaps the most tangible way of subdividing a system is by its
respective components. Nevertheless, even here care must be exercised
to achieve a breakdown which will aid and not detract from the desig-
ner’s efforts. The natural and desired boundaries should lie at points
that minimize the interaction across the interfaces. It would be sheer
folly to subdivide the design efforts for a complicated electronics
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system by part type, for example, a resistor subs‘ysterr_x, a capacitor
subsystem, and so on, even though such a subdivision might make the
most sense for the paris procurement phase.

These four subdivisions—logical, chronological, functional, and
component—often merge in the system design process, as demon-
strated in the following sentence: “‘Determine the performance 'r(?-
quirements (logical subdivision) for the design (chronological subd.1v1-
sion) of a transmitter {component subdivision) for the communica-
tions link (functional subdivision).”

Given that one does proceed in this manner—subdividing the
problem in convenient and productive ways, then going through a pro-
cess of synthesis and analysis, then recombining to form a new system
which is more optimal than the results of the preceeding iteratlon_——the
question then is raised, “How does one stop?” Or does this iteration go
on ad infinitum, with each cycle yielding one more increment of
optimality? What one should realize, of course, is that the system
under design must be viewed within the context of a larger sygtem—a
system which includes the resources being expended in the design pro-
cess. Now the answer to the question becomes clear. The iterations of
the design cycle cease when the marginal return of an iteration no
longer exceeds the marginal cost of the iteration. Thus we conclud_e
this section with the seemingly contradictory statement that no opti-
mally designed system is optimal!

Principles of Systems Design

The fundamental principle of system design is simply to maximize
the expected value. Obviously this requires considerable interpretation
m particular case, but at least the expected value has a succinct
and well-understood definition. Where one has the choice of supplying
too much of something (resulting in excessive cost) or too little (with
the possibility of a penalty if it proves inadequate), this rule gives a
guideline, and this kind of thing is done continually in the design pro-
cess.

Thus we have “trade-off analyses,” in which, for example, for an
airplane we might (?(;mpare increased takeoff power (for a potential
increase in payload) versus decreased fuel economy (for a potential
decrease in payload). In such a two-parameter analysis it is concep-
tually simple to find a maximum; in a complicated systems situation
we would have to trade also with dozens of other parameters, with
pairwise comparisons being totally inadequate. This leads to
“cost/effectiveness studies,” in which we attempt to maximize the
effectiveness of the system (or its expected value) for fixed cost, or to

?
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minimize the cost for fixed effectiveness. Because it L is generally im-
possible to find a single number which realistically represents the
effectiveness of a complex system, there is a good deal of subjective-
ness, as represented by judgment, as well as objectiveness, as repre-
sented by analysis, in systems engineering. o
The principle of suboptimization states that optimization of each
subsystem independently will not lead in general to a system opti-
mum, and that improvement of a particular subsystem_actually may
worsen_the overall system. Since every system is merely a subsystem

of some larger system, this principal presents a difficult, if not insolu-

ble, problem,—one that is always present in any major systems de-
sign. We will discuss this point further in one of the following sections.

The principle of centralization refers to centralization of authority
and decision making, that is, to centralization of information as distin-
guished from material. Most organizations are built on the principle
that routine inputs are handled at a low echelon, with higher echelons
being informed so they may veto specific decisions or change policy on
general decisions, if it is appropriate (this is sometimes called “man-
agement by exception”). Nonroutine decisions are passed to higher
echelons for decision. This decision hopefully establishes a policy so
similar decisions in the future will become routine. A difficulty arises
only when the speed required for making the decision exceeds the
speed with which the information may be communicated to the higher
echelon and the decision made there and transmitted back. Thus, as
speeds of communication and decision-making increase, the disadvan-
tages of centralization decrease. With the improvements in comput-
ers, communications, displays, and theories of decision-making, the
optimum in the continuum between centralization and decentrali-
zation moves more in the direction of centralization in our complex
systems.

The principle of events of low probability is related to the fact that
no system can be all things to all people, all of the time. The principle
states that the fundamental mission of a system should not be jeopar-
dized, nor its fundamental objectives significantly compromised, in
order to accommodate events of extremely low probability. Yet one
frequently hears: “the most trivial detail may be the key to the entire
intelligence picture; therefore, the system must be able to store and
brocess every conceivable intelligence input” in spite of the fact that
the resulting system is too complex to be workable. In other words
“the soldier in the foxhole may have urgent requirements for the air-
borne reconnaissance information; therefore, the entire data pro-
Cessing system must be airborne, and provision supplied for air drop
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of finished data to the front lines” in spite of thg fact tbat the re-
sulting allocation of weight to airborne data processing equipment will
seriously compromise the reconnaissance_ performance. The system
engineer can sympathize with the soldier in the foxhqle gnd the com-
mander who is sensitive to his needs, but he should mmst‘ on reason-
able compliance with the fundamental principle of maximizing the
expected value of the system.

In many systems, a compromise is possible: the system can be de-
signed to handle most events automatically, and to sound an alarm
which calls for manual intervention when an uncommon event occurs

which is beyond its capablities. For example, an automatic mail-
sorting system would throw out, for manual sorting, those letters
which were not of standard size, shape, or location of address. Such a
system might handle 95 percent of the mail automatically, at a cost
much less than that of 100 percent manual handling and encrmously
less than 100 percent automatic handling. Similarly, when you rgach a
wrong number through (automatic) direct-distance dialing, you simply
call an operator for (manual) rectification of the error.

