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Computer technology has brought many innovations to the Psychology Fields in recent
vears. Psychologists involved in many diversified applications, such as studying social
behavior in primates, determining the effects of drugs on behavior, or numerous other
areas, have found that a general purpose computer can be implemented to suit their
parficular needs.

A computer can aid the Psychologist in many ways. It can interact closely with the ex-
perimental subject, providing the Psychologist with a greater degree of control over his
experiment. The flexibility to change parameters easily and quickly during an experiment
is possible through programming software. The computer can collect, analyze and store
the resulting data for future reference. And this can be done with greater speed than pre- |
viously thought possible, while maintaining precise accuracy as well. ;
|

The papers presented here were selected to introduce the reader to some of the specific
application areas where computers are now being widely used. As additional papers on

Our many thanks are extended to the authors for their time and effort in preparing these
papers, and for sharing their progress with us.

If you would like further information on computer applications in Psychology, please
contact us. We will be glad to help you.

Biomedical Marketing
Digital Equipment Corporation
Maynard, Massachusetts
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DIGITAL COMPUTERS IN THE BEHAVIOR LABORATORY'

Bernard Weiss
Department of Radiation Biology and Biophysics
University of Rochester School of Medicine and Dentistry
Rochester, New York

ABSTRACT

Computer technology will have a two-fold impact on behavior research. First, it makes
possible, because of the ability of the computer to acquire and store data, a microanalysis
of behavior. Even conventional reinforcement schedules demonstrate new features when
such analyses are possible. Second, it enables the experimenter to exert direct control
over elements of behavior that could be controlled only indirectly earlier. The latter con-
tribution of computer technology to the behavior laboratory will surely be its most re-

volutionary one.

Experimental psychologists have always been prone to
develop methods for automating their research. Their rea-
sons, I think, are fairly obvious. Research on the mecha-
nisms of behavior, because of all the possible sources of
bias and distortion to which it is subject, requires, even
more than other areas of research, the utmost precision
and reliability, and the greatest freedom from adventitious
variables. These are among the reascons that psychologists,
very early in the development of computer technology,
become frequent users of the bulk processing machines that
formerly were the only computers available. They have
even more reason now to turn to computer technology.
Now they have available machines not only to help pro-
cess their data but to help them conduct experiments.
This is why, of course, our discipline is so well represented
here today, and was so well represented in the original
LINC Evaluation Program. The LINC, most recently de-
scribed by Clark and Molnar”, grew out of the view that

a laboratory computer was much closer to the biomedical
scientist’s needs than the facilities provided by conven-
tional computer centers. A dozen of us had the good for-
tune, in 1963, to be selected as subjects for an experiment:
an experiment to determine whether or not physiologists,
psychologists, etc., could learn to program and maintain
such a computer and integrate it into the programs of their
laboratories, The success of that experiment, described in
detail in the final report of the LINC Evaluation Program®,
is a major reason that we can hold this kind of meeting
today.

Since computer technology in the behavior laboratory is
still a recent innovation, and since so little has been pub-
lished up to now, I will aim not at a detailed review of any
single aspect of the use of computers in our laboratory,
but, instead, at a survey of applications. By no means do
these exhaust the number of uses to which we have put
computers in our laboratory, as some of you already know.

1 This paper is based on work supported, in part, by grant MH-11752, from
the National Institute of Mental Health, and performed under contract with
the U. 8, Atomic Energy Commission at the University of Rochester Atomic
Energy Project and has been assigned Report No, UR-49-791.

One of the uses to which we have put computer technology
is the analysis of behavior that has been studied in conven-
tional ways. One way in which we study learned behavior,.
that is, behavior under the control of its consequences, is fo
arrange contingencies between occurrences of behavior and
occurrences of reinforcement (rewards) which are able to
maintain rather distinctive patterns of behavioral events in
time.

One such reinforcement schedule has been designated by
the letters DRL, which stand for Differential Reinforcement
of Low Rate. If an experimental animal, such as a monkey,
is given access to a response device, such as a lever, one can
arrange a set of contingencies as follows: on each occasion
that 20 seconds or more passes from the preceding response
on the lever to the next response, the second response is
followed by the delivery of a reinforcer, such as food. An
animal exposed to such a set of demands eventually emits a
distribution of interresponse time (IRT) intervals of which
a large proportion fall beyond the minimum pause required
for reinforcement. If one examines the resulting behavior,
however, in a much more detailed fashion than simply the
first order interval histogram or the cumulative record,
more subtle features of the behavior become discernible.
For example, various investigators have observed that rein-
forcements tend to occur in clumps. There will be a train

of interresponse times long enough to secure reinforcements,

then a train of interresponse times that are too short, The
first figure is a photograph from the LINC scope, showing
successive interresponse times from a monkey (M. neme-
strina) held in a primate restraining chair to which is attach-
ed a lever and a solenoid valve that, when actuated, releases
a small quantity of fruit drink as a reinforcer. The upper
portion of the figure shows a portion of untransformed
IRT’s from Session &, the lower portion of the figure shows
the same distribution after having been smoothed by a 3-
term moving average to make the grosser details more vis-
ible. The drifting up and down around the minimum IRT
required for reinforcement (in this case, 20 seconds) is
easily seen and, on a cumulative record, is expressed as a
clumping of reinforced and unreinforced responses.'!




With practice, this particular monkey E‘.ventua}iy beca‘me
so adept that only on rare occasions did he fail ta. w‘ai’t
long enough to produce a reinforcement. F;gurcl 2is 48
picture, again from the LINC oscilloscope, showing 12
successive interresponse times from Session 3(_). Note that
only on rare occasions did the interresponse time fall below
20 seconds. Because of the serial effects that \_.ve .saw ear-
lier, we wanted to know whether or notin a d{stflbuti?n
seemingly so stable serial dependencics_ also existed. Fmi .
that purpose we first turned to the serfal <_:orrelogram. wit
the results shown in Figure 3. The solid Imfa represents
the correlogram that would have been obtame:d had th?
interresponse time dependencies been a function of a sim-
ple Markov process. All that one can deduce from t!ns_
plot is the possible presence of along wavele‘,ngth drift 11'1
the behavior. The autocorrelogram (and serial correlogram)
are notorious, however, for their ability to mask phenom-
ena of relatively low amplitude. For tha't reason, we tume“-d
to the power (or variance) spectrum, whlch‘ plots frequency
not time, against amplitude. Spectral density plgts for
four successive sessions, correspcm@ing to the sex‘wl corfelv
ograms in Figure 3, are shown in Figure 4. Despite taking
the precaution of removing linear trends befo.rehand. long
wavelength phenomena did appear, as shgwn in the large
amount of variance at very low frequenc:les.‘ Hoyvever,
there is a clearcut patterning in all four sessions in the
higher frequency phenomena. Notice the pcak‘s near _0.5
and 0,2. These frequencies are interpreted as follows: A
frequency of 0.5 means a tendency to alternate; succe.ssw::
interresponse times bounce up and down. A frequency 9h
0.25 indicates a tendency for cyclical et_‘fects to oceur _w;t
a period of four interresponse times. Figure 5, ta'k.era h'zzim
Session 30, on which one of thesc power spectra is based,
shows empirically what the variance spectrum shows ‘
mathematically. The open circles are the actual IRT val-
ues. The heavy line is a 3-term moving average. ()bsc;rve
how the interresponse times alternate about thle mov‘mg
average. They are, from this stundpgxnt,‘ r.legahve.ly cor-
related, which is one reason for our inability to discern
effects in the serial correlogram.

