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Chapter II

The Systems Approach as a Problem Solving Methodology

In this chapter we will explore in more depth the methodology under-
lying the systems approach., This methodology has been discussed else-
where from somewhat different points of view (Asimow ( 1), Churchman ( 2)
and lall (6)). It will be seen that this approach is a decision-making
process with structure-functions, outromes, evaluations and decisiens.
Our goal is to give the reader a working undzrstanding of the process.

Ve will do this through discussion, diagrams and examples. A word of
warning to the serious reader: the dlagrams are important, they do have

coatent and it is important to maste:r them.

‘lajor Phases of the Approach

It is usefql te think of the system's problem-solving process as
taking place in five major phases (see Figure (1)). In this section we
will take a global view of these major phases and the relationshirs that
exist among them. Succeeding sections will look at particular phases
in detail and it will be seen that each is in turn an iterative decision
making process composed c¢f sub=-phases.

The major phases of the approach as viewed here are: feasibility‘
evaluation, abstract modeling, implementation design, implementation
and system operation. As seen in Figure (1) the movement of the process
is from & set of needs to be satisfied (at the top) toward an operational
system (a2t the bottom) capable of satisfying the needs which exist. The

solid lines and arrows indicate the path of flow through the process,
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i.e., the sequence of functions which must be carried out in order to
achicve system objectives. TFach major phase in the process is followed
by an evaluation (the diamond shaped boxes) to determine whether the
outcome of the phase has been carried out satisfactorily or not. ﬁeverse
arrows indicate iteration or repetition of prior phases in the event that
8 ygiven outcome is not satisiactory. As one might suspect, the process
is inherently iterative in nature--we learn by doinr and re-doing. It

1s impossible in all bucr the most trivial cases to move difect)" from
problem to solution. Problem solving by finite human beings is an iterative-
learning process. As shown in the diagram by dotted lines, each phase

cf the process involves the accemulation and processing of information--
on successive iterations addi ional information me» be acquired and pro-
cessed, Before plunging into the thick of the trees we will survey the
forest by taking a broad look at the five phases of Figure (1).

Feasibility Evaluation has as its poal the peneration of a sect of

- feasible system "ulternatives" capable of satisfying needs which have

been identified and selected for satisfaction. A system '"alternative"
here is a particular system structural configuration or managenent stratepy
. devised as a means of satisfying existing needs (examples later in this
chapter will illustrate these and othker concepts introduced as we po).

This phase begins with some, usually primitive, understanding of the needs
the system mast setisfy. A careful analysis of needs follows to determine
whether the needs do, in fact, exist and if they do to state ther in an
operationally useful ‘firm. On the basis of these stated needs, availab.e

- ragources and other information, this phase formulates an explicit stute-

¢ meit 0f the problem(s) to be solved by the system to be desipned and/or



Amanaged.‘}This problem statement includes, among other. thinps, the
'(criteria to be uéed,to evaluate system performance and the decision
variables to be manipulated to achieve desired system performance.

Given an adequate problem statement, a number of system design or management
alternatives are creatively synthesized. At this point the approach seeks
to consider all possible approaches to the probler at hand. Alternatives
are then critically examined to eliminate those that are not physically,
economically, financially, socially or politically realizable. The ''output'
of the Feasibility Evaluatior, phase, then, is a set or realizable alter-
r.atives which appear cupable of satisfying the identified needs.

Abstract liodeling. This second major methodological phase receives

as inputs the feasible alternatives of Feasibility Evaluation and has as

its output the broad specifications for a system design and/or management
strategy to be implemented in the real world. Uherever possible mathematical
medels are constructed of the system alternatives. ‘‘odels are usually
iﬁplemented on a computer and then validated. Validated models are used

in a number of possible modes of operation to determine the system alter-
native and the spccific manifestation of the chosen alternative (as
determined by the specific values assigned to variables under the control
of decision makers; that results in "good' or "best" behavior of the system
under study. In the event that it is possible to define a single criterion
to measure system performance, "abstract mod=ling" involves finding values
for the decision variables which optimize the relevant criter'on. If no
unique performance criterion is available for evaluating system performance,
life is more complex. In this cage the abstract modeling phase involves

~ an interactive process in hich systems analysts and decision makers use

the models to explore the impacts of various alternatives and decision



variables upon the multiple system performance criterié which must be
considered. This interaction explores tradeoffs that are possible among
performance criteria, assists decision makers in arriving at normative
judgments about what is "good" or "best” and leads to the creative
synthesis of better system designs and/or management strategies.

Implementation Design. The purpose of this phase 1s to completely

specify the details of system and/or managenent stratepy desipned in the
abstract during the modeling phase. "Completely specify" neans develop-
ing a complete set of iustructions that will lead to operationalization

of the desired real world system. 1If a systen 1is being designed 'from
scratch" all sub-systems and lower crder system components must be designed
in detail. This is accomplished by treating sub-systems, ctc. as systems
in themselves and re-applying the feasibility evaluation and mathematical
modeling phases at successively lower system levels. Tor desipgn of large
systems this is a complex undertaking involvine many disciplines, large
sums of money and usually much iteration. If the system task is to develop
a managemew.c strategy, ''Implementation Design" involves complete specifica-
tion of the system structure needed to implement the stratepy-data acquisi-
tion, statistical estimation, cormunication channels to decision makers,
computation cf on~line management variables, etc.

Implementation, As the name indicates, the primary purpose of this

phase is to give physical existence to the desired system. Physical
devices, facilities, etc. are acquired or constructed, organizations
are staffed and so forth--all according to the detailed specifications
of implementation design which include a plan for implementation (often

employing critical path methods). Inadequacies and errors of implementation



design are detected and corrected through repetitinn of Implementation
Degign.
Operation provides the only valid test of system adequacy. Often
operation will reveal additional inadequacies requlring modifications.
In many cases a continuing secquence of modifications of system structural
design can be expected due to the rapidly changing environmeat within
which the system must function. System "0Operation' also involves on-line
management or control. In this case the management strategy developed
during earlier phases is implemented as an on-line decision-making process.
As wilth system structure, this managemeht system must be periodically
reviewed and improved by repeating carlier phases of the systems methodology.
With this fagher broad overview of systems methodology we will turn

to a more detalled description cf some of these phases,

Feasibility Lvaluation

As stated previouslv, Feasibility Evaluation begins with some expressed
or unexpressed needs and ends with a set of feasible system alternatives
which will satisfy those needs. A flow diagram of this phase of the systems
engineering process is shown in Fipur. (1). Teasibility evaluation moves
through the si% sub-phases shown in an iterative manner--repeating pricr
sub-phases wh~n necessary and proceeding when evaluation of results
dictates.

Needs Analysis. Feasibility Evaluation bewins with analysis of the

needs - . *he-eystem under consideration must sSatisfy... Needs -analysis usually
bepins with a rather hazy understanding of what the underlying needs
are. The purposes of this sub-phase are to: (1) ertublish that the

alleged needs do or do not exist and (2) develop an explicit description
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of existing needs which can lead to a formulation of objectives for the
system. Analysis of needs is not an easy thing to do. It 1s often
difficult to penetrate a veil of "apparent" needs and identify underlying
actual needs. For example, human beings are not always candid in express-
ing such things, in: fact, we don't alwvays know what our real needs are!

A pragmatic approach to this problen is to seek to identify as ''needs"
those things that people or institutions of gsociety are willing to pay
for. However, there are moral pitfalls here. If this approach is used
indiscriminately, it leads to the unrestricted promotion of things that
would generally be considered bad~-pornography, harmful drugs, fad trivia
that divert resources from real human needs, etc.

