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Abstract

Human participants played a computer game in which choices among five alternatives were concurrently reinforced
according to dependent random-ratio schedules. “Dependent” indicates that choices to any of the wedges activated
the random number generators governing reinforcers on all five alternatives. Two conditions were compared. In the
hold condition, once scheduled, a reinforcer — worth a constant five points — remained available until it was collected.
In the decay condition, point values decreased with intervening responses, i.e., rapid acquisition was differentially
reinforced. Slopes of matching functions were higher in the decay than hold condition. However inter-subject variability

was high in both conditions.
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1. Introduction

The goal of this research was to enable rapid as-
sessment of choices by human participants under
concurrent schedules of reinforcement. Choices by
humans often show a wide range of sensitivity to
differences in reinforcement frequencies, and many
explanations have been offered (Bradshaw and Sz-
abadi, 1988; Kollins et al., 1997). We devised a pro-
cedure that differed in a number of ways from those
commonly employed and tested the influence of one
aspect of the procedure.

Participants played a computer game in which
they chose among five alternatives, each alternative
associated with a different random-number gener-
ator that governed reinforcement. Every response
fired all five random-number generators. This sched-
ule differed from the more common concurrent vari-
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able interval (concurrent VI-VI) in that reinforcer
availability (or “set up”) depended on responses,
rather than passage of time, but was similar to the
concurrent VI-VI procedure in that a reinforcer
could set up on a given alternative whether or not
the participant was responding on that alterna-
tive (for similar schedules, see Lau and Glimcher,
2005; Macdonall, 1988). In one condition, referred
to as hold, a reinforcer remained indefinitely after
set up until collected. This condition is similar to
concurrent VI-VI schedules. Under another con-
dition, referred to as decay, reinforcer values (the
number of points potentially received) decreased
with successive choices to other alternatives. The
decay condition differentially favored immediate (or
quick) access to available reinforcers. We compared
hold and decay conditions in terms of stability of
choices and their sensitivity to reinforcer ratios.

30 January 2008



2. Method
2.1. Participants

Twenty college-age individuals (twelve male),
were told that they would be paid between $8 and
$15, depending on their performance and signed
informed-consent forms. After the experiment, all
participants were paid $15. Between one and four
participants were scheduled simultaneously for 90
min experimental sessions but the experiment was
performed individually at different workstations.

2.2. Apparatus

A Java computer program ran on Apple iMac
computers in full-screen mode (no window borders,
clock, or other operating system interface elements).
Participants sat at a comfortable distance from the
screen and used a one-button computer mouse to
interact with the program. A large circle was con-
stantly present in the center of the screen on a black
background (see Figure 1). This circle was subdi-
vided into five wedges with another, smaller circle in
the center. Each of the wedges was a different color.
Participants moved the mouse pointer (a cross-hair)
into the center circle. After a delay of 50 ms, the cen-
ter circle changed to a lighter gray, indicating that
a choice response was permitted. Any mouse move-
ment that passed outside of the center circle be-
fore 50 ms elapsed reset the timer. Movement of the
cross-hair into one of the wedges marked a response
to that alternative, and the wedge flashed to indicate
the choice. One of two outcomes resulted from this
choice. If the response yielded a reinforcer, a small
pulsating dot (approximately 0.75”) appeared at a
randomized location within the wedge. To receive
points, the participant was required to click on the
pulsating dot. This led to some number of small dots
moving from the location of the pulsating dot to the
center circle. Each dot represented one point. As the
dots completed their trajectories, they disappeared,
and the number of points received was briefly dis-
played in the center circle (as in “+5”). If the mouse
was moved into the center circle without clicking on
the pulsating dot (possibly caused by hasty or inat-
tentive responding), the dot and associated points
disappeared and were lost. Most responses were not
reinforced (as will be described below) and resulted
only in the flash of the wedge.
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Fig. 1. Grayscale representation of computer screen.

To provide participants with feedback concern-
ing their performances, progress bars moved along
the spokes that separated the wedges. With each
reinforcer, the front end of the bar moved toward
the outer circumference of the circle, the amount of
movement scaled such that the trial terminated at
250 points with the bar having reached the outer
circumference. With each response, the back end of
the bar moved 0.5% of the length of the spoke in
the same direction. Thus, the difference between the
front end (reinforcers) and back end (responses) in-
dicated reinforcers per response, and the larger this
area — referred to as the “progress bar” — the
better the performance. Participants were told to
“beat” the response end by gaining as many points
as possible in as few responses as possible.

2.3. Procedure

The schedule of reinforcement differed from a
traditional concurrent variable interval schedule
in three aspects: number of response alternatives,
reinforcement contingency, and, in one of the con-
ditions, reinforcement decay. First, participants
chose among five different alternatives rather than
the more common two. Second, reinforcers were
programmed by response-dependent random ratio
(RR) schedules with five random-number genera-
tors scheduling reinforcers, according to Bernoulli



Table 1
Conditions and probabilities of reinforcement on each alter-
native, by phase.

Condition Alternative

Phase Hold-First Decay-First A~ B C D E

1 Hold Decay 0.030.090.18 0.07 0.00
2 Decay Hold 0.070.030.090.000.18
3 Hold Decay 0.09 0.00 0.030.18 0.07
4 Decay Hold 0.180.070.00 0.09 0.03

processes. Each of the five governed a different
probability of reinforcer availability, ranging from
0.0 to 0.18 (see Table 1 for specifics). A response
to any of the alternatives activated, or “fired,” all
five random generators. Thus, every response could
cause reinforcers to set up on none, one, or more of
the wedges.