An examination of the variance spectrum is zlllso useful in
the case of drugs, a feature that engages our’ mtercstlbe-
cause our laboratory is devoted to research ml bf.;};avmrai
pharmacology. Figure 6, from Weiss and L_ahes , pre-
sents two variance specira, one obtained after a ‘COI‘I.:F].'O} i
solution (saline), the other ob tained afte? the injection of
0.2 mg/kg of amphetamine sulfate. Notice that t‘i‘le sflg:'t
wavelength phenomena have been decreased considerably

in amplitude.

The DRL reinforcement schedule is a deterministic sched-
ule. By that I mean that it contains no grogrammed ran-
dom components. The probability of reinfi or_ccment
jumps immediately from zero to 1 when the mte:trespanse
time exceeds the specified minimum. A slochastlfz. or
probabilistic, analog of the DRL schedule can easily be
programmed by a computer. Figure 7 depicts such a

function. This is a schedule we call Stochastic‘ Reinforce-
ment of Waiting (SRW)? which possesses the feature that
the probability of reinforcement is directly related t.o the
duration of the interresponse time. The longer the inter-
response time, the greater the probability of reinforce-
ment. The behavior established by such a sc}?eduie.: of re-
inforcement, which is closely related to a variable interval
reinforcement schedule, is characterize_.d by a preponder-
ance of responding at a fairly substanya] zjatﬁ:, thcrcby‘
producing an interresponse time distrlt‘:u'uon W‘lth a pt:ak
at, say, one or two seconds. With our interest in spaccdd
responding schedules, such as the DRLI, we began to stl{ y
performance on a different SRW function, one res‘cmblmg
2 Gaussian distribution and which is depicted in Flg,ure 8.
With such a distribution, very short interresponse times
are never reinforced.

Given the data acquisition and analytical cagamty ofa
computer, it is possible to follow microscopically thc.
development of the behavior in response to tl:ne new con-
tingency. [ will not pursue this in any intensive way but
simply offer some illustrations of this devel-.::pmcnt‘ In
Figure 9 I have plotted, for the first 23 sessions on the
Gaussian distribution, the mean interresponse time for
each block of 100 interresponse times. Fo_r, say, the
first 4,000 interresponse times, the mean lies close_to 8
seconds (left half of Figure 9). The right half of Figure
9 contains the mean reinforced IRT for cacl.l block of
100 IRT’s. For these approximately 4,00(} mtc.:rres?onse
times, the mean reinforced interresponse ?mm is quite
high. One can infer from such a distribution tha_t the
behavior is characterized by trains of very short inter- ‘
response times alternating with long pauses. The pauses,
when terminated by a response, produce rein fcrcenlmnt.
During the first 4,000 responses nearly :_111 of the rein- i
forced interresponse times come about in this way. The.ru
appears to be a rather dramatic change after th:at poEnt—
a quickly rising mean interresponse ti I‘E’!f‘.‘lﬂlﬁt Sllmi.iltd-
neously produces a fall in the mean reinforced mtcrre-
sponse time, bringing it close to 40 geccnds, \.vhwh, as
can be seen from Figure 8, is the point at which the
probability of reinforcement equals 1.0.

Figure 10 shows, for Monkey 14, interval histograms for
three sessions. The top histogram refers tt:f performance
on the linear function immediately preceding thelchangc
to the Gaussian function. The middle hjstogram isa
distribution of interresponse times during the first session
on the Gaussian function, The bottom histogram Fefcrs
to the fifth session on the Gaussian 1’unctlion. _thice.
that during the first session on the Gaussian distribution
there is a shift of interresponse times tp the 1eft, brolught
about in part by the phenomena agsociated with ext'mc‘- ¥
tion, namely, bursting. By Session 5 we see the bcgmma:bs
of a bimodal distribution, one peak remaining at. about 2
seconds, another peak developing between, say, 20 and
36 seconds. The characteristics of his behgvior can per-
haps be seen more readily in Figure 11. Figure 11 isan

expectation density plot of the same sessions shown in
Figure 10. The expectation density is analogous to the
autocorrelation function. During the linear function pre-
ceding the shift to the Gaussian distribution and during
the first session on the Gaussian distribution there appears
to be no inherent patterning in the performance. The num-
ber of occurrences per second remains fairly constant. By
Session 5, however, the bimodality of the behavior is
quite apparent. Following a response at t = 0, there is an
increased probability of response a second or so later. It
gradually falls, then begins to rise once more, becoming
steady at about 30 seconds. With further practice, the
early peak is eliminated and most responses are reinforced,

Of course, we anticipate that in the future the most revo-
lutionary applications of computer technology will come
not simply from data analysis but from the ability to con-
trol on-going experiments. The next reinforcement sched-
ule I wish to discuss comprises just such an application.
The DRL schedule is an attempt, from certain aspects, to
modify the variability or uniformity of rate. By placing a
lower boundary and, in some cases, an upper boundary on
reinforced interresponse times, one is able to generate a
relatively narrow distribution. This is simply a by-product
of the contingencies. With access to an on-line computer,
one can specify directly the variability or uniformity re-
quired for reinforcement. With monkeys, again, we have
studied a reinforcement schedule I call the Autoregressive
Reinforcement Schedule (ARG).'® [t takes its name from
a species of time series generated by a Markov process, in
which succeeding events depend on the just prior states of
the system. .
The ARG schedule specifies the probability of reinforce-
ment as a function of the serial correlation of interre-
sponse times. The function which controls probability is
given in Figure 12, Given an IRT, [j, the probability of
reinforcement depends on how similar Ij+1 is to Ij. In the
computer program, the ratio of the larger over the smaller
is computed and then a number taken from a table stored
in the memory. This number is equivalent to a particular
probability with respect to the distribution of numbers
generated by a random number generator. When each
occasion scheduled for reinforcement produces reinforce-
ment, a situation we call Fixed Ratio 1 (FR1) is in effect;
the kind of distribution evoked is shown at the top of
Figure 13, The peak is rather sharp and the distribution
quite narrow, especially considering that the time scale
gives us a resolution of 10 msec. Suppose that, instead of
reinforcing on each occasion when reinforcement is due,
we only reinforced every fourth such occasion (FR4).
Such a change produces a distribution (Figure 13, middle)
with even less variability, There is a further narrowing
when we make the requirement FRS8, as shown at the
bottom of Figure 13.

It is apparent, from this figure and from the next, Figure
14, which shows the corresponding expectation densities,

that the monkeys meet the requirement of serial depen-
dency not so much by producing serial dependencies but
by acting as an oscillator, Naturally, a purely periodic
emission of responses will result in reinforcement on each
occasion, There is, however, a significant though small
component of sequential dependency in the data.!® Thus,
the monkeys are meeting the contingencies of reinforce-
ment with a 2-component process, as it were.

One of the most effective ways of controlling behavior,
from the standpoint of obtaining a maximum amount of
information with a minimal output of time, is to employ
what have been called ‘adjusting,’ ‘adaptive,’ and ‘titra-
tion’ schedules of reinforcement. One of the simplest
examples is the technique devised by Bekesy® for mea-
suring auditory thresholds. A subject is given a hand
switch connected to a specially-designed audiometer
which sweeps slowly through the range of audible fre-
quencies. While it is doing so, the intensity of the stimulus
continually decreases. The subject presses the switch when
the signal is no longer detectable and holds it long enough
for the sound to be detected again, When he releases the
switch it moves in the opposite direction once more. In
this way it is possible, within a relatively short time, to
trace an audiogram. Blough? devised a somewhat more
complex system, employing pigeons, in order to measure
visual thresholds, and we have used a system quite similar
to Bekesy’s for measuring pain thresholds.” More recent-
ly, using the LINC, we have employed a titration sched-
ule which uses response duration as its primary parameter.

