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Abstract

Lothar R. Schroeder. Application of GERTS Network
Analysis and Simulation Programming to Problem Areas in
Psychology.

Among the more promising operatlons research
techniques for modeling and analyzing multi-parmeters
stochastic systems 1s GERTS: Graphical Evaluation and
Review Technique Simulation. The principle advantage of
the network approach is its graphical nature which
simplifies the model bulilding process. The intent of the
present thesis 1s to demonstrate the feasibility of
applying network modeling and analyslis technlques via
GERTS computer simulation to a wide range of problems
in psychology.

In the first ocortion of this paper statistics
appropriate to three Markov models in psychology are
obtained using GERTS. The transition probability
matrix of each Markov process is represented in network
form and then analyzed. Examples are chosen from the
literature in concept ldentification, choice behavior,
and social mobillity to demonstrate GERTS versatiiity in
solving absorbing, random walk, and regular Markov
processes.

In order to demonstrate the modeling capablility of
GERTS, a series of five teaching units are developed for
psychology courses based on the éimulation of behavior
in different settings. The five teaching units and the

behavior each describves are as follows: Unit I, Imprinting
1l



behavlor, predicts following behavior in newly hatched
ducklings on the baslis of their development of sensory
activation and fear during the critical period; Unit II,
Spinal Reflex Mechanlsms, describes neuromuscular con-
nections involved in simple reflex behavior in network
form and simulates the stretch reflex and the flexion
reflex; Unit III, The Classical Conditioning Paradigm,
has been developed to simulate the typlcal exponential
learning curve and subsequent extinction btvehavior;

Unit IV, Free Recall and the Serial Position Effect, was
designed to enable students to study the memory process
via a simulatlion of the serlal poslition effect; and

Unit V, Communication Patterns in Groups, incorporates
the structural and functlional characteristics of communi-
cation networks into a GERTS framework. Suggestions are
provided as to how students would interact with these
units and how instructors might modify them. It is
suggested that instructors use one or more of these
units as a compliment to the more traditional teaching
methods.

A detailed description of a GERTS model of the
vertebrate retina 1s presented next, Predictions made
froﬁ the response of a simulated ganglion cell to changes
in light intenslity conform well to analogous empirical
data. Finally, GERTS models for manpower allocation and
an analysis of inflight refueling serve to demonstrate the

2



usefulness of the network simulation approach in

several appllied areas.



. I,
Introduction

In recent years, there have appeared in the perlphery
of the psychological discipline a new group of disciplines
such as information theory, cybernetics, general systems
theory, queulng theory, theory of games, and others.
Although they may differ in specific assumptions and
methods, they share the common theme that a systems
approach can provide a framework for analyzing the
complexities and dymanic properties of psychological
processes. There 1s therefore a trend to broaden theo-
retical concepts to include interactions, non-linearities,
feedback and other systems notions. In fact, DeGreeng
(1970) realized the need to formally relate systems
science and psychology, and defined the new interdisi-
plinary fleld of systems psychology.

With this current emphasls comes a need to provide
psychologists with adequate techniques for analyzing
systems. System$s might be represented by differential
equations, matrices or some other mathematical
procedure. However, much insight into the relationships
1s lost this way, and in many cases classical mathematics
1s not efficient in handling large numbers of variables

and interactlons. Among the most promising alternatives

are those derived from operations research and industrial

4



engineering technology. Several authors (Chapanis,
1961; Cogan, 1967) have already suggested incorporation
of operations research techniques in the area of engli-
neering psychology, and DeGreen (1970) lists instances
where these methods have been utilized in solving
human factors problems,

A class of systems analysis techniques which might
be of particular value to the psychologist are the
network approaches. Gordon (1969) offers the following
description of the process of network analysis:
"Network analysis represents a formal process by which a
transition can be made from a verbal description of a
system to the structure of a model.” 1In thls graphlcal
precedure, the elements of the system are represented
by nodes and the relationships among the elemenfs by
arrows (branches) connecting the nodes 1in question.

In addition to the graphical description there 1s a
quantitative analysis of the node and branch character-
istics implied in network theory. Among the advantages
of network techniques is the ease with which systems

can be modeled in network form (Pritsker and Happ, 1966).
Other advantages for psychologists (wide applicability,
ready translation into programming language, etc.) will
become apparent in later discussions.

Two of the most common network analysis procedures

are signal flowgraphs and activity networks. The
5



former approach is beneficial in describing systems that
require detalled algebralc manlpulations, or those

that involve probability analyses., In flowgraphs the
variables in the system become the nodes, and the func-
tional relations become the branches (transmittances).
There are numerous methods for solving the expressions
deseribed by flowgraph theory. Whitehouse (1973)
presents a review of these methods., Howard (1971)

has also demonstrated how numerous Markov models can be
solved using flowgraph analysis.,

The second approach, actlivity analysis, 1is princi-
pally designed to solve project scheduling problems
occurring in industrial settings. P.E.R.T. (Program
Evaluation and Review Technique) and C.P.M. (Critical
Path Method) are examples. Generally, the network -
portrayal consists of branches representing the activities
of the project under consideration, and nodes representing
the intersection of activities (points in time). 1In
contrast to flowgraphs, activity networks are completely
deterministic with the result that all branches must be
taken. The mosﬁ significant result of the analysils is
the determination of the distributlion of the total time
to complete the project.

Pritsker and Happ (1966) have introduced a new graph-
lcal analysils procedure which they call G.E.R.T. {(&raphical

Evaluation and Review Technique). G.E.R.T. uses moment



generating functions to transform variables that are
additive in nature (e.g. time) so that they may be
solved by flowgraph theory (which is a multiplicatlve
system). Multl-parameter stochastic problems can be
readily handled by this approach. However, limitations
are evident from a computational standpoint when large
networks are analyzed, or when "and" loglc nodes are
required (as in PERT networks). To overcome these
inadequacies, Pritsker and 3urgess (1970) have
developed a computer program, called GERTS, which will
solve complex GERT networks vlia simulation. The GERTS
simulation language 1s a general purpose language
written in FORTRAN IV and 1is relatively easy to use,
Before &iscussing the specific merits of GERTS for
psychology, some general comment on the acceptance of
simulation languages by behavioral scientists is in order.
First, many psychologists appear reluctant to learn
computer programming. For this reason, they often
enlist the aild of a programmer who procedes to write a
FORTRAN representation of their simulation model.
Hilgard and Bower (1966) speak of the impoverished
communications between experimental psychologists and
- computer simulators:
"Simulation programs are comprised
of exceedingly long sequences of
instructions, with an almost dumb=-

founding welter of complex detalls,
and all wrapped up and coded in a

7



special programming language adapted

to communication to an IBM7090, not

to the psychologlst who understands

nothing of IPL-V. Acquiring facillty

with one or more list-processing

languages 1s difficult and time-

consuming, especially so for older

scientists who are very pressed for

time by their usual research com-

mitments. In place of a prolonged

apprenticeship with a model's program -

and the computer, the ordinary

experimentalist is dependent upon an -

intermediary to interpret the

program for them..."
These difficulties occur, in part, because many simulatlon
languages not only do not provide the user with a simple
framework in which he may write simulations to a standard
pattern, but are notorlously weak on dlsplay. FRecause
the GERTS system is synonomous with a standard network
form, the language itself becomes an aid to problem
formulation.

Table I lists some of the properties of the GERTS
system with corresponding areas of application in
psychology. The intent of the present thesls willl be
to demonstrate the feasibility of applylng network
modeling and analysis teshniques via GERTS slimulation
to wide range of problems in psychology.

Chapter 2 contains an Introduction to the GERTS
approach. It outlines the general technlque for
developing and simulating GERTS network. The next
four chapters are concerned with demonstrating GERTS

power as a methodologicaleaid in theorizing, in teaching

.



Table 1

Properties of GERTS and Thelr Applicatibns to Problem
Areas in Psychology

Property

Application

Stochastic & Determlinistic
Network Descriptors

Branches having continuous and
discrete temporal distributlons

Availability of network
modificatlion

Q node storage capaclity

Logic node descrlptors

Counters

Math Modeling, Markov
processes, Solution of
probability problems

Developmental processes,
Semi-Markov processes

Learning/Adaptation

Memory; attentlon

Threshold concept;
decision making

Analysis of sub-systems




and in psychological applications.

In chapter 3 the transition probability matrix of
a Markov process.is represented in network form, and
statistics.appropriate to several Markov models in
psychology are obtained using GERTS.

An investigation of the descriptive qualities of
GERTS modeling is undertaken in chapter 4. A series
of five teaching units are developed for psychology
courses based on the simulation of behavior 1In different
settings. It is suggested that lnstructors use this
package as a compliment to the more traditional
teaching methods, or that they expand upon it to meet
the demands of their particular institution.

Chapter 5 offers an example of the appllication of
GERTS to a research problem in physiologieal psychology->
the modeling of the vertebrate retina. The power of the
GERTS system to model the structure and function of the
nervous syétem 1s discussed in light of the results
of the simulatilon,

Finally, GERTS models for manpower allocation and
an analysis of inflight refueling will serve to |
demonstrate the usefulness of the network simulation
approach in several applied areas. A general discussion
of the advantages ahd the limitations of GERTS takes
place in chapter 7 élong with a discussion of validation

procedures. Future research proposals are suggested.
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II.
General Approach to Systems Analysis Using GERTS III

A system can be defined in most general terms as an
agssembly or set of related elements. The primary
concern of the GERTS approach is the analysis of stochastic
systems, systems whose elements or states change over
time in a probablilistic fashion.

Listed below are five procedural steps which could
be employed in analyzing a system using GERTS:

1.Develop a qualitative description
of the system in question
2.Convert the qualitative descrip-
tion of the system to a model in
stochastic network form (following
GERTS format)
3.Determine the system operating
characteristics so as to quantil-
tatively describe the network
4 ,Convert the graphical description
to the GERTS programming language
5.Use the computer simulation
language as a device to analyze
the systen.
Step ! involves specifying the purposes and restrictions
under which the model will be formalized (definition of
problem). It then becomes necessary to describe the
system in the appropriate form (network) which will lead
to rapld translation into the GERTS language. Several
authors (Pritsker and Burgess, 1970; "hitehouse, 1973)
have provided extenslve discussions of GERTS III network
characteristics and the input requirements for its
companion simulation language. This chapter will
provide a summary of these techniques and an example of

their use.
11



Overview of GERTS III

The purpose of the GEFTS network 1s to provide a
graphical description of the activities of a glven
system. Thils is accomplished by defining a collectlon
of branches and nodes. The branches represent éystem
activitlies which take piace over a period of time or
they may represent instantaneous informatlon transfers.
The nodes are events indicating the stért and completion
of activities, and therefore occur at given points in
time. The GERTS computer program performs a simulation
of this network by advancing time from event to event
(next event simulation) through the branches.

GERTS simulations are initiated with a source
node (start event) and terminate wlth one or more sink
nodes. The output characteristics of the source node
determines which activities emanating from it will
occur. The output type for the source node and for all
other nodes may be either deterministic or probabllistic.
In the former case, all activities emanating from the
node are scheduled to occur, while in the latter case
only one of several activitles is scheduled to occur
(the particular activity determined by a random number
generater).,

Figure 1 provides an 1llustration of the node and

branch descriptors used in the GERTS system. Nodes

12



Figure 1. An 1illustration of node and branch descriptors

used with GERTS.
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drawn in the form of a circle have deterministic out-
puts, whereas nodes having a cone configuration represent
probhabllistic outputs. Rranches are repreéented by
lines connecting nodes. The number of releases, r,
assoclated with a node specifies the number of times
activities incident to the node must be completed before
the node is realized. If a node is realized, activites
emanating from that node are scheduled according to its
output type and the simulation continues. At this time
the numher of releases ls set equal to the number of
releases required to realize the node after the first
time, r'. One simulation ends when a stated number of
sink nodes have been realized. However, multiple
simulation runs can bhe performed as specifiedlin the
input data.

Each branch 1ln the network has assoclated with it
five parameters (see figure 1):a probablility that the
activity is scheduled, p; a parameter set for the time fo
complete an actlvity, referenced by some arbitrary tp; a
distribution type for the time to complete an activity, tD;
a counter type, C; and an activity number, a, which simply
gives a label to each branch. The time parameter set
and the distributlion type fully describe the time required
to complete the activity represéated by the branch.

There are nine possible time distribution types-available

and each type specifies %2? arrangement of the parameters



in the parameter set. For example if the time to complete
an activity was assumed normally distributed, then tD
would he coded with a 2. The selectlion of this distribu-

tion type insures a parameter set having the following

components: the mean value, the minimum value, the

maximum value, and the standard deviatlion of the time
to complete the activity. This four valued set is in
turn assoclated with tp. The counter pype may take
any value from one to four. The counter enables the
analyst to group activities of interest intc classes.
The GERTS program tallles all branches labeled with
specific counters and provides the following summary
statistics concerning these activites: the mean, the
standard deviation, the minimum, and the maximum
number of times these actlvitles were cdmpleted prior to
the realization of specified nodes. The activity number
identifies a branch and consequently permits network
modification. Network modlification involves replacing the
output of a node by the output of a second node based on
the completion of a stated actlvity. This 1s an lmportant
characteristic of GERTS in that 1t provides flexlibility
in altering the system while it is in operation. The
method for incorporating network modifications 1is de-
scrived via the examplé in this chapter.

Various summary statistlcs are collected on those

nodes which the analyst has indicated as statlistics nodes.
16



Sink nodes are automatieally'made statistics nodes.
Among these statistics are:
1.The probability that a node is
reallzed
2.The average, standard deviation,
minimum, and maximum times to
reallize a node ’
3.A histogram of the times to
realize a node,
Reallizatlon time may be based upon: the time of the first
realization of a node; the time of all realizations of
node; the time between realizations of a node; the time
interval to go between two nodes in the network; and the
time delay from first activity completion on the node
until the node 1s realized.
In additlon to the printout of the network and the
results, there is also a method available for tracing

runs.

17



in Example

The example chosen to 1llustrate some of the character-
istiecs of GERTS III 1s a modification of the car rental‘
problem described by Howard (1971):

An automoblile rental agency rents cars at two
locatlions. The experience of the cdmpany shows that
when a car is rented in town 1 there is a 0.8 probability
that it will re returned to town ' and a 0.2 probability
that it wlll be returned to town 2. Recause of the
nature of the trips Involved, the length of time a car is'
rented depends on where it 1s rented and where it is
returned. Cars rented in town ! and returned to town 1
are rented for 3 days. Cars rented in town ' and returned
to town 2 are rented for 6 days. Assume there are many
customers and cars are always rented when they are returned.
The first car 1s rented in town 1. Assume also that if
a car 1s not returned to town 2 in 10 days then ménagement
will provide a discount for new customers returning cars
to town 2; this will attract 50% of the cars to town 2
and 507 to town 1. Management wishes to determine, on
the average, how many cars rented in town 1 will be
returned to town ' before a car is returned to town 2
and how long 1t willl take before a car rented in town 1
1s returned to town 2.

Flgure 2 shows how this verbal description can be

represented in network form. The two events '"returns car
18



Pigure 2. A GERTS network for the car rental example.
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to town '" and "returns car to town 2" have been graph-
ically described by node 3 (N3) and node 4 (N4)
respectively. N3 is a probabilistic node, and 44 is a
sink node; its realization will terminate the simulation.
N2 is a source node and is required to initiate the
simulation at time O. All of the dynamlic activities are
represented by the directed branches shown in the figure.
The notation P(x,y) 1s used to represent an activity
which begins at node x and terminates at node y.

Since N2 is deterministic both activities, P(2,3)
and P(2,5), were scheduled to occur at the initiation
of the first simulation run. The values for p therefore
were wet equal to 1.0 for both branches emanating from N2.
P(2,5) was introduced into the network to record the 19
~day interval before management would change its rental
policies. This was accomplished by assuming that the
time for completion of P(2,5) had a constant distribution
(tD = 1) and that its parameter set (tp = 2) took on the
value of 10.0 days (see inset in figure 2 for parameter
set #2). No counts were taken of this branch (c = 0),
and the activity number was arbitrarily set equal to 2.

The first rental in town ? was simulated at time 0.0;
therefore P(2,3) also had associated with it a tD =1,
but in this case, the parameter set (tD = 1) represented
an activity requiring 0.0 time for comﬁletion. No

counts were taken of this branch and "a' was glven the
21



value of 1.

The value of p = .2 for P(3,4) suggests that there
was a 20% probability that thls branch was taken
(scheduled) once 2 car was rented in town 1. It then
took 6 days to complete P(3,4) as indicated by tp =3
and tD = 1, Again no counts were taken and the branch
was arbitrarily labeled #3. Eighty percent of the cars
rented in town 1 were returned to town 1. The branch,
P(3,3), describes this activity. The time to complete
p(3,3) was 3 days (tp =4, t, = 1). Since management
wished to be informed of how many cars would be returned
to town 1 before a car was returned to town 2, P(3,3)
was tagzed with a counter (C = 1). |

" The dashed line between N3 and K6 indicates that
after P(2,5) is realized (10 days) a network modificatlon
will occur whereby N3 will be replaced by N6. This will
have the effect of altering the output probabilities.

The .2 in the square adjacent to the dashed line indicates
that the network modification is contingent upon the
completion of activity #2.

Once the system has been modeled in network form
and all parameters have been identified, 1t is a
relatively simple matter to simulate the network using
the GERTS III computer program. The input requirements
consist of, at the most, seven different types of data

cards. Table 2 provides a general description of each
22



Table 2

Network and Control Information Required for Performing

the Simulation from Pritsker & Burgess (1970)

Data Card Type

General Description

u

Identification information, number of
times simulation is to be performed, and
an initial random number seed (card one)

General node, counter, and network
modification data (one card)

Description of each node (one card for
each node)

Parameters of tlme variables assoclated
with activities (one card for each
parameter set)

Description of each activity (one card
for each activity)

Network modifications desired (one card
for each actlvity that modifies network.
If none, no data card 6 required).

Run numbers to be traced (one card only
if tracing 1s requested by using a
negative project number)

25



card.

The modlfied car rental problem is as a simple
example of a discrete-time semi-Markov process.

Although such models can be solved analytically (see
Chapter 3) this is often a difficult procedure. The
output of the GERTS III solution is presented in table 3
for 400 simulations of the network.

The statistics calculated for the sink node, N4,
represent the values assoclated with the time of
completion of the network. Prom table 3, 1t can be seen
that N4 occurs with a probability equal to 1.0 and
the network has a mean realization time of 14,50 days
(time for first car to be returned to town 2) with a
standard deviation of 6,62 days. The range varied from
6 to 51 days. Node type "P" signifies that statistics
were collected from the first realization of the node.
The second row in the printout summarizes the statistics
concerning the number of activities tagged with a counter
#1, which were completed prior to network realization.
In the car rental example, an averége of 2.83 cars were
returned to town 1t (N3) prior to the return of a car to
town‘2l(N4).

A histogram for N4 is also presented in Table 3.
Since the lower limit is 3 énd the cell width is also 3,
1t can be seen that no cars were returned to town 2 for

6 days and in 77 of the 400 simulation runs a car was
24
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returned to town 2 (network was realized) between the
6th and 9th day. The last car to be returned fell in
the interval between the S51st and S54th days. Other

values can be read directly from table 3.

26



GERTS III Q

. The GERTS III Q program 1s an extension of GERTS TII
which includes the capability to model systems requirlng
information storage (Pritsker and Burgess, 1970). The
Q-node is the only new feature of GERTS III Q. When an
acfivity incident to a Q node 1s completed an ltem
(customer, transaction, etec.) is said to have arrived
at the queue. The activity emanting from a Q node repre-
sents a service activity reqﬁiring some time to complete,

It is assumed that only one item can be served at a
time. Therefore, when an ltem enters a gqueue 1t wlll be
immediately served (the service activity is scheduled to
occur), or, if an item is currently being served, the
item will remain in the queue and the GERTS program will
update the number of items waiting to be served by 1.
Items in a queue waiting to be served may eventually bhe
served on a first-in-first-out (FIFO) or last-in-first-
out (LIFO) basis. The programmer can initiate the
simulation with ltems already in a queue and can also
specify a maximum number of items permitted in a queue,
when this maximum is surpassed durlng the course of a
simulation and a new item arrives, the 1tem will leave
the system or be sent to a glven node (balk).

The input format for GERTS III Q2 is identlcal to
GERTS III except that data card type 3 (see table 2) is

modified to include Q node information.
27



I1I
Analyzing Markov Chain Processes with GERTS

A review of the more recent literature on mathe-
matlcal psychology will demonstrate a prevalence of
Markov chain models (Atkinson, Bower, & Crothers, 1965
Coombs, Dawes, & Tversky, 1970; Levine & Rurke, 1972;
Greeno, 1973). Since many Markov processes can be solved
with flowgraph techniques (Howard, 1971), it is reasonable
to expect that G.E.R.T. network analysis would also be
useful in this context. ‘Whitehouse (1965) in investigating
thls relationshlp has found G.E.R.T. quite applicable to
discrete, continuous, and semi-Markov representations.

The transition probabllity matrix of a Markov process,
and hence the process itself, can be graphically repre-
sented by a G.E.R.T. network; the nodes became the states
through which the system can pass, and branches take on
the values of transition probabilities. For Markov
chains the transitions occur at every time unit and the
probability of making a transition to each state depends
only on the current state of the process. A semi-Markov
process permits the time between transitions to have any
distrlibution, and to depend upon the present state and the
next future state.

