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Introduction

Although the system dynamics literature covers issues of how to
construct, analyze, test, validate, and implement dynamic models, surprisingly
little attention has been paid to how managers react to and interpret the
output from system dynamics models (see Gardiner and Ford, 1980; Rohrbéugh and
Andersen, 197%9). That is, system dynamicists construct feedback models that
are simplifications of a complex reality and then conduct policy tests on
these abridged representations. However, éecision'makers not trained in
system dynamics may find that even these allegedly simplified models may be
quite complex and difficult to evaluate, since model output typically consists
of scores of variables interwoven over time.

From a psychological point of view, evaluating the output from a system
dynamics model raises several interesting questions. First, how do decision
makers integrate information about numerous variables that change over time
and how do managers evaluate changing patterns of system states over time
{some such patterns have even been nicknamed as “worse before better," "better
before worse,” and "trade-off" patterns of behavior)?

A second question is whether or not important differences exist between
individuals with respect to how they evaluate a system's output. If so,
policies preferred by one decision maker may not be preferred by another.

This question guite obviously has important implications for implementing
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model results. For example, do some decision makers emphasize steady state
responses to policy innovations while other decision makers emphasize the
transient response? 1If so, thesg two classes of decision makers would tend to
evaluate "worse before better® policies in consistently different ways.

Thia paper summarizes some recent work on these two quéstions concerning
how managers evaluate system trajectories over time and how researchers can
attempt to measure individual differences in decision maker's preference
structures. In particular, the paper presents an empirically derived taxonomy
for classifying patterns of individual differences in decision makers'
evaluation of the output from system dynamics models., Before delving into the
research methods and conclusions, a brief overview pf some of the existing
problems with evaluating objective functions is presented along with a sketch
of the gsychological theory that is used to unﬁerpin much of the research

pregented below.

Existing Patterns with Traditional Objective Functions

The creation of workable and ¥eliable objective functions has been an
elusive goal of ecénomists, policy analysts, and dynamic modelers since the
beginning of quantitative analyses of social policy. The development of such
functions would produce several dramatic benefits for the formation of social
policy. Wot only would objective functions provide a precise index of system
performance, but they would also clarify and explicate the criteria being used
in the process of policy formation. Perhaps more importantly, objective
functions would allow anglysts to rank order preferred sets of policy
alternatives.

From a technical perspective, as well, the creation of workable and

reliable objective functions would be extremely valuable in dealing with



questions related to parameter sensitivity. The testing of sensitivity would
be greatly simplified if analysts could evaluate the reaction of the overall
system performance to changes in parameters, rather than focusing on
trajectories, characteristic modes, or recommended policies. Fuzthefmore, the
field of automatic control is immediately available with a host of
optimization techniques which would be applicable to dynamic models upon the
develogmenp.of workable and reliable objective functions. Unfortunately,
gevere conceptual and technical problems currently appear to inhibit their
possible use.

Typically, engineers and economists have been able to side-step many of
the difficult problems involved in the construction of dynamic objective
functions by evoking notions of minimum energy {or cost), maximum efficiencf,
or minimum total energy. In general, the problem has been golved by
specifying a quadratic objective of the form

oft) = x{t) 9 x(£)T
where O(t) is the objective function at some specified time t, X(t) is the
vector of system states at time t, and R is a matrix of weights applied to the
various quadratic terms. The evaluation of dynamic trajectories typically has
been handled by taking the integral of the quadratic objective function
defined above with an added term for the evaluation of the system's end-state
with the form

oltg) = J X(s) Q X(s) Qs + £(X(tg))
tO

where O{t¢) iz the overall evaluation of the objective function at the final

-
time ty and £(X{tg))} is the relative weight given to the system's final state
{assunming that the system is stable). The Jjustification for the use of such a

simplified dynamic objective function has typically reated on a priori
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deductions concerning what the proper objective should be rather than upon
detailed empirical investigation‘of what is the actual preference structure
of an in@lvidual decision maker.