Models for Systems Engineering

A model, in principle, is a substituie for the real thing. Models are
used as tools to gain knowledge through analysis and as a means of
conveying information. A model may be used in lieu of the real thl‘ng
for any of a number of reasons: economy—it may cost less to derive
knowledge from the model, availability-—the model may re[_)resent a
system which does not yet exist or cannot be manipulated,
information—the model may be a convenient way to collect or
Mrmation‘ Models form an important part of systems con-
cepts because economy, availability, and information are all impo'r-
tant factors in the design and analysis of large, complex, and dynamic
systems.

There are many ways of classifying models which are useful for sys-
tems design and analysis. Three that we shall consider are
simulation/symbalic, structural/empirical, and descriptive/normative.

Simulation models replicate a system in function or form. A
drawing can be said to be a simulation of a system because it 100}(8
like the system. An analog computer simulates a system in that its
parameters have the same time history as the system. A system test
program is a simulation of the operations phase in which the func-
tional and environmental interfaces of the system are simulated, and
the system is tested in its operational modes.
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Symbolic models have no physical or functional resemblance to the
system. Symbolic models use ideas, concepts, and abstract symbols to
represent a system, as expressed in the form of wordiﬂgggghi‘g}:
mathematics. The documentation for a system would represent a
symbolic model, as would the mathematical representation of the
system operation.

Models may be both simulation and symbolic, depending on the
point of view. Computer programs of complicated systems, which are
obviously symbolic models, are often called simulation models be-
cause they simulate many parameters of the system and, in some
cases, may actually duplicate the software portions of the system.

Another classification of systems models describes them as struc-
tural or empirical—structural, if the parameters and functional rela-
tionships of the model have direct correspondences with the elements
of the system; and empirical, if the parameters of the model are ad-
justed to give the model correspondence to the system, but the para-
meters in_themselves bear no relationship to the elements of the
system. A Taylor series expansion of system response or a linear re.
gression analysis of data would be examples of empirical models.

An important classification is the differentiation between descrip-
tive and normative models. A descriptive model describes a system
without making any assessment of the system’s value or of the sys-
tem’s_performance. Normative models describe a system as it would
be if it satisfiedjgmg‘gﬁgmm. The design requirements

e 1f 1t satis;
or contract specifications for a system capability would represent a
normative model of the system. The degree to which the descriptive
model of a system corresponds to the normative model would be a
measure of the optimality of the described system. Normative models
provide goals for systems design and systems operation, whether or

not, in fact, they are achieveable. @~~~ T
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A simple mathematical model of a system can be represented by a

transformation between an input set and an output set: y = S(u)
(Fig. 1).
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fnput set System Qutput set

Figure 1 A mathematical model of a system.
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This simple model will suffice to demonstrate an important concept
in mathematical modeling, the division of math models into linear and
nonlinear systems.

A system model is linear if and only if the input and output sets of
the system can be represented as elements of linear vector spaces and

the principle of superposition holds for the system relationships be-
tween the input and output sets, that is, the output of tth
set of combined inputs is equal to The sum of the outputs for the indi-
vﬂgalj.npu@. More precisely, for a linear system with two inputs
# and uz:

y = ayy + B2
where
y1 = S(w)
¥ = S(ug)

y = S(u) = S{eus + Bua)

and «, B are scalars. In graphical form, this is shown in Fig. 2.

The mathematical techniques for linear models form an important
part of systems analysis for a number of reasons. Many systems are
linear, and many nonlinear systems exhibit a linear response over a
restricted range of the system parameters. Linear systems theory is
most general in application, while nonlinear systems analysis must
often be applied on an ad hoc basis, with results which cannot be gen-
eralized to a broad class of systems. Finally, linear systems theory is
conceptually easier to understand, and in fact forms a starting point
for many nonlinear techniques.

If the internal nature of a system varies as a function of time or of

pwuts, then the nature of the system is called the state of__gbig

system. The state of an electrical circuit can be characterized by spec-

U, e S{u,) | e ol N 1y 3 S(uy e Y o

+

S(u) el 4

2 8

Figure 2 Diagrams for the principle of superposition.
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Figure 3 Diagram for a generalized linear system.

ifying the amount of energy in the circuit, that is, charge on capaci-
tors and current through inductors. The state of an economy might be
characterized by the available workforce and functioning facilities and
businesses. The output of such an economy might be characterized by
gross national product.

A general model of systems with internal states can be obtained by

expl:essing the time rate-of-change of the internal state as a function of
the internal state and the applied input:

dz
()

y =gz, u)

where x is the system state, u is the input to the system, and v is the
output or the observable quantity of the system. For linear systems,
these general system-state equations reduce to

dz

— =4 B
g = Azt B
y = Cz -+ Du

These linear equations look much more imposing when they are drawn
in graphical form (Fig. 3). Equations of this form can be used to ana-
lyze many different systems with a spectrum of differing inputs.

Such mathematical equations have wide applicability, ranging from
aerospace control systems and chemical process plants to models of
economic and social systems.