Although analytical methods, and in particular G.E.R.T.,
can be used successfully to evaluate ceftaln Markov

processes, the same mlght be determined using the GERTS
28 ’



simulation program. Sinulation 1s especially useful
if a computationally unmanageable mumber of states
evolves or if the system 1ls semi-Markov in nature.
Since GERTS permits tagging an activity with a counter,
it becomes a simple matter to investigate the frequency
with which an activity is performed. This same question
would be difficult to answer using standard Markov
procedures (Whitehouse, 1965). Finally, it is
possible to demonstrate that GERTS 1s successful in
providing estimates of transient as well as steady
state probabilities, and also in ecalculating sequential
statistics relevant to certain Markov Models. |
In this chapter, statistics of interest are deter-
mined for several Markov-type models using the GERTS
simulation analysis. Examples are chosen from the
literature in concept identification, cholce behavior,
and social mobility theory to demonstrate GERTS
versatility in solving absorbing, random walk, and
regular Markov processes. In addition, an analysis is
performed concerning the size of the runs necessary to

obtain results within given tolerances.
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Simulating an Absorbing Markov Process: Concept
Identification

An absorbing Markov chain is a chain that has one
or more states which will terminate the transition
process once they are entered. In other words, at least
one transition probability has a value equal to one.
Since the GERTS network is deflined as having at least
one absorbing state (sink node), it is likely that the
GERTS approach is well suited for this type of problem.
whitehouse (1965) has shown thls to be the case for
G.E.R.T. network analysis.

The model chosen to illustrate GERTS capability in
analyzing absorbing Markov processes 1s hased upon
nower and Trabasso's (1964) extension of 2 simple model
of problem solving in concept identification given by
Restle (1962). First, a review of the concpt ldentifi-
cation paradigm is in order.

An experiment in concept ldentification is usually
conducted using a set of stimull generated by varying
the values of certain dimensions such as shape, size,
and color. The experimenter decides on a rule for
classifying the stimuli (usually into two categories)
and the subject's task is to identify this classification
schema. In the experiment, stimull are shown to
the subject one at a time, and the subject indicates

which category he thinks the stimulus bhelongs in.
30



Feedback is given after each trial. The experimenter
infers that the correct rule has been identified when
the subject has given a long series of correct responses.
According to the model proposed by Restle (1962)
the subject has a set of hypothese about what might be
the correct rule. If the classification hypothesis he
is using is ipconsistent with the information he recelves
he rejects the hypothesis and samples a new hypothesis.
Atkinson, 3Rower, and COrothers (1965) have provided a
simple representation of the subject's state of knowledge
in this situation: a presolution state, S, and a solution
state, S. 4When in S, the subject attends to the relevant
attribute and always responds correctly. In state S he
is attending to irrelevant attributes. It is assumed that
the subject begins in S and makes a response. If he is
correct (with a probability, p) he assumes that he has
chosen the proper hypothesis. If he makes an error
(with a probability, g = '-p) he randomly samples
another hypothesis from the total pool of possible
hypotheses. He has a probabllity, c, of sampling the
correct hypothesis. The model implies that while in
pre-golution the response on a given trial is independent
of the outcomes of the‘preceding trials, and therefore
constitutes a Pernmoulll series of observations. The
theory also implies that the transition to S can only

occur when the subject makes an error while in S and
31



then samples the correct hypothesis. In thils system
once a problem solver samples the correct hypothesis
he will be absorbed 1in S.

The transition matrix corresponding to the two-

state concept ldentification model is as follows:

- - Snrt Sm#
Sa t-q¢ qc
Sl ©

where the state on trial n is denoted Sn or Sn.

The simplest GERTS network description of this model
is shown in figure 3A. Here states § and S are repre-
sented by N3 and N7 respectively. 3Ry assumption the
process begins in S on trial 1; therefore, the source
node (N2) feeds directly into S. The transition probability
of moving from pre-solution to solution, qc, 1s shown
on P(3,7). The probability of remaining in pre-
solution, 1 - qc, 1s represented by the feedback loovp.

Since the parameters p, q, and ¢ are to be considered
separately, an expansion of the network is required
(see figure 33). This revision includes two additional
states: the probability of being in S following an error,
N4, and the probability of being in § following a correct
response or an incorrect hypothesls selection, N5. It
1s easy to demonstrate that the input into N3 in figure

3™ is =equivalent to the feedhack loop in figure 3A:
P(8) = pt q1-0)
= p+q-9¢©

= 1- qc
30 =9



Figure 3. Three stages in the development of a GERTS

network representation of the concent identification

model.
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whereas P(S) remains equal to qc.

One final node 1s required. 1In order to determine
statistics following a glven number of trials in pre-
solution, N, node 6 will be used as a trial counter
and posslible sink node. The final GERTS network with
appropriate notation is shown in figure 3C.

The subject is in S before making his first response.
This is simulated in figure 3C when N2 schedules an
activity imputing directly into N3. N2 also schedules
an activity leading into N%, the trial counter. Should
the hypothetical subject make a correct response on trial
#1 [P(B,S) scheduled], then he will remain in § [P(S,})
will be scheduled] at the start of trial #2 [P(5,6) will
be scheduleil. If he should proceed to make an error on
trial #2 [the activity represented by P(3,4) would be
realized],'he would then sample a new hypothesls and
elther P(4,5) or P(4,7) would be scheduled depending
upon whether he had sampled an lncorrect or a correct
hypothesis. P(4,5) serves to retain the subject in §
at the start of the next trial. The transition into the
absorbing state, S, 1s made when the activity assoclated
with P(4,7) has been completed. The mean number of
trials, in S was determined by first placing a counter
(#1) on P(2,6) to récord trial #1 and by also placing
counter #1 on P(5,6) to enable subsequent pre-solution
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trials to be tallied. P(3,4) was tagged with counter #2 so
that simulated error responses could be tallled.

The analytical solutions to the statistics of
interest concerning the concept identiflcatlion model
were derived by Tower and Trabasso (1964) using
linear operators. Simulated results will be compared
directly to these predictions and, whenever pbssible,
to observed data., In each of Power and Trabasso's
analyses p was assumed equal to .5 (thefefore q also
equals .S5). This was because the experimental situation
dictates that a subject make one out of two possible
responses based on an irrelevant cue, and it 1s assumed
that he 1s operating near the chance level in S. The
value of ¢ can be estimated analytically as the recip-
rocal of the observed mean total errors, and equals
.0873 for the data collected by Rower and Trabasso.
These same values for p, q, and c were used in the
GERTS analysis, although an experimenter could run. a
simulation of the network in figure 3C and choose that
value for ¢ which provides an accurate estimate of the
observed mean total errors. The value for c would then
be used in further simulation analyses to predict other
important summary statistics concerning concept
identification.

The initial statistics analyzed with the GERTS

approach were the mean and standard deviation of the
36



number of trials in S§. In this analysls the solution node,
N7, was made the sink node. = Table 4 presents the summary
of 500 simulation runs of the network shown in figure 3C.
The results indicate that node 7 was realized with a
probability equal to 1, and that no time elapsed in
performing activities leading to network reallizatlon.

The statistics associated with counter #! indicate that
the average number of trials hefore the realization of

N7 (solution) was simulated as 22,15 while the standard
deviation of trials was simulated as 23.89. This compares
with 22.90 and 22.40 for the mean and standard deviation
determined analytically, and an observed mean and standard
deviation of 22.89 and 22.39. The statistics assoclated
with counter #2 predict the mean and standard deviation
of the total number of errors made in S. Referring

once again to table 4, the results obtained from the

GERTS simulation of the concept identification model
yielded a mean of 11,12 errors and a standard deviatlon
of 11.59 errors. Thils compares with an observed mean
number of errors equal to 11.45 and an observed standard
deviation of 11,02 errors. The cofresponding predicted
mean number of errors also should equal 11,45, since the
parameter used to calculate the mean number of errors

(¢c) was directly estimated from the observed mean

nunber of errors. The predicted standard deviation of

the number of errors equ%lled 10.96.
7
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The probabllity of being in solution after n trials,
P(Sn), was then determined. The only necessary alteration
of the network was to set the number of releases on N6
equal to the value of n and to assigm N6 the status of
a sink node, The realization of either N6 or U7 halted
the simulation. Simulated probabilities of solution
were calculated for various values of n., Table 5
shows thesé values for 500 simulations and the cor-
responding analytlcal solutions. Rower and Trahasso
(1964) offer no empirical data concerning P(Sn), but
such data could be readlly obtained.

Error runs were slmulated to demonstrate the utllity
of GERTS in solving sequential statistics. 1In the concept
identificaton paradigm, an error run (rn) is defined
as any number of consecutive errors preceded and followed
by a correct response (the subscript n refers to the
length of the error run). Figure 4 is the GERT™S repre-
sentation of the network required to simulate the average
number of error runs forn =1, 2, and 3. In the present
model a correct response can result from elther the
subject selecting the correct hypothesis and moving into
S or selecting the incorrect hypothesls but still guessing
correctly on a given trial (remains in S). Consequently
both P(4,5) and P(6,3) were tagged with counter #! which
in turn permitted ry to be tallled. Counter #2 on P(7,5)
and P(8,3) and counter #3 on P(9,5) and P(10,3) simulated

39



Table 5
Simulated Values of P (Sn) Rased on 500 Computer Runs
Along With Analytical Values

N Simulated Predicted
5 . 154 163
10 .328 . 330
20 .562 570
40 .796 824

40



Figure 4. A GERTS network for analyzing error run

statlistics in the concept identification model.

41



c*'o i

(

pegertLed)

IES YELERVEVL

Amwnooywn—.dv

AN—nmap.PnOV.

norainzosf /(091G 1°0)
mmwswq.,._.,.ov
AN
SEOHYUE &
A@aOa Pa rmdv

HOUUE €

L‘c1L*

6011 0-1) “w

H0BYE |

g08008s

. g
L0110 1)\e

(€0°t°1°Db)

(

SO 1Lt Lto-1)




rs and'r3 respectively. Runs greater in length than rs
eventually moved the system to N11.where subjects could:
continue making errors, move into the solution state,

or start the run count again. ™“hen the solution node
(N5) was realized the network was realized.

Table 6 lists the mean values for r,, Ths and r3,
derived'from the GERTS simulation of the network in figure
4, predicted analytically, and observed in a concept
identification experiment. An inspectlon of the results
tabulated suggests that the generation of the simulated
data is consistent with the analytical solution and

actual empirical data.
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Table 6
Comparison of GERTS Solution and the Predicted and

Observed Values for Mean Error Runs of Length n = 1,

2, and 3.
Simulation #Analytlical #Observation
(500 runs) Solution
r, 3.28 3.34 3.11
b o) 1.58 1,55 1.72
r} .71 071 .76

#Taken from Bower and Trabasso (1964)
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Simulating a Random “alk Process: Cholce Rehavior

Consider a process such that if it is at state Js
at all instants of time the process moves to the right
to state jJ + ' with a probability, p, or %o the left to
state } - 1 with a probability, q = 1-p. Such a situation
defines a one-dimensional random walk process. One speclal
type of random walk chain defines the two end states as
absorbing states. This process will be conslidered next
in the context of a model designed to describe choice
behavior.

The random walk models offered by Rower (1959) attempt
to analyze the behavior of a subject when he is given the
opportunity to select one discriminative stimulus from a
set of alternatives. Cholce behavior of a rat in a
T-maze serves as a useful example. In this situation
when the animal reaches the choice point it spends a
great deal of time orlenting first toward one goal box
then towards the other until it eventually makes the
choice response. The particular hehavior of orlienting
back and forth between alternatives 1s known as
"yicarious trial and error" (VTE) behavior.

One of Zower's models of choice behavior in a T-
maze, model A, defines five states: when the subject is
at the choice point and orienting stralght ahead he 1is:
in state Sy. At this time the subject leaves S, and

may elther orient his body towards the right goal,
. 45



state Sy, or orient his hody towards the left goal,
state 32. When the subject 1s in state S he-either
approaches the right goal, state 83, or reorients away
from S, and reverts to the neutral state SO. Then
the subject is in state 82 he may either approach
the left goal, state 84, or reorient to SO. States
83 and S4 are absorbling states since a particular
experimental trial is terminated when the animal
approaches either side of the maze.

It is possible to empirically estimate the state to
state transition probabilities from the sequence of

orienting responses that occur on individual trials of

an experiment. The transition matrix takes the following

form: NEXT STATE s
So 5 3(‘31 1201 At

CURRENT S1 l-p13 0 0 Pz o]
STATE S, |l-py, O 0 0 o,

83 0 0 0] 1 0

Sy |0 0] 0] 0 1

The GERTS network diagram representing the random
walk process 1s shown in figure 5. The definition of
a trial in a T-maze ensures that the subject begins
every trial in SO. Therefore the source node, N2,
directly inputs into N3. Since choice time is not of
concern in this model, transitions are assumed to occur

instantaneously. Consequently all branches have to =1

-



Figure 5. The GERTS representation of the random walk

model for cholce behavior in a T-maze.
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and tp = | (0.0 time to complete the activity and a
constant time distribution). Once a subject enters
SO’ he may proceed to S1 with a protabllity equal to
Po4 [represented‘on branch P(B,Bi] or he may orient to

So with a probablility equal to 1 [see branch

= Poy
P(3,4)]. The probability of reorienting to S, from

8, or S, is represented by the feedback loops P(5,3) and
P(4,3) respectively. Finally, P(5,7) designates the
transition probabllity of approaching the right goal

from S, while P(4,6) represents the transition probhability

of approaching the left goal from S Realization of

*
either N6 or N7 serves to halt the simulation of this
network.
One of the most interesting statistics to ve predicted

by this model concerns the mean number of VTE's within
the sequence of orienting responses that constitutes ohe
trial. VTE behavior is re?resented on the GERTS network
by P(5,3) and P(4,3); therefore, these branches have
counters assoclated with them (C = '). All other branches
have C equal to O.

A An experiment was performed (Tower, 1959) in order
to provide estimates of the transition probabilities on
each of 11 trials in the T-maze paradigm. In this
study, rats were rewarded with 5 food pellets when

enterlng the right goal box and t pellet when a left

response was made. It wgs observed that the Py, = <5,
9



P13 = .55, and P, = .37 for trial #1, Given these |
transition probabilities, the calculted mean number of
VIE's on trial #1 is equal to 1.17, while the cal-
culated probability of a right response is .60 on trial 1.

The final results for 900 simulations of trial #1
are provided in table 7. It 1s evident that the reali-
zation of elther N6 or N7 required 0.0 time. The
probabllity of making a right response (being ahsorhed
in 83) was approximately .59. This compares favorably
to the predicted results. The mean number of VTE's
was summarized separately prior to the realization of
N6 and N7. The two results, 1.'7 prior to N6 and 1.22
prior to N7, are almost equal. This 1s also a reasonable
finding since Atkinson, Rower, and Crothers (!'965) have
proven that the average amount of VTE-lng should bve
equivalent regardless of whether the subject termlnates
a trial in 33 or S&'

It is possible to use GERTS to test other assumptions
of the choice behavior model by making a few modificatlons
to the network in figure 5. For instance, “ower (19%59)
has suggested that perhaps subjects orient back and forth
between S, and Sg and use SO only to determine the starting
point of the cycles of reorientation. He calls this
model B. A revision could be accompllished, reflecting
these new assumptions, by requiring that P(5,3) input
into N4 rather than N3 angoby'having P(4,3) input into

D
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N5 as opposed to N3.

Another efflclent use of the GERTS approach would
involve expanding the random walk model of choice behavior
to include data regarding decislion times. The process
then becomes semi-Markov in nature and analytical solutions
become exceedingly difficult. Thls 1s especially true
1f the steps between any two adjacent states require
different average times of completion- even if the

distributions can be assumed to take the same form.



Simulating A Regular Markov Process: Soclal Mobility
: Theory

A Markov chain 1s considered regular if and only
if it is possible to be in any state after some number
" (N) of steps. The long range prediction of bteing in
any state, known as the steady-state probability victor
(%), is independent of the initial state of entry. It
has also heen demonstrated (Kemeny & Snell, 1960) that

% 1s approach very rapidly and can be approximated
even for moderately large values of N.

Kemeny and Snell (1960) have analyzed a problem in
occupational mobllity using a regular Markov chain. The
prbblem is really two-fold and may he stated as follows.
First, given that the total population is presently
separated into occupatioﬁal classes and that there is =2
degree of movement among the classes each generation,
what 1s the fractlion of the population which will bve in
each of the classes after N generations? This can be
called the transient probability vector, B, which approaches

& as N approaches infinity. The secound question
concerns the calculation of the mean first passage
time-in this case the average number of generations
required to move to each class giveh the individual negins
in a particular'class.

A transition matrix is first constructed which
deslgnates for each class the fraction of the decendents

3
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that would be expected to go into each of the occupations.
Assume that occupations are classified as upper, middle,
and lower. The matrix below summarizes the transitlon
probabilities constructed from data collected in England
and 7ales (Glass & Hall, 1954):
NEXT GENERATION
: Upper Middle Lowe
PRESENT Upper LA448 LA484 . 068
Middle [.054 .699 . 247
GENERATION Lower .01 .03 485
In thls example, also assume that initially 207 of the
population is in the upper class, 707 in the middle class,
and 10% in the lower class.,

The GERTS diagram for the social mohllity model 1s
represented in figure 6. N2 initiates the simulation by
hypothetically sending one individual into the systef. N3
randdmly schedules one of three branches that determlnes
which occupational class the individual presently resides:
with a .2 probability the individual is currently a
member of the upper class, with a .7 probability he
is a member of the middle class, and with a .1 prohadility
he is in the lower class. Up to this point in the
network no tlme has elasped and all hranches have been
designated with parameter set 1 and a constant time
distribution. Movement from the states in one generation
to the states in the next generation was accomplished

with 3 new sets of deterministic nodes- N7, N8, and M9

each representing the upper, middle, and lower classes
54



Figure 6. A GERTS network of the regular Markov process

for social mobility.
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respectively. Recall that a regular Markov chaln has
no absorbing states. The use of these extra nodes
enabled the system to eventually terminate with the
realization of sink node, N10, after N generatlons.

In following the hypothetical individual who 1is in
the system in the current generatlon, assume that he 1s
a member of the middle class [?(3,5) has heen completed].
The 3 branches emanting from N5 represent that the
probability that his decendent will move from the middle
class to the upper class EP(S,Ti], remain in the middle
class i?(E,B)l, or move from the middle class to the
lower class LP(5,9)]. Each of these paths has associated
with it the time parameters tp = 2 (1 generation) and
tD = 1 (constant time distribution). For example, assume
that the first descendent moves into the lower occupational
class [Completes P(5,95]. Since N9 is deterministic
two activities are scheduled to occur with a prohabllity
of 1.0. P(9,10) inputs into the sink node and registers
the fact that one generation has elapsed. P(3, 10)
requires 0.0 time and 1s tagged with a counter (e = 3).
P(9,6) resets the system such that another transition can
occur in the second generation. Thls process contlnues
until N10 is realized, ending one simulation run, The
supceeding runs simulate the occupational mobility of thé
descendents of additional individuals.
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Table 8 offers the results of 500 simulations of
50 generatlions of social mobility. N'O has been realized
on each run with a time to realization of 50 generations.
Counter #1 states the mean number of individuals making
transitions to the upper class (3.53), counter #2
provides the mean number of occurrences of mpvement to
the middle class (31.07), while counter 3 indicates mean
movement to the lower class (15.40). Simply divide by
50 to dbtain the fraction of individuals in each of the
classes after 50 generations (350). Reg = L0717, 622,
.308 for the upper, middle, and lower classes respectively.
This compares favorably with X = ,069, .624, .309 given
by Kemeny and Snell (1960) for the steady state probabili-
tles in this sample, A second analysis of the regular
Markov process was performed simulating only 10
generations., By resulted in simulated values of .080,
.635, and .285- all approaching the stéady state
predictions.

A few minor revisions in the network in figure 6
were performed in order to calculate the mean first
passage time. For example, in analyzing the average
number of generations required to move to each class
given the individual was a member of the lower class
(N6) in the present generation, it was necessary to
delete P(2,3), P(3,4), P(3,5), and P(3,6). A branch
from N2 to N6 initiated the simulation. N7, N8, N9, and
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N10 were made sink nodes and all of these nodes had to

bé realized before the network was reélized. The value
of N was set equal to ! for N10. The average tlme to
realize N7, N8, and W9 corresponded to the mean first
passage time to the upper, mlddle, and lower classes
respectivly. The simulated data i1s listed in table 9
vfor 400 simulations, ﬁith the corresponding predicted
mean passage times calculated by Kemeny and Snell (1960).
For instance, the GERTS solution indicates that it
requires an average of 24.2 generations to move from the
lower occupational class to the upper occupational class.
It is apparent that the simulated data is similar to the

analytical predictions.
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Table 9
A Comparison of Simulated and Predicted Mean First

Passage Times for the Social Mobhility Model

Upper Middle Lower
Simulated 24,2 1.8 3.2
Analytical Solution 26.5 1.9 3.2
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Runs Analysis for Simulated Markov Chains

One determination of the degree of success of
simulated Markov chains can be achleved through an analysis
of the number of runs necessary to obtain results within
glven tolerances. If k equals the magnitude of the
error following a simulation, then the protabllity that
the simulated mean will fall between % k of the predicted
mean 957 of the time is: -

Plu-k€X¥4ux) .9

Subtracting u: / =
P(-k € X - u £ +k)

Dividing by the standard deviation of the sample:
P(=kWN L tRIT
S, Z Sx
Since a 7 score greater than or equal to 1. 96 occurs less

than 57 of the time then,

XN
Sx = 1.96

and k-_—L‘ié__S_)E
553

The percentage error achieved 957 of the time is calculated

by dividing k by the predicted value, u. Therefore,

Percentage Error = 1.96 5x

= [T u
Each of the analysis in this chapter was performed
for 100, 200, 300, 500, and 900 simulation runs. The
percentage error was then calculated for each result.
Table 10 lists the percentage error}as a function of the
number of simulation runs for 5 simulation analyses of
Markov processes. As might be expected, the percentage
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error decreases as the number of runs increases. It
should also be noted that the accuracy of simulated
results depends, to a large extent, on the type of
analysis performed.