Needs analysis must carefully consider the needs of all parsons and
institutions which wili be involved with the proposed system. These
include the managers or administrators of the system, the rroducers
or iwmplementers of the system, those who must operate and raintain the
system, the distributor of the outputs of the system if one exists, the
users of goods or services provided by the system and lastly the designers
of the system themselves. WNeeds analysis always involves interactions
with the decision makers responsible {or system performance. Other neans
for accomplishing needs analysis may include market surveys, opinion polls,
expert opinions, studies of working systems which are similar in some
respects to the system under study, etc. At the conclusion of reeds
analysis a decision is made, hopefully overtls, to tentacively continug
the program or to abort it. If t'e available evidence warrants a decision
to continue, explicit statements of the various needs the system must

satisfy are carried into the ''system identification" sub-phase of Fea-

sibility Evaluationm.



' System Identifjcation* férms a link between the statement of ieeds

and a specific ntatement of the problems that must be solved in order to
satisfy those needs. At this point in the process, the proposed system is
viewed as 2 "black box." That is, every effort is made to determine
attributes that any system must possess if it 1is to satisfy the specified
needs. Grear loss in insight can result from focusing attention upon a
particular system concept at this point in the study. In essence, we are
seeking the universal characteristics of all systems capable of satisfy-
ing the determined needs. More specificaliy, we seek the information
associated with Figure (3). This information falis into three general
categories: system input variables, system output variables, and parameters
which define aspects of system structure.

System input variables are of two classes: the exogenous or environ-
mental inputs and overt inputs. The former are variables which affect
the system but are not, in turn, éignificantly influenced by it. Clearly
"environmental" depends upon what we.are calling the "system.'" We'll
have more to say about' this important matter later. By way of illustra-
tion here, a business firm would likely have as environmental inputs
variables such as interest rates, inflation rates, weather, and changes
in consumer attitudes.

Overt inputs, on the other hand, are variables which are necessary
for the system to carry out its intended functions. These are provided
for by the designers or managers of the system. It is helpful to further
classify this set of system variables according to whether or not overt
inputs can be controlled as a means of altering cystem performance during

system operation. The distinction 1s necessary because not all overt

*Note the difference firom the more specific "identificatior. prohlem'
stated on p. ( ).



(noncontrollable overt inputs)

s <
1 e x4
i ionialgi §

E::? 2 o i
S '}:&"g.{,w. L..’:,‘“ﬂ.-,; ; ;

" «
Eib///// Eﬁ

;
¢
$
i
5

o" J:-W

SYSTEM ENVIRONMENT

/\/V
Environmental

'3 (exogenous)
nputs

H
SYSTEM

(ﬂs ‘deeslrea R

Outputs

System Design
Parameters

MANAGEMENT
SYSTEM

‘hf}~é &‘H’i N

m% Flow of causality, resources

—_—_—a b "Weak" causality

Figure 3.

System Identification as rart or the
Systems Approach (Feasibility
Evaluation Phase)

IR T

Mrﬂa‘,}y}‘ fifea

MW’VU\W&I - ‘}

)
i
T

iy
]
A,jm"euﬁ ,q§>Dcsired

Outputs






11

inputs are efficacious as means of on-line system managemeat. Controllable
input variables, on the other hand, can be varied during.system operation
to achieve desired system performance and like the noncontrollable overt
inputs include men, materials, energy, capital and information.

fystem output variables, as shown in Figure (3) likewise fall into
two broad classes: desired outputs and undesired outputs. Desired
outputs in general will be the system's response to the needs specified
in needs analysis--those outputs vhich are desired in the sense that they
are need-fulfilling. Undesired outputs, on the other hand, are the
unavoidable by-products of the system as it functions to supply desired
outputs. Thus, a factory generates waste materials and perhaps health
hazards and a transportation system accidents and air pollutants. The
system identification sub-phase seeks to identify all important undesired
side effects produced or poteutially producible by the system under study.
Attention must ve given to the many possible dimensions in which undesired
effects can be manifested--physical, biological, economic, social, moral,
etc,

The last important set of system variables to be specifically identified
during system identification is “system design parameters" shown in
Figure (3). These are variables which serve to specify the structure of
- the system. They are important decision variables which, when fixed
during system design, have a great deal to do with the ability of the
system to efficiently produce its need-fulfilling "desired outputs."
While each system has its own unique design parameters to be identified,
some examples might include the physical location of the system and its
~vcoﬁponents, physical dimensions of the system. and number and types of

components. System design parameters tend to be fixed because they
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‘cannot be changed without expending resources. In some cases, however,
"1t may be deairable to change them during system operation in order to
Improve the ability of the system to perform well in a chanping environ-
ment. |

The system identification sub~phase, therefore, leads to a detailed
specification of the variables involved in the design and control processes.
Ouce the variables of Figsure (3) have been identified, "system identification"
seeks to establish quantitative measures for as many variables as possible
and to examine each for constraints which may apply. In general, upper
linits will constrain the amounts of inputs which con be utilized, the
amounts of undesired outputs which can be tolerated and there may be
lower limits on the levels of desired outputs the system must provide.
System design parametérs will in general be bracketed between upper and
lower limits.

System identification concludes with the determination of performance
criteria which will assist in evaluatinpg system alternatives. There
criteria will often inciude the levels of desired outputs of the system.
They may also include other reasures such as benefit-cost ratios. When
the chcice of a single all-encompassing performance criterion is not clear,
it is important, as part of system identification, to determine a set of
relevant criteria which will asgist in later settling normative questions
relating to trade-cffs among "gocds" and '"bads."

Problem Formulation is based on the detailed information penerated

during "system identification." If possible, it develops an explicit
statement of what the system must do in order to satisfy the determined
needs--the specific values of specific outputs to be provided and specific

perforrmance criterion to tz optimized. When life is too cemplex to permit
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this degrse of speclficity, the problem statement defines the set of
performance criteria to bhe subsequently evaluated, 1In any event, the
problem statement defines in detailiall relevant decision variables (con-
trollable inputs and design paramaters) to be considered as means of
affecting system performances other necessary system inputs to be provided,
the environment within which the system must operate, the desired system
outputs to be provided, and the undesired outputs to be avoided. It also
includes the explicit constraints on inputs, outputs and parameters which
must be observed during the design/management process.

The iterative character of the systems methodolopy is often in
evidence in developing an adequate problem statement. It ig often the case
that information generated later in the problem~solving process sheds
light on additional needs, rcquirements, performance criteria, decision
variables, etc. vhich should be included in the systems study. Such
information can lead to a refinement of tite problem statement.

Systen Definition-We'll now return to a basic issue inherent in

"system identification" that was dealt with lipghtly

eariier. Before analysts can specifically identify the various system
variables of 'system identification" there is a more fundamental issue
to address. What do we mean by the "system?" Fipure (3) dichatomizes
the universe into the "system" (with its management structure) and the
"environment'-~the rest of the universe. What do we put in the "system"
for purposes of our analysis and what goes into the "environment?"
These are exceedingly important questions as many systems studics have

- failed because of an inapprupriate definition of the "system." On one

"hand, analysis can be invalidated because an overly narrow definition



14

omits important factors and interactions that affect system performance.
On the other hand, a needlessly broad definition can inundate the analysiec
with irrelevant factors and interactions that obscure basic Issues and
leads to failure through confusion and inefficiency.