For many engineering problems and gome economic problems, a priori |

,/sﬁazificqtion appears to be justifiable. Most policy problems, however, seem

to demand a more complex integration of the Qariety of social and political
variables contained in a §ynamic model. Early developmenté in the field of
Gestalt paychology coupled with sevetallrecent advances in psycholoqist's
ability to measure and quantify decision makers® preference structures provide
the tools needed to develop more workable, empirically dexived objective

functions.

An Organizing Psychological Framework

The framework needed to integrate and evaluate complex patterns of many
variables changing through time is contained in the arguments of Max
Wertheimer and other Gestalt psychologists in the second decade of this
century, arguments that ultimately redirected structural and behavioristic
psychology. They insisted that perception, for example, is more than the sum
of individual sensations or that behavior ie more than a “bundle of reflexes.”
These radical configurationists rejected molecular psychological models and
proposed that one should begin with the complex, holistic system as the basis
for scientific progress. Aas Wolfgang Kohler suggested in his definitive
statement of the Gestalt theory:

The stimulus-response formula, which sounds at first
80 attractive, is actually quite misleading . . . . When the
term is taken in its strict sense, it ig not generally “a
stimulus" which elicits a response. In vision, for
instance, the organism tends to respond to millions of
stimuli at once; and the first stage of this response is

organization within a correspondingly large field « o o+ »

The right psychological formula is therefore: pattera of
stimulation~~organization~-response to products of

organization. chler, 1947, pp. 164-165)



Rohler proceeded to outline a type of “system dynamics® theory of
psychological functioning as a keystone for the Gestalt approach:
Everything in this field [sensory experience] points

toward a theory in which the main emphasis lies on dynamic
factors rather than on anatomically prescribed conditions.
Moreover, in many observations field dynamics is almost
directly revealed to the subject. This is the case for
instance, when sudden stimulation, or a change of
stimulation, is followed by sensory events rather than
states . . . . Without the great historical prestige which
machine theory still enjoys, nobody would hesitate to take
these observations as evidence of dynamic interaction o . . o
There is no question that so long as dynamics remains

undisturbed by accidental impacts from without, it tends
to establish orderly distributions . « o o Dynamic

self-distribution in this sense ig the kind of function
vhich Gestalt Psychology believes to be essential in
neurological and psychological theory. (Rohler, 1947, pp.
122-32)

Due to.;ohler's belief that the dynamic distributions of sensory
organization and sensory fields are functional wholes, he stressed the need
for psychologists to investigate the overarching forms of environmental
stimlation, as well as-the systematic integrations that underlie the
organism's reasponses. This molar rather than molecular approach isg

‘fundamental to our present interest in evaluating objective fﬁnction
trajectories.

in the work repcrtéd below, social judgment analysis, a set of empirical
techniques grounded in the theory of experimental cognitive psychology is
proposed as a basis for the development of objective functions that could be
used to summarize the multivariate performance of a variety of social systems
{see Earmond, McClelland, and Mumpower, 1980; Hammond, Mumpower, and Smith,
1977}. To illustrate the use of soclal judgment analysis in the development
of workable and reliable objective functions, examples have been drawnvfrom
Forrester's (1963) Urban Dynamics, a complex, nonlinear, dynamic, feedback

. model designed to capture many of the interactions in a generic urban area.
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The focus of the research reviewed in this section is on the construction of
such dynamic objective functions that summarize the patterns of stimulation
provided by'the output of the Urban Dynamics model in response to a variety of

policy tests.

Cross-sectional Summary of the Sensory Field.