Figure 7 is a graph of the medlan percentage error
achleved 957 of the time as a functlon of the number of
simulation runs. For the problems discussed in this
chapter, a reasonable degree of accuracy (<« 107 error

95% of the time) can be achieved with 400 simulation runs.
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Figure 7. The median percentage error as achieved 95%
of the time as a function of the number of simulatlion

runs. Each point 1s based on five Markov analyses,

65



ccé

COE

CcCL

CC9

SR8 ROIJLVIMIIE 40 UHJIR

Q0%

Cow

00¢

cCc

GOl

L

o

Oi

()

HHIL EHL 40 %56 QIAJIIHOV d0dud ;. NVIQER

66



IV
A GERTS Simulation Approach to Teaching Psychology

The use of computer simulation as an aid to learning
has grown rapldly in the last few years at all levels of
education., Probably the most interesting application of
simulation techniques in educatlon exists in computer-hased
games. The Sumerlian game devised by Moncrieff (1965) is
one of the hetter known simulatlon games and may serve
as an example., In thls game slixth grade history students
are presented with information related to an ancient
city for which they are playling the role of king. The
students make certain decisions fegarding thelr city-
state and a computer returns a progress report on the
effects of these decisions. Unanticipated natural events
can be cycled in randomly by the computer. DNot all
computer games follow this format. “here they do differ,
it usually is wlth regards to the preciseness of thelir
rules and goals. For instance, although 1t is common
to determine winners at the end of these games, some
simulations are only loosely evaluated and are scored as
exercises not contests.

There are many virtues in using computer simulation
as a medium for instruction. First the computer is very
flexible and responsiVe. Most students tend to focus
on only one aspect of a phenomenon at a time, greatly
limiting thelr ability to understand phenomenavwlth
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even a few interactions among elements; Through simulations
the learner experiences these complexlties in trial form,
and consequently adquires a bellef in the predictabvlility
and responsiveness of his environment. It is interesting

to note that Coleman and Campbell, et.al. (1966) have

shown that such a belief (efficacy) is the most lmportant
predictor of achievement in school.

That models developed for the classroom often
use probabilistic mechanisms to simulate environments
has certain advantages. The natural interest of the
student participating in such schemes may lead to the
learning of simple probahility from a series of direct
experiences.

The greatest virtue of the computer-based approach
is its ability to provide individualized instruction.
Variation in the sequence and difflculty of the
problems can be made in accordance with individual
differences.

Do the procedures inherent in the digital simulation
approach meet the goals of contempary education?

Rruner (1960), in summarizing the conclusion of a national
conference on education, emphasized that the proper
content of education was the fundamental structure of

the material- as opposed to the factual detail of the
subject matter. Structure ls related to thé ideas and

themes which lie at the heart of each subject. The
68



conference also pointed out the important role of
intuitive thinking in the process of learning;
particularly the advantages of the shrewd guess, the
tenative hypothesis, and in general, inductive thinking
as a way of discovering structure. Similarly, digital
simulation approaches are highly dependent upon the
manner in which the actlivity of learning is structured;
i.e., the kinds of actlions the learners take and the
kinds of feedback they get in return. The very process
of formulating the model forces attention of these
prohlems.

Theoretically, one cannot help but get enthusiastic
over digital simulation exercises and games as alds to
learning. However, some researchers have attempted to
vélidate these approaches in controlled experiments-
often with mixed results. Probably the most lmportant
study was the evaluatlon of the Northwestern Internation
Simulation (INS) (Robinson, 1965). This study compared
college students who played INS with a control class
which had the material introduced via cése studiles.
Robinson found few signiflcant differences on a number
of méasures of achievement and interest. Cherryholmes
(1966) concludes that games do motivate, but there is
no substantial evlidence that they teach facts or
problem-solving skills, or that they induce critical

thinking any more effect%gely than other methods of



learning. Ying (1968) got results which were more-
encouraging. His study demonstrated that although

there was no appreciable gain in measured learning
effectiveness, there was a decrease in the time invested
per pupil under game-study conditlons, These contradic-
tory findings point to the extreme complexity of evaluating
these procedures.

Recause of their limitatlons, simulation games and

exercises should probably be used as an adjunct to the
regular curriculum with extensive classroom discussion
following. Sprzgue (1966) conveys this idea nicely in
the followling three suggested strategles:

a)We should design and try packaged
units of study built around simulations
with suggested readings, guides for
incorporating the units into existing
standard courses, and suggestlons for
ways in which simulatlons can be
varied in form and content to meet
demands of different settings.
b)7hole courses should be constructed
around one or more simulations and
tried in a variety of situations.
c)Taking an even broader look, we
might envision a whole series of, for
example, international relations
simulations, the simplest of which
could he tried by first graders,
slightly more complex varietles by
more advanced students, and so on.

By the time a student reached his
senlor year in high school, he might
he taking part in simulations far
more elaborate and demanding, having
had 10 years of simulatlion experience.

Main (1972) at the University of Michigan has btegun

the development of "EYPER SIM" (Experiment Simulation),
- 70



a course designed to develop predictive skills in the
student. In this program, graduate students construct
models using a general purpose computer language written
in Fortran IV. The undergraduate experimenter then
generates hypotheses wlthin a given problem area, designs
experiments, and uses the developed simulation models
to generate hypothetlcal data which is consequently
compared to predicted results. A pilot study (lain, 1971)
has demonstrated that the computer experience tends to
affect certaln student blases towards research design-
not always in the preferred direction. Students who
experience classroom demonstrations, on the other hand,
show relatively stable attitudes when comparing pre-
course and post-course surveys. Mucﬁ more work 1is
obviously needed in this area.

The following sections will serve to demonstrate
the feaslbility of using GERTS to describe and simulate
empirical data in five areas of psychology. One or more
of these unlts could serve as a supplement to traditional
undergraduate and graduaté laboratory experience.
Instructors would spend perhaps one class period teaching
students the mechanlecs of GERTS. Students would then
be introduced to current literature in the area repre-
sented by a given unit., Selected varlables within that
well-defined problem area would be described. A student

would then be asked to s%?tematically alter some 6f the
7



independent varlables or elements modeled, and to

predict thelr effects on the performance of a glven
teachling unit. He keypunches the appropriate information
concerning the state of a particular unit on I.R.M. cards
and in a reasonably brief period, he receives output
concerning the simulated behavioral response. It is

also possible for more advanced students to develop thelr
own simulation models or to make revisions in the

present units. Proposed modifications will be suggested

in conjunction with each unit described in this chapter.
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Unit I
Imprinting Rehavior

The inittal simulation exercise concerns varlables
believed to influence imprinting behavior. The term
imprinting refers to the attachment of a complex
behavior pattern to a stimulus which happens to be
present at optimal times in the development of an
organism. Attention was first drawn to imprinting by
the European naturalist, Lorenz (1935), who a;gued that
this behavior differs markedly from other learning
processes. Fateson (1966) and Sluckin (1964) offer
excellent discussions of the characteristics of imprinting.
behavior.

One principle characteristic that distinguishes
imprinting from learning is the existence of a critlcal
period- the time during which the animal may develop a
preference to a wlde variety of objects and eventually
reject others. Hess (1959) carried out a series of
controlled experiments with ducklings from one to 352
hours after hatching. He found that animals who were
shown a male decoy 13 to 16 houfs after hatching demon-
strated the strongest preference for thls model, as
opposed to a real female mallard. There was a dramatic
drop in the effectiveness of the imprinting procedure
when glven earlier or later in the animal's development.
The present model attempts to simulate thls finding.

73



Most theories which speculate on the nature of the
development of imprinting behavior during the critical
period hypothesize two factors: one causing an increase
in readiness to accept the tralning stimulus and one
causing the subsequent decline in imprinting bvehavior
during the end of the critical perlod.

Two popular explanations for the onset of the
critical period involve either a hypothetical increase 1n
locomotor ability (Hess, 1959), or an increase in
arousal (Tolman, 1963). There 1s considerable evidence
to support the arousal theory since shock (Hess, 1964),
handling (Thompson & Dubanowski, 1964) and certain
stimulants (Kovach, 1964) facilltate imprinting up
to 18 hours after hatching. On the other hand, Collins
(1965) has demonstrated that chicks which had been
restrained from following the training object, followed
it just as strongly when tested as did chicks that had
been given the opportunity to follow during training.
This evidence appears to undermine the importance of
logomotion during the early stages of the critical perilod.

The most influential theory concerning the cause of
the decline in imprinting behavior postulates an lncrease
.in fear (Hess, 1959). A second explanation posits a
decrease in the internal motivation of the following
reaction in addition to the increase in fear. The

first hypothesis has recelved considerable experimental
T4



support, while the second éxplanation must awalt confir-
mation (Bateson, 1366).

The present model assumes there are two factors
chiefly responsible for imprinting behavior- a change
in sensory activation and a change in the fear state,

It is further assumed that a developing organism can be
in one of two sensory activation states- low sensory
activation (L3SA) or high sensory activation (HSA);
additionally he may be in one of two fear states-low
fear (LF) or high fear (HF). Following hehavior occurs
if and only if the animal is in a condition of HSA and |
LF. Sensory activation 1s considered first.

Tolman (1963) has found that as a function of hours
following hatchling, the probabllity that a duck will te
active increases for 13-16 hours and then decreases again
for the remainder of the first day. The present model
assumes that the probability of belng in HSA mirrors
Tolman's data. An organism begins in LSA and after
several hours of its development has a certain probability,
p, of passing into HSA. TFifteen hours after hatching,
animals which are in a HSA state wlll return to LSA
with a probability,x .

Figure 8 represents the GERTS network designed
to simulate increases and decreases in sensory activatlon.
At the simulated time of hatchling, N2 initiates the

network by placing the organism in LSA (N3). Node 3
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Figure 8. A GERTS network designed to simulate changes

in sensory actiVation for the imprinting model.
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is deterministic and schedules 4 activities. The first
output from N3 [P(},S)] initiates a series of nodes
which function as timers. For instance, N7 will only

be realized after 'S hours have elapsed corresponding

to 15 completions of P(%5,7) , while N8B can be set at

any value of N and will terminate the simulation after

i hours. The path, P(3,4'), takes o.o time and serves

to retain the organism in LSA. P(3,23) requires 0.0 time
and indicates that the subject is in LSA after a given
time period. For example, when P(8,16) is completed
then a network modification will occur whereby N23

is replaced by N24 and if the organism is still in ILSA
[P(B,EB) or P(43,23) completedj then the network will
terminate in LSA (N26 will be realized). The activity
represented by the final branch emanating from N3,
P(3,3), requires one hour to complete. This branch insures
that N3 wlll schedule events every hour.

After two hours, 3 inputs will have arrived at N4
and this node will be realized. P(41,4) will then be
scheduled (branch #45) and a network modification will
result (the output of N3 will be replaced by the output
of N43)., The next input into N3, occurring after three
hours, will schedule P(43,41) to be completed. N41 will
then te realized and P(41,4) will be taken again. Thus
the effect of setting the number of releases, r, equal

to 3 on N41 will be to regain the subject in the LSA
7



state untll three hours after hatching. This is
reasonable since Tolmen (1963) has demdnstrated that
ducklings remain inactive for several hours.

K4 is a probabilistic node and determines whether
the subject moves into the HSA state with a probability,
P, or remains in the LSA state with a prohability, ' - p.
Each of the activities represented by the branches
emanating from N4 requires one hour to complete.

An animal which has moved into a HSA condition may
return to L3A after 15 hours. This is simulated in the
following manner. Recall that P(7,9) will be taken after
15 hours, and this in turn will insure that 96 is
replaced by N'O. Therefore, additional inputs entering
N6 after *5 hours will cause 10 to schedule 3 branches
to be completed. The first path, P(10,17) indicates that
the subject 1is in HSA after a given time period. The
second ouiput, P(10,5) keeps adding the hours of develop-
ment, while the 3rd path, P(10,11'), inputs into aznother
decision node (¥'1). “ith a probability,& , the subject
will now return to a LSA state for the remainder.of the
simulation; with a probability, 1 - ¥, the subject will
remain in HSA for another hour. After N hours, N17 will
be replaced by N'8 and if the organism is still in HSA
he will terminate in that condition (¥19 will be realized).

The network has 3 sink nodes (N'6, 19, and N26).

Only two of these 3 nodes must he realized before the
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entire network is realized. N15 will be realized on every
run since it 1s directly controlled by the value given for
¥ in N8. Therefore, the probability of'being in HSA or
LSA can te taken as the probability of N19 or N26 being
realized, respectively.

Figure 9 shows the actual percentage of ducklings
awake and actlve as a function of the number of hours after
hatching (Tolman, 1953). The simulated probability of
being in HSA is also shown on this same graph for 100
runs of the GERTS network in figure 8. Values of
P = 044 and ¢ = .500 were used in the analysis. For
simplicity, both parameters were estimated »y a trial
and error procedure designed to yield a reasonable fit
to the empirical data, in figure 11, The analytical
expression for predicting the initial portion of the
simulated curve, from hour 3 to hour 15, can be determined
in the following manner: by assumption, an organism is in
LS4 for the first 3 hours, so P(LSA)3 = 1, The likelihood
that he remains in IS\ at the bteginning of hour 4 is
1 « p; therefore

P(LSA)4 =1 -0p
The probability that the subject is in state LS4 at the
teginning of hour 5 is

P(Ls4)g = P(L3A), (1-p) = (1-p)”
Successive values of P(ISL) are generated in a similar

fashion- multiply the pregéous trial value of P(LSA) by



Figure 9. A comparison of the GERTS simulation of the
activation process during the critical veriod with
empirical data collected by Tolman (1963). Simulations

are based on 100 runs with p = 044, ¥ = .5,
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(1-p) vwhich results in an increment in the value of the
exponent of the (!-p) term. The general result then
tecomes , P(LSA)N = (1-p)¥73
Therefore, P{HSA) hecomes

P(usa), = 1 - (1-p)F~?
No formula was derived to predict the suhsequent decline
in activation.

The present model assumes that the decline in the
effectiveness of the training stimulus is due to a return
to a state of low activity (LSA) and a gradual development
of fear. Evidence suggests that newly hatched ducklings
wlll begin to emit distress calls and move away from a
training stimulus 9 to 12 hours after hatching (Hess, 1959);
they will also bvegin to escape shock '5 hours after
hatehing (James % ®inks, 1963). It is therefore assumed

that an animal remains in an LF condition for 12 hours.

X

At this time he has a probability, €6, of moving into a HPF
condition. An organism never returns to LF once he has
entered HF,

FPigure 10 shows the GERTS network designed to
simulate movement from a LF state to a HF state. This
simulation hegins with an input into N13., N13 operates
much as ¥3 did in the previous network diagram (Figure 8).
It schedules activities designed to keep the system in a
LF condition, P(13,13), P(13,21), and P(13,25), and to

keep a count of the numher of hours that have passed,
83



Figure 10. A GERTS network designed to simulate

changes in fear for the imorinting model.
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P(13,50). Once '2 hours have elapsad N2t is realized and
the activity represented by branch, P(21,22), is completed
in 0.0 time. X222 does not tecome reaslized since r is set
for 2 releases. 1Instead, a network modilficasion occurs
vhereby ¥'3 1s replaced by X20. 7The nex: output from
I20 will eventually result in W22 heing realized. 22 is
aprobablilistic node and at this point P(22,34) will be
scheduled with a probability, 8, and P(22,13) will e
scheduled with a protability, ! - e. If HPF state (i34)
is realized, this information passes to sink node, 25 in
0.0 time. TFeedback loop, P(=4,74) is also scheduled so
that at every hour P(54, =0) will input into the timer
K20 to ¥53). If after 12 hours an organism renains in ILP
LP(?D 13) is taken each hour after 12 houT§] then
outputs will continue to emznate from N20.

There are three defined sink nodes: ¥26, N¥53, and
N¥i9. 7The simulation will ccase after 7 hours. At this
time 723 will be realized., Only one other sink node must
ve realized vefore the network is realized., If the
organism had passed into a HF condition then H25 will end
the simulation. If the organism had remained inL®, then
N'9 will terminate the simulation. The GERTS summary
report tabulates the prohabllity that either of these
events occurred after ¥ hours.

Figure 11 is a graph or the develovment of fear as

obtalned by Hess(19%9) and the development of fear as
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Plgure 11l. A comnarison of the GERTS simulation of fear
generation during the critical period with empirical
data collected bty Hess (1939). Simulations are hased

on 100 runs with ¢ = ,08.
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simulated by the GERTS analysis. The parameter, 0, was
estimated by trial and error to be .08. The resulting
simulated data provided an approximation of the empirical
data, although the shape of the empirical curve is
sigmoidal, whereas the simulated plot has a slope which 1s
continuously decreasing. More simulated data points at
the upper limits of the curve might provide a more com-
plete comparison.

The next stage in the development of the ilmprinting
model involves testing a combinatlion of the two networks
to determine whether both factors (sensory activation
and fear) wlll operate simultaneously to generate the
expected following hehavior.

Pigure 12 illustrates schematlcally how the sensory
activation process (dilagrammed in figure 8) and the
development of fear (diagrammed in figure 10) are combined
in the present imprinting model. This figure also
demonstrates the modular capability inherent in the GERTS
network., Non-following bvehavlor occurs after N hours
when either of two events have been simulated: an
organism is in a LSA state or he i1s in a HF state. This
condition is achieved by setting r = 1 on N26. On the
other hand, r is set for 2 releases on N19. Consequently,
following behavior results only after an organism has
reached a HSA state and has remained in a LF conditlon.

The number of hours of development, N, can he
89



Figure 12. A schematic diagram of Unit I: Imprinting
“ehavior. The diagram illustrates how the sensory
activation component combines with the fear comnonent

to simulate following tehavior.
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vy setting the value of r = W for node & in

(2

controlled
the sensory activation component., If this approach is
taken, there is no nesd to retain the timer (N=0 and
NB53) from the fear component since it was designed to
achieve the same purvose. The simulation will terminate
when N16 (from figure 2) is realized and either N'9 or
N26 is realized. Simulations were performed at seven
different values of ¥ for the imprinting model. Figure 13
compares the degres of simulated following hehavior with
empirical data collected by Hess (1939). The values for
the parameters p, § , and © were set equal to those
previously used in predicting sensory activatlon and the
development of fear. It appears that the simulation
model does gquite well in predicting the eventual decline
in following b»ehavior, but is 3 to 4 hours early in its
generation of the initial rise in the curve. This
latter vrediction, however, rscelves some support from
Gottlieb ('96'). He found that if incunaition time is
cxrefully controlled, then maximum following ‘ehavior
is ellicited 10 hours after hatching.

Instructors have several options available in using
Unit I in the classroom setting. One approach would
have more advanced students spend severazl hours learning
the mechanics of GIRTS programning. Students could then
study some of the characteristics of imprinting behavior

and could also become familiar with the present simulation
92



Figure 13. A comparison of the GERTS simulation of
imprinting tehavior during the critical period with that
of Hess, 1959. Simulations are based on 100 runs;

p = .044, 0 = .OB,K: .03,
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simulation model. At this point they would be ready to
either test the effects of minor revisions in the present
network or go develop new networks based upon their own
theories or theories originating in the literature. For
example, a student might simulate the effects of assumlng
HSA is an absorbing condition. This would elimlinate one
parameter from the model,

Since Unit I 1is modular, students have the aﬁility
to first study components in isolation, and then study
them as they interact. For instance, a student might
remove the sensory activation component and replace it
with a component which predicts an increase in locomotor
ability as suggested by Hess (1959). Hess has shown
that as chicks grow older they are able to rejoin thelr
siblings at greater and greater speeds. Do the parameters
which prediet changes in locomotion ability and fear also
generate changes in following behavior?

Students might also attempt to test some one of their
own hypotheses- e.g. does the initial increase in followlng
hehavior correspond to an increase in the ablillty make
visual discriminations? If data can not be found in the
literature concerning such a problem, and if time permits,
then students might design a small experiment to collect
such data. The end result of such a process would be a
revised simulation model >f imprinting behavior.

A second possiblility is for the instructor to have
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principle responsibility in revising the present model.
Using thls approach, students would learn a few of the
more basic characteristics of imprinting (experimental
paradigm used to traliln and taest birds, definition of the
critical period, factors used in development of present
model) and then would be required to predict changes in
following behavior as functlon of additional variables.
For example a student might be asked to predict the
effects of the administration of a tranquilizer at various
ages following hatching. Some of these drugs either
prevent lmprinting from occurring (presumably by reducing
sensory activation) or prolong the period during which
imprinting can occur (presumably by reducing the fear
response) (Hess, 1959). The instructor would decrease the
value of p in the former case, and increase § while
decreasing 6 in the latter case, Students would receive
almost immediate feedback concerning their predictions.
Other varlables whose effects on imprinting behavior are
known and which might be considered are: shock presentation,
auditory stimulation, temperature changes, novelty of the
tralning stimulus, presentation of stimulants (see Zateson,
1966 for a review of findings).