In many cases it is possible to arrive at a system definition that
is both meaningful from the standpoint of achieving useful results and
operationally workable. In other complex systems (with which man is forced
to deal) we of necessity ignore many factors we know to be relevant to
the problems at hand because of lack of understanding or a lack of resource:
to cope with them. In such cases we must be aware of the partial nature
of our sylutions and interpret them with great caution. This interpreta-
tion is enhanced if careful study has preceeded the decision to ignore
factors which are likely to be important in syster analysis, i.e.,
if such decisions are made overtly,

There are several principles which can help in arriving at
appropriate definitions for "system" and “environment" in particular
situations. The first of these is illustrated in Figure (3). "System"
and "environmert" are defined so that the causal links from the system
to the environment are '"weak." That is, so that the effects of the system
upon its environment can safely be neplected. This is a general social
welfare point of view that is not gencrally accepted by all decision
makers, i.e., some private decision makers in a free society do not or
cannot take this stance., It is, however, a valid one for long run
viability of man-made cystems. (Necessary not only for pgenaral welfare
but also for private interests within society!) This principle is also
important in qrder to avoid causal links operating through the environment

which can invalidate the systems analysis by altering the assumptions
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upon which it 1s.based (i.e., the specific assumptions made with respect
to the behavior of environmental vafiables through time),

A second basic principle that_caﬁ help in arriving at operationally
useful system definitions has to do with the range of factors which are
available for cvertly controlling system performance. In general, all
factors which can potentially be u;ed by decision makers to alter system
performance for the better should, at lgést initially, be "in the system."
The full power of the'systems app;oagh can be los; by an overly narrow
system definition which overlqok;.significant “degrées of freedom' for
decision making. Turther, in some situations, adequate system performanc:
ie not attainable with the readily ;vailable decision variables--additional
ones must be devisad and implementedi

A third principle has to do with the breadth of the system definition
as it affects the accuracy of analysis. System behavior is often stronply
influenced by uncontrollable environmental (gxogenoﬁs) variables, 1In
some cases the quality of system design/management cﬁn.be improved by
improving estimates of whet values these uncontrollable variables will
take on through time. Estimates of exogenous variables can often be
improved by studying some of the more important causal relationships that
generate the significant enviroumental inputs to the system. As an
example, important exogenous variables in many economic studies are variables
associated with the larger economy that surrounds the system under study,
i.e., general price levels and exopenous demands. Improved projections
of such variables can result from Incorporating crude models which to
a certain extent 'explain" themn.

*Another aspect of this third principleihas to do with the range of

endogenous variables included in the system. In complex systams,
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performance is dependent upon a multitude of interrelated factors or
variables. It follows that the validity of projections of behavior under
alternative design/management strategies can improve as additional variables
are included in the analysis. This argues for a "broad" system definition
vis-a-vis the range of endogenous variables included.

Clearly system definition is not an easy task. While most of the
above discussion indicates the degirability of a very comprehensive system
definition, there are obvious constraints which 1limit the breadth it is
feasible to cope with in specific situations. Difficult decisions must
often be made as to the priority items to be included in the "system'--
those items that will, for a given budget, give the best ré¢sulsg .
in the system study as a whole. A good operating principle here is to
take the broadest view that is reasonable early in the study (vhen it
is inexpensive to do so). Overt decisions can then be made about which
problem elements to retain and vhich to ignore as the prectical constraints
of money, time and information come to bear upon the situation.

Before moving on to discuss the sub-phases of Feasibility Evaluation
that follow Problem Formulation, we will pause to 1llustrate the ground |
covered so far with an example. This example, taken from common
experience, will begin with a primitive statement of needs, carry out

Bystem {dentiFiddtion and devélop a fifst iteration problem formulation.

Example of System Identification

(Broad Sense) as a Mears of Problem Definition

View the process of acquiring a family transportation system (not
necessarily "buying a car') as a system desiiu problem. Begin with the

following basic statement of needs:



17

‘ "Transportation is necded for a suburban family of five.

two dults and three children ages 8, 10 and 12, Specific

needs include daily transportation to and from work for Dad

(10 miles oane way), four to six short hops during the day

for Mom per week, frequent (6-12 per week) local trips in-

volving the whole family and an averase of one Yong vacation

trip annually to various parts of the U. S. and Canada.

Safe, reliable and comfortable transportation must be pro-

vided in all seasons of the year. While status derived from

the system is not an overriding factor, only socially

w1 :'respectable' solutions are acceptable."

Identify relevant system variables including desired outputs,
undesired outputs, environmental inputs, controllable overt inputs,
non-controllable overt Inputs, and system desipgn parameters. Indicate
where constraints might apply to these variables and parameters and associate
units of measure wherever possible. Develop possible measures of system
performance to be used in later evaluation of system alternatives.
Finally, on the basis of this system identification, develop a first
iteration problem statement.

Ve begin by defining the "system" ir such a way that the structure
we have freedom to determine is "inside the system." In this case we
include the vehicle(s), related accessories and support systems--financing,
insurance, rnaintenance, routing and storage or parking. If one or more
of these support systems, for example, storage, 1s conpletely pre-

determined we put it in the system "environment.'

Desired OQutputs. Desired outputs are those variables the system must

provide in order to satisfy the identified needs:
Transportation:
--Dally transportation for 1-2 people possibly going to
diffefent‘piaces at the same time. (10-20 miles/day)

-=Trangportation for family of five. (25-50 miles/week)
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--Long trip (1000-6000 miles) for family of five and baggage.
(once per year)
Reliability:
--Available generally when needed. (On cali within Xy
minutes on the average)
--Low "failure" rate.
Safety:
--Low risk for family members.
--Low risk for others.,
Econony:
--Acceptable cperating costs. (Less than x2$/month or
§/mile)
-~Acceptable initial outlay. (Less than x3$)
Comfort:
--Protection from rain, snow, etc.
~-=~linter comfort. (Teﬁperature)
-=-Summer ccmfort. (Temperature)
~-Freedom from excessive shock, vibration.
-~Ample room for family.
Performance:
--Speed-~short trins., (MPH) (at least xQMPH)
--Spead-~long trijps. (MPH) (at least xSMPH)
--Acceleration, etc.

Undesired outputs. Undesired outputs are often the opposites. of the

desired outputs (i.e., personal risk the opposite of '"safety") but to

include these opposites would be redundant. Ve look for other unwanted’
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system outputs. In this case environmental pollution (air, noise, etc.)
would be relevant along with losses due to accidents and/or legal actions:
Pollution:
-~-0Operating noise level.
~--Air emissions.
Losses due to accidents and/or lepal actions. (Less than x6$

per incident)

Environmental Inputs. 1In this case environmental (exogenous) syste

inputs might include:
--Prices of vehicles and related inputs, ras, oil, ete. $/uni
--Public transnortation rates. ($/mile, §/trip, etc.)
--Rental rates. ($/mile, $/month, etc.)
--Insurance rate structure.
--Tax structure as it anplies to vehicle ownership or use.
-~leather--terpperature, rainfall, etc.
-~Interest rates. (%/month)
--Changes in style, obsolescence.

Overt Inputs (Controllable). This catenory includes variables that can be

managed durinp system operation to alter the performance of the system

in providing desired outputs. (While these variables do not alvays enter
the system design process they hecone extremely important in managing
the system once it's in operation.) These mipght include:
~~Frequency of discretionary trips. (No./unit time)
-=-Distance of discrétionary trips. (Mil}é)..uﬂn
~--Frequency and level of preventative maintenance (if vehicles
owned)., (No./unit time, $/unit time.)

-~Expenditures on insurance ($/yr.)



-- Payments to principle and interest ($/yr.)
--Type of fuel (if owned).

vvert Inputs (Mon-controllable). These variables, while not important

in altering the performance of the system in operation, are necessary
inputs that must be provided in order for the system to function. MNote
that they are not environmental inputs because they are overtly provided
by the system designer or operator. While not sipganificant in the design
process here, they would include such things as oil in the crankcase and
water In the radiator of a car.