-
n
2
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The raison d’etre of systems design is optimization, and a class of
models useful for this purpose are those referred to as ‘““mathematical
programming” or “mathematical optimization” techniques. All of
these techniques incorporate some model of the system, along the lines
we have just discussed, plus a mathematical statement of the criteria
for optimality. This statement is called a value function or an o'bje_ec-
tive function. The optimization process may attempt to maximize
value, a benefit-cost ratio, output, reliability; or to minimize cost, risk,
inputs; or some combination of these—whatever the system designer
perceives to be the measure of the “best” system (Fig. 4).

The simplest, though inelegant, optimization technique is to ex-
amine all of the possible system alternatives, one-by-one, in an “ex-
haustive” search, and then to select that system or set of system para-
meters which produces the optimum value for the objective function.

Where defined, logical relationships exist between the system alter-
natives, all the analysis tools of mathematics may be brought into
play—calculus, variational methods, Lagrange multipliers, and 80
forth. Elegant computer programs hive been developed to search effi-
ciently through large volumes of parameter space for optimum solu-
tions.

Several new optimization techniques have been specifically devel-
oped to deal with the optimization problems of large systems. Lir.lefar
programming models represent systems by a set of linear inequalities
of the form:

2 aimi = b;
F

and the objective function by an equation which is linear in the “deci-
sion” variables, z;:

Z = ZC,‘CC,‘
i

The optimization process consists of selecting the x;’s to maximize or
minimize Z subject to the constraints of the linear inequalities. The
“simplex” method for the solution of linear programming problems
was developed in 1947 by George B. Dantzig and his associates for the
US. Air Force on Project SCOOP (Scientific Computation of Op-

Output Objective > Value

oput function

System

Figureé 4 Mathematical optimization model.
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timum Programs). Linear programming techniques were originally
applied by the Air Force to such diverse areas as contract bidding;
balanced aircraft, crew training, and wing deployment schedules;
scheduling of maintenance overhaul cycles; personnel assignment; and
airlift routing problems.

Another technique, dynamic programming, was originally developed
by Richard Bellman in the early 1950s at RAND. Dynamic program-
ming models are a tool for analyzing multistage decision processes.
One can imagine systems situations where a series of decisions must
be made concerning a number of activities, or a time-sequenced set of
decisions must be made concerning a single activity. Dynamic pro-
gramming models make the following basic assumptions:

1. The returns from different activities can be measured in a
common unit.

2. The return from any activity is independent of the allocations to
the other activities.

3. The total return can be obtained as the sum of the individual
returns.

These assumptions can be expressed as

Z = fi(z:) + falm) + -+ + fn(2n)
subject to the constraint

Tt ot e fay = o

where the z;’s are the resources to be allocated and x. is the total re-
source available. .

Often, systems problems can be modeled as a flow of something
through the system. This flow may be automobiles through a traffic
pattern, goods in a manufacturing plant, oil through pipelines, activi-
ties through a scheduling chart, or the like. These problems are ana-
lyzed with the aid of network flow models, where the network consists
of interconnecting nodes and paths. One important technique is called
PERT (Program Evaluation and Review Technique). PERT was devel-
oped by the U.S. Navy as a technique for preparing project schedules,
and for assessing the progress of the project with respect to the
schedule. PERT was first used on the Navy's Fleet Ballistic Missile
Project—the Polaris project. The management of the Polaris project
was complicated by the fact that there were many tiers of contractors
and subcontractors. It was extremely difficult to understand the im-
Pact of problems in one area on other areas and on the overall project
schedule. PERT made an important contribution to the resolution of
these scheduling problems on the Polaris project.

optimize:
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There is a fundamental difference in the use of models in scien(;e
and engineering. In science, a model is the final product. A model in
«cience represents the distillation of all the knowl_edge aboqt 2 certain
phenomenon. In engineering, where the purpose is not codification of
knowledge but the achievement of an objective, models are only a
means to an end. How much modeling effort should a systems engi-
neer undertake, and how detailed should the systems model be? This
is a resource allocation problem. The systems engineer ShO}lld con-
tinue to develop the systems model until the marginal benefit of im-
proving the model falls below the marginal cost.

The Systems Viewpoint

Systems engineering iz more than a knowledge and application of
principles of systems design and systems modelmg.concepts. In ‘what
follows an attempt is made to give the reader a feeling for th(? point of
view which makes systems engineering different from classical engi-
neering. _

The heart of the matter lies in the complexity of the system ar}d in
the danger of being unable to see the forest for the trees. The designer
must somehow deal with the various subsystems and component parts
in such a way as to optimize the cost/effectiveness 'of-thef overall
system—which means avoiding the dangers of subqptlmlzatlon. The
word “suboptimize” was coined in 1952 by C.qJ. Hitch, and the fol-
lowing example is taken in part from his article.” .