The following is a list of some of the benefits a
student might derive from the use of Unit I:

a)An understanding of the variables
which influence imprinting tehavior
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b)An understanding of the experi-
mental paradigm necessary to
demonstrate imprinting behavior

¢ )Knowledge of independent vs.
dependent variables

d)A consideration of behavior as a
probabilistic phenomenon

e )Experience generating and testing
hypotheses with a computer

f)Experience in model building

g)An understanding of the use of
simulation as a method

h)Experience in designing experiments
to test theorles

1)An increased understanding of GERTS.

It seems that instructors would receive similar beneflts.
Unit I and the additional units to be described should

be particularly attractive to an instructor in psychology
when: he lacks experimental facilities, he has insuf-
ficient funds to purchase animals or acquire subjects, he
has insufficient funds to maintaln present equipment,
there is too little time to run an entire study, or it is
unethiéal to perform the actual experiment. Cost con-

siderations are discussed further in Chapter 7.
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Unit II
Spinal Reflex Mechanisms

Spinal reflexes are movements in response to stimu-
lation mediated by the spinal cord after the cord has
been severed from the brain (Thompson, 1'967). The
interest in this behavior stems from the proposition
that the functioning of these‘reflexes may serve as a
prototype for more complex behavior in intact animals.
The relative functional simplicity of this system is
deceiving; in actuality spinal reflexes are the result
of numerous complex feedback processes. Agarwal, et.al.
(1970) has argued that the complexity of the system is
such that 1t can not be analyzed by traditional analytical
methods but must be simulated on a computer. It is hoped
that the GERTS network model described in this unit will
benefit the student in several ways: it will enable him
to visuallize some of the anatomica% relations between
muscles and the nerve fibers which innervate them; it
will enable him to gain an understanding of the human
body as an open system (i.e. interacting with the environ-
ment on the lnput slde and the output side). The function-
ing of muscles at Joints, and their neural connections in
the spinal cord will be considered first.

All reflexive Joint movements are essentially con-
trolled by two kinds of antagonistic muscles- extensors

and flexors. ZExtensors are connected across the larger
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angle of a joint in such a way that thelr contraction
results in an extenslon of the limb. Flexors work in
opposlition to extensors and are connectéd across the
smaller angle of the joint so that thelr contraction
yields a flexion (bending) response. Other muscles may
have some control over lateral movements but they will
not be considered in the present model.

The internal workings of extensors and flexors are
schematically represented in figure '4 summarized from
Thompson (1967) along with their principle neural
connections to the spinal cord. The bulk of the work of
elther muscle is accomplished wlith extrafusal muscle
fivbers which shorten in response to stimulation. Intra-
fusal fibers, on the other hand, serve a sensroy function
and slgnal the state of contraction of the extrafusal
muscle fibers as well as any change in their tension
(Grossman, '973). Extrafusal fibers are innervated by
fast conducting alpha (X) motor efferents (efferents
transmit information away from the central nervous system),
while intrafusal fibers are innervated by gamma (&) motor
efferents,

Muscles have a varlety of sensory receptors that
transmit informatlon to the central nervous system via
afferent neurons. Two main receptors are the spindle
organs lying within the intrafusal fivers and the Golgi

tendon organs which reside in the tendons connecting
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Pigure 14. A summary diagram showing ipsalateral
connections to antagonistic muscles at a joint.

Interneurons are either excitatory (+) or inhibitory (-).
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muscle to bone. Muscle spindles and thelr end organs are
arranged in the intrafusal flbers in a parallel fashion
to the extrafusal fibers so that they stretch when the
muscle stretches and contract when the muscle contracts.
The stimulus that normally excites the muscle spindle is
stretch of the extrafusal fibers, or contraction of the
intrafusal fibers by mean of ¥ efferents. The resulting
discharge of the spindle endings is approximately
proportional to the amount of stretch in the muscle. The
information is transmitted to the central nervous system
via the primary afferent fibers (Type Ia), which are among
the largest. These spindle afferents have monosynaptic
excitatory connections with £ motor efferents that
innervate related extrafusual muscle fibers; they also
exert disynaptic inhibitory control over anatagonistic
muscles (see figure 14)(Eececles & ILundberg, 1958). The
muscle spindle flbers comprise a negatlve feedback
system whereby an increase in activation of the spindle
end organs results in a contraction of the neighboring
extrafusal fibers and a subsequent reduction in the
tension of the muscle spindle.

The second receptor found in the extensors and
flexors 1s the Golgl tendon organ. It lies 1in series
with the muscle and therefore stretches.when the muscle
{(extrafusal) contracts as well as when the muscle 1is

stretched by the action of an antagonist. Golgl tendons
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respond to stretch with a brief burst of activity followed
by a quick return to a slow steady state dlscharge
(Grossman, 1973). Golgl tendon organs initiate activity
in afferents that are linked with motor neurons via a
single interneuron. They tend to inhibit motor neurons
connected to the stimulated extensor muscles, and tend

to excite antagonistic muscles.

The basic feedback system is further complicated by
activity of ¥ motor efferents which stimulate contraction
in the intrafusal muscle flbers. The ¥ motor neurons do
not generate direct changes in muscle tension, but
instead alter the extent of actlivity of the muscle
spindle organs. Their primary function is to prevent
muscle spindles from becoming flaccid during muscular
contraction. For instance, when a contracting flexor
muscle shortens, spindle activity would normally decrease.
However, it is maintained by the £ activity of the spindle
muscle fibers. Light touch, pressure, and pain from skin
receptors are the most effectlve stimull altering
motor neuron firing. As noted in figure 14, such stimulil
generally increase ¥ activity to flexors of the same limb
(ipsilateral) and decrease 1t to extensors. Just the
opposite occurs for g activity to muscles of the opposite
limt (not diagrammed). The shortest possible circuit
here 1s three or four neurons (Gayton, '972); however,

the present model assumes one interneuron between the
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skin afferents and the ¥ motor efferent.

How does the system diagrammed in figure 14 operate
to produce reflexive hehavior? Flrst conslider the stretch
reflex. This is the simplest of all spinal reflexes. It
is evoked by pulling on the tendon of a muscle or, in
the intact animal, by pushing against a limb. It serves
to compensate for changes in external load on the linbs,
particularly those due to the force of gravity. The
afferent impulses which trigger the reflex (contraction
of the extensor) arise in the muscle spindle receptors
and travel to the spinal cord via primary spindle
afferents. These fibers synapse directly with motor
neurons of the extensors, and have disynaptic inhibitory
connections with X efferents to flexors. The knee
jerk offers an example of a stretch reflex in man.

It is a rapid and vigorous extenslon of the limb when
the tendon below the lmee cap is tapped. The Golgil
tendon organ activity tends to return the system to its
initial condition.

The flexion reflex, a defensive reflex, is the most
common type of response to a strong or painful stimulation
of the skin. Sensory lnformation is transmitted via
efferents causing a contraction of the flexion muscles
ipsilateral to the cutaneous stimulation. Another
connection provides concurrent inhibitory influences to

antagonistic extensor muscles. Extension of the opposite
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1limb often accompanies flexion of the stimulated limb.
The stretch reflex and the flexlon reflex are the princi-
ple'behaviors simulated in Unit IT.

The GERTS network for the spinal reflex model was
developed to contain all of the information diagrammed in
figure 14, The resulting GERTS network descriptlon is
presented in figure 1B. In this network initiation of
source node, X2, will begin a simulation of the flexion
reflex, while initlation of Y3 will generate stretch
reflex behavior. The timer node, N4, is the only sink
node in the network and will terminate elther simulation
upon the completion of ?(2,4) or P(3,4). In most cases
the time for completion of these branches (t) was set at
a constant value of 500 msec. The number of inputs into
the system was modeled to be directly proportional to the
intensity of the stimulus. For a flexion reflex, stimulus
intensity might be analogous to the extent of the force
on a given surface area of skin. For the stretch reflex
simulated intensity might correspond to the degree of
stretch achieved in a given tendon. A feedback loop
aroand N6 transmits one impulse into the system every one
msec. until X7 is realized. At this time X6 1s replaced
by N10 and the last input enters the system. The
nunter of releases, r, on N7 can be varied giving the
analyst control over the intensity of a hypothetical

stimulus lending to the flexion response. N7 functions
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Figure 15. The GERTS network description for unit II:

Spinal reflex mechanisms.
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in an analogous fashion for the simulation of the stretch
reflex. |

A consideration of the simulation 6f the stretch
reflex wlll be made first. Recall that this reflex is
initlated by stretching the tendon of a muscle., In the
present model the tendon of an extensor muscle was stretched
(as in tapping knee). The stretching of the tendon will
affect both the Golgl tendon organs on the extrafusal
fivers of the extensor and also th=z muscle spindle
receptors within the intrafusal fibters of the stimulated
muscle. P(5,3€) and P(5,25) reflect these considerations.
N36 represents a hypothetlcal Golgl tendon organ of the
stimulated extensor muséle. The values of r and r'
(10 and 3 respectively) on Y36 are analogous to thres-
holds on a receptor. 1In other words, an intensity of
10 inputs is required to realize N36 the first time. In
the present model, node realization (for nodes repre-
senting neurons) is analogous to the generation of an
action potential. After this first realization, H36 will
be realized every time 3 inputs arrive. The wvalues 10
and 3 are arbitrary. An analysls of the effects of
ralsing and lowering these r values was made and will be
described later.

Upon realization of N36, activities are scheduled for
P(36,12) and P(36,29). These branches represent the time

required for the neural impulse to traverse the afferents
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from the muscle to the interneurons in the dorsal éegment
of the spinal cord (see time parameter 3 in figure 15).
A1l data related to neural conductiontime was obtained
from a summary prepared by Thompson (1947). Consider
inputs into N12 first. XN12 represents an excitatory
interneuron. Each time it receives an inout from N34,

1t will schedule the activity represented by P(12,13)

to occur. All interneurons are assumed to have a con-
duction time of tp = 5 and ty = 2 (normal distribution).
Conduction veloclity 1is directly related to fiber dlameter;
there 1s evidence that the distribution of sizes is btell
shaped with its'mean and varlance a function of the fiher
group in question (Erlanger & Gasser, 1937). XN13, the
motor efferent, requires only one input before 1t 1is
realized. It directly stimulates the hypothetlical flexor
miscle. The time required before P(13,17) is completed
represents the conductlion time of the = motor efferent.
The flexor muscle, ¥17 will contract with each input from
the o« motor efferent. P(1l7, 19) represents the activity
of contraction, taking 24 msec. on the average (tp = 4,
tD = 2).

The other output from the extensor Golgi tendon
[P(36,29i] has an inhibitory effect on the extensor
muscle. P(36,29) leads to ah interneuron, but in this
case N29 schedules P(29, 39) to occur, whose completion

consequently causes N30 to be replaced by N32. The net
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effect of this modification is to raise the threshold of
the o« motor efferent leading into the éxtensor muscle

(N30 has a threshold value of r = 2, r' = 2), and to
decrease the prorabllity of the extensor muscle contracting
(N35 being realized).

Recall that the initial external stimulus was to
affect both N36 and w25, N25 simulates an extensor spindle.
The value of 2 is given for both r and 7' on this node.
This 1s consistent with the flnding that spindle receptors
are more sensitive to stretch than Golgl tendon organs
and therefore have lower thresholds (Mountcastle, 1956).
The extensor spindle has a mono-synaptic excitatory
influence on the < motor efferent to the extensor muscle
of the stimulated limb [P(25,30)|. It also has a disyn-
aptic inhibitory influence on the X motor efferents
innervating the flexor muscles. The latter effect was
accomplished when P(25,14) was traversed (svindle afferent
to svinal cord). This led to the scheduling of P(14,38).
Finally, upon the completion of P(14,38)(transmission of
an impulse along the inhibitory interneuron), Y13 was
replaced by N15 and the threshold of the X motor efferent
to the flexor was raised (N16 has a higher value of r and
r'). The threshold returns to normal when the activity
represented by P(16,17) is completed.

Since the threshold for N25 is lower than that for

N36, N26b will probabily:ﬁﬁye an effect on the network
1



prior to 136~ especially for low stimulus intensities.
If we assume that thls is the case, one of the first
responses recorded by the model will be-a contraction of
the extensor muscle resulting from the direct monosymaptic
excitatory input into N30. The counter on F(34, 35) will
enable thls event to be noted and tabulated. The
simulation will not end at this point. Contraction
of the extensor m:scle will eventually have 3 effects:
first it will serve as an added input into the Golgi
tendon organ of the extensor[;P(Bh, 35)]which may or may
not fire at thils time. If it does fire it will eventually
serve to exclte the o« motor efferent (P(Bé,lz)j helping
to implement contraction of the flexor muscle, and will
also tend to inhibit a further contraction of the extensor
by raising the threshold of the X motor =afferent.
Contraction of the extensor muscle will have a second
malin effect. It will aid in stimulation of Golgli tendon
organs of antagonistic flexor muscles {P(BS,IB)}. Finally,
it will contribtute to the stimulation of spindle receptors
in flexor muscles [P(BS,EE)]. Each simullated contraction
of the flexor muscle is tallied ~ith counter #2 on
P(17,19).

It is clear from the complexity of the interactlons
that 1t is difficult to predict the performance of the
stretch reflex model, A simulation of the model was

initially performed at a low degree of tendon stretch
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(N =5 ) for a period of 500 msec. All network parameters
were given the values that are shown in figure 15, A
trace of the activity completions was méde of the first
run and appears in figure 1A, The trace offers the GERTS
programmer information concerning the time of completion
- of each branch in the network for as many simulation runs
as is desired. Tor instance, 1t took 0.0 time for the
first branch to node 5 to be completed on run #1,
Specification of 4 of the attributes assoclated with a

t

branch is also shown; t c, and "a" respectively.

ne

i

p!

Primary interest centers on the time of completion of
P(34,35) (activity #13)and P(17,19) (activity #17),
which are associated with extensor and flexor contraction
respectively. Activity #13 was completed for the first
time 35.73 msec. after stimulus onset. A second contrac-
tion of the extensor mugcle occurred 46.085 msec. after
stimulus onset. There were no simulated contractions of
the flexor muscle during the 500 msec. period.
Simulations were verformed for other values of XN.
An analysis of the traces for these runs provided data
concerning extensor contractions and flexor contractlons.
Flgure 17 shows the difference between the number of
extensor contractions and flexor contractions for each
20 msec. interval following the initlation of a given
stretch reflex simulation. Each curve provides the

results for a different stlmulus intensity. For all
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Pigure 16, A trace of the activity completions for
the simulation of the stretch reflex.
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Figure 17. Performance of the stretch reflex simulation
model under three intensities of tendon stretch. Each

curve was derived from the analysis of a single trace.

Yode values of r/r were 2/2 for spindle organs and

10/3 for Golgi tendon organs (those shown in figure 15).
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values of N, the model predicts an initial increment of
extensor coniractions over flexor contractlons. This
finding is analogous to the rapid knee jerk response
elicited by the patellar tendon (Guyton, 1972), For
¥ = 15 and N = 100 the curves become cyclical with
decreasing amplitudes as the time following stimulation
increases. It 1s also apparent that the greatest
response amplitudes, on either side of a base line
condition (pre-stimulus load), occur with the largest
stimulus intensity (N =.100). This is consistent with
early studies (Lombard, 18%7; Dodge, 1911) demonstrating
that in general the amplitude of the tendon Jerk variles
directly with the force of the blow.

Pigure 18 is an example of a ty»lcal human
myogram recordad from the quadriceps muscle during
elicitation of the knee jerk (Guyton, 1972). The
initial neak extensor response occurs approximately 40
msec. after the patellar tendon is struck. This compares
quite favorably with the initial peak resoonses shown in
figure 17. It is also apparent that there is an analogous
cyclical change in the length of the quadriceps muscle.
FPor example the inital veak flexor resvonse occurs
approximately 60 msec. after the peak extensor response.
This ideca recelves support from Dodge (1911) who observed
that the flexors contract 10-60 msec. later then the

extensor in a knees jerk. The greateat discrepancy
118



Figure 18. A myogram recorded from the quandriceps
muscle durlng elicitation of the knee jerk (from Guyton,
1972).
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between the simulated response cufves of figure 17

and the empirical muscle response lies in the greater
amplitude of the first flexor response and the succeeding
cyclical responses for the simulation model. This
discrevancy will be discussed later in thls sectlon.

Additional simulations were verformed at ¥ = 10, 17,
20, 30, and 50. TPigure 19 demonstrates how the latency to
the first extensor contraction and first flexor contraction
varies as the simulated stimulus intensity increases.

Mean latency to the first extensor response appears to
be a constant value. Agarwal, et.al. (1970) found this
to be the case when they varied the hammer force necessary
to generate the stretch reflex in humans. This is
probably because the spindle organ, which directly
initiates the stretch reflex, operateé at a low thres-
hold. On the other hand, the simulated mean latency to
the first flexor contraction decreases with increasing
intensity. This finding apparently stems from the
increased influence of the Golgl tendon organ at higher
stimulus intensities. No experimental evidence'has been
found to supvort or contradict this vprediction.

For pédagoglcal nurvoses, it 1s of some interest to
investigate the performance of the stretch reflex model:
1) without the influence of the Golgl tendon organs; and
2) without the influence of the spindle receptors. The

first objective was accomplished by setting r equal to
121



Figure 19. Mean latencies to the initial extensor
contraction and flexor contraction for the stretech
reflex model as a function of intensity. BEach point

is based on five simulation runs.
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999 for N36 and ¥18, 1In a simllar féshion, the influence
of spindle receptors (N22, H25, W?é,.and ¥28) could be
elinated by raising their r values to 999. TFigure 20
presents the consequences. of removing either the Golgl
tendon organs or the spindle organs on simulated stretch
reflex -behavior. It is apparent that when Golgl tendon
organs are removed from the network, the initial
extensor response is potentiaied and subsequent changes
in simulated muscle length are minimized. Interestingiy,
the curve just described more nearly mirrors the actual
stretch reflex shown in figure 19. This would suggest
that in any revisions of the spinal reflex model, elther
the threshold of the Golgi tendon organs be ralsed, or
perhaps their excitatory influence on flexor muscles

should be lessoned independent of their inhlbitory

actions on extensor muscles. In elther case the effects

of such network changes should also be determlned on

.

simulated flexion reflexes (to be considered next).

Finally, it should be noticed in flgure 20 that elimination

of spindle organs from the networkx results in complete
negation of the extensor response.

In the spinal animal, almost any sensory stimulus
applied to the limb will cause the flexor muscles of the
limb to contract strongly, thereby withdrawing the
limb from the stimulus (Guyton, 1972). The initial
stimulus condition necessary to simulate the flexor

reflex begins with source node numher 2 in figure 15.
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Filgure 20, The performance of the stretch reflex model
under ine influence of both Golgl tendon organs and
spindle organs, of only spindle orgars, and of only

Golgl tendon organs, ¥ = 30 for all simulations.
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The run timer node, N4, and the stimulus intensity
control P(7,8) operate in the same fashion as described
for the simulation of the stretch reflei. Information
concerning the strength of the stimulus 1s received by

a hypothetical skin receptor, N11, which transmits this
information if 1ts threshold is surpassed. In thils model,
2 activities incident to N11 must be completed before Nt1
causes more activities to be scheduled. After the

first realization of Ni1, 3 activities are required to
realize‘¥11 (r' = 3). This condition has a neural analog
in the receptor adaptation process, whereby the
sensitivity of the cell decreases upon activation. Since
N11 is deterministic all activlities emanating from 1t
will be scheduled.

p(11,12), P(11,20), P(11,23) and P(11,29) represent
afferent connections from the skin receptor to various
interneurons in the dorsal segment of the spinal cord.

N12 is an excitatory interneuron which terminates at

an < motor efferent (N13) in the ventral segment of the
spinal cord. The« motor neuron in turn innervates the
flexor muscle and its subsequent contraction (N17 and N19).

A second excltory interneuron, N20, synapses directly
on the § motor efferent which in turn innervates the
flexor spindle receptor (HN22). As long as the flexor
muscle has not contracted.Lthe activity represented oy

P(17,19) has not bheen cggpleted], then only 2 activities
7



into N¥22 must be completed before ¥22 will be realized.
Completion of flexor contraction prior to this event
results in a network modification whereby N22 1is replaced
by N26 and the flexor spindle threshold 1s consequently
raised. When the flexor spindle is 1n fact stretched
beyond its threshold, then it will have an inhibltory
effect on the °~ motor neuron innervating the extensor
muscle EP(QQ,EQ)]and a monosynaptic excitory effect on
the X motor neuron innervating the flexor muscle [P(22,13i1.

The interneuron represented by N23 is inhibitory and
synapses on the § motor efferent innervating the extensor
spindle organs. When P(24,40) has been completed, N25 1is
replaced by N28 and the threshold for the extensor spilndle
is raised. |

Finally, N29 represents a second inhibitory inter-
neuron. 7hen the actlvity emanating from thls node 1is
completed,LP(QQ,Bgf}, the threshold of the K motor
efferent to the extensor muscle is raised hy having N30
replaced by N32. This process will delay contraction
of the extensor muscle. The subsequent effect on the
network of elther the contraction of the extensor muscle
or the contraction of the flexor muscle will be identical
to what has already bheen descrihed for the simulation of
the stretch reflex.