Design Parameters. Those important decision variables which are attributes

of the system structure and have an impact upcsn the system desired outputs.
Included might be:
--Particular modes of transportation selected (i.e., auto, bus,
airplane, bicycle, etc.)
~-llumber of modes of transportation used. (Less than cl)
~-Number of vehicles purchased or rented. (Less than c2)
--NMakes of vehicles acquired or rented.
~~Ages of vehicles purchased or rented. (Less than c3)
~-~-S5izes of vehicles acquired. (Length less than ¢, feet)
(Width less than c5feet)
(Hleight less than L feet)
--Length of ownership of vehicle. (Years)
~-Length of rental agreements. (Years)
--Commercial companies selected for public transport or rental

of private vehicles.
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--Persons involved in car gool arrangements. (Less than c7)

-=Type of financial arrangements. (Size of down payment ($), etc.)

--Types of insurance,

-~Amounts of insurance. ($)

-~A host of parameters which apply to the particular modes of
transportation selected--power plant size, space available for
seating, space available for luggage, comfort related options,
safety rolated options, entertainment related options, etc.

Measures of System Performance. These are criteria which are relevant

in choosing among alternative syster designs. Included might be:
--Average discounted total cost. ($/mile)
~-Average discounted total cost. ($/year)

--Discounted total cost over some fixed time horizon. ($)

Problem Statement for the System Design Problem

Determine the various design parameters (1.e., determine modes of
transportation, number of vehicles, types and ages of vehicles, etc., etc.
such that the following conditions hold:

~~The identified desired outputs are provided. (i.e., detailed,

transportation outputs, comfort, performance, safety, etc.)

-~The undesired outputs are at acceptable levels.

-~The identified constraints which apply to outputs, inputs and

parameters are not vioiated.

- - 1
--The appropriate measures of system performance are "optimized."

- 1While formal optimization may not be feasible due to the non-existence or
a suitable all-inclusive measure of performance, "optimization“ suggests
choosing system parametens so that results are "good" or "best" with
respect to the value systems of the decision makers involved.
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A couple of final thoughts. This is not a problewm definition suitable
for the problem of managing the transportation sySteﬁ.bnce it is in
operation. This undertaking, iuvolving the controllable inputs identifiecd
above, also follows logically from the (braod sense) system identification
described above. With the problem defined, the system analyst moves
deeper into the feasibiiity evaluation phase by genefating alternative
system concepts (many of these have been sugpested by the identification
of systenm parameters)f Further progress will ‘undoubtedly uncover informa-
tion which will alter the initial problem statement somewhat (new desipn
parameters may be discovered, etc.) This is life in an iterative process!

Generation of System Alternatives. With the problem explicitly

stated, system objectives aie clearly in focus and we are now able to

seck a broad range of particular system alternatives. "Alternatives"

here include alternative ways of structuring the desired system if the
problem is to design a nﬁnjexisting éyséem andAalﬁernative management
strategles 1f the problem is to manage an existing system. As examples

of a design alternative, we could identify in the above example 'lease two
automobiles ...," "use public transportation ...," "buy one automobile

and use public transportation ...," etc. ‘ilanapement "alternatives" can

be defined on the basis of alternative control laws, management information
systems, etc. This part of the study requires the greatest possible
infusion of creativity, for new concepts can rcsult only from creative
synthesis. Brainstorming and other idea stimulating techniques are often
employed to generate the oroadest spectrum of approaches to the problem. A
positive noncritical atmosphere conducive to stimulation of ideas should

pexvhde this sdbéphase'aa critical evaluation of concepts follows witu

subsequent activities of feasibility evaluation. Subsequent sub-phases act
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asg filters to block unrealizable concepte and to pass those which merit

further attention.

Determination of Physical, Social and Political Realizability. The

first "“filter" blocks those system alternatives which cannot be implemented
physically or would not function in the existing socizal and political
ehvironment. Physical realizability is determined, for example, by basic
laws of physics, the ﬁroperties of materials, and the ability of system

sub-systems and components to fit together compatibly. MNote that we are
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talking here about_the physical feasibility of realizing a given concept and
not the economic practicality of doing so. Thus, a systei to put a man on
Mars appears to be physically reslizable.

Social and political realizabiliry are also significant issues, In the
past, the effectiveness of certain 1arge;qca1e systems has been reduced
because of incompatibility with characteristics of human behavior. For example,
the use of freeways as a solution to tne transportation problem in certain
1arge cities has been inadequate due, in part, to an unforeseen increase in
traffic induced by the ‘existence of the freeways themselves.

Some systemes must also pass the test of political realizability~-that 1is
they must be implementable in the political system which prevails or will
prevail. One must not be ¢oo hasty in rejecting alternatives on this basis,
however. It may be that adjustments in the prevailing political order are
necessary to achieve acceptable performance of basic systems of society. One
benefit that can accrue from sound systems analysis is knowledge of what
'might be" if changes are made in political processes. Clearly, evaluation
of realizability for complex societal systems is not an eagy thing to do.
Little has been said to this point about the organization required to imple-
ment the systems approach but experience has shown that such studies require
teams of specialists from many disciplines who can interact effectively to
bring the right mix of expertise to bear at various points in the problem-
solving process. Evaluation of realizability is certainly most demanding of
wide disciplinary inputs.

Determination of Economi: and Financial Feasibility. Cardidate system

alternatives which pass tests of physical, social, and political realizability
‘are now subjected to economic analysis. The two fundamental questions that

are asked of each are: Is it profitable? and: Is it financible? To establish
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profitability, it must be shown that the goods or services provided by the
system concept will have a value to the recipients which equals or exceeds
the cost of producing those goods or services and that individusls or
institutions of society will be willing to pay the price of providing them.
Whily it is impossible to establish with absolute certainty. the profitability
or non-profitability of a given undertaking, analysis of costs and expectéd
incomes can determine whick concepts have a high probability of economic success.
‘The question concerning financibility must also be posed because it is
entirely possible for an economically worthwhile project to be financially
unsupportable. Availability of financial resources through credit, bond
issues, savings and other means must be examined for each system concept
under serious consideration.
System concepts which, in addition to passing tests of realizability,
prove to be profitable and financible, are viable concepts worthy of further
consideration and consfitute the input to the next major methodological

phase~-abstract modeling.

An Example of Feasibility Evaluation Applied

to Rural Development in a Lesser Developed Country

Before moving into a discussion of the abstract modeling phase of the
systéms methodology, we will present another example to illustrate the
practical application >f concepts and methods of Feasibility Evaluation.
This time the problem has a strong management flavor. That is, a large part
of the task is to determine effective management policies for a gystem that
1s already in existence. 'The example chosen 1is adapted from a U. S. foreign
- assistance.project -aimed at developing computer simulation:models to assist

governments in the formulation of rural development policies in developing

countries.
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-i1For purposes of our example here we .will approach the problem from the
point of view of government derision makers faced with the problem of
establishing-broad policies for: rural development of a specific country.

.The example in many ways reflects the experiences of a systems team that

-addressed this problem in-a particular country.

It 1s not practical to present a complete description of an appropriate
Feasibility Evaluation for this complex problem, however, a number of

.essential elem:nts will be described. Also, it should be pointed out
that results, such.as described here, are the product of considerable

~iteration and interactions involving decision makers and specialists from
many fields and much information processing~~they are not obtained from

"one pass" through the steps outlined in Tigure (2).