Our interest in response duration stems from earlier work
with dogs on drug combinations.® Figure 15 is a flow
chart of a program which attempts to adjust the criterion
of response duration so as to force the dog to give longer
and longer responses. The dog presses against the panel
with its nose. If the duration of the response exceeds an
initial criterion, deliberately set low, the criterion is in-
creased. In order not to make too large a jump, it is in-
creased by 25 per cent of the difference between the
former criterion and the response duration which exceed-
ed it. We found that taking too large a jump often ex-
tinguished the behavior. If the dog fails to meet the cri-
terion, the criterion may be decreased. The rate at which
it falls depends on how close the dog is to meeting the
criterion. If the last few responses have been close to

the criterion, the requirement falls more quickly than if
the dog has been emitting a long train of short-duration
responses. In this way, we do not reinforce sequences

of very short response durations by precipitously de-
creasing the criterion. The reader familiar with the
vocabulary of behavior will see that basically we are
shaping long-duration responding in much the same way
that an experimenter demonstrating shaping in the class-
room trains a pigeon fo turn a circle or to perform even
more exotic gymnastics,




During an experiment, the LINC scope face gives a running
account of the trend of the behavior. In Figure 16 the
series of points at the left represents successive response
durations., The smoother function on the right shows the
criterion as it moves upward or downward, as the case may
be. The numbers to the right represent, from top to bot-
tom, the number of reinforcements still available before
the session ends, the most recent response duration, and
the current criterion. Figure 17 shows a Calcomp plot of
one session for a dog that has been well trained. Notice
how the criterion climbs upward as the dog gives longer
and longer responses.

Drugs such as amphetamine produce a larger output of
short-duration responding and keep the criterion lower
than under control conditions.

These are just a few examples of the way in which we have
used the LINC in the laboratory. There are many other
applications. Experiments on Stochastic Reinforcement
Schedules are still continuing. In collaboration with Karl
Lowy I have used the LINC to study methods for quanti-
fying evoked potentials.® Louis Siegel® has developed a
device for digitizing graphic records and a device for auto-
matic control of a stereotaxic instrument. C.T. Gott is
employing the LINC to study chemical influences on be-
havioral transition states in pigeons. Experiments on the
relationship between brain electrical stimulation and be-
havior and on hallucinogenic drugs are also underway.
The LINC is also used in a course on computer technology
oriented toward on-line use (Figure 18).

Each new application opens up further vistas. Each new
application generates further ideas about the application
of computer technology to the problems of the behavior
laboratory. I have found, in contrast to predictions made
by pessimistic friends, that computer technology, rather
than capturing the behavior of the experimenter, gives it
much wider scope and frees his imagination and energy
for questions and projects that, in the past, he never
would have pursued.
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Figure 1 256 successive interresponse times, Session 8, Monkey M1 1
I)Rl: 20. Duration is given by height. The upper part of ,
the figure shows the raw data, the lower part shows the

data after smoothing by a 3-term moving average (from Weiss
et al, 1956).
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Figure 2 128 successive IRT’s for Monkey M11, DRL 20, Session 30
Height is equivalent to duration. The dotted line is equiva-
lent to an interval of 20 seconds (from Weiss et al, 1956).
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Figure 3 Autocorrelogram for Monkey M11, DRL‘ 20, Sessions 28', 29, 30
and 31. The solid lines depict the empirical autoconelathns.
The dashed line is the function that would have been obtained 0
with a Markov process (from Weiss et al, 1956).

Figure 5 Successive interresponse times (open circles) compared to a
3-term moving average (solid, heavy line). This is a portion
of the data from Session 30, Monkey M11, DRL 20. Note
the strong tendency toward alternation in the duration of
the interresponse time.
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Figure 4 Power spectra corresponding to the autocorrelation plots of
Figure 3 (from Weiss et al, 1966). Figure 6 Power spectra comparing performance on DRL 20, Monkey M11,
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Weiss and Laties, 1967).
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Figure 15  Flow chart ot the reinforcement schedule which differentially
reinforces long interresponse times in dogs.
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Figure 16 ~ LINC oscilloscope display during an experimental session
with the dog shaping program. The cluster of dots at the
left hand side of the display shows successive response
durations. The cluster at the right shows the rising criterion.
The numbers, from top to bottom, refer to the number of
reinforcements still available, the last response duration, and,
at the bottom, the current criterion.
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Figure 17  Plot showing the rise in response duration through a session
for Dog No. 6. The bars refer to successive response
durations, the line through them refers to the criterion.

Figure 18 The LINC in use as a tool for teaching computer technology.
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APPLICATION OF THE LINC COMPUTER
TO OPERANT CONDITIONING

C. Alan Boneau
Duke University
Temporarily Studying at Stanford University
Stanford, California

ABSTRACT

Operant conditioning is a procedure in which selected behavior of individual organisms

is controlled by a judicious choice of reward contingencies. This paper describes some of
the work of the three psychologists in the LINC Evaluation Program and how they adapted
LINC to their operant conditioning projects. The use of the computer in dealing with

temporal response variables is highlighted.

Since LINC is relatively new and unfamiliar, I will begin
by giving a brief description of LINC and an account of
its history.

LINC is an acronym for Laboratory Instrument Computer,
a fact which should imply a good bit about the design
philosophy underlying it. LINC is a small computer with
a memory of 2,048 12-bit words and an 8—usec cycle
time. It has various features which make it particularly
appropriate for use in a laboratory.

The LINC concept evolved from the experience of several
years interaction between members of the Digital Com-
puter Group of MIT Lincoln Labogatory and the Commu-
nication Biophysics Group of MIT’s Laboratory of Elec-
tronics. Some of these people were computer designers
and engineers; others were essentially biologists, It was
apparent to all that the existing general-purpose computers
had deficiencies when used in the context of a biological
or medical research program. In such programs problems
arise when handling large quantities of data from various
sources, particularly when one is in the process of explor-
ing various ways of dealing with the data. There are pro-
blems of flexibility caused by interfacing with a variety
of inputs and outputs for controlling apparatus and taking
records. Existing machines were too large and empha-
sized those design features which exploited their ability
to handle well-defined problems with circumscribed input
and output modes. LINC was designed to overcome
these deficiencies. LINC was also designed with the hope
that access to a computer would stimulate development
of new approaches for the biologists, approaches which
previously had been in the real sense unthinkable.

The concept of LINC thus was of a small, low-cost com-
puter which would be a permanent but mobile fixture in
a biomedical laboratory. It would have a variety of input
and output possibilities and be sophisticated enough to
deal with the complexities of experiment control and to
process data and make routine calculations. It should be

convenient, flexible, and reliable enough so that it would
not require constant maintenance. It should be simple
enough so that routine maintenance could be performed
by the investigator himself, or at least by someone in his
laboratory.