In generating the flexor reflex response from the
spinal reflex model all GERTS network parameters were

again set equal to those shown in flgure 15. Three
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analyses were performed on traces following simulations
having ¥ = 10, 30, and 100. The resulting difference
between the number of extensor and flexér contractions
are graphed in figure 21 for each 20 msec. interval
following stimulation. The simulated data provide

almost a mirror image of the results predicted by the
stretch reflex simulation; that is, a flexor reflex
occurs prior to the cyclic behavior of the muscle.

.This 1s true for intermediate and high stimulus intensi-
tles, It 1ls also apparent that the duration of the
initial flexor response increases markedly when N = 100,
Although there is no direct evidence concerning stimulus
intensity, Guyton (1970) has shown that the flexor reflex
may last as long as several seconds provided the stimulus
is of long duration.

Figure 22 shows an analogous flexor reflex generated
by the administration of shock to the limb of a sheep
(Liddel, 1934). It is noteworthy that the empirical
latency to peak flexor response and the computer generated
latency to peak flexor response for ¥ = 50 and ¥ = 100
compare quite favorably (approximately 100 msec.). Some
discrepancies bvetween simulated findings and empirical
data occur in relation to the amplitude of the sub-
sequent cycllc responses and the speed with which the
muscle response dampens (reaches a steady state).

Although the spinal reflex model does well in
129



FPigure 21. Performance of the spinal reflex model under
conditlons instituted to simulate flexor reflex bvehavior.
Curves revresent the degree of extensor activity and
flexor activity at three simulated intensities and were

derived from analyses of simulation traces.
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Figure 22, Unconditional response to shock ty sheep

(from Liddel, 1934).
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predicting most aspects of reflex behavior, it has an
apparent shortcoming wlth regard to accurately genera-
timg the inter-response times of these muscle contractions.
For example, when N is large, then as many as 20
contractions may “e simulated within a 20 msec. interval.
This rate of contraction is even too rapid for fast
muscles which have contraction times ranging from 7.5

to 40 msec. (Thompson, 1967). The difficulty arises
because each node has limited memory and if too many
activities incigent on a node are completed, then node
realizatlion may occur prior to the completion of activi-
ties emanating from the node. The end result is a
scheduling problem for the GERTS program, and an overall
decrease in the time required to complete certain
activities in the network. To circumvent this situation
the network comprising unit II should be revised to
include the storage capavilities of the Q node. Recall
that if an activity emanating from a Q node is taking
place (an item 1s bheing served) then items arriving at
the Q node will e stored (put in queue) until they can
be scheduled. Each neural conduction time and each
muscle contractlion time could represent the service

time associated with a given Q. The initial number of
items in each Q would %e O. The maximum number of items
allowed in each Q would he set at some large magnitude.

No items would balk from the Q nodes. Items would Gte
‘ 134



served on FIFO (first in first out) »asis.

Neural threshold information could not ne designated
on the Q node since there is no provisibn for r and r'
conslderations.: Therefore, a separate node should be
established to accomplish this function. A proposed
representation of a neuron using GERTS network descriptors
is shown in figure 23. Several important GERTS III Q
program restrictions should be considered when attempting
to use thls neural representation. PFirst, the neuron
requires an additional branch to estahblish a count of
the number of times items were serviced (e.g. if you
wanted to determine the number of neural firings or
muscle contractions). Also, only one service activity
can be assoclated with a given Q-node. Therefore, each
afferent and efferent neuron requires a separate Q-node.
Finally, as will be demonstrated in conjunction with
unit IV, network modifications can not be performed when
they 1lnvolve replacing one Q-node with a second Q-node.

How would unit II be utilized in the classroom
setting? A student would initially h»e required to study
the haslc physiology of spinal reflexes. The instructor
might then ask him to predict ﬁhe effects of selectively
removing Golgl tendon organs and spindle organs on
stretch reflex hehavior and flexor reflexes. This
should help the student understand the function of each

receptor and also clarigﬁyihe 1dea of a feedhack loop.
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Flgure 23. A possible functional description of a neuron

In GERTS network terminology.
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The effect of varying the intensity of the stimulus
could be studied with the simulation model 1n much the
same fashion as was described in thils chapter. The
functional nature of interneurons could also be altered
such that they would have a greater inhiblitory or
excitatory impact on the system.

There are additional revislons which the advanced
student might contemplate. TFor example, muscle fatigue
and drugs are known to modify the strength of the
contractlion of muscle fiters even though the nerve
impulses remain constant (Merton, 1956). Their effects
on the model should be considered. An additional
sensory receptor, the flower-spray ending, could be
introduced into the muscle spindle. Its known function
is to excite flexor motor neurons (Thompson, 1967).

Alpha motor neurons have branches called recurrent
collateralg which run back into the spinal cord where
they generally cause inhibition (Renshaw, '941). These
might be introduced into the network to provide a greater
net 1hhibition of muscular activity. Finally, inter-
segmental spinal influences or even cortical influences
could be introduced, although such considerations are

extremely complex.
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Unit III
The Classical Conditioning Paradigm

Unit III is desligned to provide students with an
understanding of the classical conditioning paradignm.

A GERTS model hés veen developed which generates the
typical exponential learning curve and simulates the
subsequent extinction process.

Classical conditioning refers to the learning
paradigm in which one stimulus, as the result of belng
palred with a second stimulus, comes to elict a response
it did not elicit just previously (¥Mikulus, 1974). In
this slituation the first stimulus 1s known as the condi-
tioned stimulus (CS) and the response 1t comes to elicit
is called the conditioned response (CR). The second
stimulus, the unconditioned stimulus (U€S), had been
eliciting an unconditioned response (UCR) at the time
of the pairing of the CS and UCS.

Pavlov (1927), the Russian physiologlst, initiated
a series of investigations to study this phenomenon. He
originally owserved that dogs salivated when they heard
the footsteps of the indlvidual who normally fed them.
The anticlpatory nature of the sallivation response 1led
Pavlov to believe that it was psychical and was the
product of previous experience. An extensive body of
literature followed Pavlov's early investigations.

These studies were concerned with variables that effect

the generation of the conditloned response and the
139



theorical foundation of the response. HXimble (1961),
Gormezano (1966), and Stolurow (1973) present excellent
reviews of this literature.

Varieties of classical conditioning procedure are
designated in terms of the relationship bhetween the CS
and the UCS, Typlcally the C3 begins a half sec. prior
to the onset of the UCS. Repeated palrings of the CS
and UCS 1deally produce a change in some aspect of the
strength of the CR. 1Indices of response strength fall
into two broad categories: the first class of indices
refers to some measureadle feature of the individual
responses themselves. FExamples of this type would include
the amplitude of the response, the latency of the
response, and the duration of the response. The second
class of indices is based on whether CR's occur or fail
to ocecur. That is, a response may bhe considered to be
a OR® if, during CS~-UCS pairings, the response occurs
prior to ghe onset of the UCS. A response may also be
designated a CR if, during test trials interspersed
throughout training, a response occurs to €S alone, Thus
the response strength will ke great if there is a high
probability that a response will occur in a glven unit
of time or if a glven stimulus appears. Response
probability will be the principle dependent variable in
unit III.

The network diagramed in figure 24 1is designed to

permit the student to stuzy the development of the CR
) 140



Figure 24. A network description'of unit III: the
classical conditioning paradigm. The network 1s designed

to simulate acquisition, extinction, and overlearning.
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under three conditions: during acquisition when the CS
is paired with the UCS; during extinction when the CS
is presented alone; and during extinction following a
number of trials of overlearning.

The simulation 1s initiated when N2 schedules the
first activity incident on N3. X3 represents the pre-
sentation of the CS during acquisition in the classical
conditioning paradigm. The tranch from N3 to N4 simulates
the inter-stimulus interval (ISI) between the CS and the
UCS. Most studies haveAdemonstrated that the optimal ISI
1s in the neighborhood of .5 sec. (Kimble, 1961); therefore

P(3,4) has associated with it t_ = 2 (.5 sec.) and

p

tp = 1 (constant distribution). Following the first

pairing of the CS and the UCS (the completion of the

activity represented by P(3,4), there will be a

probability, €, that the subject will generate a CR

and a probability, 1! - 6, that the subject will generate

a UCR. Thus, an individual subject can demonstrate

complete learning in one trial (a consideration of the

appropriateness of this assumption will be made at the

end of this section). Once ¥6 is realized, a subject

will continue to pfoduce conditioned responses for the

remainder of the acquisition trials. This 1s accomplished

by replacing the pronrabilistic node, N4, with the

deterministic node, N7, upon the completion of P(4,6).
Both N5 and N6 have feedhack loops returning to N3.
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Either of theée activities, when completed, represent the
duration of the inter-trial-interval (ITI). In this
network the ITI equals 30 sec. the realization of N3
simulates the start of the next acquisition trial. N>
and N6 also have branches leading to N8, The value of
r for N8 determines the number of CS-UCS pairings which
will be simulated. Upon the realization of N8, P(8,12)
will be scheduled. The completion of P(8,'2) will halt
the acquisition phase of the simulation since N3 will
consequently be replaced :»y N10 and no further trials
will be initiated. If N12 is designated a sink node then
one simulation run wlll cease after a specified number
of trials. Additional simulation runs indicate that
different subjects generate the conditioned response on
different trials. The probability that N6 will be
realized prior to network realization will provide an
index of the proda®ility of the CR, Pr(CR), for a group
of subjects (a large numher of runs) on any given trial.
Pr(CR) can also be determined analytically in the follow-
ing manner for n CS - UCS palrings: the prohablillity
that a subject will make a UCR after 1 trial 1s

Pr(Ucr)y = (1 - ©)
The likelihood that he makes an UCR after a second CS-US
pairing is Pr(UCR)2 = Pr(UC?)l (1 - 0) = (1 - 9)2
Successive values of Pr(UCR) are generated in a similar
fashion. The general result then becomes
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Pr(UCR)n = (1 - &)™
Therefore, Pr(CR)n hecomes
Pr(cR)n = 1 - (1 - @)"

The latency for the CR and the UCR has not bheen
considered in the acquisition phase of the present
network description- both P(4,6 and P(4,5) have 0.0 times
associated with their activities. Different time
parameters for P(4,5) could bé estimated on the basis
of the type of UCR being simulated. On the other hand,
the latency associated with the CR can only be
considered when its value is less than the ISI (by the
definition of an anticipatory response). If the typical
CR latency is longer than the selected optimal interval,
it is necessary to obtaln empirical measures of the CR
on trials other than the acquisition trials (Gormezano,
1966). Short latency skeletal responses (.2 to .5 sec.)
could be simulated, but a revision of the network would
2e necess;ry. For example, a new CS node could te
defined to replace X3 upon the completion of P(4,6).
This new node would lead diresctly into a CR node and
the branch connectlng these additional nodes would
represent the latency of the CR. PFinally, the new CR
node could input into the UCS node, N4, after a brief
interval (equal to the difference between the ISI and the
latency of the CR).

If a student desires to study the extinction phase
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of classical conditioning in conjunction with the acqui-
sition phase, then N12 is not designated as a sink node.
Extinction trials will tegin when N12 ié realized for the
first time. Thls process simulates the experimental
presentation of the CS alone. 1If a subject has not
produced a CR during acquisition, then he has not
learned an association hetween the ¢S and UCS and will
fail to generate a CR during extinction. N13 represents
the event "no CR". WNormally, the realization of N1l2
will directly lead to the realizatlon of N13. However;
if learning has occurred during acquisition, then the
activity associated with P(4,6) will have been completed.
This in turn will effect the extinction portion of the
network by causing N12 to be replaced by N1l4. How a
subject is assumed to be in the CR state and will
extinguish the CR response with a prorvability, #,
represented on P(14,13). On the other hand, a subject
has a probability, 1 - @, of resisting extinction
(producing a CR). This is represented by P(14,15).
If P(14,13) is taken, then an additional network
modification causes H1l4 to be replaced by N17. The
net effect of this modification is to retain the subject
in the extinction condition following the realizatlion of
N13.

Both N15 and N13 have branches feedlnyback to N12.

These branches represent the ITI during extinction and
146



the completion of elther actlvity will eventually cause
another ¢S to be presented (N12 realized). The numter
of trials during extinction, y, can he manipulated by
varying the value of r on K16,

If is possible to calculate the prohabllity of a
sutject producing a CR during the extinction phase
[P(CR)n,j} given a specified number of trials of CS-UCS,
pairings and a specified number of trials of CS alone:

P(CR)n,y = P(CR)n x P(CR)y
= [1 - (1-e)n] (1-g)Y

The consequences ofoverlearning have also heen
considered in the model shown in figure 24. Mackintosh
(1963) has demonstrated that some degree of overtraining,
produced by continuing reinforcement beyond the point
at which the subjects meet the criterion of learning,
results in an increase in resistence to extinection.

Since the present model vliews learning as an all-or-none
process, ;ny acquisition trials followling the realization
of 16 simulate overlearning. These trials are counted

via the r parameter on N9. P(9,21) emanates from N9

and will he scheduled upon the reallization of N9. The
completion of P(9,21) causes N14 to he replaced by N20.
The immediate effect of this network modification 1s make
possible a change in the value of g. If a student

wishes to simulate an 1increase in resistence to extinction
following a specified number of trials of overlearning

then ¢ should be lowered {this new probability 1s designa-
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ted @' on P(20,13)3. If overtraining is extended still
further (set r on N9 to some higher value), then there
is some evidence for a decrease in resiétence to extine-
tion (Hulse, Deése, & Egeth, 1975; Logan, 1970). In
this case the programmer should deslignate the value of
g' as greater then #.

Simulations of the network in figure 24 were
performed with © arbitrarily set at .13 and @ set at .3.
Figure 2% presents the simulated learning curve generated
with three values of n and the simulated extinction
curve forn = 20 and y = 5 and y = 10. Each point
represents the mean P(CR) and is hased on 100 simulation
runs, Also shown in figure 25 1s the effect of 5 trials
of overlearning on extinction behavior. @' was set at .2
for this analysis. An inspection of the simulated
acqulsition curve indicates that it takes the form of a
"growth curve” as would be predicted from the all-or-none
model (Estes, 1959). The simulated extinction curve is
sased upon only two polints but it i1s consistent with
empirical data demonstrating an abrupt reduction in the
percentage of CR's when the C3 is presented alone
(Hartman & Grant, 1960). Finally, the expected increase
-in resistence to extinction was achlieved with 5 trlals of
overlearning.

It 1s hoped that students working with this model can

galn an understanding of t%f nature of the relationshlps
14



Figure 25. The simulated learning and extinctlon curves
for unit III: the classical conditioning paradigm. Each
point is based upon 100 runs. @ = .13, g = .3, @' = .2.

Extinction data follows 20 trials of acquisition.
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between the stimuli presented and the responses recorded
in the classical conditioning experiment., It 1s apparent
that he or she will also get to understand the importance
of various undeflying assumptions. For lnstance, students
will gain some insight into the way in which a model
which predicts all-or-none learning on an individual
basls can generate a continuous curve when subject data
is pooled. The all-or-none vs. incremental learning
controversy is still an important theoretical issue
(Mikulas, 1974) and could be discussed by students in
conjunction with unit III.

A critical assumption of the two-state model is that
the probability of remaining in a UCR state 1s constant
over the sequence of precriterion responses (stationarity).
A test of this property was made by Estes (1964) on data
from a series of eyelid conditioning experiments with
human subjects. e found that the proportion of CR's
per trial is relatively stationary wetween the first CR
and the last non-CR trial (eyelid closures of at least
1 mm. deflection from a haseline were consldered io e
CR's). In light of this data, Estes (1964) has suggested
that a 3 state model would provide a more accurate
description of classical conditioning. Students could
modify Unit III to reflect this suggestlon. Here
learning occurs by discrete jumps, but subjects may

go to an intermediate level hefore goling to the terminal
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state of perfect performance. Bower and Theios (1963)
have also developed a 3-state model to account for eyelid
conditioning data.

An additional revision of the present network has
already ceen described and concerns simulation the
latency of the CR. Students might also attempt to add
a segment of to unit III in order to incorporate findings
related to spontaneous recovery. The effect of changing
variables such as the ISI and ITI could be studied on the
probability of generating the CR. This would he
accomplished through the use of network modifications

much as was done with the consideration of overlearning.



Unit IV
Free Recall and the Serial Positlon Effect

The usual procedure during a free recall memory
experiment if for the experimenter to present first a
list of unrelatéd items, one ltem every second or two.
The subject then is required to recall as many l1ltems on
‘the list that he can, in any order. One of the most
important characteristics of free recall concerns the
variation in the prokability of recall of individual
items as a function of their position in the list., A
graph of thls relationship is known as the serilal
position curve. Murdock(1962) presented 1lists of common
unrelated English words to subjects at different rates.
He found that for relatively long lists the serial posi-
tion curves have three distinct segments. The probatility
of recall is greatest for items at the end of the list,
next greatest for items in the beginning, and least 1in the
middle.

The enhanced accuracy of the first few serial
positions is thought to represent a primacy effect and
of the last seven or so a recency effect. The low middle
portion of the curve 1s often referred to as the asymptote.
Theorists who believe in the existence of two separate
memory systems argue that the recency effect appears to
be independent of factors that influence other segments
of the serial position curve. TFor these theorists

improved recall in the fin%l portion of the curve 1ls the
15



result of the atlllity of subjects to select ltems from
short term memory (STM). Recall of the early and middle
list positions is thought to reflect the long term
storage (LTM) of items in direct proportion to the
amount of rehersal given then (Peterson, 1975).

Although serial positlon curves will vary somewhat
with the type of the material and the nature of the
practice (Hulse, Diese, & Egeth, 1974), the effect is
one of the most pervasive phenomena of human memory. Even
a partial 1list of theorists who have attempted to incor-
porate these findlngs into thelr formulations 1is long
(vroadbent, 1958; Waugh & Norman, 1965; Atkinson &
Shiffrin, 1968). ©Norman (1970) reviews some of the
more prominent models of human memory. More recent
theories (Laughery, 1970; Frijda, 1972; Morimoto, 1972)
have used simulation as a methodological tool in the
study of memory.

The present unlit was designed to enable students to
study the memory process via a simulation of the serilal
vosition effect. The outstanding features of this
particular unit are its modular nature and use of the Q-
node as a means for temporarily storing information.

The model descrlibed in this unit conslders memory
to be a two-stage process comprised of a STM and a LIM.
Each stage 1s functionally represented by a Q-node. dJust
prior to the presentation of the 1list of items, 1t is
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assumed that a subject is able to remove all but one item
of previous information from hils STM; The clearning of
most of the recent memorles could conceivably operate
through an attention mechanism. All 1ist items pass
initially into STM. Here items are consollidated (ser-
viced by the Q node) on a L.I.F.0. basis and, if consoli-
dated, enter LTM. Rehearsal is seen as a way to faclli-
tate the entry of information into LTM, and not as means
for retaining information in STM. The consolidation

time per item is normally distrituted (the rationale for
this assumption will be discussed shortly).

As soon as the final item on the 1list enters STM, a
subject attempts to recall all items by first searching
his ST¥ and then searching his LTM; however, retrieval 1is
hindered by interference. Distracting stimull, present
in the environment operate much as new items would and
"push down" relevant list items from their positions in
the STM queue. Other investigators (Waugh & Norman, 1965;
Reitman, 1971; Shiffrin, 1973) have also concluded that
interpolated information can interfere wlth material
veing held in ST4. The arrival tlme for interfering
information was estimated from the data. It is assumed
that a subject utilizes the first 15 sec. followlng list
presentation to retrieve items from STM, and the remaining
75 sec. to retrieve items from LT4{. The model also assumes

a differential rate of retrieval from ST¥ and LTM, with
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items from LTM being recalled at a significantly slower
rate., Sutjects retrieve information from both memory
stores on a L.I.F.0. basis. |

From a programming standpoint, the model 1s divided
into three modules: the consolidation process, retrieval
from STM, and retrieval from L7™. Discussion will hegin
with a consideration of the consolidation process.

Flgure 26 is a GERTS graphical representation of the
consolidétion process. The simulation of the network 1s
initiated with N2. The activity represented by P(2,3)
requires 6 seconds to complete. Therefore, the hypothe-
tical free recall experiment does not tegin until 6 seconds
after the simulation begins. This was done to insure that
other aspects of the model would he functloning when the
first simulated item was presented to the sutject. Once
an item has been presented and N3 has heen realized, the
item passes directly into STM via P(3,25). Additional
items in the list are generated by means of the feedback
loop, P(3,3), whose completion time is a constant and
represents the rate of presentation. Items continue to
enter STM (¥25) until the item counter, N4, is realized.
The realization of N4 leads to the completion of P(4,5)
and the eventual replacement of ¥3 with N5. This, in
turn, insures that only one additional item will input
into S™. The x value associated with the number of

releases on ¥4 corresponds to the 1list length simulated
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Filgure 26. The GERTS network description of the consolida-

tion process for Unit IV: free recall and the serial

position effect.
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in the free recall experiment.