Béckg?ouﬁ& ;nd Description of Needs
’The "ﬁeeds" to Be éddféssed by rgral deveiopment éoligies in emerging
éount¥iéé aré many;' Tﬂésevéompete foi e*tremeiy 1imitéd.résou;ces and
raise important questions about public developﬁent érioritiés.‘ Simulafion
models have been explored as a means of evaluating the multiplicity of
development alternatives and their consequences as measured in terms of the
many relevant performance criteria. Some of the important needs -in this
problem gsetting are listed as follows:
.« Adequate nutrition (calories, protein, etc.) for the peopie
of the country--rural and urban by regicu within the country).
'+ Generation.of foreign exchange from export of agricultural
commodities (to stimulate development of the country as a whole)
lo  Increased.disposable income. for rural people (to enhance quality

‘Ofﬁlife)



4. Equitable income distribution
a; rural vs. urban |
b. replon vs. region
¢, among rural people within regions

5. Generation of employment

6., Public health

7. Basic education

8. Housing

9. Generation of tax revenue to fund public programs

10, Long-run environmental co@patability;pfumauimqﬂeaprocesses

11. A number of other important needs at the personal lzvel
(social, péychological, spiritual)

These needs led to definition.of the system "desired outputs' in system

identification.

System Identification

As a result of considerable study a working definition of the "system"
wvas established. It becamc clear that the "system” was not just the
rural sector of the economy with its physical, social, poli“ical, economic,
biological and other dimensions. Strong economic, social and political
interactions with the rest of the country made it necessary to include
the “rest of the country" in the system (though these aspects were not
treated at tﬁe same level of detall as was the rural sector). It also
became clear that those parts of "the rest of the universe' that were
significantly affected by the rural development process must also be
1nciuded "in the system.'" These included world commodity markets that

could be affected by policies aimed at expanding rural based exports.
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The ''system” then was defined as the rural sector with its multiple
dimensions, the rest o{ the country, and those world commodity markets
likely to be affected significantly by the policies being explored in the
analysis. (In later analysis minimum possible detail was given to the
"vest of the country" and the world commodity markets).

Various variables of System Identification along with units of measure
and constraints, where appropriate, are as follows:

Desired Outputs

1. Nutrition--by region and rural/urban calories/person-yr. (> Cl)
protein~-girams/person-yr., (> Cé)

2. Foreign exchange earnings from rural exports ($/yr.)

3. Rural disposable income by region by cize of enterprise--$/person-yr.

4, Urban disposable income--$/person-yr.

5. Rural employment by region--man-years/year

6. Urban employment--man-years/year

7. "Public health" as measured by variables such as average life
expectancies and morgality rates

8. Rural education (by region)—-yeére/pérson

9. Tax revenue generated by the rural sector--$/yr.

10. Housing (persons/room or other measure)

11. Rural contribution to gross national product-~$/yr.

12, HNon~-rural contribution to gross national product--$/yr.

13. Gross national product~-$/yr.

vUndesired Qutputs

1. HNutrient pollution in lakes, streams, etc. by region
2. Chemical pollution due to pesticides, herbicides, etc. by region--

parts/million
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3. Deterioration of soll due to errosion, etc.
4. Varlous adverse social consequences due vo technological and other

change

Enviionmental Yaputs

1. Weather related variables: amount and distribution of rainfall and
sunlight, length of growing seasons, temperature and humidity over
time (all measurable in appropriate units)

2. Interest rates on foreign loans (%/yr.)

3. Availability of foreiru credit ($/yx.)

4. Nominal world commodity prices ($/unit)

5. Forelpn technical assistance by catepory--men/yr, $lyr., ete.

6. '"Iuported" technologies as measured by technical coefficients

Overt Inputs--Controllable (by policy makerxs)

1. Levels and timings of investments In new technologies (research by
commodity..g§ /yr.)

2. Levels and timings of investment in proﬁulgating new technolopies
by commodity by repion ($/vr.) A

3. Levels and timings of invéstment in infrasthcture-—rouds, nower,
communication, etc. by repion~~$/yr.

4. Levels and timings 6f'investment in’ land and witer development by
regions~-§/yr.

5. Public rural credit by region, cormmodity, ecc.--$/yr,

6. Le&éls and timing; of éubsidies by commodity, by region, by function
(production, =.rkei'ng, processiné, efc.)~~$/yr.

ib,"l-" . [T
7. Interest rates (Z/yr.)
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10.
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Type of tax structure (i.e., income, production, etc.) *y cutepory

(%) ! '

Price policies on production outputs by commodity ($/unit)
Investments in infrastructure to stimulate interrepional trade by

recion ($/yr.)

Overt Inputg--Non-controllable (necessary system inputs not useful as

means of managing performance)

1.

A number of rural "overhead" functions carried out by governnment

Syetem Desipn Parameters

1.
2.

3.

4.

Scezles and locations of public works-~irripation, land reclamation. =ien,
Numter. location éﬁd type of roeds

Spécific technolopies promoted by commodity ard {unction (production,
marketina, processtinp, etc.) (described by sets of techrical coefficients}

Discount rates (%)

Measures of System Performance

1.

2.

‘

Most of the ''desired outputs’ outlined zhove
“‘any of the desired outputs accumulated (au? n~-rhans disco:ntad)

over some iime horizon T years, l.e., accumula~ed forcfs cachange

earnings ($), rural contribution to grose national product {3;,
accumulated rural tax reveunve penerated ($), accumulated pross national
pivoduct ($), etc.

Capital generated over same time horizon by repion by function
(production, marketing, etc.)--3

fogt~benefit ratios where appropriate to measure effectiveness of

'

various proprams and projects.
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Preblen Feirnulation

It is not feasible in a corpizx pirc™ien setting such as tkis one to
initially state the preoblem 1= fe=-w; of speniflic targets to be achieved.
(Specific vaites for the desircd outputs) Highly complex trade-of.s exist
among “gocds" and ‘bads” that depend upon endogenous interactions of the
system and levels of scarce resources available for development and it is
not clear at tite outset what tarcets are fecasible. The decis’on maker's problem
in this case cen bz stated as “Determine a set of consistan: targets for the
system performance varizbles and a set of (perhaps time varying) policies
for atiaining them given the decision variable, environﬂeﬁtive'1n;dts'und.cnn~
stcainic of system identirsication. ' Gn the firs: (rip through thz Feasibility
Evaluatieow cyrele alterpative s>latfons to this problem are sought and theie
are two fundemencal cnes: an ad hoc - '“scat of the pents" approsch that
procesds without the usc ¢l formal models and aa approuch that eaploys
mndels where it 15 of assistence to do so. 72 most cases the latter approach
is chosen bocause of the enormous problem complexity and the fact some form
of quzatitative analysis will usually B2 zule <o improve on the alterrative -
no mod2ls ai ~il. The rature of thz rodoelin. effort wvill 5. dicteted by
the resources available - men, money :nd comuuc2zs. Ir the part.cular
case yi'yrn cxanining, a skillel teem, cerersl hrudred thousand dolilars and
a large conputer were available., Th=r rec: oI thig ezampi~ wiil des) wiih the
problem oif desigring appropriate decision making modals fov the rural - de-
velopmeni: problem ddentifled atove. Tiie b2y rrollem f8 formulated by spec-
1

1fyipg the <hacecterictice of med le that cca be ucza (o help resolve not

only the nornacive queaiions of apjectives - "lorguts' sut alse auertions

of how to use avallable declsion variables tov achileve desired results
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efficiently. In this, sccond iteration, then, "roblem Formulation"
involved defining the specific:ticue for modals wnich covld cddrass the
real problem. A possible problem stutemeat becowes 'dasign a modal or
Aodels tiiat will compute, over the time horizon of luncercst, the time
varylig valucs of system oucputs (desired and wndesired) as influeneed

Ly caviroumental irputs, and the alternative values assigned to decision
variables (the contrnliabl: inputs and desipn parameters).' This is not,
hovwever, a --ciable problem statement because it 1s infeasible of soluticn.
It was clearly uot feasible to iodel all the varisbles cad interactions
kaown to be ra:levant. Underlying theory was inadequate in some ccses

and budget and time limitaticns did nct permit recolution of a number of
other important qu stione. The options in this case ara twvo: co - apolt
the mod:ling project as iafeasiile or to procied with tp2 devvelopment of
a truncated rodel(s) that, while crittirg a nurber of i~levanti “nctors,
coatsins enough substance to be "us:ful' to decision maers if ucad

with caution. This particular project tock the latter voute--ms.y laportant
pheromena could be modeled and model results could be e4pactsd to add
sifquillcanily to decis‘ou rakers' uancevstonding of key policy issuss.