In order to form an objeétive function, each n~tuple in an n-state model
should map into a single value. The resulting unidimensional measure allows
for the preferential ranking of all possible states of the system. Of thé 124
system variables that Forrester tabled in Urban Dynamics, 36 were selected as
potentially useful to the summary of the urban system sensory field. These 36
key system variables were combined and organized to form the higrarc?ical
Judgment ‘model shown in Fi;ure‘1. More specifically, the 36 key system.
variables were variously combined to derive 3% explicit criteria at the bottom
of the hierarchy which were subsequently clustered to form 6 separate system )
goals: -job availability, housing quality, population distribution, industrial
cohditions, density composition, and tax structufe. These 6 system goals,
when integrated by a decision maker, provide the basis for constructing an
objective function of overall system performance.

In order to develop a data base for the current research, the effects of
11 different urban policies on the 36 key system variables were extracted from
the tabled values in Urban Dynamics for the two time periods cited: 10 years
foiloﬁing implementation of a policy and 50 years following implementation.
The 10-year cross section captured the short-term effects of the policy being
implemented and the 50-year cross section reflecied the long-run equilibrium
effects of the policy. By including one more set of conditions defined at

initial equilibrium, a total of 23 alternative observations of the 36 system

variables and, therefore, 23 alternative profiles of the 31 derived criteria,
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FIGURE 1. Hierarchical Judgment.!“lode] of the Urban System.
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were constructed. Thus the 23 profiles included one base equilibrium run plas
one short-run (10-year) and one long-run (SD-jear) set of effects for each of
the 11 policies l.lnvestiqated by Forrester. i

EBach complete profile was split into sections corresponding to the 6
Beparatfe system goals. For example, Figure 2 illustrates two of the 23°
profile aect_ions pertaining to job avallability, as well as two of the 23
profile sections pertaining to population distribution. It shouid be noted
t'hat, a;lthough the ptof.ltle sections for each system goal contain the same
criteria, the criteria take on different values in each profile section.

The evaluation of system states on the basis of the 31 criteria is a
complex cognitive problem that can only be nndétstood in the context of
individual judgment. According to social judgment theory (Hammond, Brehmer,
Stewart, and Steinmann, 1975), guch an evaluation process demands the
integration of the sensory field containing any or all of the 31 criteria.
Social judgment theory pro’po’sés that the summary of such multip]:e stimuli in
the judgment process can be represented by (a) the particular degree of
importance placed on each criterion~-refarred to as weight; (b) the specific
forl.n' of the functional relation between each criterion and the final ’
Judgment--referred to as function form; and (c) the particular method for
integrating all of the criteria--referred to as the organizing principle. 1If
repeated judgments are made about a variety of system states, the covert
cognitive process of an individual’s judgments can be mathematically modeled
using multiple regression statistics, as well as converted to pictorial
representation by means of interactive computer graphics (Hammond, Rohrbaugh,
Mumpower, and Adelman, 1977).

Four gtudents of gystem dynamics in the Graduate School of Public Affajrs

at the State University of Wew York at Albany evaluated the 23 alternative
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FIGURE 2. Two of the 23 Alternative Profile Segments Depicting Criteria for the
Evaluation of Job Availability and of Population Distribution.

profiles of system states (divided into the 6 separate system goals) described

above. Fach individual's 6 sets of judgments wefe made on a 20-point rating

. scale from 1 (a completely unacceptable system state) to 20 {(a very acceptable

system state). Pigure 2 illustrates the exact nature of the judgment\tusks
that were given to the four participants. The participants would consider the
profile sections (such as those shown in Figure 2) and express their relative
preferences for the profile sections by assigning to them ratings on the
Judgment scale (1-20).

Once judgments had been made concerning each of the 6 profile sections at
the more detailed side of the hierarchical model shown in Piqure 1,
participants were then asked to specify how to combine information from all 6
systgm goal: into a single, overall eéaluation of systeg performance. Figure
3 depicts two of the possible 23 alternative profiles that participants
evaluated in assessing overall system performance. As in Pigure 2, each
participant responded to the profiles using a 20~point rating scale. It
should be noted that these profiles (as shown in Figure 3) were constructed
by using ghe prior judgment scales that fanged from 1 to 20. Thus, the 6 sets
of judgments for each individual became a final set of prpfiles themselyes,
about which a last get of judgments were made concerning the overall )
acceptability ;f the 23 system states.