All parameters associated with the 3 node (node 25)
in figure 26 are extremely critical for the eventual
functioning of the model. One item of information is
assumed to be in the A node at the start of the simulation.
The presence of this item simulates the influence of
proactive interference on STM. Peterson (197%) has
concluded that proactive effects can have a significant
impact upon the immedlate recall of test items. The
maximum number of items allowable in N25 1s infinite, and
items are processed on a LIFO basis. The service time for
N25 represents the consolidation time of one item from
STM to LTM. The time parameter {set) associated with
P(25,28) remains a constant for all exverimental simula-
tions. It was derived in the following manner. An
inspection of the serial position curves formulated by
Murdock (1962) indic=tes that for long lists (greater than
20 items) the asymptate appears to »e a function of the
presentation rate. For instance the asymptote for lists
20 items long with each item presented every 2 seconds
(designated 20-2) falls in the neighhorhood of 30%
probability of recall. Since one item is arriving every.
2 sec., then if the model requires an average of 6 sec.
before an item can enter LTV, only 33% of the total
number of items would be consolidated after all ltems

have teen presented. The utilization of 6 sec. as the
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mean consolidation time would result in approximately
177 of the items entering LTM if ltems were arriving

one every second. This result 1s also similar to the
empirical finding made by Murdock (1963). The consolida-
tion time is thus assumed to te normally distributed
with a mean of 6 sec. The value may be somewhat low
since empirical estimates of the consolidation time

have ranged from 10 sec. to a week (Mikulas, 1974).

The standard deviation of this distribution was
derived from a consideration of the probability that the
first item on the 1list will enter LTM. Recall that the
simulation begins with an item already in STM. The
computer will initiate the program hy servieing this
item on P(25,28). After 6 sec. the first item 6n the
list arrives in STM. If the server is busy (the inter-
fering item is still being consolidated) then item #1
will wait in the queﬁe until the consolidation of the
interfering item is complete. Assume the second item on
the list arrives 2 sec. later., Then if the second item
arrives tefore the flrst item has been served, then the
second item will ke served next. This is because service
is on a LIFO basis. It is therefore apparent that the
necessary conditions for item #1 not to be consollidated
are: l.the interfering item in memory has a consolidation
time greater than 8 sec.; 2.the second item entering

STM willl then he processed and 1t must have a consolida-
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tion time greater than 2 sec.; 3.the third, and each
succeeding item may require processing times greater
than 2 sec. but thlis is conditional upon the consolidation
times for previous ltems. The protahrilities for the
first two events listed above can be determined by cal-
culating the appropriate area under the normal distribu-
tion defined by the mean and standard deviation of the
consolidation time. The third event will be assumed to
have a negligihble effect on the probabllity of the first
l1tem entering LTM. ©Now if the mean of the distribution
1s 6 sec. and the standard deviation is 3.75 sec., and if
new items are arriving every 2 sec. then,
P (item #1 not being consolidated)=x
P (interfering item has consolid. time >
8 sec.) x
P (item #2 has a consolid. time > 2 sec.)
AP (Z score » .53) x P (Z » - 1.07)
*~ (.30) (.86)
x,26
The probapility of item #1 entering L™ is one minus this
value- or approximately .74. This result does not
insure that item #1 will he recalled with a probability
of .74 since retrieval processes have yet to be considered.
It does however, insure that item #1 will have a greater
provbability of ehtering L™ than succedding item (which
enter with a provability of .33). The primacy effect 1s
therefore assumed to be principally due to the fact that

STM is relatively empty at the beginning of a list and so
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material encountered early has a greater chance of teing
consollidated.

Bach item which has been consolidated causes N28 to
be realized. This in turn schedules P(28,7) to te
completed. P(28,7) is tagged with ¢ = 1 which enables
the mean numver of items entering LTM to be tallied.
Simulations were performed on the network described in
figure 25 for experiments involving 10-2, 20-1, 206-2, and
40-1 item presentations., The probability of a given item
teing consolidated into LTM was determined bhy a direct
analysis of between 50 and 100 traces for each experimental
condition., 1In all simulations the consolidation tiﬁe was
normally distributed with a mean of 6 sec. and a standard
deviation of 3.7%5 sec. The results of simulated experi-
ments involving 20-1 and 20-2 ltems are shown in figures
27 and 28 respectively. The simulated asymptotic
proportion of iltems entering LT™M appears to be consistent
with the values predicted for each rate of presentation.
It is also apparent that the first item enters LTM
with a much greater frequency. The last item presented to
the subject in all cases falls to be consolidationed, the
reason being that as soon as the last item enters STU,
this particular aspect of the free recall simulation ends.
At this point the subject is requested to recall as many
ltems as he can, The n2xt module considers how the

subjects' search strategy and how interference btoth
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Figure 27. The simulated probability of an item being
consolidated into LTM as a function of its serial
poxition in a list 20 items long. Items presented one
every second. The consolidation time was normally
distributed with a mean of six sec. and a standard

deviation of 3.75 sec.
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Pigure 28. The simulated probability of an item being
consolidated into LTM as a function of its serial
position in a list 20 items long. Items presented
one every itwo seconds. The consolidation time was
normally distributed with a mean of six sec. and a

standard deviation of 3.75 sec.
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effect the ease with which ltems are inltlally recalled.

Assume that iInitially a subject decldes to recall as
many ltems as possitle from ST!. Assume also that even
under optimal cenditions there is some interference from
the environment which will hinder this retrieval process.
Flgure 29 represents a possible network description of the
process of retrieval from STM.

A previous analysis of the simulated mean numker of
l1tems entering LTM demonstrated that approximately 7.5
items were consolidated (for a 20-2 item presentation).
This suggests that the remaining 12.5 1ltems are still
filed in STM. Therefore, the initial number of items in
Q node number 29 prior to retrieval was set at 12 (it will
become apvarent later that thls parameter can take on any
value greater then 6). The maximum number of items
permitted in N29 1s infinite.

Subjects begin recall by attempting to retrieve the
last item stored in STM. Thus retrieval also follows a
LIFO convention. Items are retrieved every 2 seconds.
This retrieval time is simulated on the service activity
emanating from W29. The value of 2 sec. per item is
only an estimate and students might wish to generate an
empirical distribution of item recall times following
an actual free recall experiment. FEkstrand and Underwood
(1962) have provided some data concerning response times

when they compared paced responding with unpaced respond-
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Figure 29. The GERTS network description of retrieval
from ST for unit IV: free recall and the serial position

effect.
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ing in a free recall situation.

Returning to figure 29, it can be seen that #2
initiates the simulation of this network. The arrival
of the first interfering stimulus requires a time inter-
val represented by the parameter set on P(2,26). Arrival
times for interfering stimuli are assumed to be normally
distributed with a mean of 3.0 sec. and a standard
deviation of 3.0 sec. These values were estimated by
trial and error and resulted in the best fit to empiriecal
data offered by Murdock (1962). It is suggested that the
time parameters associlated with the interfering stimull
are related to the subjects attention during the free
recall task. At some time, students might wish to test
this notion "y performing a free recall study wherety
the extent of external stimulation would be varied (i.e.
visual and auditory distractions present=d). An extreme
example of interference occurs when additlonal items are
presented immedlately following the presentation of the
first list. Wickelgren (1973) points out that although
the last list ltems have an advantage, this advantage can
be overcome with extra interpolated activity. The
number of interfering stimuli is tallied with counter #1
on P(26,27).

Recall that for a 20 item list, item #20 is in S™
when the interference begins. This item will he retrieved

unless an interfering stimulus arrives at ¥29 first. In
170



this case the interfering stimulus will be retrieved
[P(QQ,BO)] and the subject will elther revort an incorrect
item, or realize that he has retrieved én incOrrect item,
report nothing, and continue his search of ST™4. The
simulation of the network in figure 29 will continue
for 14 sec. At this time sink node, N23, will be realized.
One hundred simulations of retrieval from ST¥ were
performed. Fifty computer traces were analyzed in order
to determine the probability that a given item in ST
would be retrieved., The results of this analysis are
graphed in filgure 30 along with empirical data collected
by Melton (1963). Since Melton used the distractor
technique to prevent rehersal, the experimental situations
are not completely aqalogoué. If one assumed some
rehearsal takes place in the free recall paradigm during
the reczll interval, then the percent retrieved from STM
should he greater for the data generated by the simulation
model- as is the case. It 1s imvortant to realize that
although the last item to enter S™¥ (position 1 on the
ahscissa) corresponds to list item #20, the remaining
“items in STM do not necessarily correspond to preceding
list items (e.g. 19, 18, 17,...); some of the preceding
ltems may have been consolidated and await retrieval fronm
LT™. This has interesting implications for predicting
variabllity in the order that the first few 1tems will bpe

recalled by a subject. For example, referring to figure
171



Figure 30. A comparison of the simulated percentage of
items retrieved from ST with empirical results from
Melton (1963). Simulated data is based on the analysis

of 50 computer traces.
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30, 50% of the time approximately 3.5 items are retrieved
from ST™. Since roughly 677% of the last 17 or so items
reside in STM (see figure 28) and items are retrieved on
a LIFO basls, then subjects should retain the correct
order (items would be recalled in order of descending
list position) for all but 337 of the first 3.6 items
recalled. Thils assumes that the last 1list items to enter
L™ will be retrieved.

The network representing the final aspect of the
free rescall simulation, retrieval from LTM, 1s shown in
figure 31. The simulation of this network begins immedi-
ately following the cessation of the second module. That
ls, a sutject 1s assumed to initiate a search of LTM
subsequent to his search of S™. The only new parameter
introduced in this network is the retrieval time of ltems
from LTM +time parameters assoclated with P(35,36) .
Retrieval from LTHM is assumed to take a constant time of
3.85 secoﬁds. This value gave the »est fit to Murdock's
(1962) empirical data for a 20-2 presentation and should
be verified 1n some future test of the model. It should
be related to the sutjects inter-response time following
14 seconds of responding. A more extended discussion of
the number 6f free parameters assoclated wlth each of the
teaching units will take place in chapter 7.

It is also assumed that interference cffects the

retrieval of items from LTM. This is because some
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Figure 31. The GERTS network description of retrieval
from L™ for unit IV: free recall and the serial position

effect.
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interfering stimull which had effected the retrieval of
ST¥ are now being consolidated. These interfering
stimull “"push down" 1list items already in the LTM

gqueue, and since service is on a LIFO hasis, make it more
difficult for them to be retrieved. The activity
associated with P(2,9) represents the consolidation time.
It is normally distributed with a mean of 6 sec. and a
standard deviation of 3.75 sec.- made identical to the
first module. Counters assoclated with P(9,10) and
P(36,31) determine the mean number of interfering stimuli
and the number of items retrieved respectively. N24 is
tne sink node and terminates the simulation of this
particular module after 76 seconds. Hypothetical
suvJects have a total of 90 sec. in which to recall as
many ltems as possible (Module 2 + Module 3).

Fifty traces were again analyzed following the
simulation of the network in figure 31. Pigure 32
presents the relétionship between the list items position
in L™ and the simulated probability that the item will
be retrieved from LTM. dJust as with ST™M retrieval, it
is apparent that items last to enter LTM have the greatest
probablility of being retrieved. Although longer 1lists
have more items entering LTY (holding prescntation times
constant), fewer of the initial items on the longer 1list
will be retrieved from LTM. TFor example, simulations of

the consolidation process for 20-1 items resulted in a
177



Figure 32. The simulated probability of an item being

retrieved from ITM as a function of its position in LTM.
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mean of 35.99 items entering LTM. This means that the
first 1list item into LTV corresponds td 2.99 on the
abyscissa of figure 35, Such an item has almost a
100# chance of being retrieved. On the other hand; a
simulation of the consolidation of lists 40~1 in length
resulted in a mean of 7.69 items entering IT™M. Fron
flgure 3% we know that approximately 63% of the time
the first item entering LTM will be retrieved for this
experiment. 2y the same reasoning, lists presented at
a slower rate have resulted in more items veing consoli=-
dated into LT¥. For linstance, the first module predicts
that on the average 7.44 items will re consolidated into
L™ for lists presented at'20-2, while an average of 3.99
ltems will be consolidated for lists presented at 20-1.
From an inspection of figure 32 it is apparent that
a greater percentage of the time the first item presented
will »e retrieved when 3.99 items have teen stored
(20-1 presentation).
The student can now combine the results of the
three networks to generate a family of serial position
curves. A llist item 1s recalled by elther retrieving the
item from STM or retrieving the item from LTM. The
proability of recalling an item in a given serial
position is therefore:
Pr(Recall) = Pr(item in S™) x Pr(retrieval
from STM) +
Pr(item in LT™) x Pr(retrieval

from ILTM)
180



The first module provides information concerning
the probability that a given ltem is consolldated into
LTM or remains in STM. The next two modules simulate
the pro-abdility of retrieval from ST and L™ respec-
tively. PFigures 33, 34, 35, and 36 present the resulting
simulated serial position curves for various 1list
lengths and presentation rates. Data from actual free
recall studies (Murdock, 1962) is also shown in the
aforementioned figures for comparison vurposes. The
simulated results are quite consistent with the emplrical
data in terms of predicting the primacy effect, the
recency effect, and the asymptote for each serial
position curve. Murdock also has demonstrated the
serial position effect for 15-2 and 30-1 1list presenta-
tion conditions., These situations could certalnly be
simulated by students using unit IV.

The present model offers several addltional predic-
tions which might be empirically tested. PFirst, 1t
was assumed that retrieval of items from STM proceeds
at a more rapid rate than retrieval from LTMM. This
assumption should be reflected in the inter-response
times generated by subjects in an actual free recall
study- e.g. there should be two relatlively separate
distributions of inter-resvonse times.

with some variabklity, the model also predicts that

1tems will be recalled in an order which is the reverse
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Figure 33. A comparison of the simulated serial position

curve for a 10-2 presentation rate with empirical data

by Murdock (1962).
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Figure 34. A comparison of the simulated serial position
curve for a 20-1 presentation rate with empirical data

obtained bty Murdock (1962).
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Pigure 35. A comparison of the slmulated serial position
curve for a 20-2 presentation rate with empirical data

ottained by Murdock (1952).
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Figure 36, A comparison of the simulated serial position
curve for a 40-1 presentation rate with emvirical data

obtained by Murdock (1962).
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of the presentation order. This 1s hecause retrieval
from ST and LT¥ is on a LIFO hasis. There is some
evidence (Hulse, Deese, % Egeth, 1975) that this may
only be partially correct since subjects tend to report
the last positions first, the first items next, and then
the items in the middle. The present model could
account for this finding if retrieval from LT was

hased on FIF0; however, the primacy effect would then

no longer be a funclon of list length. A comment has
already teen made concerning the predicted variability
In the order of recall of the first 3 or 4 correct items.
The model predicts no variavility in recall order once a
subject begins his search of LTM.

The present model assumes that the average consoli-
dation time for each item is related to the amount of
time an item was rehearsed. Rundus and Atkinson (1970)
provide some evidence for a test of this notion. 1In
their study sunjects were iInstructed to rehearse out loud,
and this rehearsal was recorded and later analyzed. They
found that, for the first vortion of the list, sutjects
were rehearsing items in direct relation to their prox-
imity to the beglnning of the 1list; whereas a relatively
constant amount of rehearsal occurred for items in the
middle and at the end of the list. Therefore, the
assumption of a constant consolidation time ver iizm

1s only partially supported.
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A.further interesting prediction concerns the
effects of simulating a delay between the vpresentation
of the 1list and the start of the recall interval. The
model assumes that interference begins as soon as the
final 1list item has been presented. The questlion then
becomes how long must the delay interval be before list
items in ST will bhe "pushed'down" to such an extent that
they will not bhe retrieved during the sutsequent search
of 3T¥? This, in turn, would eliminate the recency
effect in'the serial position curve. Since 1t 1s assumed
that items are retrisved from STY every 2 seconds, a
total of 7.5 items will he retrieved from STM. Inter-
ference enters the system on the average every 35 sec.
A simple calculation indicates that an average delay
interval of 22.5 sec., will he required hefore the recency
effect will be negated. Glanzer and Cunitz (1966)
provide suppvort for this prediction. They varied the
length of time between the presentation of the last
item of a 15 word list and the recall test, and found
that the recency effect was partially eliminated when a
10 sec. Interval was used and completely eliminated when
a 30 sec. delay was used.

Under certaln conditions the model also vredicts
the disappearance of the primacy effect- in fact sub-
asymptotic performance should eventually result. For

instance, there should be a certain critical 1list length
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(>30 1tems) where this occurs. Interestinly, extremely
long presentation rates should result in virtually all
items being consolidated, yet the initlal items on the
1ist should not be recalled since retrieval from LTY¥ is
modeled as LIFO. Both predictions are subject to exper-
imental verification.

In addition to generating and testing specific
predictions, it is anticipated that students using
unit IV will receive an apvreciation and understanding
of the free recall paradigm and the serial position effect.
More specifically, they should become quite familiar
with: various explanations for primacy, recency and the
asymptate of the serial position curve; the importance of
the consolidation process and the retrieval vprocess;
some suggested effects of proactive and retroactive
interference on free recall; and the effects of manlpula-

ting list length and presentation rate.
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Unit V
Communication Patterns in Groups

It 1s well-known that the ability pf members of a
group to comnunicate with each other to a large extent
determines the éfficiency of the group and the satis-
faction of its members. ¥When opportunities for com-
munication are restricted, there is a definite impact
on group performance. The communication network refers
to the vattern of communication oprortunities in a group.

A diagram may be drawn to represent a particular
communication network. 7Two of the more popular configu-

rations are shown below for 4-person networks:

/

WHEEL CIRCLE

The dots represent persons or positions in the network,
and the lines signify communication channels otetween
positions. Most channels provide two-way communication
hetween persons. The important characteristic of a
wheel network is that one person communicates with all
others, while the other members can only communicate
with this central person. In the circle, all members

are equal in the sense that each of them can communicate
with his two neigh ors and no one else. The wheel is
typical of a centralized network since all communications

are forced through a central poslition. The circle, and
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other similar configurations, are decentralized.
Bavelas (19%50) has vproposed an index of centrality for
various communication networks.

The usual laboratory study of communications in
small groups consists of forming a group to resolve
some problem and imposing limits on the communication
permitted among the memhers. Memhers can communicate
by vassing messages back and forth through the channels
that are avallable to the individual. PFor instance with
certain simple problems each memzer of a group is given a
card with a geometric symbol written on it and the
group's task is to discover which symhol is on 2ll cards.
The optimal solution requires memhers to get all the
information to one position as quickly as possible. This
type of problem is ideal for the wheel. The various
groups are usually compared in terms of how efficilent
they are in solving the problem (numver of messages
required, time to solution, etec.) and in terms of the
subjective reactions of the participants (satisfaction).

The evidence concerning how the differeant kinds of
networks affect group verformance is not entirely con-
sistent. Shaw (1964), after a review of countless
communication network experiments, draws two general
conclusions: a)the major differences in zroup performance
and satisfaction are hetween the centralized and the

decentralized networks; b»)the direction of the differ-
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ences depends upon the task. When the task is simple,
the speed and coordinatlion offered by centralized
networks may make them more effective. In falrly
complicated prohlems the most efficient solution
requires each member to work on part of the problem by
himself. Decentralized networks, such as the clircle,
appear to facilitate the handling of these problems.

It has also been found (Glanzer & Glaser, 1961) that
individuals in decentralized networks send more messages
than persons in centralized networks, regardless of the
type of task. Thils may be hecause centralized networks
have fewasr channels.

Shaw (1964) has also suggested that the various
effects of communication networks upon group performance
can be attrinuted to two general processes- independence
and saturation. Independence refers to the answer-
getting potential for a given position in the network.
Por instance, persons in peripheral posltions in central-
ized networks have low independence because of thelr
limited freedom of action. 1In general, independence
varies as a function of the configuration of the network
and is greater in decentralized than centrallzed networks.
The saturation experienced by a position is the sum of
all the input and output requirements placed upon that
position- the number of channels which a position must
deal with, the numh»er of messages that the position must
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handle, and the requirements of the task. When the
required numher of messages passes a certain optimal
output level, effects are produced which run counter to
the effects of a favorable position in the network.

This may be the case when the central person in a wheel
network 1s attempting to solve a complex problem. Here
saturation is increased because communication demands are
increased and because data manipulation procedures are

- more demanding.

The basic vremise of unit V 1s that both the struc-
tural and the functional characteristics of communication
networks can be readily incorporated into a GERTS
framework. TFor example, the saturation process, which
lies at the heart of group communication theory, can
be described with parameters assoclated with the { node.

The present unit simulates the behavior of a 4-
person centralized network (wheel) and a 4-person de-
centralized network (cirecle). It will become apparent
that students can also simulate varlous degrees of task
difficulity and information distribution using the
configurations presented in unit V.

The group communication problem to be simulated is
~taken from Mulder (1960). The problem is considered
complex since it requires participants to perform
artithmetical computions as opposed to simple identifi-

cation tasks. An example of a complex problem follows:
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"A small company 1s moving from one

office-building to another. It must

move four kinds of equipment: a)

chairs, b) desks, ¢) filing-cabinets

and d) typewriters. iHow many trucks

are needed to make the move in one

trip?!
There are eight items of information required to solve
the problem: the éompany owns a total of 12 desks, 48
chairs, 12 typewriters, 15 filing-cablnets, and that
one truckload can move 3 desks, or 24 chairs, or 12
typewriters or 5 filing-cabinets. In Mulder's (1960)
study the information was typed on separate cards and
each individual in the 4-person network recelved 2
cards. The participants were seated around a circular
table with each subject separated by a partltion. The
partitions had slots to enable subjects to pass written
message cards to individuals with whom they were allowed
to communicate. For completion of the group task each
participant must know the problem solution. The most
ijmportant data collected were time scores, number of
communications, and total number of errors committed.