Thaus, 1o effect, the problam formulatioa ba:ame 'to bulld, within Lhé

resources available, the most ‘'useful" model (by includiig as :mnny

high pricuicy variables cf system identifica"ion as nossible)." 'There is,
of course, the danaoer here cf forpetting abou:.what's not inciuded In the
model -r!d mce intarsraeting model results accerdiaely. A worlable problem
statensut shevld go on to say thut model results are to be irtarnrated

and inplomentsd fi0 light of the sn2clfic dnsuce  output: and puvamaters
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which have been left out of the modcl aud witii the benefit of a wide
range of supplementary information which deals with factors which do not

appear explicitly in the models.

Generation of System Alternatives

Given the above problem formulation "syster alternatives' become
alternctive models or sets of models which alght be constructed to
address the policy questions which have been iceatified. It became clear
that many alternative models could bz conceptualized based on certain
fundamental choices that nust be nade. <any of these choices have to do
with assigining values to the “design varameters" of the model. Thase are
listad below along with o: or criteria that are importaut in deiining
alternative nodels:

1. The particular ccological regions defined for purpose of

disaggregating agricultural production aré consunption.

2. The particular regions defiucd for purposes of intcrregional trade.

3. The food and noifood comnodities or commodity bundles chiosen for
modeling,

4. The age distribution categories chosen for modeling human
demog raphy.

5. The particular set of decision variables (controllable inputs
and design parameters) chosen for inclusion from the list of
possible cioices.

6. The particular set of output variables chosen for inclusion
from the list of possible choices.

7. The time perspective of tie mocdel as detecr-ined by the nominal

length (years) of simulation runs to be madz and the finest
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time interval models are capable of computing results’
for. ,

8. Tihe politicai levels of policy entry points (i.e., state,

federal)

9. The political levels at which performance variables are computed.

10. Configuration of models (one large integrated model, several
independent models, etc.)
Different combinations of choices made with rcspect to these parameters
and issues lead to a vast number of possible system models., Uhlle there
1s no way of finding an "optimum" solution to this complex problem, the
"sifting" of feasibility evaluation to be desecribed greatly reduces the
number of feasible choices to be considered.

It became clear early that a large integrated model was necessary
because of the high degree of interaction within the system. (This could
perhaps be supplemented by smaller, independent, special-purpose models).
Eliminating non;feaslble cholces; Attcntion also focused early on identifying
the performance variables and decision variables it ras feasible to
incorporate in the model. This, by exclusion, climinated the followinp
variables from explicit consideratiou: rural gseneral education (technical
education to be included); public health; rural nousing; impacts of policies
on air, water and soil; social, political, woral, psychological iipacts;
income distribution anong rural people within repgions. These exclusions
were made on the basis of lack of adequate thecry, lack of data and lack
of time and money to carry out tnis analysis,

Ideally, one would like to have the most detailed model(s) possible

(vis-a-vis regions, commoditics, demographic age cohorts, etc.) to
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increase accuracy of results and the ranse of policy questions that can

be addressed. 3Budget and computer limitations on the oher hand argue
that level of model detail be minimized. In this case a compromise was
struck which included two major food commodities, and the five non-food
commodities rmost important as sources of incomc for rural people and forzipgn
exchange earningze for the couatry as a whole. Two trading repions were
cefined which made it possible to study a major iaterregional trade policy
question. Zach trading region was diseggregated into four ecolopical
regloas for realistic simulaticyr of sroduction of the chosen cormodities.,
Iie non-rural sector of tic ecoaomy was modeled by a tea-sector inout
output table with dynamlc linka:es cs investment. Rural and urban popula-
tions were nodeled in terms of tro-y:ar age cohorts along with a primitive
mechanisn for rural/urban migration.

Iaterdependent with thes2 decisicus were cholces as to the cecision
ana performance variables to exclude and include on th: basis of
feasipility. The following decision and performance variavles were
retained:

Decision Variables:

1. Levels and timings of investments in new technologies (research)

by commodity

2, Levels and timines of investuents in promulgating new

technologias by commodity by region by function

3. Level and timing of infrastructure as it affects interregional

trade.

4. Levels and timingsof production subsidies--by commocity--by region

5. Interest rates
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6. Tax structure and rates

7+ Price policies on production outputs--by commodities.

8. Specific new production technologies promoted--by cormodity

9. Discount rates

Performance Variables:

1. Nutrition by region and rural/urban

2. Forelgn exchange earnin:ss from rural exports ($/yr. and $
accunulated over some time horizon)

3. Rural disposable ircome--by region and sub-region

4. Urban disposable income (ag;rezate)

5. Rural enmployment--by resion

6. Urban employment
7. Tax revenue generated by the rural sector (8/vr. and $ accumulated
over time horizon)
8. Rural contribution to GNP
9. don-rural contribution to GNP
10. Gwp.
11. Capital generated by reglon by function
12. enefit/cost ratios ou specific investments
The relevant time hLorizon for the mordel was chosen as 0-25 years in order
to address the range of relevant policy questiéns.
The above specifications, the result of Lterative application of
the Feasibility Evaluation phase of the systems--methodology, lescribe
a simulation model that was constructed for the particular country in

question. This model 1s discusseé in some detail in Chapter 17.
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Concludiag Observations

The example chosen here ig a "m233y" one. The problem is
extremely large and complex and for tihis reason "Feasibility Evaluation”
is not unearly as clear-cut as it is in better understood situations. This
very complexity suggests a number of important cuutions to observe when
dealing with wodels applied to development issues in emerging countries.
Even thougn these are specific to this exanple, they should be mentisned
to place the above ekample in its proper perspective vis-a-vis operacional
usefulness. Also, similar things could be said about a "systems” approach
to other complex societal problems. It is very easy to cet "hung up"
on modals. Their conplexity and detail can divert atteation from
comumon-sense thinking about the problem witich can contribute directly
to clarification of policy issues. It is also very casy to forget the
detailed variables and issues that are not included explicitly in models and
many other collateral studies oy a more qualitative nature are also
necessary in policy formulation. These Must also be desizned and
implemented as part of the "systens approach" to development.