Stepwise multiple regression analyses were used to develop modela of the
Judgment process of the four participants. Criteria were entered into the
regression equations only if they were found to be statistically significant
predictors of the participants® judgments (p < .05). The resulting multiple
Rs ranging from .74 to .99 (an average of .94)‘indicated that a major
proportion of the variation in judgments could be reliably predicted by the

linear, additive models; nonlinear and nonmetric models requiring additional
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FlGUkE 3. Two of the 23 Alternative Profile Segments Depicting Individual
Ratings as a Basis for the Evaluation of Overall System Performance.
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predictive terms were not tested due to the limited number of profiles
available for the data base (details of this analysis have been presented in

Rohrbaugh and Andersen, 1979, and Andersen and Rohrbaugh, 1979).

Dynamic Summary of the Sensory Field.
The construction of an empirically derived cross—-sectional objective
function as discussed above represents a fairly straightforward application

1]
of existing techniques of judgment analysis to the field of dynamic systems.
., ?

However, extending the evaluation of system parfor over an ex ded time
frame poses several conceptual and technical problems. The system dynamics

literature is filled with suggestions that longitudinal evaluation of system

performance might prove difficult. For example, many systems exhibit

unexpected or even counter—;ntuitive behaviors over time (Forrester, 1971). A
syste_m that initially shows relative improvement may soon reverse itself and
show deteripra'tion. i o

To address this difficulty of deriving a full longitudinal objective
function, the following approach was developed. The 7 regression equations
constituting the full judgment model for each of the participants (6 equations
for each of th‘e initial sets of judgment tasks, e.g., housing quality and job
avai]:abiuty, and one equation for the overall evaluation) were attached to
the Urban Dynamics model in order to create a new objective function sector.

When the model subsequently was run, plotted output from the objective

function sector ghowed how the individuals® preferences varied dynamically as

vthe performance of the system fluctuated over time, as illustrated in FPigure

4.
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Sengory Organization--~Objective Function Trajectories

How does one respond to the patterned stimuli that comprise an objective
function varying through time? What sensory organization is brought to bear
on the shifting charactetiséics of the curves such as thos; shown in FPigqure 4&
For example, consider two systems, A and B, that begin at the same point (as
measured by the objective function) and improve to the same equilibrium point
that represents a 20% improvement in overall system pérfcrmance. Systen A,
howevet, rapidly improves by 50% in the first fifteen years, deterjorates to
its initial conditions by the thirtieth year; and finally settles into
equilibrium at the end of a fifty year period. In contrast to this
oscillating improvement pattern, system B rises slowly but steadily to its
final equilibrium, in the beginning showing much less drastic improvement than
system A but never deteriorating as does system A. Whether a decision maker
prefers the pattern of oscillating improvement or the pattern of gradual
improvement is an additional problem requiring individual judgment. It would
appear to be quite difficult to éuanéify and measure exactly what it is about
these two dynamic objective functions that is preferable. The problen ia
further exacerbated when one considers the broad range of behavior that can
emanate from a qynamic system.

A fundamental difficulty to be overcome in order to evaluate alternative
trajectories is determining a set of dimensions that can be used to classify
the various curves generated by the objective function sector of the Urban
Dynamicg model. Furthermore, do decision makers evaluate system performance
through time by consistently using a fixed set of curve characteristics? To
begin to investigate these problems, a class of analytically "well-behaved”
curves that closely paralleled the trajectories generated by the objective

function sector of the Urban Dynamics model were explored further. The curves
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analyzed in this portion of the study were generated by orthogonally varying
four characteristics that almost fully defined their'ttajectoties= nusber of
years from initial equilibrium to maximum, ﬁumber of years from maximum to
second minimum, maximum point, and final equilibrium point. The systematic
variation of the four characteristics at five levels (e.qg., 5, 10, 15, 20, and
25 years from initial equilibrium to maximum) produced a set of 25 alternative
curves, 4 ofywhich are illustrated in Figure 5.