The realized LINC consists of a mobile main frame which
plugs into an ordinary 110-volt socket. The console is
four separate units connected to the main frame individ-
ually by a set of 30-ft cables. One of the units is the
usual control console. Another unit contains an oscil-
loscope with programmable display; a third is the LINC-
tape unit, a two -unit addressable magnetic tape device,
very similar to the DECtape units. The fourth unit is
called the data terminal box. This is the main channel
for tying external equipment to LINC. It contains two
large plug-in units into which can be wired appropriate
logic and buffers and interfacing using commercial plug-
in units. A variety of timing pulses and registers from
the main frame are delivered to the data terminal box
through cables so that supplementary functions and con-
nections are relatively easy, and in fact are encouraged.
The data terminal box is also the input terminal for 8 of
16 analog input channels, the LINC being designed to
act as an A-D converter with a sampling speed as small
at 32 usec between samples. Also in the data terminal
box are six relays which display the contents of a pro-
grammable register in the main frame. Another feature
of the data terminal box is a set of 16 sense lines con-
nectable to external switches. These can be examined
on a command. A Teletype keyboard and printer pro-
vides routine communication with LINC. LINC was
designed by members of the MIT group consisting of
among others,Wesley Clark, Charles Molnar, Mary Allen
Wilkes, and William Simon. A prototype was completed
by the group in 1962, and, on the basis of its perfor-
mance, funds were sought from the Public Health Ser-
vice for a program which would evaluate the computer
and provide a little cloud-seeding by getting computers
into the hands of a small group of investigators. Funds




were provided, and the Center Development Office for
Computer Applications in the Biomedical Sciences was
established at MIT to administer the project. The first
twenty LINCs were subcontracted by CDO.

Early in 1963, an announcement was circulated request-
ing proposals from investigators in biomedical fields for .
the use of a small-scale digital computer to be used in their
laboratories. On the basis of the submitted proposals, the
Evaluation Board selected twelve investigators to partici-
pate in the LINC Evaluation Program. At issue was the
validity of the philosophy underlying the design: W(?uld
the computer be useful in a biomedical research setting;
and could it function in the way which was intended? The
investigators were largely from physiological fields opera-
ting within a medical center and interested in such prob-
lems as cardiovascular functioning and neurophysiology,
but there were a few others including three psychologists,
myself included. We three were working in the general
area of operant conditioning, which can be loosely defined
as the use of judicious patterns of rewards and punishments
to control otherwise spontaneous behavior. Later I will
briefly discuss some of the things done by the three of us
using LINC.

Each participant in the evaluation program was required
to attend a four-week-long training period at Cambridge
in late summer of 1963, during which he completed the
assembly of his machine. In addition, this period was
devoted to learning programming and operation of LINC
as well as to a detailed analysis of design. The purpose was
to provide an adequate enough background so that the in-
vestigator could perform routine maintenance tasks and,
most importantly for the evaluation program, so that he
could understand the computer well enough to make the
necessary interlinkage with other laboratory equipment.

As one of the participants, I must give a personal reaction
to this phase of the program. I never realized that so
much could be crammed into 100 hours a week. Like
the other two psychologists, I spent the four weeks at
Cambridge by myself. All the other participants had
brought with them a technical person from their staff.
This fact is not so much a statement about the work and
social habits of psycholigists as it is about the size of
their budgets and the relative magnitude of their projects.
We simply had no one to bring with us. This meant, of
course, that the dirty work involved in adapting the ma-
chine to our own use had to be done, in the face of aca-
demic schedules and commitments with no technical as-
sistance. [ feel it is a testimony to the elegance of the
LINC concept and design and to the excellence of the .
training we received that all three of us within a year _(Jt
receiving the machine had managed to incorporate it into
our research in a major way, in spite of the handicaps and
lack of background we shared. Most early utilizations we
made of LINC occurred in the context of things we were
already doing, but there emerged some difference in our
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plan of attack as a result of LINC. We did things that
never would have occurred to us had LINC not been
available, and we are now beginning to do things that
could be done in no other way but by on-line computer
control. With a little more time to relax with the ma-
chine, I'm sure we will do more.

At the time of my initial acquaintance with LINC, my
students and I were engaged in a project of teaching
pigeons to discriminate colors so that we might observe
the effect of various factors on their decision to peck or
not to peck. In the course of the training, a pigeon was
placed in a small dark box with a hole on one 91(1@ through
which he could peck a sheet of translucent plastic. The
plastic was lighted from behind by means of a mono-
chromator. On a sequence of trials the pigeon was re-
warded for pecking to some wavelengths and not to
others. While initially not very good at this task, thF_:
pigeon was ultimately coaxed into making a sharp t_ils—
crimination between wavelengths as close as one mil-
limicron. 1 say ultimately because such training typically
required several hundred hours.

We had originally worked on this problem in a rather re-
laxed way, exposing each color for 30 seconds and count-
ing the number of pecks which occurred during the per-
iod. Some of the wavelengths were never rewarded, while
the others were rewarded on what is called a variable
interval schedule. In this schedule, the apparatus is set

to deliver a reward for the first peck after a variable in-
terval of time, averaging perhaps every 20 seconds. On
this regimen, a bird will respond to rewarded colors at a
relatively high rate, and will respond to unrewarded
colors at a very low rate (or never) except when the dis-
crimination is difficult, in which case, the rate is some
intermediate value.

There are some disadvantages to a rate measure for our
purposes, and I will return to this problem later. Our
main theoretical concern, however, was the probability
of occurrence of a response; so we decided to utilize
rapid sequences of short presentations of the colors, for
example, 2 seconds in duration. Then we could measure
directly the probability of occurrence of a peck. To do
this we made use of a servo-system to drive the mono-
chromator fed by a signal which appeared as the output
of a relay-tree decoder. After being provided with a
supplementary set of 24 relays, LINC was hooked into
the apparatus to furnish signals for the relay tree, fo
open and close shutters, provide rewards, perform Fl"
the timing functions and record the occurrences of
pecks, as well as randomly scramble and rescramble the
sequence of colors and decide which were to be reward-
ed. To keep the pigeons honest, LINC rewarded ran-
domly about 1 peck in 20, but only to a predetermined
set of wavelengths.

To get around the problem of the long training which
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our birds required, we decided to run the experiments
overnight. The control system had developed to the point
that we felt free to leave LINC in charge without monitor-
ing. Surprisingly enough this worked very well. LINC
proved to be remarkably reliable. We have no solid evi-
dence that LINC made a single machine error in the first
6,000 hours of operation. After that, of course, followed
the complicated aftermath of an attempt to clean all the
accumulated pigeon dust out of memory.

At any rate LINC was running 24 hours a day for several
months, during the night acting as experimenter and dur-
ing the day helping us clarify the gathering data. Since
LINC had the necessary capability, we decided to record
all the pertinent information on every trial for each bird,
a major change in procedure possible because of LINC.
This information included the wavelength, the availability
of a reward, and the length of time between the onset of
a trial and the occurrence of a response if there was one.
In a period of a few weeks, we had generated a sizable
amount of data on four birds, several million chunks of
information which would not have been recorded or ana-
lyzed without LINC: it would not have occurred to us to
do so.

In the course of the experiment, several effects appeared
which smeared the results we were looking for. One such
effect was the consequence of a rewarded trial. Our sus-
picions were confirmed when we had LINC skip through
the mass of data, selectively picking out critical trials. We
decided to assess the effect of a reward by comparing per-
formance on trials preceding rewards with that on trials
following a reward, Consequently LINC selected trials on
which a reward was available and obtained, amounting to
two or three trials per hundred. LINC then extracted in-
formation from the trials immediately preceding and fol-
lowing that one, and formed a trabulation giving the num-
ber of occurrences of each of the colors before and after
a reward as well as the number of pecks to each.