The model described above is capable of providing policy insiphts into
questions of what to do aud when to o it, An inadequacy of this model
1s it's inability to cope with questions of "how to do it" and these are
very important in the development context. A great deal of organization
and planning are necessary for cffective and timcly implementation of
actions that are known to be desirable. Other kinds of nedels--critival
path, etc., can be useful here. This orgauization and planning must be

done during the "Implementation Design" phase of the systoms methodology.
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Another aspect of the model conceptualized during Feasibility Evaluation
is its tentative nature. Furtier work in modeling and application will
suggest changes and refinemrnts as part of the iterative problem
solving process. Furtier, it will be possible as more time and resources
become available to éxpand aud.refine a model, such as described above.
to include more factors known to be relevant in the problen solving
process and to refine the data base where model results (sensitivity teste ‘
etc.) indicate that this is necessary.,

A final observation the frame of referecnce for the proolem above
is that of planning at government levels. While 1t is true that public
policies:play a4 necessary role in the development process by stimulating
beneficial changes, these cannot in thenselves guarantee development and
imp;ovement of quality of life.,. Human beings are still free moral agents
able to make choices which lead to Pregress or stagnation, social harmony
or chaos. Clearly. human values and morality are of fundamental importance.
Human wisdom can only deal with these issues relativistically. Only a
divinely revealed rel;gion cain speak with actiority in the arcas of
'H values and morals. If a supreme being has spoken in these areas, as many
believe He has;l/ then we should listen and apply at all levels of the social

order.,

Abstract Hodeling
Whil~ it is certainly truc that some systems are much move amenable

to abstract modeling than others, it ig safe to say that rome form of

1/

='Francis A. Schaeffer, The God Who ig There; Intervarsity Press, Downers
~ Cuvove, Illinois, 1544,
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abstrs :t representation is useful in almost every situation. Also, the
level of sophisticatioa employed in nodeling may vary widely depending
upon the nature of the system being studied, but irrespective of this, the
process of abstract modeling is relatively invariant with respect to
level of sophistication and system type. A flow diagram of this general
abstract modeling prucess is shown in Figure 4.

Abstract modeling receives as its inputs the viable system alternatives
of‘Feasibility Evaluation. This phase develops and implements models
which are used to design "good" or 'best" pragnam policies, etc. to bhe
implementud in the real world in subsequent phases. 1Its outputs then are

then detailed descriptions of prescribed actions.

Alternative Selection

The first sub-phase of abstract modeling is alternative selection.
Since it 1s possible tnat a aumber oi feasible system alternatives can
emerge frowm Feasibility ivaluation, it is necessary to give careful
study to the question of which alternative or alternatives are to be
selected as superior and worthy of abstract modeling., The detailed
work of Feasibility Evaluation will often provide considerable insight
into the relative merits of candidate alternatives making selection of a
particular one straight forward. In other cases, more than cue alternative
may be carried into the initial phases of abstract modeling thus deferring
selection until more information is available upon which to base a decision.
In any case, selection of a particular concept should be regarded as
tentative~-to be finglized only when latc; evidence warrants. Final
selection of a system alternative is a crucial decision which greatly

influences ‘the’ cost and performance of the resulting system. Interactions
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. with responsible decision makers and other persons strongly involved

with the system are of crucial inmportance in alternative selection.

Modeling
Abstract modeling involves a choice of the type of abstract
representation that is most appropriate in the given situation. In
general, abstract models may be classified in two ways giving a total of

four basic model types. ifodels may be either static or dynamic in time,

A static model provides information about the model variables only at
a single point in time. A dynamic wodel, on the other hand, is capable of
generating the time paths of model variables. Thus, the model designed by
Pool and Abelson (10) to forecast the outcome of a national election is a
static model while Holland's model (7 ) of a devcloping economy which
traces the time paths of variables suech as gross national product, balance
of payments, investmeat, ecte., is a dynamic model. In gencral, dyzamic
nodels are more difficult and expensive to construct but at the same time are
more powerful and say a great deal more about the real world.

A second classification depends upon whether the abstract nodel
takes a microscopic or a macroscopic view of the real world. A
microscopic model sceks to represent the individual units that actually
exist in the real world as fosr example individual cars in a strean of traffic
and individual customers moving through a qucue, In a macroscopic model
on the other hand, individual units lose thair ldentity since model variables
typically relate to aggregates of system units. Examples of macroscopic
variables are electric current (the rate of electron flow past a specified
point); the flow rate of automobile traffic past a given v.int and the

flows of economic goods and services.
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According to these two two-way classifications abstract models may
be of the four following basic types:

1., iderostatic

2, Microdynamic

3. iHacrostatic

4. HMacrodynamic

The choice of particulcr model type depends upon the objectives of the
system study and will often be obvious from the problem statement developed
during Feasibility Evaluation. In particular cases hybrid abstract models
comprising two or more of the four basic types may be necesrary to
adequately model thic proposed systenm.

Given the type of model to be¢ cmployed, the task of the modeling
sub-phase is to deve'sp a realistic abstract model. There are two
distinct approaches to the problem oif generating an abstract mocel,
The first will be callad the 'black box" approach here. Esseutially this
wethod seeks to identify a system mouel from data describing the past
behavior of the system. Tirough various statistical and mathematical
techniques a model is derived waich iu some sense is a ''best' fit to tho
operational data (sece Chapter 18). This approach has developed
independently in the scocial and paysical scienccs. The disciplines of
"econometrics' is represeantative of tie social science stream of development
waile much of the work donz in "system identification' in various areas
of engincering employs 'black box'" methods.

The second basic approach to system modeling is what will be called

here the "structural" approach. Use of this method bepins by carefully
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examining system structure and theory to determine basic iystem components
and their interconncctions. By modeling tha characteristics of system
components and tiwe constraints iaposaed by thelr interconnectious, an
overall systen model is dcveloped.* The structural approach has bzen
used extensively ia the design and control of physical systoms and

thcre are inecreasing applications of tais approach to non-physical systens
(344, 7, 8, 9).

Tanese two basic means of constructing system models should be
regarded as complerentary--each possessing unique capabilitics and
limitations. TFor example, the "black box" approach is based on observations
of an existing system and is uscless for system desima vhere nc systan
exists and the task is to conce:tualize one. On th: otler ihand, in cartain
control problems the task at naud is to control an existiu; sy<tem whose
inner workings asze uwaknowablc. In tais case, the "black box" apiroach ig
tile only recourse. 1In Suumary taen, the aature of the systei will
deternine wiich of the teciniques should be applied or in what combination
they should both be applind. Clecarly, use of tic two approaches together
brings more information to bear ou th2 modelin~ problem and will agencrally
lead to vetter .odels than either approach alone.

Tne modeling sub-phase i.avolves careful caecking of model assumptions,
internal consistency, data iuputs, etc., and, where possible, comparisons
witih real world performance. Iu the main, hovever, the quastion of nodel
validity . ;. is deferred until after a computer implementation sub-phase,

The output of tue mocdeling sub-pnase is a description of an abstract

model which hac passed praliuinary tests for validity.

*A student recently was able to model the hog price cycle only after
including "structure" in terms of hog population-growth equations.
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Computar Iul=mcatation

viodels developed in tue prior sub-phase are in the form of
equations, block diagrams, flos charts, ote. I all but tio simplest
cases it is desirale to use computers to net solutions of medels which cau
enter the decision making process loadin: to system plans and policies.
“"Computer Inplenentotion” develons a "nodel of a model --ancther level of
abstraction removed fro. the rcal world. Irnortnnt decisious must be
made in tnis sub-pitase which affect the accuracy of corputer solutions,
tic cost of operatin~e mocels, tne compatibility with availabla computers
and the cffectiveness of tho decisto.-na:ing process w.ich used model
results and affects cazages in model inpute or srecifilecotions. A
iey ju:stion Lere is tie choice of cciputer language aud tachalaues usad
to lapleiccat che abstract model. ‘This issuce is discussed in Chapter 1é.
Once the avstract wodel is implencated vin taz chos-a proprauaine noedium
and appropriate iunput/out,ut form:ts Have been desigaed, this sub-piase
~OVeS 0u to verify tint the computer mocel 'ms, in fact, adequately
sinulate t ¢ uwacerlyin: abstrace model.  (Some useful tests for studyinz
this question are describ:d in Cazpter 11, 17Those tests are coftea
interdesencant with tests to asteblish e validity of th» abstract rodel
itsclf). Giv.a 2 computer ouel taac i3 accepted as bein~ a reasonalle
asproximation to th: abstruct :wucel of tnc system, attention turas to the
important question of the validity of the svstem model itself as a model of

the real world.