The set of 25 curves was presented to the 15 research participants
(advanced graduate gtudents in the field of management) who were instructed
that these curves represented hypothetical objective functions tracing the
longitudinal acceptability of urban ;ystem states. The participants were
agked to evaluate the curves on a scale of 1 (a completely undesirable
trajectory) to 20 (a very desirable trajectory). Again, through the use of
stepwise multip{e regressipn”ang}yses, Judgment models were derived which
could be u;ed to preéict consistently the desirability of a wide range of
curves. Characteristics of the curves were entered into the regression
equations only if'they were found to be statistically significant predictors
of the participants' judgments (p < «05). The resulting multiple Rs ranging
from .89 to .97 indicated that a major proportion of the variation in
Judgments could be rellably predicted by the linear, additive models based on
the four characteristics identified.

Table 1 presents the standardized regression coefficients in relative
form (i.e., constrained to gum to 1.00) for each participant. The Judgment
models shown in Table 1 repraegent divetse cognitive approaches to the
evaluation of the 25 alternative objective function trajectories. Six of the
participants appear to be particularly concerned about the final equilibrium

point, placing over 80% of their relative weight on that one characteristic of



Table 1

Relative Weights Comprising. Judgment Models for Objective Function Trajectories
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Cluster type 1A B _Ic 11D : 1IE IIF
Participant 1 2 3 4 5 6 7 8 9 10 1 112 13 14 15
Final : )

equilibrium 1.01.01.01.0 .82 .81 .77 .75 .68 .65 .62 .57 .56 .35 .30
Maximum

?Olnt cme ems eem am- - —— .23 .25 .32 .35 .38 .43 .30 .40 .49
Years to

ainimam VR 7 S woe mme e ame mee wee 14 13 .1
Years to
'_maximum B L T .19 B .12 .09
Multiple R .96 .97 .97 .96 .90 .89 .92 .95 .94 .95 ,92 .91 .95 91 .97

the trajectories. The remaining nine participants Qppeat to be concerned both
about the final equilibrium point and the maximum point of the trajectories,
some placing almost 50% of their relative weight on the latter characteristic.
Concern about the number of‘years from initial equilibrium to maximum and the
number of years from maximum to second minimum also differentiate the gensory
organization of the participants but to a lesser degree.

By grouping participants into clusters of individuals with similar
methods of responding to the patterned stimuli provided by the objective
function trajectories, it :I.g possible to describe at least six discrete
judgment policies reflected by the decision makers in the present study:

IA: concern for maximizing final equilibrium

IB: capcern for maximizing final equilibrium and years to
second minimum

IC: concern for maximizing final equilibrium and years to
maximum point

IID: concern for maximizing final equilibrium and maximum
point .

IIE: concern for maximizing final equilibrium, maximum point,
and years to second minimum

IIF: concern for maximizing all four characteristics but
particularly maximum point

A series of two choices between objective function trajectories will determine
for any decision maker which of the six methods of sensory organization is
being used. The first choice, shown at the top of Figure 6, indicates whether
the decision maker is in cl;lster type I or cluster type II. If the decision
maker prefers the trajectory associated with cluster ty;_,e I, the second
choice, shown at the lower left of Figure 6, indicates whether the cluster
type is Ia, IB, or IC. If the decision maker prefers the traj.ectory

associated with cluster type II, the second choice, shown at the lower right

of Figure 6, indicates whether the cluster type is X1ID, IIE or IIF.