An excellent study, one of the classics of operations research, was
performed during World War 1I on the optimur.n size of a merchgnt
ship convoy.' The problem was the sinking of United States and Allied
merchant ships by “packs” of German submarines in the North At-
lantic Ocean. There is, of course, never enough data for sucb pfob-
lems, because of the statistical variability in such things as .51ghtmgs
and sinkings and the numerous questions of luck and skill involved.
However, the researchers were able to show (with what most system
engineers would agree was reasonable confidence) that th!a number of
merchant ships sunk when a convoy was attacked by a given pgck of
submarines was independent of the number of merchant ships in the
convoy, but inversely proportional to the number of escort vessels

*(. Hiteh, “Sub-optimization in Operations Problems,” J. Op. Res. Soc. Am., vol. 1
{1953), 87-99. o )
"P. M. Morse, and . E. Kimball, Methods of Operations Research, Wiley 1951.
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(such as destroyers) in the convoy. Furthermore, the number of sub-
marines sunk in such an encounter was proportional to the number of
escort vessels. It follows that the payoff, chosen as the ratio of sub-
marines sunk to merchant ships sunk, varies as the square of the size
of the convoy (assuming that the same ratio of escorts to merchant
ships is retained). The recommendations from this study were put
into effect, and the number of merchant-ship sinkings decreased
drastically, contributing importantly to the winning of the Battle of
the Atlantic, and consequently to the winning of the war. In fact, the
decrease was even more dramatic than predicted; the submarines were
so ineffective in the North Atlantic that they were transferred to more
profitable missions elsewhere.

This celebrated problem has been the subject of a number of post-
war studies, and it now appears that the change in tactics (increasing
convoy sizes) was probably right, but for many of the wrong reasons.
In fact, the study as described above is remarkable for the number of
errors which have been made from the systems viewpoint.

In the first place, if one really believed the above conclusions, he
would recormmmend taking every bottom available to the Allies and put-
ting them into a single giant convoy. This is clearly ridiculous (in sys-
tems engineering, as in mathematics, extreme cases are often illustra-
tive); the optimum convoy size must consider the disadvantages of
increasing size as well as the advantages. The obvious disadvantages
are that the convey can move no faster than its slowest ship, and that
the arrival of a convoy swamps port facilities, greatly increasing turn-
around time.

In fact, the study is guilty of suboptimization; what has been optim-
ized is the skirmish between a convoy and a submarine pack, for
which the measure of effectiveness is the ratio of submarines sunk to
merchant ships sunk. What should have been optimized is the Battle
of the Atlantic, for which the proper measure of effectiveness is the
goods delivered to the eastern shore of that ocean. Of course, one can
quibble about modifications of this measure depending on the length
of the war (do we want to maximize goods delivered during the next
month or during the next year?) and the desirability of saving human
lives (at least on our side), but the principle is clear: if the convoy is
too large, it will take so long to assemble, load, sail, unload, and return
that the amount of goods delivered may be considerably less even
though we lose less shipping.

But even this viewpoint is a suboptimization, because the real objec-
tive is not so much to win the Battle of the Atlantic as to win the war.

E——— 3 e P g " o N . i
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And when the German submarines went elsewhere, they indicated
that we had gone too far. It is a principle of competitive situations
(and, to the extent that they can be considered games against nature,
all stochastic systems) that when we have achieved our optimum stra-
tegy, we are indifferent as to what the enemy (or nature) may do. This
concept is made formal in game theory. It follows that if the enemy
{or nature) has a clear-cut preference available, we are not at the op-
timum. In this case, if the German submarines could clearly do better
by leaving the North Atlantic, we must have made our convoys too
large.

But even this is a suboptimization, because the objective of winning
the war should be subordinated to the objective of optimizing the post-
war world. In this example, such considerations would be stretching
things; but it was, for example, a serious question in the decision to
drop the bomb on Nagasaki. And of course, there are even higher
objectives. So what is the system designer to do if he is several eche-
lons farther down (e.g., designing an antisubmarine guided-missile
system aboard one of the escort vessels)?

In answer, Hitch suggests ““the relevancy of economics” which ““in-
volves the analysis of relations between suboptimizations at lower and
higher levels.” We would add that, while absorption in the problems of
higher levels can lead to paralysis or, worse, severe political repercus-
sions, the designer should always be cognizant of their problems and
the effects of his actions on them. Most important, he should know the
level of his own sponsor and select appropriate criteria with his
sponsor.

As a rule of thumb, in addition to his own level, a systems designer
should think one level up and one level down. He should think one
level up because the task as he receives it is not completely defined
{for the reasons discussed earlier) in that a problem cannot be com-
pletely formulated before it is solved. Similar arguments dictate that
the designer needs also to think one level down.

The Compleat Systems Engineer

Finally, we turn to the man who must do all of this—the systems
engineer. The use of the word “systems” is sufficiently pervasive that
every large organization invariably has some people who are identified
as systems engineers. Many of these people do not have, and need not
have, an understanding of the broad range of systems concepts as they
have been presented here. These people may have a well-defined,

Sirsiniild
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static role to fulfill in their organization; and the role, important as it
may be, may have little requirement for these concepts.

What we mean by the “compleat” systems engineer is the man who
is the creator, the innovator, the synthesizer of systems. This is the
man who needs to have the “big picture”; who must see the path from
systems requirements to systems operation; who can make decisions,
implement ideas and bring the system into being.

Clearly, this man must be, in some sense, a generalist rather than a
specialist. The ideal systems engineer is a “T-shaped man,” broad,
but deep in one field. His depth is provided by scholarly
experience—a Ph.D. or equivalent—and the breadth by extended
interests and abilities. Frequently he must become a “6-month ex-
pert” in a new field, such as meteorology or television or electroence-
phalography, but he will find that his background in mathematics and
engineering will enable him to learn enough in a short time to allow
him to work with real experts in the field.

In addition to systems engineering, he must know a good deal about
administrative and marketing matters. In particular he must be a
good salesman, because regardless of the merit of his ideas, he must
convince some sponsor that his project is more worthy of support than
the numerous other proposals which are invariably competing for the
limited financing, equipment, or time available. He must know about
the project system of management: he must know about costs and
accounting procedures; and he must know ahout organizational and
administrative politics, which probably cannot be learned from any
book.