For example, consider a set of data obtained from one
bird. The bird received sequences of presentations of the
ten wavelengths from 530 to 539 millimicrons spaced at
one-millimicron intervals, all presented equally often.
The five values at the left, 530 through 534 millimicrons,
were never rewarded. The values 535 through 539 were
occasionally rewarded.

Before occurrence of a reward the pigeon discriminated
remarkably well, responding consistently to these stimuli
for which a reward is sometimes forthcoming. The region
of transition between responding and non-responding
seems to be in the neighborhood of three millimicrons,
On the trial immediately following the reward, the whole
curve shifted to the left about one millimicron. Since the
resulting curve is almost the same shape, [ could not char-
acterize this as a breakdown of discrimination, although
the effect is clearly an increase in responding to non-
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rewarded stimuli. Since I am discussing applications of
the LINC, I do not intend at this time to get involved in
a discussion of what this phenomenon might mean, ex-
cept to remark that it is consistent with the notion that
the pigeon is wired to act as a statistical decision maker.

Unfortunately, although this procedure results in a nec-
essary condition for random emission, it is not sufficient.
The pigeon tended to track the reward timing and to give
a majority of responses around that inter-response time
which currently was being rewarded. This of course pro-
duced problems.

This procedure is an example of LINC’s ability to pro-
duce a very complex reward schedule which is contingent
upon the behavior of the bird and which necessarily has
to be handled in real time. Let me discuss another such
example this time by the third of the LINC psychologists,
Dr. Bernard Weiss, now at the University of Rochester
School of Medicine.

I mentioned earlier that rate of responding to an extended
presentation of the stimulus might be an alternative to
probability of response as a measure of what is going on
in experiments of this type. This rate measure has been
analyzed by Don Blough of Brown University, another
of the psychologists of the LINC Evaluation Program. In
a situation somewhat 'similar to that which I have just
discussed, he had LINC look at the interval of time be-
tween successive responses, the inter-response time or
IRT. These were tabulated by wavelengths for different
IRT’s. Dr. Blough found that shorter IRT’s were less
dependent upon the stimulus than were the longer, It
seemed to be the case that once the pigeon started peck-
ing, the probability of his making another response quick-
ly was more a function of whether he had just made a
response than it was of which stimulus was present. These
sequential dependencies turned out to be a function of
motivation and the time since the last reward, among
other things. This tended to confound any underlying
relationships.

The way out of these difficulties would seem to be a
training regimen which would tend to do away with the
sequential dependencies and make the pigeon approximate
an ideal random emitter. One of the characteristics of
such an emitter would be that the distribution of inter-
response times for each stimulus would be exponential.
Dr. Blough attempted to produce such a distribution by

a selective reward. He divided inter-response time into
bins so that if the same number of pecks were in each

bin, the resulting distribution of pecks would be expo-
nential in form. LINC was programmed to monitor IRT"s
on-line, categorizing pecks into the appropriate IRT bins.
On each peck it looked at all IRT bins and rewarded the
pigeon if the IRT for that peck occurred in that bin with
the smallest number of pecks. Since the pigeon is sen-
sitive to all sorts of manipulations of reward contingencies,




the tendency to respond to the least frequent inter-response
time should be increased.

This procedure is an example of LINC’s ability to produce
a very complex reward schedule which is contingent upon
the behavior of the bird and which necessarily has to be
handled in real time. Let me discuss another such example
this time by the third of the LINC psychologists, Dr. Ber-
nard Weiss, now at the University of Rochester School of
Medicine.

Among other things, Dr. Weiss has been interested in the
effect of drugs on timing functions in monkeys. One of
his projects was to devise a reward schedule which would
take as much variability as possible out of the inter-response
time by differentially rewarding low variability. His ap-
proach is what he called an ‘autoregressive’ schedule. Oper-
ating on-line, LINC was programmed to take the quotient
of the last two inter-response times and then reinforce the
monkey according to a schedule. If the quotient is close
to one, indicating that the last two IRT’s are nearly iden-
tical, the probability of a reward is high. The greater the
difference between the last two IRT’s, the more the quo-
tient deviates from unity and the smaller the probability
of reward. The actual decision to reward or not was based
upon the value of a random number which was generated
by LINC at this time.

In another kind of analysis of the data, Dr. Weiss has had
LINC plot successive inter-response times in the form of

an expectation density plot. This plot is formed by letting .
successive instances of an event, a peck, take the value Tq. ‘ o
Succeeding events are plotted as deviations in time from

this moving reference.

SUMMARY

This paper presents specific applications of LINC to a cir-
cumscribed area of psychology. These applications all in-
volve control of an experiment in which LINC is an integral
part of the process, operating various pieces of equipment,
sensing external events, making decisions in real time accord-
ing to a schedule of contingencies, and recording data.

LINC has made it possible to record raw data extensively

to be analyzed as the inspiration leads rather than merely
record preselected synopses of the behavior. From my

own experience this has meant that the data which formerly
had to be extracted from a new experiment was often al-
ready available. Thus, LINC has furnished the opportunity
to explore the possibilities of data analysis in depth.

LINC has also made it possible to program complicated
interactions of the organism with its environment. This
means that we need no longer conceive of the environment
as something passive to be acted upon by the organism; it
can be programmed to fight back. Possibilities implied by

this are yet to be realized. ‘ q .

A REAL-TIME SYSTEM FOR OPERANT CONDITIONING USING THE PDP-§

Robert H. Tedford
Union Carbide Corporation
White Plains, New York

ABSTRACT

This program controls the operations of ten standard environmental chambers using
three basic experimental systems; Punishment Discrimination (PD), Non-Discrimina-
tion Avoidance (NDA) and Food Reinforcement (FR/FI). Besides controlling the

experiments, certain statistics are accumulated during the experiments for print-out

at the end of each test run.

Introduction

This paper describes a real-time program for controlling
behavioral experiments utilizing a Digital Equipment Cor-
poration PDP-8 Computer. Besides the 4096, 12-bit, fixed-
word length computer, our system (see Figure 1) is com-
posed of ten standard sound insulated environmental
chambers. Each box contains one lever, a food receptacle
and a grid floor through which brief electric shocks may
be delivered. A grid scrambler prevents positional avoid-
ance behavior. Solid state cumulative recorders are used
to provide continuous visual representation of the animal’s
performance. An interface connects the environmental
chambers, recording equipment and computer. In this
system, the computer is capable of recording lever presses,
delivering shocks and/or food reinforcements, and con-
trolling houselights, speakers and stimulus lamps in accord-
ance with a particular pre-programmed schedule. The
original program was written for three basic experimental
systems; Punishment Discrimination (PD), Non-Diseri-
mination Avoidance (NDA), and Food Reinforcement
(FR/FI).

Procedure

The program actually operates through a series of inter-
rupts. These interrupts are initiated by the interface
(clock), the animals (lever), the operator (keyboard), and
the program (print). The clock in the interface circuitry
may be adjusted to any desired setting. We have ours set
to interrupt the main program every tenth of a second.
A lever interrupt oceurs when the animal has made a
complete response. A press and release of the lever con-
stitutes one response. The interrupts are serviced in
order of priority; clock, lever, keyboard, and print. The
clock and lever interrupts can occur during teletype oper-
ations, but they cannot interrupt each other.

When an interrupt occurs, the program tests the interrupt
flags to determine which type has occurred. The program
must then identify which box or boxes require servicing

at this time. For this purpose, the clock, lever and print
interrupts have each been assigned a 12-bit word. Each

environmental box is identified with one bit in each word.