Validotion
Validation secks to establish whather Jr uot tue system model -is a

valid reiresentation of reality from shich valid conclusivns from the real
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world can be drawn. In recalicy, ‘‘validation' is often one link in an
iterative loop of Figurc (<) that li:ids to successive tests and refincments
i. ta2 nowel and ultimately, if all goes w211, to a model accepted for

use in system planain:, or management.

Validation usually begings with "coarse" tests for necossary conditious
for validity, i.e., variables of correct sians aand risht ozder of
magnitudes, correct for:i: of responsc (exponeutial, esejllatory, ecte.),
variables move in proper dirnctioas when iaputs or parameters
arc cuaaujed, lindting valuus of variables appronriate wien varaneters *
go to limiting values, ctc. Such tests will ofteu detect model inadequacies
whicii lead to model changes and r:testing, more iteration!

If th2 model describes an cxisting system viich is to he concrollcd,
valicvation iuvolves demonstrztine that the model exhibits bohavior
characteristics of the systcern itself. wic may be done by atte:nnting
to reproduce past systen benavior (aot usel in construction of the model)
or by usin~ the nodel to fer:cast futurce s° stem behavior. Statistical
tests are availaivle in cirtain instatces for testins hypothests regarding
validity tihough :uch .rore wori: is uecded i3 this arca (5,11).

If the nathematical .odel is o be usad to design a system walcn
.do2s uot y:t exist the validation tecaniques meationzd above are aot
feasivle. DMouel validity rests upon the validity of the varicus thocories
and assumptioins wnich determin:d tih. structural form cf tuc equations of
tiie model aud the values assigned to medel parameters. Carcfully dasigned
model tests can generate additicaal cevideuce to argue for or agiinst

acceptance of tihc aodel as a system -.esien or manaseuent tool. Once a
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model has been coarsely validated an. tuned o be in the "ballpark," it is
often useful to carryout "sausitivity tests’ on thz mocel coefficients
for which accurate estimates are not currently available. Such coefficients

C s o 1/ .
cas be cnzaged sialy or in aroups= in

repeated sinulaticu runs to determine
walch awve sigaificant i.a their Limact upon inportant nodel outputs, This
iaforintion can lead to tae establisnment of priorities for furtiher
infovmatior gatheriay, deca collectivn, .inproved estimates for key
coxfficients and rzfincd models walen inelude tie improved estimates.
wiaperience has showa that these sensitivity tests carried out at an
appropriate point ia the validacion srocess can make data acquisition nuch
more erficient and sipnificantly ipreve model performance. The fact that
models caua be useful In determinine data sathering prioritics sungests that
the decizion of wuaen to bejia mouel coustruction is an inportant oue and
that there is a desiravle balaace to bz struck betwuoen d-ta acquisition and
model builidiin: activities.
Ia aany situations, including soue toward the socio-cconomic cnd of thnc
spectruin, couplex wodels aave been successfully constructed, validated
aad applied to real world probleas.  For many complex fystems, nowever, the
problen of model validation is a thorny one. wailz it is necver nossible
to have absolute certitude concerning wodel velidity, the lack of real world
data, time, theory and rcsources nay provent adequate testins for validity.
The pressures on decision makers arc often such that important decisions

ar2 going to be made with or wiciout tne nhelp of models. Ia conmplex

dectsion uaking enviroameats the clternative to usiag a partially validated

—— o

1/

= Cozfficicents should Lo varied in proportion to caa uncertalaty in toc
current cstinate--for cxample an eéstimated standerd deviation,
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model (not usiﬁg the model at all) may be less desirable from the
staudpoint of practical coascyuences. liocels can be usad, guardedly

to assist decision naiters in exploring and understanding policy issues.
The results of these linited medel applicatio.us provide further cvidence
on the question of model validity aud can leau to furtier model
refinencats wvhere necessary. This "'limitag anplication' philosophy nay
well be a oraal part of the valicdation procedure :or models addressiu,,

conplex societal problems.

Sensitivity Analysis

The primary purpcse of "sensitivity analysis" at this poiat in the
abstract modeling process is to eoetersine waich decisioi: variables
(desisn paramcters and contrellable innuts) are important euough to
include in subsezquent medel applications to derive a 'wood" set of
plaus, policiaes, ccc. Juch tests car eliminate univwortant factors, focus
attention on the ey docision varizvlae and improve the efficicncy of
tae wccision making process. The latter point is aa iwmporta:t one
because it is casy to become inuadated with alternative courses of
action. In soue cases, xnowledze of the desima variables waich arc of
lesser importance in affecting system verformance can vrovide additioral
frecdom co sctisfy accessary coustraints whicn may apply co inputs

and paramcters,

Stability Analysis
It is well known that dyaamic systens can exhibit destructive urnstable
behavior for certain values of svstem paramet.rs. The purpose c¢f stability

Analysis is to identify the stability boundaries of the system 50 that critical

-
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parameters will not be unknowingly set at values which could lead to
unstable behavior over time as system structure or environment change.
., Stability Analysis can employ analytical studies based on stability theory,

use of repeated simulation runs to explore stability boundaries or both

of these techniques. Later chapters of this book discuss useful stability

theory for certain classes of systems.
Model Application

While decision makers have plaved an important role in systems
activities to this point, they now become the central fipures as models
are operated to study policy questions in detail. HMore exactly, they.are
the directors of a creative~interactive process that involves systems
analysts, specialists from a variety of disciplines which bear on policy
questions, and the results of successive policy experiments conducted with
the model(s). This process involves use of the models to explore results
of.an initial set of policy options, analysis and critique of options based
on factors endogenous to the model and external factors which have not
been explicitly included in the modal, creative synthesis of "better®
policy options, re-simulation, re-evaluation, re-synthesis of alternatives,
etc., etc.

Where thore 15 no unique decision-making criterion to be maximized
or minimized this interactive process can lead to a resolving of normative
issues dealing with trade-offs among system performance variables, and
further, to a set of policies for efficiently attaining the mix of system
outputs valued as "good." In other cases the interactive process can lead
to the définition of a criterion to be optimized subject to a set of
carefully specified constraints on other system variables not specifically
entering the performance criterion selected. Vhere an optimization problem

is germain to the resolution of policy issues, the '"Model Application"
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sub-phase includes this activity as well. Many optimization techniques
(linear programming, dynamic programming, nonlinear programming, ete.)
are available for practical probleﬁs, and some of these are compatible
with the large sirulation models often needed to explore real world
design and management problems.

The "output" of the Abstract ilodeling phase is the detailed set of
management and/or design specifications generated by Model Application.
These specifications constitute the primary input to the Implermentation
Design nhase of the systems nmetiodology which carrieg out the detailed
planning neccssary to implement the desired actions. Information developed
during later system phases, changes in environmental variables, etc. can
indicate the need for repetition of activities of Feasibility Evaluation
and Abstract lodeling. In some cases this may mean simply operating models
under a different set of assumptions regarding input and parameter values.
In other cases it may involve new models or extensive structural modifica-
tions to existing models. This is consistent with the fact that system
design and management in a dynamic environment is a continuous process

involving adjustment and adaption through time.
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