~ The GERTS network in figure 37 1s designed to

simulate the behavior of a 4-person circular communica-
tibn structure solving a complex problem. The simulation
is initiated when source node, N2, schedules P(2,3) to
be completed. N3 simulates the generation of informatlion

cards at the start of the experiment. The feedback loop

P(3,3) insures that more than one piece of information
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Figure 37. A GERTS network representation of the
person circle commuaicatlon network for unit V:

communication patterns in grouvs.
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is distributed to each participant. Only two cards are
presented to each subject in the complex problem suggested
by Mulder; thils is accomplished in figure 40 when N3

is replaced by N5 and only one additional input will
enter N4.

N4 is realized each time the activity associated
with P(3,4) is completed. Each of the 4 activities
scheduled by N4 represents the presentation of a separate
information car to a subject: 4 schedules activities
which terminate at N29, N30, N31l, and N26. These nodes
in turn, input into one of the four queue nodes- N6, N7,
N8, and N9 respectively. The queue nodes represent the
four participants. Virtually no time has elapsed in the
simulation L?(},B) has a brief time assoclated with it
so that P(3,4) will be completed prior to P(B,B)] at the
point when all eight pieces of iInformatlion have been
distributed to the four subjects.

No items are stored in any of the queues at the
start of the simulation; therefore, any information will
be immediately processed by the queue upon its arrival.
The processing time is analogous to the time required
to perform arithmetic calculations on some information,
Process time 1s directly related to problem difficulty.
Bach of the service times associated with P(6,10),
?(7,12), P(8,14) and P(9,16) simulate process times and
are normally distributed (assuming each new plece of
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Information requires a different amount of time to
analyze). Varying the process time wiil alter the
total solution time and is independent of the number of
messages and errors.

The parameter, Y, 1in each of the queue nodes signi-
fies the maximum amount of information which can be
stored before an item balks. The balking process simu-
lates the generation of errors by each of the subjects.
All items of information which balk from the four
queue nodes pass to N18. P(19,20), which emanates
from N18, has a counter associated with it enabling the
programmer to tally errors. It 1s assumed that 1if a
problem is too difficult (the process time is long or
there are too many items to process) then a subject will
begin to generate errors., It is also assumed that Y
is equal for all participants. Varying Y will alter the
mean number of errors produced by the network but will
not change the solution time or the number of messages
generated.

Information which has been analyzed by a subjlect is
then communicated to neighboring subjects. In the circle
network each subject sends two messages. For example,
subject #1 is represented by N6 in figure 40. He is only
permitted to communicate with subjeect #2 (N7) and
subject #4 (N9). After an item of information 1is

processed, N10 will become realized. N10 schedules inputs
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into N30 and M26 which eventually serve as new items to
be analyzed by subject #2 and subdject #4 respectively.
Counters are associated with these branches and all others
which simulate ‘the transfer of messages. There is also
a branch leading from X10 to N11l. The realization of
N1l represents the solution of the problem for subject
#1. Each subject has a solution node. The parameter, ¥,
on the solution node signifies how many items of infor-
mation and communications are required before a given
particlpant solves the problem. Y is also related to
the difficulty of the problem. Varying this parameter
effects the total number of messages sent, the total
time to solution and the total numbers of errors made
by the group.

For the circle communication network, the parameter
X was estimated first; it was varied until an accurate
predlection was derived of the mean number of messages
sent., The value for X was.then held constant and Y was
varlied untll an accurate estimate was made of tﬁe mean
number of errors committed. TPinally, both X and Y were
held constant and the mean time to solution was estimated
by varying the process time.

Each of the four individual solution nodes (N11,
N13, V15, and N17) have branches leading to the group
solution node, N21l. This is the network sink node. In
addition, sublects who have reached a solution are
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assumed fo immediately communicate their solutlon to
neighboring subjects., Messages contalining the correct
solution are not analyzed arithmetically but are assumed
to serve as direct inputs into individual solution nodes.
For instance, the realization of N1l simulates the
solution of the problem by subject #1. He immediately
announces hils solution to the experimenter [?(11,21) is
completed:&and also communicates it to subject #2 and
subject #4 via ?(11, 13) and P(1ll, 17). A given simula-
tion run terminates when all participants have reached a
solution.

The slmulation of the wheel communication network
functions in a similar manner. TPTigure 38 shows the
GERTS representation of thils configuration. If the same
problem 1s to beconsidered, eight items of information
are again distributed equally among the groupn members..
The principle difference in this network is that each
sutject can communicate only with subject #4, He, in
turn, can communicate with each of the others. Will this
limlitation result in the predicted decrement in group
performance for the wheel network as opvosed to the
circle network for this prohlem?

One hundred simulations were verformed on the circle
network and the wheel network. Tor all simulations, ¥
was set equal to 5, Y was set equal to 6 and the process

time had a mean of 210 sec. and a standard deviation of
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Figure 38. A GERTS network representation of the 4-
person wheel communication networkx for unit V:

communication vatterns in groups.
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60 sec. Six predictions resulted. They are shown in
table 11 along with the empirical findings of Mulder (1960).

In all cases, the simul;ted data 1s in the same
direction as the actual exverimental results. That 1s,
the group communicating in the ecirecle pattern on the
average took less time to solve the problem, made fewer
errors, and sent more messages than those communicating
in the wheel network. The agreement hetween empirical
and simulated data would be even closer if the parameters,
X and Y, took on different values for each individual in
the network.

Several investigators have suggested that the manuner
in which the problem information 1s distributed among
the positions will influence the performance of the
group and that the distributional effects will be dif-
ferent for different network configurations, Increasing
the information inzut from external sources should
have the same effect upon a vosition as increasing the
centrality of that position (Shaw, 1964). Students
might test this notion for the comrlex prohrlem by ini-
tlally sending five items of information to one position
and one item of information to each of the three remaining
positions.

There has been no empirical data collected on a
4-person communicatlon network solving a simple prohlem.

Students might try loweriﬁg the value of the X parameter
20
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and reducing the processing time in each of the networks
in unit V to vredict the solution of such a protlem for
each network configuration. One could assume that Y

1s a function of the intellectual capacity of an
individual subject and woqld remain a constant (Y = 6).
Students could then perform an actual 4-person group
communication experiment to verify their predictions.
Results from studies of larger and smaller networks
suggest that the wheel 1s slightly superior under these

conditions.
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Teaching Tnits in Retrospect

The intent of this chapter was to use the GE?™S
language to model “ehaviors which are répresentative
of five areas in psychology, and to suggest possible
benefits which might te derived from the use of these
models in the classroom setting. The five teaching
units in no way exhaust the possibilities for using GERTS
to simpulate rtehavior. Some of the principle advantages
of this approach are reviewed bdelow.

First it is hypothesized that the graphlcal nature
of each unit will result in students acquiring a better
understanding of the relationships among the elements of
a system. Thils is particularly true when components of
the GERTS network have physical analogs such as specific
neurons in the spinal reflex unit and the varticicants
in the group communication unit. The distincion between
indevendent variable and devendant varianle should
hecome clear and the student should also develop a
concern for considering the effects of secveral lnde-
pendent variables. Since all aspects of the program
must he quantified, students also tecome aware of the
jmportance of certain initlal assumvtions.

Many of the units are modular in nature. This has
the advantage of rermitting students to isolate segments
of the model and to test these components independently.

It also means that an instructor can simplify or expand
209



a unit to meet hls needs. Certainly students who
contrlbute to these units or who develop there own
models, should, out of necessity, become completely
familar with the literature in the area they are working.

The GER™3 network 1s stochastic. This results in a
greater flexibility to simulate different behavioral
measures. Feedhack also plays a major role in many
of the models. The GERTS analysis should provide a more
complete understanding of the effects of homestatic
mechanisms than would a vertal description alone.

It may te a disadvantage that students are not
required to perform actual experiments, although certain
predictions may suggest laboratory experimentation and
could lead to actual data collection. PFinally, and
perhaps most important, students will be introduced to
mathematical modeling and to the simulation approach
as a tool for generating data and testing theories.

The success or failure of these units cartially
derends uvon the instructors and the students a%ility
to learn the GEPTS format. The learning process may not
be too involved since only two compo~nents are necessary
to describe a network-nodes and tranches. I have on
several occasslons, presented an overview of the GERTS
teghnique to undergradute students in a 50-minute class
period, and several students have successfully develored

GERTS models as independent »rojects.
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Unit II, spinal reflex mechanisms, was introduced to
an undergraduvate class in physiological psychology at
Moravian College. After studying the model, students
were requested to suggest possihle extensions or manip-
ulations of the model. They could elther vary the
parameters related to stimulus inout, modify the strue-
ture of the network (e.g. remove or add neural components),
or alter the functioning of a simulated physiologic~l
element (e.g. raise threshold). They were then asked to
predict the behavior of the model under the altered set
of conditions. Three of their suggestions were analyzed
with GERTS and served as the tasis for classroom discus-
sion. They were:

1.Remove the primary svindle afferent

from the extensor muscle and test the

resulting knee jerk reflex.

2.Sever the dorsal root ganglion

providing afferent activity from

flexor muscles.

3.9etermine the threshold for the

knee jerk, and consider the rate at

which the magnitude of the stretch

reflex approaches an asymvtote.
Por comparative pursoses, the last analysls was also
performed as an actual latoratory exercise using a
knee jerk apvaratus desligned by Lafayette Instruments.
Although initial student reaction has been favorable, a
comprehensive analysis of the effectiveness of unlt II

and the other four units remains to te made (see chapter

7).
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v
A Sinmulation Model of the Vertebrate Retina

4 teaching unit was described 1in the previous
chapter which simulated the activity of skeletal
muscles and their innervation *»y spinal neurons. 1In
the present chapter, a model of the vertebhrate retina
will be presented to further emphasize the utility of
using G%2TS to analyze physiological systems. Much
of the material in this section is based upon an
unpuolished study ny Schroeder, Shortess, Thelsen and
Whitehouse (1971). Suggestions are made for expanding
the model to include more recent experimental findings.

Numerous investigators (Yartline, 1938; Maturana,
et. al., 1960) have provided data concerning the elec-
trical activity of the frog retina in response to simple
and complex visual stimuli., More recently, a number of
physical as well as mathematical models have been developed
to account for this data (Sutro, 19568; Moreno-Dlaz, 196%).
Fone of these experimenters have attempted a computer
simulation of the underlying neural processes. An
exception is the work of ©Didday (1970); however, his
simulation model used a strict information processing
approach (did not consider events occurring at the
neural level) and was principally concerned with the
functioning of the entire visual system.

A major advantage of the network approach to neural

modeling is that the phy%}ﬂ;ogical integrity of the



system 1s retained since each neural element is completely
defined. This permits a direct comparison hetween the

properties of neural and simulated elements.
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Overview of the Vertetrrate Retina

In the retina there is a btasic repetitive structural
organization which is modified somewhat as one moves
from the center. of the retina to the periphery. Although
ten retinal lavers have teen identified (Polyak, 1941;
Polyak, 1957), the vertebrate retina is primarily com-
prised of three cell tody groupings: photoreceptor
neurons, intervening tipolar and amacrine cells, and
ganglion cells, with the latter transmitting information
directly to the brain by means of temporal patterns ot
imoulses., These components formed the nucleus for the
simulation model. Tor simplicity, horizontal cells,
located between receptors and bipolars, were not included.
Horizontal cells are believed to have inhititory effects
and function in the coding of complex stimuli (Yake &
Nye, 1970). They should oprotablility be included in some
future eXtension of the model, which would simulate the
reception of more complex stimull such as moving edges.

The photoreceptor cells, the rods and cones, abtsorb
light energy. Rods have low thresholds and function
bptimally under conditions of dim illumination. Cones,
on the other hand, have higher thresholds and are
helieved to dominate in providing for aculty and color
vision. Both types of recevtors have higher thresholds
under conditions of continious light stimulation (light
adaptation) and tecome more sensitive with time in the
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dark (dark adaptation).

A certain numbher of pipolors recelve inputs only
from cones, whereas the remainder of the b“ilpolars receive
inputs from hoth rods and cones. #Whether or not ~ipolors
generate spikes of thelr own remalns controversial;
wowever, localized graded potentials, representing
excitation from rods and cones, do exlist in thils region
(Wervlin & Towling, 1970). Amacrine cells have also
been identified in this area. These neurons may have
several functions: to spread effects aroused by b»ipolar
cells to several ganglion cells or possibly back to
receptors, and to inhibit gangllon responses (Malmfors,
1963; Dowling, 196%).

The final integrative structure at the retinal level
is the ganglion cell., The present model will attempt
to predict the probability that a typical ganglion cell
will fire and the latency of the response under several

stimulus conditions.
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Simulation Model

The actual number of retinal neurons modeled and their

interconnections was derived from a sketch of a cross-
section of the fetina provided b»y Polyak (1941). TFigure
39 shows typical retinal components converging on one
representative ganglion cell. The model contains 12
rods and 8 cones, a ratio representative of a region
approximately 3 to 4 degrees from the fovea (Osterberg,
19%5). Rod convergence or summation at the »ipolar
level is apparent since 12 rods excite five hipolar
cells, while eight cones provide primary excitation to
six bipolar cells and secondary excitation to the other
five bipolar cells.

Several assumptions were required before the retinal
components could be described in network form. Tatle 12
lists these assunotions, and whenever possibhle, offers
a rationale for each in terms of available data. The
integration time for bipolars, the amacrime, and the
ganglion cell was estimated as 50 msec. Although there
is no direct evidence concerning this estimate, post-
synaptic votentials develop in motorneurons and last for
about 15 msec. (Sherington, 1941), and several authors
(Guyton, 1972; Deutsch & Teutsch, 1973) have suggested
that the integration time 1s much longer in sensory
neurons. Ahsolute thresholds for bipolars, the amacrine

cell, and the ganglion cell, were arbitrarily assigned
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Figure 39. A detall of the retinal components converging

on one revresentative ganglion cell.
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the values listed in table 12. A seunsitivity analysis

determining which model parameters are the most signifi-
cant determinants of overall performancé, has yet to he
made.

Pigure 40 illustrates a GERTS network which simulates
light energy heing absorved by two receptors. The |
complete model developed hy Schroeder et. al. (1970)
is not shown here because of space limitations and has
a total of 20 receptors. Source node, N2 initiates a
simulation run by scheduling two activities: P(2,3)
generates the first hyvothetical photon being absorbed
by the retina; P(2,11) is associated with the duration
of the stimﬁlus. Tach time an activity incident to N3
1s completed N3 will »e realized and will output still
another photon P(3,8) will be activated . The last
hypothetical photon will fall on the retina when P(2,11)
has been completed and {3 is replaced by N7. Since the
hypothetical light energy schedules a given number of
branches during a designated time interval, hoth intensity
and duration can be manipulated. For examvle, energy
ahsorved at the rate of 50 photons per 100 msec. could
be simulated by placing a time parameter of 2 msec, on
P(3,3) and a parameter of 100 msec. on ?(2,11). After
the simulated stimulus terminates, the program continues
orocessing these inputs until the run timer, N6, is

realized- usually for one sec.
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Pigure 40. A GERTS network descriotion illustrating
stimulus input control, light adaptation, and energy

abvsorption in the retinal simulation model.
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Since there were 12 rods and elght cones modeled,
it was assumed that 60% of the photons would be absorbed
by rods, whereas 407 would be absorbed by cones.
Therefore, N8 sthedules P(8,14) to rods with a probabil-
ity, p = .6, and ?(8,139) to cores with a probhability,

p = .4, The absorotion time (within a recevtor) was
simulated with the time parameters associated with
pranches leading to receptor nodes. These tlmes were
assumed normally distributed with means of 80 msec. and
30 msec. for rods and cones respectively (see table 12).
At the start of a simulation it was also assumed that
both rods and cones were fully dark adapted. The
mechanism of light adaptation in the rods was accomplished
with the adaptation timer noted i figure 4u. It
operates in the following manner: P(2,11) intiates
adaptation. Following this brief intervai (100 msec.)

a network modification occurs which alters the proportion
of energy being absorbed by the rods; i.e. instead of
10047 of the energy hbeing effective only 50% is actually
absorbed. This same process is repeated again after

500 msec., lowering the rod absorptlon prosadllity to
.25. In this manner, rods which have received long
exvosure to light simulate little absorotion. Light
energy scheduled for absorption by rods causes Hl6 to

be realized. Activities amanating from r16 terminate

in one of 12 nodes, each assoclated wlth one of the rods



modeled. M3%2 represents a typical rod. P(16,32) will

ne scheduled with a prohability equal to .083., 1In a

like manner, braanches emanating from N19 have associated
with thew the probability that a photon will ke avsorbed
by one of eight cones. Receptor thresholds were specified
as they were in unit II of the previous chapter; that is,
by the number of bnhranch realizations required for

receptor node activation (see ta®le 12.). It should te
noted that the typical cone (¥34) has a higher threshold
value than the typical rod (N32).

After a given recéptor node was realized it would
activate all branches emanating from it. The complex
pattern of branches from recevtors to tipolar cells
followed the synaptic connections outlined in figure 39.
Figure 41 shows representative inputs from a typical rod
and cone to a binolar cell, W47, The complete model
contains 11 tipolar cells. The conduction time from a
receptor to a hipolar cell was assumed to »e 2 msec. for
each branch. This same conduction varameter was used
throughout the model.

The state of a particular "ipolar node depends on
the number on inputs arriving from either rod or cone
nodes (spatial summation), and the time that had elapsed
since the arrival of the last invut (temporal summation).
Figure 41 illustrates how spatial and temporal summatlon

is simulated for N47. Spatial summatlon can occur
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Filgure 41. A GERTS network description illustrating
spatial and temvoral summatioun, and inhibition in the

retinal éimulation model.
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tecause six receptors, each having a vnotential excitatory
influence, have vrocesses which converge on Y47. The
simulated bipolar cell summates these inputs until its
threshold is surpassed. The mechanism for temporal
summation overates in the following manner: sunpose an
input from a receptor arrives at this node. The activity
associated with P(47, 112) will immediately bte completed.
P(112, 139) will then “e scheduled and will also be
immediately completed causing W11l2 to be reolaced uvy

N136. It 50 msec. passes without a second input to

the bipolar cell, then the activity assoclated with

P(108, 109) will be combpleted and N11l2 will replace

N136 once again. If on the other hand a second inpout
arrives before 50 msec., then »(113, 114) will »e scheduled.
N136 will be realized and at the same time N136 will
schedule P(136, 109). This branch results in the realis
zation of N109. It should He noted that ¥109 has a "R”
associated with the number of releases required for its
realization. The R signifies that events that have heen
scheduled to end on this node are to be removed (cancelled)
when this node is realized., In effect, the first input
which has not as yet resulted in the completion of

P(108, 109) will »e removed and conséquently M13%36 will
not pe replaced by N11l2. Spatial and temvoral summation
was also modeled at the amacrine and ganglion cell levels.

Thé two releases required on N1ll3 represents the

227



threshold for the bipolar cell, Stimulus information is
transmitted to the ganglion cell (N122) and to a hypo-
thetical amacrine cell (F115) following the realization
of N113. Three other simulated bipolars also influence
¥115, but these cells are not shown on figure 44, N111
can only be realized once. Additlional outputs to the
ganglion cell from N11l3 must travel via H1ll4 which has

a higher threshold (5 releases are required for each
realization of N114). 1In this manner habituation is
simulated in the bipolar cell.

The amacrine cell is modeled to inhibit ganglion cell
firing. It does so by directly raising the threshold of
N122. That is, when P(115, 116) has been complete, N122
will be replaced by N123.

The response of the vertebrate retina to light was
simulated using 11 different intensity levels ranging
from 15 to 500 photons absorbed per 100 msec. (Schroeder,
et.al., 1970). Data predicting the probability of reali-
zation was collected on nodes which simulated ganglion
cell firlng. Medlan latenclies were estimated from the
computer generated histograms.

Figure 42 indicates the percentage of computer
runs in which a simulated ganglion cell fired at least
once for various values of intensity. The response
curve appears sigmoidal in shape- a common characteristic

of many psychophysical threshold functions. Pointsat
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Figure 42. The prohability that the simulated ganglion
cell will fire as a function of the intensity of the
stimulus. The threshold for this neuron, 38 ohotons,

can te read directly from the graph.
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lower intensity levels are more rellable than those at
higher levels since they are hased on a larger number
of runs. The ganglion cell will respond 507 of the time
when 38 photons‘per 100 msec. are absorred. This
result compares favorably with emvirical data from the
cat retinal ganglion cells ("arlow, Pitzhugh, & Kuffler,
1957). It seems to he higher than human psycholphysical
functions (Denton & Pirenee, 1934); however as ~arlow,
et.al. pointed out, their cat ganglion cell thresholds
were higher than corresponding cat hehvioral thresholds.
Granit (1935) recorded the spike activity of an
optic nerve fiher in the guilnea plg at different values
luminance. Thé dashed lines figure 43 present the
time elspsing from the onset of the stimulus to the first
spike, and from the onset of the stimulus to the second
spkie for his data. The comparatlve medlan latency data
for the simulatlion model is shown »y the solid curves on
the same figure. In both instances the latency
decreases ravidly to some asymptotlc value as the inten-
sity increases. It 1s also apparent that the latencies
for simulated responses are shorter »y some constant
value., This is probably because Granit's data were taken
at the optic nerve level rather than the ganglion cell

level,
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Figure 43, A comparison of simulated ganglion cell
latencies with latencies to the first two spoplkes

recorded from the optic nerve of the guinea vig

(Granit, 1953).
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Proposed Revislons of Retinal Model

The model presented in this chaopter could bhe
modified in numerous ways. Since there'is avallatle a
fair amount of moth anatomical and physiological data
concerning the frog retina, perhaps model predictions
should emphasize frog retinal responses.