Boxes will have their bits turned on (set to a one) when
they require servicing. The lever interrupt bits are set by
the interface hardware circuitry in the lever buffer re-
gister. When a lever interrupt occurs, the contents of the
lever buffer register are read into the computer, The re-
gister is cleared to zeros by the read operation. For clock
interrupts, the bits are set by the program after the first
lever press is made. These bits are turned off when the
test duration has elapsed. When a test is terminated in
any of the boxes, its bit is set in the print service word.
This bit is reset after the print-out is complete. The
method of identifying which box or boxes are to be ser-
viced for a given interrupt makes use of the link register.
This one-bit register may be rotated right or left with the
12-bit accumulator, Under program control, the link is
reset to zero and the accumulator is loaded with the in-
terrupt service word. Then by successive shifting of the
accumulator word into the link and testing the link for

a one-bit, the boxes to be serviced are identified. If the
link contains a zero after shifting, the box is bypassed.
This process continues until all boxes requiring service
have been identified and serviced.

Keyboard interrupts are handled by a different routine.
Each box has been assigned a letter from A to J. When

a key is struck by the operator, the octal code for that
key is loaded into the accumulator. Through a series of
subtractions, the program is able to determine which
letter has been struck and thereby which box is being
addressed by the operator. Letters were used to identify
the boxes instead of numbers, so that only one character
had to be struck for each box. This principle would hold
true even if the system were expanded to include twelve
or even twenty-four boxes. After the box letter has been
keyed in to the computer, one to four additional char-
acters are needed to identify the particular schedule de-
sired for that box. The specific calling procedures are
shown in Figure 2.




Schedules

Under the PD system, we have the capability of calling any
of the following schedules; FR1, VI2, a combination of
V12 and FR1 with tone, and the last mentioned with shock
and tone during the FR1 phase. The first two schedules

have a one hour duration and the latter two have 90-minute

durations. The schedules represent three training phases
which lead up to the criterion phase of the punishment
discrimination system.

In the NDA system, we have the flexibility of varying the
response to shock time (RS), the shock to shock time (S5),
and the test duration. The RS and SS times can be varied
from 1 to 99 seconds. The initial test duration is 3-1/2
hours. This may be extended in blocks of sixty minutes,
if desired, using the same times as for the initial period.

The FR/FI system has the capability of calling for either
a schedule with a Fixed Ratio (FR) of 1 to 99 or a sched-
ule which has alternately a time-in (varied from 1 to 9
minutes) and a time-out (varied from 0 to 9 minutes).
During the time-in, the animal is reinforced in the same
manner as a straight FR schedule. He is not fed during
the time-out period. However, he may receive a reinforce-
ment after the time-out period if he has responded in the
last 10 seconds. The stimulus lamp is on during the time-
in period and a constant tone is on during the time-out
period. Both of these schedules have one-hour durations.

Each box may be assigned one of two systems. The PD
system is available to boxes A, B and C. The FR/FI sys-
tem has been written for the remaining boxes, D through
J. The NDA system which requires only the shock equip-
ment, can be utilized by all the boxes.

Sequence of Events

The operator enters the box call via the keyboard. The
box call establishes the schedule to be used in this experi-
ment. The keyboard service routine performs these addi-
tional functions; the box is activated to lever interrupts,
the statistics gathering area is prepared for a new experi-
ment, and the duration timers are set to their proper
values.

The cumulative recorder is reset and labeled with the pro-
per identification for this experiment. The animal is
placed in the called box and the box is closed. Using the
external button, the operator may make the first lever
press. This button can also be used when shaping a new
animal.

The first lever press service routine is handled differently
from succeeding lever interrupts. This special routine sets
the clock bit for this box in the clock service word, and
causes the house light and any stimuli to be turned on.
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Indirectly, since the recorders are wired into the house
light bits, the cumulative recorder is turned on.

For the duration of the experiment, clock and lever in-
terrupts are serviced according to the particular schedule.
Individual box parameters are made available to the gen-
eral routines for servicing these interrupts. The routines
provide for incrementing statistical counters and duration
times. Additional calculations are performed at predeter-
mined intervals. Decisions are made as to when an animal
should be reinforced or punished and causes them to be
delivered to the box. Changes in stimuli may be effected
under program control to denote a marked change in the
schedule.

When the experiment duration time has elapsed, the fol-
lowing events take place as part of the clock service rou-
tine. The clock bit is reset to zero and the print bit is
turned on in their respective service words. The box is
inactivated to lever interrupts. The house light and all
stimuli in the box are turned off. Simultaneously, the
cumulative recorder is stopped. Finally, the print inter-
rupt is initiated by the program.

When an interrupt occurs, the interrupt circuitry of the
computer is automatically disengaged. It remains dis-
engaged until a programmed instruction reactivates the
circuitry. For clock and lever interrupts, this takes place
at the conclusion of servicing the particular interrupt.
When a print interrupt occurs, the data to be printed is
first dumped into a reserve area and then the interrupt
system is engaged. The print-out proceeds with inter-
ruptions by clock and levers from other boxes taking
priority over the print-out. When the print-out is com-
plete, the print bit is reset and the box is ready for a
new experiment.

Print-Out Nomenclature (see Figures 3, 4 and 5)

SG - Segment Number; in the PD and FR/FI systems
each segment is 15 minutes long, while in the NDA sys-
tem they are 30 minutes long.

RT - Number of Responses made during each segment.

SR - Number of Rewards received during each segment;
for the NDA system, this would be a negative reward.

FREQ - Frequency in responses per minute.

DSQ - This is a statistic used in comparing an animal’s
performance from day to day. Numerically it is calcu-
lated by the following equation:

DSQ = EX2-(EX)(FREQ)

where X = number of responses made in each minute.

)
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S8Q - Variance associated with the frequency or the stand-
u{d.deviation squared. Numerically it is equal to ‘DSQ’
divided by the number of observations - 1.

FREQ, DSQ, and SSQ is calculated hourly in NDA system,

for every hour after the first 30-minute segment. Half-hour
calculations are made in the FR/FI system.

Summary

This program, as described, takes up all but about 250
locations of the available core storage. We were able to

provide most of the versatility that was spelled out in the
original goals for the system. There were a few compro-
mises made in the area of statistics in the interest of time
and space. While this system was written for ten behav-
ioral boxes, it is conceivable that two more boxes could
be added without sacrificing the present versatility. Be-
yond that point, some of the flexibility of this system
would have to be removed before additional boxes could
be put on-line.