Of course, the man who knows all of this does not exist. In practice,
the systems engineer does not need to know everything. What he needs
to know is everything that is pertinent to his particular problem. In
that sense, there are thousands of systems engineers who come re-
markably close.
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The past decade has seen the development of a new profession—
decision analysis, a profession concerned with providing a rational
basis for decision-making. While it may seem strange that people can
make their living by helping other people make decisions, that is just
what decision analysts do. So that we can better see the need for this
new profession, let us start by taking a look at the kind of decision-
making we use in our everyday lives (see Fig. 1).

Descriptive Decision-making

In this descriptive view of decision-making, we first examine the
environment of human decisions. The environment can be described
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Project Feedback, is an attempt in this direction. Its precursor was a
study carried out by Stevens and Little for the Governor of Puerto
Rico to find out how the very poor people of that island were feeling
about the various attempts to improve their lot.®

Although we should recognize that this way of utilizing the methods
of physical science has its severe limitations, we must also see that it
has great potentialities, when carefully used.
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The Evolution of JPL

I present here some thoughts based on practical experience with sys-
tems engineering at the Jet Propulsion Laboratory. Since 1940, JPL
has developed from a graduate student thesis project in the aeronau-
tics department of Caltech into the present organization with about
4000 members, 2000 of which are professional engineers and scientists
working under contract to NASA to build and fly spacecraft to the
planets. JPL has evolved from a purely research-oriented laboratory
into one heavily engaged in the practical application of systems engi-
neering of large and complex projects. In the process, we have devel-
oped for ourselves many of the principles leading to the successful
application of systems engineering, and we have discovered how to
Organize an engineering team to accomplish a difficult project.

At the end of World War II, the Laboratory was working for the
US. Army. It had been supported in the first years of the war by the
Army Air Corps and given the task of understanding the principles of
rocket motor design for application to aircraft problems. The Laboru-
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tory was successful in developing the jet-assisted takeoff (JATO) prin-
ciple and was then asked to transfer its know-how to a commercial
organization which would build JATO units in quantity (see Fig. 1).
This phase of JPL’s activity was essentially representative of engi-
neering research. We were concerned with the engineering principles
of the design of successful rocket motors, but very little with the
problem of engineering these motors into an airplane, or of analyzing
the application of these motors to an airborne mission.

Toward the end of the war, Army Ordnance asked the Laboratory to
explore the application of rockets to long-range artillery applications.
(In those days, “long range” meant 100 miles.) It was now necessary
to understand a rocket system consisting of a rocket motor, fuel tanks,
guidance, and payload. Accordingly, new types of engineers, such as
aerodynamicists and electronic engineers, became part of the organi-
zation. The group began to function as a systems engineering team.
Nevertheless, the emphasis was still on research and, because it was
not yet necessary, very little systems engineering discipline emerged.
While various engineering groups worked together on mutual problems
and were responsible for many successful projects, by today’s stan-
dards, they would be described as disorganized. The objective was not
to optimize a design, but to build something that worked and to un-
derstand the engineering principles of the design. This, of course, is
necessary before parametric studies leading to optimum solutions can
be undertaken.

The next step in the evolution of JPL to a systems engineering or-
ganization was brought about by a request from Army Ordnance to
develop an operational missile system. As there was a stated need to
arrive at a production stage as soon as possible, it was agreed that,
using the research rocket which had flown successfully, JPL would
develop an operational missile system. This really meant that as many
off-the-shelf items as possible would be put together to produce a
workable device which, however, would be far from a well designed
and engineered system. Indeed, this proved to be the case for this mis-
sile system, which was called the Corporal.

The system did work, and the military made it work even better,
but it was expensive, inefficient, and required large amounts of sup-
port equipment. It pointed out the consequences of putting a system
together rather than engineering the system.

From the Laboratory’s point of view there were some valuable les-
sons to be learned:

* If a complex physical system is to be operated by relatively un-
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Figure 1 The first jet-assisted takeoff (JATO) in the United States, August 6, 1941.

skilled personnel, the total system should be designed with a clear
understanding of its end use and of the man-machine interface.

e The compromises inherent in bringing together devices designed
for other purposes can only result in producing an inefficient sys-
tem, difficult to operate and costly to buy and maintain.

¢ In order to assure an integrated and optimized system, design
responsibility and authority for the complete system must be given
to the implementing agency. There must be short communication
channels between the various technical and engineering groups
responsible for the development of the physical hardware and the
project management which has the responsibility for attaining
stated objectives. Then there can be reasonable assurance that, in
optimizing the hardware to solve a technical problem, the overall
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project objectives and constraints will be recognized and incorpo-
rated into the design.

° The transfer of knowledge from a developing agency to a pro-
ducing industrial company is not simple. There are three major
problems. First, it is practically impossible to document all of the
important know-how involved in implementing complex hardware.
It is too easy to fail to mention some procedure which is so much a
part of your folklore that you just take it for granted. The second
problem in transferring knowledge is that different organizations
not only have different folklore but different methods of solving
problems, of establishing acceptance criteria, of assuring quality.
Third, the engineer who has developed the system finds that he
must interpret his decisions to a group of people who have not been
exposed to the effect that the system constraints have had on those
decisions. Consequently the system documentation must be educa-
tional, as well as definitive, and the engineer will find himself in-
volved in the educational process.