It 1s expected that the number of receptors and
bipolars couvld he substantially reduced without a loss
in the validity of the model. At the same time, initlal
revisions of the model should serve to tuild up the
inner plexiform layer as detailed »vy Dowling (1968).
For instance one could:

l)%ncrease the number of amacrine
ggg;zate a number of interactions
among amacrine nodes

3)have ganglion nodes primarily
influenced by amacrine rather
than birolar nodes.

An additional degree of flexitility could be
achieved hv extending the outer plexiform layer.
Yorizontal cells with appropriate connections might be
introduced to suvplement some of the existing receptor-
bipolar connections. Other revisions would 1lnclude
altering the GERTS format (introducing new subroutines)
as to achleve a more economical system and to improve
on the physiological integrity of the componeats.

It is possibhle to simulate receptive filelds for
frog ganglion cells by organizing rod and cone nodes in
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a two dimensional matrix. Simulated visual stimull could
then e selectively introduced into the center or
veriphery of this fleld, and the results compared with
empirical findings. Increasingly more complex stimull
could be simulated (i.e. moving edges, etc.) dut this
would certainly necessitate alternations in the existing
input control. rovefully, the final result of these
efforts would bte a2 model which could generate appropriate
response patterns for specific cell types, and could
suggest the relative roles of such mechanisms as lateral
inhibition in determining the neural code of the ganglion

cell response.
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VI
Considerations for Aonnlied Psychology

The applications considered in this chapter are
of primary interest to the industrial and organizational
psychologist. ;wo prozlems willl serve as examoles. The
first concerns using GE?TS to aid in the planning of
manpower requirements. The second ap»lication, in the
fileld of human factors engineering, involves simulating
the inflight refueling operation of a jet aircraft.
Other organizational vdrohlems probtlems which might te

analyzed by means of GERTS will also he mentloned.



A Manpower ?Planning Analysis

At the management level, there is consideratle
interest in the tovics of personnel selection, lahor
turnover, recrultment, and ovromotion. Personnel
managers naturally focus on careers and are concerned
ahout length of service and about departure rates.
Although numerous mathematical models have been developed
to aid in predicting the movement of men within an
organization, it is dou»tful that most manazers possess
the mathematical sophistication to utilize them. ©Bryant
(196%) addresses the situation in the following passage:

"Two major criticisms have teen made
vy experienced versonnel managers
and line managers of the work
hitherto vuhrlished: one is that
while, for the most part, the
mathematical content of papers such
as those discussed in this survey
tends to te heyond the compreshen-
slon of those resovonsible for the
imvlementation of manvower volicies,
the conclusions derived from the
analyses merely confirm what had
heen know (or intultively suspected)
for years... The other criticism is
that existing models are well in
advance of experience of implementa-
tion, a:d that further rescarch is
needed, not so much on the develon-
ment of new and perhaps more complex
models as on the simplification of
exlsting models so that they may bve
used by managers in practical
situations.”

In the vpresent section, it 1s suggested that GEPTS may
serve as a vehicle for communicating and analyzing

manpower planning models.
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The number of men who will move from a given level
in an organizational hierarchy to another level over a
year 1s of major interest to organizational planners.
The assumption used most frequently in prediction is that
these proportions remain fixed over a long veriod
(Markovian assumption). rartholomew (1967) develoved a
Markov chain model of an orsmailzation that is hierarchical
in form. His model focuses varticular attention on
oromotion and termination in an open system. ile assumes
there are k grades arrapged'in increasing order of senior-
ity. *ew entrants are recruited into the lowest grades
and all vacancles occurring higher up are filled from the
next lower grade. Different wastage rates (the
probanility of an emrloyee leaving a level after an
interval) can be considered for each grade. Also
different promotion rates can be considered for each
grade, Thése probabilities, along with the prowahrility
of remaining at a level, comorise the transition matrix
of the model. As an examvle, =“artholomew (1967) offers
transition vrocabilities which reflect the kind of
conditions one might find in a typical management hier-
archy. These values are presented telow in matrix form

for £k = 5:
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Year (N + 1)

I II ITI IV v LEAVES

I| .65 .20 .00 .00 .00 .15
Year II{ .00 .70 .15 .00 .00 «15
IIT} .00 . .00 LT5 .15 .00 .10
(%) Iv)] .00 .00 .00 85 .10 .05
v{ .00 .00 .00 .00 .95 .05

LBAVES] .00 .00 .00 .00 .00 1.00h

It should be noted that the wastage rates decrease as
one moves up the hieraracy. This reflects the finding
that mobility to other firms 1s usually more common for
young employees at the lower levels. Also the vromotion
rates decrease as one moves up in the organization.
Finally, individuals who leave the organization do not
return.

The GTRTS network corresvonding to the transition
matrix shown avove is vresented in figure 44. Tach
organizational level is represented by a node and transi-
tion proharilities are revresented by »ranches connecting
nodes. 2 initiates the simulation. The time varameters
associated with ?(2,3) can be varied, and relate to the
simulated length of service in the organization.
Therefore, the realization of 3 terminates the simulation.
M4 is a probablilistic node and serves to distribute the
new entrants to each of the levels as specified by the
vrogrammer. In figure 44 it is assumed that 75% of the
new employees enter the organization at level I and
257% enter the organization at level II. Therefore, the

initial prohability vector, ¥, equals (.75, .25, .00,.00,
239



Pigure 44. A GERTS representation of the movement of

labor within a hierarchical organizational structure.
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.00). The wastage rate for each grade is represented
oy a btranch leading to ¥10. TPFeedback loons around each
of the levels corresvond to the vrohahilities of
remaining in eatch vosition. The pronability of
promotion is reoresented "y a kraich leading from a
lower level to the next higher level.

martholomew's (1967) model assumed that promotions
and terminations occurred at equal intervals (one year)
for each grade. This assumption may not be realistic for
all firms. 3ince the GXZRT3 system can be used to analyze
semi-Markov processes, it 1s possible for personnel
managers to consider the effects of having different
evaluation periods at each level. For instance, in
figure 47 it is assumed that a decision is made concerning
each employee at level I and level II every year (time
parameter set #3)., On the other hand, individuals at
higher managerial levels (III, IV, and V) are cvaluated
every second vear (time parameter set #4).

Four hundred simulation runs were verformed with x
representing 490 years service and four hundred runs were
performed with x simulating 20 years service. Nodes 6,
7, 8, 9, and 10 were designed as statistics nodes and
information was collected concerning the average time
that transpired orior to the first realization of each
node and the orobability of 1ts realizatlon prior to

network realizatlon. Several interesting questions can
242



now ~e considered. For instance, the dprobhapility that

an individual will remain associated with an organization
after x years can he determined hy sunhtracting the
vrorability that 710 was realized from 1.0. TFor the
simulations performed, an employee has a 17% chance of
remalning in the organization after 20 years serviée,

and an 87 chance of being in the organization after 40
years service. An individual also has aporoximately =
107 chance of htecoming a top manager (reaching level V)
under the promotion nolicy modeled. Finally, it takes
employees, on the average, 1.75 years, 5.22 years,

12.79 years, and 20.31 years to reach levels II, ITI, IV,
and V resnectively.

The effects of alterations in termination or promo-
tlon policles can he readily ascertained using GZ°TS
analysis., The practical value of oredictions such as
these 1s coasiderarle in oroviding management with
necessary inouts for long term ecomonic »lanning. In
addition to the orimary advantage of a granhical descrip-
tion of the system, the GTRTS analysis of manpower re-
guirements should be especially efficient when alalytical
procedures hHecome cumbersome- when many organizational
levels are considered or when different evaluation
periods avnly at each level. Chanter 3 provides a more
detalled analysis of the advantages of simulating

Markov processes via GERTS.
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A GERT3 imulstion of an Inflight Refueling Operation

A human factors engineer often relies on simulation
by digital comouters to analyze the rerformance of a
man-machine system when the system bhecomes extremely
expensive and comolex. The purvose of this technique 1is
to allow prediction of system effectiveness early in the
development stage and to enable the comvarative evaluation
of alternative system designs. Usually the deslgner
first performs an analysis of the man-machine system
and the tasks under consideration. The behavior of each
overator is arrvanged into ordered, discrete actions
Xnown as subtasks and emtirical data 1s collected con-
cerning these activities. The data is introduced into
a digital computer which then sequentially simulates
the performance of each subtask Ly each operator.

The ourpose of the present section will ve to
demonstrate, by example, how data from a task analysis
can pe efficlently formulated in GER™S terminology and
analyzed »y thls technigue. The task to be considered
i1s the inflight refueling of a receiver alrcraft hty a
tanker aircraft taken from Siegel and Wolf (1369).

The mission goal of the inflight refueling task 1s
for the pilot of the alrcraft to bte refnelled to insert,
in mid-air, a prohe into a drogue extended by the pilot
of the tanker ailrcraft. The sveed aad relative degree

of success of the operation is critical for this task.
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A basic task analysis was performed (npilots were inter-
viewed) and the sequence of suttasks was listed. Per-
formance times for exach sur-task were determined on the
basis of estimated proficiency for the “average” pilot
(Siegel & “olf, 1969).

Pigure 45 demonstrates how the inflight refueling
operation can be gravhically represented using GERTS.
Bach subtask can ne resresented by a branch in the
network. Hodes signify the start or completion of a
subtask.

The operation begins with the tanker and the strike
aircraft flying abreast of each other at the speed
greater than ontimal for inflight refueling. Initiation
of the simulation occurs when the pilot of the strike
aircraft (the nlane refueling) communicates to the
tanker pilot that he is "ready to refuel”. This
message requires only 4 sec. and is renresented by the
activity oarameters associated with °(2,3). Subtask
#2 involves the tanker reducing its s»eed while the
strike pilot waits. P(3,4) simulates subtask #2 with
the following time vnarameters: i, = 2 and tn = 2. At
this point the tanker extends its drogue subtask %3 on
P(4,5). - The strike pilot then moves his alrcraft
astern of the tanker requiring a mean time of 14 sec.
?(5,6) .

Records indicate that 807 of the time the alrcrafts

encounter low turtulence, whereas 207 of the time they
245



Pigure 45, A GERTS network diagram of the inflight

refueling operation anralyzed by Siegel and Wolf (1969).
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meet high tur~ulence. Air turulence critically effects
the amount of time which 1is required to ohserve the
steadiness of the drogue vrior to attempted hookuz. 1In
figure 49, if »(6,7) is scheduled (low turbulence condi-
tion), then an average time of 4 sec. 1s required for this
suntask. 4n average of 10 sec. is required if ?(6,8) is
taken (high tur*ulence condition). 4t this point in the
operation, an attemst is made to insert the ovrobe into

the tanker. The activities assocliated with P(%3,9)
represent this subtask. A counter (¢ = 1) has been vlaced
on P(8,9) to tally the mean number of attemvnted hook-

uvs simulated. Of 16 actual test flight, 10 resulted in
successful engagement of the nrowe on the first attenmpnt
(siegel & Wolf, 196%); therefore, P(9,10) is scheduled
62% of the time. N10 is the sink node and signifies

that the mission is comvleted. On fallure to excute the
last subtask, 1t is assumed that vprevious observations

of drogue motion will be recalled and applied to each
subsequent attemnt. P(9,8) simuzlates fallure to verform
the mid-alr insertion.

Five hundred simulations were verformed on the
network just described. The results indicate that the
total refueling operation requires an average of 60.7
sec. with a minimum time of 39.7 sec. and a maximum time
of 101.8B sec. The mean num-er of attemvted insertions

was 1.45,
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A human factors engineer might suggest how, with
appropriate system alterations, various subtasks could
ne made more efficient. The vredicted effect on the
total system coﬁld he determined with the simulation
model just descrihed and the renefits of design changes
could then be welghed agalinst the costs which would incur.
An o»vious modification would involve a hynothetical
reduction in air turtulence. Interestingly, reducing
the pronravility of high turiulence to 19 has almost no
effect on the simulated system's rerformance: the mean
time to mission success only decreases to 39.4 sec.,
while the minimum-and maximum times remain avproximately
the same. On the other hand, increasing the protability
of successful insertion to 997 would reduce the total
task time to an average of 6.1 sec. and also change the
minimum time to 40.0 sec. and the maximum time to 74.5 sec.
Although, the latter modification would certainly reduce
some of the longer missions, it 1s not clear how easily

such a reliahle nerformance could re achieved.
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Additional Anplications

Historically, industrial englneering and industrial
vsychology have shared ma-y interests. 4 common denomi=-
nator crobanly develoved out of the scientific manage-
ment movement which had its origins ~ariy in this
century. For examnle, Taylors (1911) classic studies
at the 3Zethlehen Steel yards have been of interest to
both discirvlines, Taylor s»ent several decades attemp-
ting to imvrove the work environment so as to optimize
productivity. It is unfortunate that today industrial
and organizational vsychologlsts have been slow to
accept some of thz more recent innovative techniques of
ooerations research.

Whitehouse (1966) has demonstrated how 3.E.R.T.
might ald management. 1In a more recent publication,
Whitehouse (1973) has apnlied GE273 network analysis to
additional problems which might ne of interest to the
avplied psychologist (particularly the human factors
engineer). Several of these nrovlems are listed "elows:

1.The analysis and sequencing of
svace exveriments (». 326)

2.The analysis of reliabhility
vrot~lems (o. 386)

3.The analysis of traffic flow at
a highway intersection (p. 467)
4.4 GERTS model of student

mo "ility in a university (0.469;
taken from 2urgess, 1970).

This 1list should hecome more extensive in the near future

pecause of the inherent flexinhlllty of the GERTS system.
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VII
Conclusions

Two somewhat related problems remain to be considered:
a)What is the validity of the models provosed in the
present paper? 5) How might the adequacy of GERTS as a
methodological tool for psychologists be evaluated?

These issues will be discussed in the present chapter.



Model Validation Considerations

From a survey of the apvlications considered in
this paper, it 1s apparent that the flexibility and
power of the GEﬁTS network apoproach is great. With
this system, the researcher is tempted to construct
large and complex models that presumahly offer greater
realism than is usually feasi»le with models subject
to more through mathematical analysis. This added
complexity 1s not necessarily bad- the computer simula-
tion models might »e more accurate or predict to a very
large class of data. However, questions of validity do
seem to take on added significance for computer simula-
tion models.

Despite its imvortance, the problem of testing

computer models remains perhaps the most elusive of all

the unresolved issues associated with computer simulation

techniques (¥aylor & Finger, 1967). ¥orn (1969), who

recognizes that there is no single aopropriate validation

procedure, suggests the following definition:

vallidation is the process of huilding an acceptahle level

of confidence that an inference abtout a simulated vrocess

ls a correct or valid inference for the actual process.
Validation 1is certainly vrotlem dependent. Yhen

the models are used for descriptive analyses, as was

proposed in chapter 4, then the actual historical record

produced by the system teing simulated can he used to
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verify the accuracy of predictions. If modles are to
be used for vrescriptive pirposes, as exemplified in
the applied prohblems of chapter 6, then a researcher is
probably interested in examining the behavior of a
system under different combinatlions of policy conditions.
In thls case the actual outcome of the vnolicy chosen
can eventually be compared with the outout ovredicted Ly
the simuvlation model.

Atkinson, Bower, and Crothers (1963) have suggested
a more elasorate scheme for evaluating mathematical
models which also seems appropriate for validating
computer simulation models., Typlcally a model developer
uses a portion of his data to estimate parameters, and
then uses the model to predict the remainder of his data.
Atkinson, et.al. suggest that everal levels of valldity
can be distlinguvished according to the extent the model
predicts beyond the data used for estimation: the most
modest tyve of vrediction is curve fitting. This level
is reached when the parameters are estimated from the
very data that 1s being predicted. The next higher level
of prediction involves using varameters estimated from
part of the data to predict some other aspvect of the data.
Finally, the most satlsfactory situatlion arises when the
estimated parameters are used to generate completely a
priori vredictions of behavior in a new situation.

Most models formulated as teaching units fall
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somewhere hetween the middle and highest level in this
hierarchy, depending uvon one's definitlion of new ex-
perimental situations. For instance in unit I, the same
varameters which were estimated from seusory activation
data and data concerning the development of fear were
subsequently used to generate data simulating the
critical period. In unit'II, spinal neurons, whose
parameters were developed to simulate stretch reflex
rehavior, avpear to adequately simulate the flexion
reflex. 1In addition, a limited sensitivity analysis was
performed on unit II to determins which of many model
components are most significant in the overall performance
of the system (e.g. removal of the Golgl tendon organs
and the spindle organs). The model developed for

unit IIT is the only one whose adeguacy has not been
shown superior to level I (curve-fitting). Thls does

not imply that it would he just as profiltable for
students to study a mathematical equation offering the
nest fit to the data. iflopefully the structure of the
network 1tself will lead to an understanding of the
classical conditioning paradigm indenendent of the
predictions generated ty the model. The parameters in
unlt IV were estimated to simulate Melton's (1963)
findings concerning short term memory and Murdock's
(1962) empirical data for ltems presented at a 20-2 rate.

These same parameters effectively simulated a whole
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family of serial position curves. Pinally, parameters for
unit V were estimated on the basis of experimental
evidence collected with a circular group communication
structure. A relatively high level of validity was
achieved for thls simulation model when it was also
shown capable of predicting verformance data for a
group comnunicating in a wheel configuration.

Although there are statistical tests avallable
for comparing simualation output with actual human
performance, several authors (Frijda, 1967; HYorn, 1969)
have questioned thelr avprovpriateness., They argue that
the degrees of freedom of a computer program are extremely
large, and the tests themselves are subject to questions
of validity. Simple comparisons of means, ranges, and
variances, or gravhical comparisons of data distributions
will usually capture most of the availanle information.
In this context, it has been suggested (Horn, 1969)
that verhars an adequate test of 'goodness of fit"
might te a Turing test of the simulation data by experts
who are directly involved with the actual system. If
the simulated data 1s vresented to the experts and they
are unable to distinguish this data from empirical data,
then the model has passed the Turing test and is adequate.
Even if the simulation model is contradicted hy emvirical
data, additional modifications could be made. Certainly
a simulation should not be discarded unless a better

model is avallahle, -
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The Adequacyv of GERTS As a Tool for Psychologists

This study has attemvted to demonstrate the wvossible
applicanility of GERTS network analysis for problem
areas in ovsychology. The flexiblility of this technique
has heen stressed throughout. Other vossitle criteria
for evaluating the utility of GER™S might include accuracy
of solutions generated, the potential cost involved, and
the ease of learning the language.

In chapter 3 it was demonstrated that, where
analytical procedures exist for solving Markov chain
models, the GERT3 approach can nrovide soclutions within
specified error tolerances. Other investigators (Bazley
& Davis, 1960) have also found that Monte Carlo cal-
culations are in agreement with theoretlcal results
from matrix calculations. Solutions derived from
many of the models in chavoters 4, 5, and 6 would he
extremely difficult to o»tain by any ovrocedures other then
GERTS network analysils.

The cost of applying GERTS devends primarily uoon
the complexity of the system modeled and the nimber of
runs required. For example, average execution cost on
the CDC 6400 system for simulating a network assoclated
with the teaching units in chaoter 4 was £3.12; whereas
the mean executlon cost for analyzing a Markov chain in
chapter 3 was %1.56. If the expense of having individual
students execute several Jjobs 1s too high, iInstructors
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have several options. They may have all students study
the approoriate units but only select recresentative

parameters for actual simulation, or they v have

students work in small grouvs. The latte: ~oroach, of
course, has the disadvantage of not enabli:.- instructors

to tailor the units to meet individual student needs.

A final consideration in evaluating the utility of
GERTS for psychnologists is the ease with which the
language can he mastered. This is especially imvortant
for students who operate in short time frames. This
issue was discussed briefly in chapter 4. The next
step in evaluating the effectlveness of the five teaching
units should involve an adequately controlled study
which compares the academic performance of the students
who acquire GERTS modeling experience and who generate
simulated data with those receiving only traditional
classroom experience,.

Future modeling work in psychology might also
utilize a recent extension of the GER™S III Q language-
the Q-GERTS network language (Pritsker, 1975). The
Q-GERTS language 1s designed to vrovide the user with
a more extensive set of node tyves. Among the more
inportant innovations is the develomment of the S-node
(selector node). The S-node enahles the network analyst
to designate more than one service activity emanating

from a Q node or arriving at a Q node, It provides the
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cholice mechanism for selecfing which service activity
should be performed or selecting from a-set of parallel
queues inputing into an S-node., As an examvle, the
S-node might Ze. Introduced into teaching unit V. fHere
it would represent one aspect of the hehavior of a
problem solver, in the central vosition of a wheel
communication network, who must receive and send numerous
messages. Such an individual might adapt a particular
decision strategy associated with the S-node (e.g.
pass prohlem information to the Q-node, individual
occupyling a peripheral vositlon, which has the largest
remaining unused capacity). Another valuable capability
of Q-GERTS 1s the opportunity for modification of Q-

nodes or S-nodes,
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