ENVIRONMENTAL CHAMBERS
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Figure 1 System Diagram
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PD SYSTEM
Schedule Call* Duration Variables
FR1 / 1 hour Nene
Vi2 1] 1 hour None
V12 4 FR1 w/T 1 1% hours None
vi2 + FR1w/T + 5§ 2 1% hours None
NDA SYSTEM
Schedule Call* Duration Variables
RS 40/ S5 20 4020 3% hours RS & SS Times
Extention X 1 hour None
FR/F1 SYSTEM
Schedule Call* Duration Variables
FR15 15 1 hour Fixed Ratio
FR15/F121 1521 1 hour Fixed Ratio,

Time—in Interval,
Time Out Interval

*All calls shown would be preceded by the Box Letter.
Apoli6-2

Figure 2 Box Schedule Summary
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Call: A/

FR1, BOX A

SG 1 2 3 4
RT 125 132 47 23
SR 125 132 47 23
Call: Af

Vi2, BOX A

SG 1 2 3 4
RT 253 264 219 188
SR 7 8 7 7
Call: Al

VI24FR1 4T BOX A

SG 1 2 3 4
VI/RT 165 156 172 147
Y1/5R 6 5 7 6
FR/RT 23 25 9 15
Call: A2

Vi2<4+FR1 4T ,SBOX A

SG 1 2 3 4
VI/RT 149 126 135 142
VI/SR 6 5 6 7
FR/RT 4 2 1 3

Figure 3 PD System Sample Print-Outs

5 6
5 6
5 6
161 152 @& f
7 5 ‘ @
11 8
5 6
156 175
5 6
2 2
AP2LE-3

Call: D4g29
NDA 4g / 28 BOXD

SG 1 2 3 4 5
RT 38 49 40 40 40

SR 75 75 75 76 76
CUM DATA FREQ D sQ
030090 1.333 393.339
999150 1.333 393.339
150-219 1.899 851.410
Call: E4020

NDA 40 / 20 BOXE

SG 1 2 3 4 S

RT 30 40 40 48 40

SR 76 75 75 76 76
CUM DATA FREQ D sQ
#30-090 1.333 393.339
290150 1.333 337,339
156-21@ 1.516 466.988
Ceall: DD

NDA 46 / 20 BOXD

SG 1 2 3 4 5
RT

SR

CUM DATA FREQ Q sQ
930098 B0g .000
090-15¢ .00p -peg
158-219 1.333 693.339
Coll: EE

NDA 48 / 20 BOXE

SG 1 2 3 4 5
RT

SR

CUM DATA FREQ D sQ
0300690 ft) Geg
299150 .gog -6ea
159-21¢ 1.333 693.339

Figure 4 NDA System Sample Print-Outs

6 7
4 74
76 68

55Q
6.660
6.668

14.423

6 7
40 51
75 76

55Q
6.660
5711
7.897
6 7
49 49
78 78
$5Q
000
000
11.745
6 7
49 49
78 78
$5Q
090
.0eg
11.745
AP2LG-L
23

Call: H15
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ABSTRACT

A computer program for on-line control of psychological experiments is discussed.
Specific scheduling and recording requirements of a particular behavioral experi-
ment are described in a series of state diagrams, and then entered as a constant

table into the computer. Ten such constant tables for programmed experiments
may be entered, and run simultaneously. A single supervisory program operates on
the 10 independent constant tables and controls events in 10 experimental chambers
via three input and several output words, Data is stored in memory or dumped using

a high-speed punch.

The system described in this report was designed to pro-
vide both on-line control of, and data acquisition from,
10 simultaneous operant experiments. The main features
of the system are:

(1) anotational language for describing any behavioral
procedure, employing units called “states™,

(2) a compiler for use with the PDP-8, designed to trans-
late the notated procedure into a binary constant
table,

(3) an operating program that uses the binary constant
table to generate the desired experimental contin-
gencies between stimuli and responses, as well as to
record data generated in the experiment.

Figure | shows the steps necessary to program the PDP-8
for an experiment, using the present system. Once the
experimental question is formulated, the desired relation-
ships between stimuli and responses can be expressed in
terms of a state diagram, the notation system used here.
The state diagram is then entered into the PDP-8 compiler
program on the ASR33 teletypewriter. (If desired, the
typed input can be saved for future compilations in paper
tape format.) The compiler we have written then gener-
ates a binary tape of the constant table representing the
state diagram that has been entered. Once the binary
tape has been obtained, it is entered into the computer
under the control of the operating program, SKED. The
latter program utilizes the binary constant table to accept
and record the responses of the experimental subject and
to deliver particular stimuli to the subject in the experi-
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mental environment, through our interface and associated
stimulus generators.

Data, including the number of responses, temporal distribu-
tions of responses, etc., are also obtained during the experi-
mental session and can be printed out at any time.

The notation system used in our laboratory is based upon
the mathematical theory of sequential switching circuits
(reference 1, 2,). In particular, we are using the merged
model proposed by McCluskey (reference 3). We have
chosen this notational language for three primary reasons:

(1) it is precise enough for designing electronic switching
circuits,

(2) it is simple enough to be easily learned, and

(3) itisalready used by engineers and scientists to de-
scribe a wide variety of sequential devices and pro-
cedures.

Other notational languages already used in psychology
(reference 4, 5) might be used in a similar fashion if they
were revised to eliminate any ambiguities.

To explain the state notation system, an example of a
typical reinforcement schedule (DRL) is shown in Figure
2. In this diagram there are two separate state sets. The
upper portion describes the reinforcement schedule proper.

* Supported in part by NIMH Grant MH 13049, awarded to Prof, W, N.
Schoenfeld, Queens College, CUNY.




The lower diagram represents an associated recording
state set designed to obtain distributions of time elapsing
between responses.

An important property of states as used here, demands that
only one state within a state set be in effect at any one
time. To allow several different reinforcement or record-
ing states to be in effect at the same time, it is necessary

to factor these concurrent contingencies into single states
of several different but concurrent state sets. A second
property is that each state set includes a finite number of
states. Most behavioral procedures in current use possess
this property.

Inputs of this system are responses of the subject (i.e., R)
and time values. Outputs are of three types:

(1) Relay outputs that generate stimuli (i.e., SR ON that
refers to the onset of the reinforcement stimulus)

(2) Counter pulses (i.e., C1) that refer to a stored count
of the number of particular inputs that occur during
a state or on transition between states

(3) Z outputs from one state set that serve as inputs to
other state sets to provide inter-communication be-
tween state sets.

Each state may have associated with it a set of counters
used to count up to a predetermined number of inputs
before state transition occurs. In Figure 2, there is such

a counter associated with the 10” time interval that causes
S1 to change to $2. Since we use a basic timing pulse of
10 msecs, a count of 1000 such pulses must occur to
cause the transition between states. Any state transition
resets all pre-set counter accumulations to zero so that
upon re-entry to the state, a full count is again required to
change states. Figure 2 shows that a response in S1 of the
upper state set, resets the 10" interval associated with that
state, by zeroing the count of the 10 msec pulses.

When a state has two transitions leading to different next
states, the first input to occur takes precedence. For ex-
ample, in Figure 2 if the response in S1 occurs first, then
the state is re-entered and the 10" time counter is reset.
Alternatively, if 10" elapses without a response, transition
to §2 occurs. Another rule of the state system is that
only one transition can occur at a time, so that indeter-
minacy of path or critical races cannot take place. The
interrupt and the interface system we use guarantee this
feature.

A brief description of the reinforcement schedule notated
in the upper portion of Figure 2 can help to clarify fea-
tures of the system. The schedule, known as DRL, re-
quires the subject to wait at least as long as a specified
time (in this case 10”) before a response will obtain a
reinforcing stimulus (in this case 4™ access to food). 1f
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responses occur more closely spaced in time than the 10”
period, the subject must again wait for 10 before reinforce-

ment is available. S1 is the timing state. If a response occurs

within it, 10" must elapse for transition to 2, i.e., a re-
sponse in S1 re-initializes S1. If 107 elapses after state entry
without an R, there is a transition to $2. In this second
state, responses turn on the reinforcement and enter S3.
The duration of this latter state determines the length of
the reinforcing stimulus (in this case 47), since the timing
out of the reinforcement duration causes the end of rein-
forcement and return to the first state. Responses in 51
are recorded in a data counter (C1), and reinforcements, or
response-produced entry into S3, are recorded in data
counter 2. This recording of data corresponds then to the
number of unreinforced and reinforced responses. A “Z”
output is also generated at the beginning of the reinforce-
ment for use in synchronizing the second state set with the
first state set.