SBUNIONALS 3DUBUAAg T1OL|du]

40 SUDISNLY X} UIIMIDG USLNLULISLE 03 PASH SALA0}Defed] 19 2unbyy

g—

Objective

function

1.1 02

o
o
3
3
o i
Iy H
Objective
, © function S
(3] H ot
=
; —
jand]
‘\‘L m:

sty

411

0%

[=]

Objective
function

n
(=]

G

-t
Ll

Sty

N
P,
[

!

7]

Because a regression equation exists to mathematically model the sensory
organization that each cluster of decision makers brings to the patterned
stimuli created by the objective function trajectory, any run of the Urban
Dynamics model can produce a single index of overall performance of the urban
system with respect to a particular urban revival policy. ¥For example,
because the decision maker whose objective function trajectories shown in
Figure 4 produced a judgment policy indicating a concern only for maximizing
fina.'_l. equil‘ibrium (cluster type IA), it is clear that he would prefer the
effects of an underemployed training program (shown at the bottom left of
Figure 4) to the effects of a'n underemployed job creation program, slum
housing demolition, or new enterprise construction program.

Put in terms more familiar to 'system dynamicists, the results presented
in Table 1 suggest that, when presented with output such as that found in
Urxban Dynamics, decision makers tend to fall into two broadly defined
clusters. The first cluster consists of those who tend to place considerable
emph#sis on‘ th; steﬁdy state béhavior of a system in response to a policy
change. The second cluster consists of decision m;kera who place relatively
more emphasis on the tx.:ansient responge of the system. The most important
transient characteristic is the maximum point of the transient peak followed
by the speed of decline (measured as time to minimum) and the speed of
increase in overall system performance (measured by time to n;aximum).

These results suggest that, when faced with worse pefore better®” or
"better before worse" types of system performance, these two clusters of
decision makers would tend to split in their evaluation of ptefert;ed policies.
Of course, these results strictly hold only for behaviors similar to those
emanating from the Urban Dynamics study. Separate analyses would have to be
conducted to identify similar clusters of preference structures for other

classes of system performance.



An interesting speculation centers on what causes these differences in
preference structures for various cluste;s of decision makers. One unexplored
question in this study is the degree té which the participants tended to view
the sample trajectories as definitive statements about what the future would
actually be like versus a belief that the trajectories are fallible
predictions about the future originating from a model or other predictive
de;ice. One hypothesis that might explain the differences between the two
major cluster of decision makers is that those who favor steady state may
believe that the trajectories are actually a statement of what will hapben.
They may be pessimistic about their ability to intervene and change the-
outcome in the long run, favoring a policy that leads to a presently
established sure gain. On the other hand, those who favor the transient
response may be skeptical of the accuracy of long term predictions and
optimistic about their ability to intervene and reverse a bad or deteriorating
situation in the long run. Hence these decision makers may favor short-term
improvements at the expense of the longer run consequences of the.policy being

examined.

Conclusions

The wqu presented above has developed an empirically derived method,
based uéon social judgment analysis, for quantitatively deriving and modeling
the iﬁplicit preference structure for individual decision makers. When
coupled with a system dynamics simulation model, these preference structures
can be turned into-dynamically varying objective functions that summarize at
ahy point in time how an individual decision maker ranks the overall system
performance. This result is especially useful because it allows researchers

to determine to what degree individual decision makere differ in the criteria
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that they employ for evaluating overall system performance over time. Por a
sample of fifteen, important individual differences in the criteria

used to evaluate system performance were found. Further, these individual
differences were found to éluster into several distinct types. The major
difference b;tween the various cluster centered on whether individuals more
heavily weighted the system's transient response versus the system's steady
state response. Important characteristics of the syétem's transient response -
were found to be (in order of importance) the maximum point for the transient
curve, the speed of decline, and the speed of improvement in the overall
gystem performance. The paper concludes with some speculation on what might
be the psychological determinants of the empirically observed clusters of

individual Q@ifferences.
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