The Laboratory had an opportunity to show Army Ordnance that
we could develop a better missile system than the Corporal, when we
were asked to do the second generation Sergeant missile (see Fig. 2).

Figure 2 The Sergeant, solid propellant, tactical guided missile.

,I
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This assignment included the total system responsibility, with realistic
user requirements and constraints. We developed the system, trans-
ferred it into industrial production, and assisted the Army in its initial
field operations. Thus we were assigned a classical systems engineering
task for a large and complex system. The project wag successfully
completed at just the time when we transferred to NASA in 1958,
Since joining NASA, the Laboratory has expanded its systems engi-
neering capabilies. Our assignment for NASA is to conduct unmanned
spacecraft missions to the moon and the planets. Hence we have de-
veloped and carried into practice a number of spacecraft systems
which required advanced concepts and the welding together of many
scientific and technical disciplines (see Fig. 3). Some of the systems
considerations involved in these missions are discussed below.

Systems Concepts in Lunar and Planetary Projects

The capability for successfully accomplishing lunar and planetary
missions was realized when five unique and relatively new space tech-
nologies were developed:

1. A launch vehicle for injecting a spacecraft into a trajectory de-
signed to intercept the moon or a planet.

2. A spacecraft capable of operating unattended in space with a high
order of reliability for periods of days or months.

3. An in-flight propulsion maneuver capability to provide the neces-
sary target accuracy.

4. A system for determining the cislunar or interplanetary orbit of
the spacecraft.

5. A system for communicating with the spacecraft: an uplink for
commands and a downlink for data transmission and tracking.

These missions require systems consisting of perhaps a hundred
thousand parts, several major systems contractors, many subcontrac-
tors, and projects requiring tens of thousands of man-years of effort.
These projects often involve one- or two-of-a-kind designs, with cost
and schedule constraints rarely permitting test flights. Thus the pro-
jects must be carried out in the presence of large unknowns, which
include technical feasibility (always encountered in advanced designs)
and the environments in which the systems must operate.

Systems Engineering

To carry out these projects with reasonable expectation of optimiz-
ing performance or of attaining project objectives within cost and
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schedule, a systems engineering approach is obviously necessary. Basi-
cally, the systems approach involves the optimization of the overall
system as opposed to the piecemeal suboptimization of the elements of
the system. This overall optimization is achieved in a number of steps:

1. Goal definition or problem statement.
2. Objective and criteria development.
3. Systems synthesis.

4. Systems analysis.

5. Systems selection.

6. Systems implementation.

Thesystems engineering of lunar and planetary missions—conceptu-
alization, design, fabrication, operation—is carried out according to
this scheme.

The goals of lunar and planetary programs W_@i
of a sequence of lunar and planetary missions, with objectives for each
mission based on scientific and engineering feasibility studies. Design
criteria provide a means of ranking alternative systems, establish the
importance of various phases and objectives of the mission, and fur-
nish a basis for making trade-off studies.

The systems synthesis and analysis is initially carried out in terms
of functions required for the fulfillment of the mission. The design is_
then successively iterated for the effects of varioushﬁrd@@@

mentations. The selected\d*e—sim_mnggents an_optimum choice with
respect to the mission objectives and the design criteria.

To focus and integrate the management anmng efforts for a
specific mission, a project organization is needed. Support from the
total technical resources of the organization is provided by a “matrix”
organizational structure. The classical organization chart with verti-
cally aligned functional divisions is overlaid with horizontally aligned
projects which intersect the division structure. An engineer from ga
functional division, working on a project, administratively reports to
his functional division, but receives his work assignments from the
project management. His performance is jointly reviewed by both the
division and the project.

These projects must be broken down into comprehensible parts in
order to be accomplished. The first major division of a space project is
into systems. Lunar and planetary flight projects typically are com-
posed of four systems (see Fig 4):

1. %ﬁﬁé?&&@ystem, consisting of the spacecraft and its sup-
port equipment.

Lunar and Planetary Projects
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2. The Launch Vehicle System, consisting of the launch vehicle and
its support equipment.

3. The Tracking and Data System, which is responsible for the
provision and maintenance of the earth-based tracking, telemetry, and
command stations; the ground communications; and the operational
facilities for the mission.

4. The Mission Operations System, comprising the management
organization responsible for the design and execution of the mission
operations.

Further breakdown of the systems into subsystems and components
is made to reach a level of complexity that can be treated as a single
element. Concurrent with the system breakdown, interfaces between
the elements are established which define the functional boundaries of
the elements.

“This breakdown of a system into functional elements cannot be
made arbitrarily. A great amount of managerial and engineering skill

is required to select the interface topology, which affects the manage-
ment control of a project, both administratively and contractually,
and the engineering integration and operation of the system. From a

management standpoint, interf. fined _so as to optimize
e e s e
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Figure 4 The four systems of a lunar or planetary flight project: (a) spacecraft system,
(b) launch vehicle system, (c) tracking and data system, and (d) mission operations
system.

visibility and control, _to isolate independently subcontracted ele-
ments, and to delegate authority and responsibility. From an engi-.
neering standpoint, interfaces are located so as to separate inde-
DMWM integration, testing, and opera-
tion of the overall system.