The lower state diagram depicts the program for recording
IRT’s or interresponse-time distributions. This commonly
used measure is a distribution of the number of responses
that occur in each of several intervals of time starting from
the preceding response. State 0 is a dead state, entered at
the beginning of the experiment and at the beginning of
reinforcements, so that the IRT’s will be obtained only for
responses following unreinforced responses. A separate
distribution could be obtained for responses following re-
inforcements (the post-reinforcement pause). The first
response following the start of the experiment or reinforce-
ment will cause entry into S1. If reinforcement does not
oceur for this response (which would cause re-entry to S0
on the Z pulse) a 27 timer begins. If the next response
occurs in S1, before the 2 elapses, then it is recorded in
data location €3, and S1 is re-entered for the next response.
If on the other hand, the 2 interval elapses before a re-
sponse occurs, then S2 is entered. Again a 2” period be-
gins during which a response will be recorded in the next
recording bin. The diagram continues in this fashion up
to the final bin at which point all responses occurring after
an interval greater than 10 are recorded.

The preceding state diagram was constructed by specifying
the sequence of events desired for the DRL schedule and
associated recording of inter-response times. The basic
rule to follow when constructing a state diagram is to list
the desired events (stimuli, stimulus-response contingencies,
recording, etc.) in the sequence in which they are to occur.
It is useful to begin by imagining putting the subject into
the experimental environment at the beginning of the
session and to call the stimulus complex at this point State
1. The next step is to ask at this point, what is the effect
of a response. Do I wish to record it? Do I wish the re-
sponse to change the stimulus situation? Do I wish the
response to change the stimulus consequences of succeed-
ing responses? A similar set of questions can then be asked
concerning the effects of the passage of time without re-

sponses. When states are found to change on the occurrence
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of one of the inputs, then a similar set of questions applies
to the consequences of inputs in the next state.

Once a correct state diagram is constructed, then the input
to our compiler can be determined. Except for a series of
necessary housekeeping information to the compiler, the
format is similar to the state diagram, transformed into a
state listing. Figure 3 contains an actual teletype sheet of
the information that was entered into the compiler to pro-
duce the constant table for the state diagram of Figure 2.

When the compiler is started it prints out the phrase “BOX
#" and the experimenter enters in the appropriate box
number. If the same program is to be used for more than
one experimental environment (up to 10 may be run by
the operating program at one time), than a non-printing
character is struck on the teletype before and after the
box number and/or any other parameter that differs be-
tween compilations. The compiler will punch the char-
acter on the ASCII tape that reflects the dialogue with
the compiler. In this way, similar programs may be
entered on ASCII tape with modifications of parameters
permitted by the non-printing character. In similar fash-
ion the starting address (SA), the number of state sets,
the address of the first recording counter, the [OT for a
set of relays, and any relay symbolic definitions may be
entered.

The compiler at this point will print out the number of
the first state set, and will await typed entry of the first
transition desired, in symbolic language. In the present
case the desired input causing transition is 10 seconds.
The compiler will then permit the aumber of the present
and the next state to be entered, while it provides the
desired format. If a recording output (as in the second
state transition) is desired, it is entered by the experiment-
er. Relay outputs (as in the third transition) may be
entered as numbers or as symbols defined previously.
When the state set is completed, another non-printing
character is struck, and the compiler will punch a binary
constant table on the high speed punch. When the entire
state diagram has been typed in, the compiler will punch
a checksum on the end of the binary tape to be read
either by the DEC Binary Loader, or by the operating
program. Channel 8 trailer will also be punched. The
constant table produced in binary format may now be
read into the computer along with the operating program
(SKED), at which point the schedule of reinforcement
and associated recording will be in effect.

Figure 4 provides an overall flow diagram of the operation
of the operating program, SKED, starting from the occur-
rence of an interrupt to the final resetting of the interrupt
flop following the complete processing of the input. Each
experimental environment or box has associated with it
four inputs to the computer, three of which may repre-
sent different responses, and the 4th a free-running clock
with a 10 millisecond period. When one of these inputs
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occurs, the interrupt flag is operated, and the computer
tests for and assigns the box number and input number
causing the interrupt. Once this has been accomplished,
the program can determine the address of the appropriate
constant table for the current state in this box. A series of
questions and associated operations can then begin, The
first question is whether the present input is recorded. If
it is, then the appropriate counter is incremented by one.
If it is not, or after recording, if there is any, the constant
table is asked whether the input is used to change states
(cause a transition). If not, the question is asked whether
there are any more state sets for this box and, if there are,
anew constant table is obtained. If the input is used to
change states, then questions are asked for the constant
table concerning whether there is a preset count required
of the input for state change. If there is a count required,
the question of whether the count requirement is met is
asked. If not, the program proceeds to the question of
more state sets. If the input is not counted or if the count-
er is full, relay outputs and/or Z outputs are executed and
the current state is changed to the next state. When all
state sets have been treated in similar fashion, the interrupt
is turned on to await new inputs.

The format of the constant table is such that only the in-
formation required for any particular state is entered into
it. This results in a variable length constant table for each
state that can vary from 2 to 77 words in length. In our
experience, 5 or 6 words appears to be typical for most
states. The amount of time necessary for an input to be
handled by any one state is also variable, depending upon
the number of operations required for the input.

The format of the constant table is shown in Figure 5. The
constant table begins with one memory location for each
input that is to be recorded in the current state. These
locations contain the address of the memory location that
is used to record the input, but if the input is not recorded
the record location word will not exist. Secondly, there is
a variable set of words that range from one to five for each
state. These words contain the information concerning the
existence and address of the functions required for each
state. These functions are (1) recording, (2) counting, (3)
transition, (4) relay output, (5) Z output for each of the

16 possible inputs. These inputs (as referred to in Figure
5) are the free running clock (K), three response inputs from
the experimental subject (referred to as R, E, and T), and 12
Z’s per box, for use in communicating between and syn-
chronizing state sets. The outputs for each box, in addi-
tion to the “one-shot outputs” which are used to fire re-
lays, are “C’s”, which are used to indicate the record
counters that must be incremented on each input, and Z's
which will be used as inputs to other state sets. Following
the code words are the counter and the preset counter
values necessary to change states. If the clock is used to
change states, its pulses are always counted.

The clock routine has associated multipliers, since one




memory location will overflow when a count of 4096 10-

millisecond pulses oceurs. The multiplier routine permits

counts of the clock pulse to initiate transition in multiples
of ten. In this way .01, .1, 1, and 10 seconds can be used

to generate intervals from 10 milliseconds to 10 hours.

Following the counter set is a set of triplet words (maxi-
mum of three per input) consisting of the address of the
main code word of the next state, the 12-bit relay output
of this transition, and the Z output of the transition. If
the input does not need this information, as indicated in
the code words, these locations will not be included in the
constant table,

This completes the description of a single state in this
system. All the necessary states for a given box are en-
tered into the computer memory and are used when
needed, as determined by SKED, the operating program.

In summary, a system and computer language, general
enough to handle all schedules of reinforcement or other
behavioral procedures has been developed. The system
requires translating the desired procedure into a state dia-

gram, and entering the diagram into a compiler. The com-
piler produces a binary tape that the operating program
will translate into the desired schedule of reinforcement.
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