In the early design stages, the exact mode of implementation for a
system may not be known. For example, should the spacecraft be
spin stabilized or inertially stabilized? Should power be obtained from
solar cells or a nuclear device? Thus a system is initially defined in
terms of performance specifications and constraints for each func-
tion, rather than in terms of the implementation schemes. T

At this point, the ign is defined by a set of subsystems, func-
tions, and constraints for each subsystem, and an outline of the inter-

face topology. Then the subsystem designs are projected to the point
e e NS <. S AU St
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that the slternative subsystem implementations are understood. The P> seacecrart part counr COMPARISON
subsystem performance characteristics and constraints are translated
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back through the system, j}?fijhe PI_Q_CE._Sﬁ_1%.’.5‘??&9@1&2{%“. ~~~~~~~~~~~ PART CLASS MARINER | MARINER | MARINER MARINER
optimized, self-consistent preliminary design. v v 1969 1971
ettt e B e e DR . R MMR___M
The preliminary design is specified as a set of functional require- | CAPACITORS 5570 4594 3,222 3957
ments and interface control documents. These documents define the f RESISTORS 15,607 10,78} 9,916 11,031
overall requirements and constraints levied on the spacecraft design [ DIODES 9,922 5.047 4,418 4,748
by the mission, the major system interfaces, the subsystem interface { TRANSISTORS 4,323 3,027 3,035 3,296
topology, and the functiong and constraints imposed by the system on | IC's ACTUAL - 594 2763 3,063
the subsystem designs. They describe the design in sufficient depth ! (IC EQUIVALENT) - 07.226) | (80,127) | (88,827)
to allow the detailed subsystem definition to proceed independently. i Misce 3,798 1,225 1,105 1,256
S SRR
ACTUAL TOTAL 39220 | 25268 | 24459 | 27,35
(EQUIVALENT TOTAL) | 39,290 (42,494) | (oa586) | (e, 178)

. S
Design for Suce €8s *INCLUDES SWITCHES, CRYSTALS, FUSES, INDUCTORS AND

Relial}iliti? Perhaps the most difficult requirement to satisfy in TRANSFORMERS, RELAYS, FIC.
space missions is reliability. It presents the most challenging cri-
teria for the management and engineering of deep-space systems.

Figure 5 Spacecraft electronic parts count comparison.

There are typically tens of thousands of electronic parts in a plane- E&@}lﬁlﬂ’: Simple d?SIg“S tend to minim
tary spacecraft design, many in themselveg miniature assemblies (see fugﬁtlgp_g‘lmmgggigpg__m@_[faces and
Fig. 5). In the early 1960s, there was a Serlous concern that the sheer tm..,q_fmlntszgg@y_uggh\gh_ ystem and_wi ste
number of parts, each with iﬁimmmjggggbgh,iﬁ,tlz of fail- The philosophy of a @ﬂ&g@&@gﬁgﬁshould’ also be used; the space-
ure, would result in an intrinsic unreliability at the system  level that craft should be CaRﬁlllEJ}LDﬁLfOfm1ngv.@_lﬂélQLQQE!Q!J&E@SJ}!},%&QB
would_render plangtam;ﬂjght%easible} Failures on early space even in the presence of failures Thﬁ.;§X§te{n~£§£‘j¥_§,ﬁ?}f§_§ﬂiﬁ?ﬁa‘
flights tended te add credence to moncem..lt took a funda- le}’g{‘l’.ﬂﬁﬁ@i&g ﬂgpj{g_gﬁgp_@gﬁgggggg_twlﬂqg_ulpmmglgr parameters.
mental change in the implementation of space projects before mission [IEeZiu\n?iancy. An important method for obtaining reliability at the
suc?esg occurreq with regularity. .It is now clear that the process _Of system_ml\e??e"lw is with redundancy. All mission-oriented functions
achieving reliability must start with the first concept of how a mijs- should be b@k@d;ug_by redun dancie@iﬁlféfiﬁéh?nﬁi&:wéh d the
sion will be implemented and does Dot end until the last mission event = — e e TN a o 008, 8nd

system should be _protected aggMggggg§ In noncritical glkgﬁ)érnft,_s‘,h
has been successfully completed. Communications ang Power subsystems, befﬁffﬁi&féﬁ??rﬂical ele-
BLQ@QQ& éfm It is necessary to take a very conserva- ' ments, typically contain some element redundancy. (_)‘E_I}@jgg;_;f)éig
tive approach to the design of lunar and planetary spacecraft in order most « QE_Q}AQ_”C..Q!DDMIZ@L.QY&Q‘@Q&VQEP_@MCKQQ:HD»_by\gIQHEQ_CQm!PEES; In
to obtain the levels of ultrareliability required to achieve g high proba- addition, there were more than a dozen cases of element redundancy.

“-'““N*—“\»-.-...M_,w.w-..,».-.

it AL R VY A

o Bt i o5 el

[——




138 Systems Engineering—Jet Propuision Laboratory

that interface responsibilities can be clearly understood. On early
Mariner spacecraft, the Spacecraft System/Launch Vehicle System
interface occurred at the in-flight separation joint. On the Mariner
1969 spacecraft, the interface was moved down to the field joint. This
eliminated the in-flight separation mechanism from the interface de-
finition, thus simplifying the management interface as well as the
testing and operations.

The design must also consider many other factors. To achieve the
highest levels of confidence, the design must be capable of being tested
and analyzed. Design confidence is obtained when test results corre-
spond to analysis predichions.

7T P EAATS

Testing

The test program must be thoroughly integrated into the fabrication
and assembly operations. The test results must be factored into the
system design, and changes must be made where the test results indi-
cate that mission objectives will be compromised.

The test program accomplishes many objectives. It provides data
where additional information is needed to complete the design (devel-
opment testing); it qualifies the design (type-approval testing); it vali-
dates the flight hardware for the mission (flight-acceptance testing); it
produces calibration and signature data; and it provides training for
the mission personnel {mission simulation). Testing, starting with the
parts and materials, involves every level of assembly: components,
subsystems, and systems. l

The finite time available for testing restricts the range of operating |
states that can be investigated. The Mariner 1969 spacecraft with |
more than 10” distinguishable states at the system level, even if se-
quenced through system states at the rate of one thousand states per J

second, could not be completely tested within the observed lifetime of
the universe!

Mission Plan

Finally, the preparation for the mission is not complete until a de-
tailed mission plan has been developed and tested, and the operations
personnel have been trained in their duties. The mission plan must in-
clude an integrated, step-by-step account of the functions of all sys-
tems, through all phases of the mission. The mission plan should max-
imize the mission return in a reliable manner, consistent with the mis-
sion objectives and the constraints of the project systems.

. T - o i) 1 = ! = =
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Project Management

The transient nature of projects, the fact that no two projects em-
ploy the same resources, and the complex nature of the missions re-
quire that initially the mission objectives and the resources allocated
to a project be specifically identified. Responsibility and authority
must also be clearly delineated.

Lunar and planetary projects at JPL are managed in accordance
with a management procedure specified in a Project Development
Plan (PDP), which is prepared under guidelines provided in NASA
management instructions. When management responsibility is as-
signed to JPL, the project management reports administratively to the
Flight Projects Office at JPL, and technically both to it and to a coun-
terpart program office within the NASA Office of Space Science.

Basically, the organization of JPL is focused on technical or profes-
sional disciplines. The majority of personnel and groups supporting
project efforts within the Laboratory are members of various technical
divisions. Each of these divisions assigns a full-time division represen-
tative to the project to assume responsibility for the efforts of the divi-
sion for the project. Virtually all divisions, including service and sup-
port elements, participate to some degree in the activities of the pro-
ject.

Project management must continually ask four questions: (1) will it
work? (reliability), (2) will it operate as specified? (performance), (3)
will it be ready? (schedule), and (4) for what cost? (resources). The
responses to these questions concerning reliability, performance,
schedule, and resources form the information base for a continual as-
sessment of the status and progress of the project.

Project management interacts with the project elements through
scheduled working meetings, which are conducted from the project
initiation through to the conclusion of the mission. The project man-
agement interacts with NASA Headquarters, JPL management, and
the project elements through a series of design reviews. Preliminary,
design, and hardware acceptance reviews are conducted at system
and subsystem levels. These reviews consist of presentations to s
board, usually supported by back-up documentation in depth, fol-
lowed by recommendations forwarded by the board to the project or
concerned system manager. The general purpose of the reviews is
threefold: (1) to bring independent and senior judgment, in the form
of the review board, to bear on all aspects of the system or subsystem;
(2) to assure consideration of the internal and interface characteristics
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by the appropriate managers and engineers; (3) to uncover and
respond to residual or new problems.

The project attains its performance and reliability goals through the
integrated stages of assembly, test, and assessment—starting with the
procurement of parts and materials and culminating in the launch
and encounter readiness reviews. The system performance is assessed |
by comparing test and analysis results against performance specifica-
tions. The reliability goals are achieved at the project level through an
extensive reliability program involving many aspects of the project
efforts.

To attain the reliability goals, there must be a parts qualification
and control program, and the hardware fabrication process must be
controlled. A quality assurance program must control hardware work-
manship and assure that all test objectives have been met. There must
be a configuration management program capable of identifying and .
verifying the specific components assigned to each spacecraft. An
integrated test program is necessary, starting with the parts and ma- .
teriel and providing functional and environmental tests of system ele-
ments at all levels of system assembly.

In addition, there must be a controlled problem/ failure identifica-
tion and resolution system capable of answering the following ques-
tions: (1) What failed? (2) How did it fail? (3) Why did it fail? (4)
How was it fixed? (5) Why won't it happen again?

Finally, there must be a detailed mission plan, to be executed by
qualified and trained personnel, with systems which are to be oper-
ated within tested and analyzed envelopes.

The timely management of project costs and schedule is extremely
important, because unexpected problems invariably result in in-
creased costs and schedule slippages in the absence of corrective ac-
tion by project management. Project status must be continually re-
assessed: actual costs must be compared against planned costs, and
progress against schedule.

Schedule control is absolutely essential to the successful completion
-of planetary missions. While it is possible to slip lunar flights on a
month-by-month basis, opportunities for planetary launches occur at
widely separated intervals—19 months between launch periods for |
Venus flights and 25 months for Mars flights. Thus, project prob- ;
lems must be identified and resolved without schedule slippage. ’

A control similar to the Mariner 1969 schedule milestone chart
shown in Fig. 6 is used on most projects for summary reporting. It is ]
not intended to be used for detailed planning.because it may not
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Figure 8 Mariner 1969 project master schedule.