We compared two experimental conditions, which
differed only as follows: In the hold condition, each
obtained reinforcer was worth five points, and once
a reinforcer was set up, that point value was main-
tained until the reinforcer was collected. Thus, the
hold condition is similar to concurrent VI-VI sched-
ules in which reinforcers, once set up, remain avail-
able indefinitely and the amount of reinforcement is
constant. In the decay condition, following set up of
a reinforcer, the number of points decreased expo-
nentially upon each response to a different alterna-
tive. All values were integers such that the sequence
of points per reinforcer was 5,3,2,2,1,1,0,0,0...
Thus, if a reinforcer had set up on wedge A and A
was chosen on the next response, 5 points were pro-
vided. However, if, following reinforcer set up, three
responses were emitted to wedge C, then a response
to A would produce only two points. In addition, as
point values decayed, responses to the other wedges
continued to activate all five random number gener-
ators and, therefore, if the wedge A generator had
allocated a new reinforcer prior to receipt of the 2
points, the value would return to its initial 5 point
maximum. In brief, in the decay condition, points
decayed with intervening responses, but there was
some probability of the points returning to their ini-
tial values.

After participants read written instructions (see
Appendix A), one of the authors (JR) demonstrated
the interface, explained the progress bar, empha-
sized that participant pay would be proportional to
the size of the bar, and that participants should try
to get as many points per response as possible. Ad-

ditionally, after participants were familiar with the
interface, a special “demonstration mode” was en-
abled that allowed participants to see the current
values of each of the alternatives as the demonstra-
tor responded. On top of each of the wedges was
a number, representing the current value of points
in that wedge. For this demonstration, which was
in the decay condition, the particular probabilities
of reinforcement differed from those in the actual
experiment but participants were able to see how
point-values on a given wedge changed with inter-
vening responses away from that wedge. This expe-
rience constituted preliminary training.

Participants then experienced four phases of the
experiment, half in the decay condition and half in
the hold condition. In each phase, the programmed
probabilities of reinforcement were counterbalanced
across the wedges, as shown in Table 1. Twelve of
the participants experienced the decay condition
first and the remainder experienced hold first. Thus
some participants experienced decay, hold, decay,
hold and the others experienced the opposite order.
Each phase was divided into two consecutive trials,
each of which terminated at the successful receipt
of 250 points. Participants were informed that the
two trials per phase were identical to one another,
but that the phases might differ.

At the end of each trial, a score was presented
on screen, based on the size of the progress bar and
therefore indicating points received per response.
Participants were told that they could take a break
after each trial with light snacks available.

Participants took approximately 90 minutes to
complete the experiment, this being accomplished
in one sitting. After the experiment, participants
answered a simple survey to record their thoughts
about the procedure. These qualitative data were
not analyzed and will not be discussed.

In overview, the experiment compared distribu-
tions of choices across five alternatives. In one con-
dition, reinforcers worth a constant five points were
held indefinitely until obtained (the hold condition).
In the other, following set up, reinforcer values de-
creased from five to zero points, this decrease being
a function of responses away from the set-up alter-
native (the decay condition). The main question was
whether functional relationships between response
and reinforcer proportions would rapidly be estab-
lished under the five-alternative concurrent sched-
ule; and whether decay influenced the form of the
functions. The guiding hypothesis was that because
rapid acquisition of reinforcers was differentially fa-
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Fig. 2. Response proportions as a function of point propor-
tions. Each participant contributes five points to one of the
two subplots of this figure, depending on their initial condi-
tion (decay/hold). The solid black line is a strict-matching
relation and the dashed line is a best fit, calculated by the
robust MM-estimator method.

vored in the decay condition, choice distributions
under decay would more closely approximate those
from animal experiments where immediate access is
presumably highly reinforcing.

3. Results

For all analyses, the first and second trials within
each phase were combined. This article presents de-
tailed results for Phase 1, during which some par-
ticipants experienced decay and others hold.

3.1. Initial Condition

There is discussion in the literature as to how to
present data when more than two concurrently rein-
forced alternatives are available (Aparicio and Cabr-
era, 2001; Davison et al., 2007). With three alterna-
tives, A, B, and C, Pliskoff and Brown (1976) pre-
sented data in the proportional form of Herrnstein
(1970), namely, Mﬁ, and similarly for B divided
by the sum and C divided by the sum. Figure 2 shows
response proportions plotted as a function of point
proportions !, grouped by initial condition.

Figure 3 shows responses as a function of points,
each normalized for each participant against the ge-
ometric mean of that dimension (Natapoft, 1970).
Data shown are all of the participants separated
into the decay (right) and hold (left) conditions.
Because the data are presented on log-log coordi-
nates, any responses to a non-reinforced alternative
are, of necessity, removed prior to analysis. As a re-
sult, each participant contributed four data points
(one for each wedge with a probability of reinforce-
ment greater than zero). Obtained reinforcers, nor-
malized to the geometric mean of all reinforced al-
ternatives in the phase, are plotted on the abscissa
and similarly normalized responses on the ordinate.
Data from the Phase 1 hold condition are shown in
the right-hand graph. Linear models have been fit
to the data after transformation into log-log coor-
dinates, testing a power model. As indicated on the
plot, the slope of this function is higher under de-
cay than hold. Thus, the decay condition appears to
generate a higher level of sensitivity to differences
in reinforcement than the more common hold.

Figure 4 provides data for the individual partic-
ipants in the form of the Herrnstein proportions.
This analysis demonstrates the consistency of cor-
relation between response proportions and point
proportions as well as the inter-subject variation.
The decay slopes were generally higher than the
hold, this difference reaching statistical significance
(Welsh two-sample t-test for unequal variances
yielded t = 2.2074,df = 17.65,p < .05.) Five of 8
participants (63%) had slopes lower than 0.3 in the
hold condition whereas only 3 of 12 (33%) had such
low slopes in the decay condition.

1 Reinforcers were calculated in terms of numbers of re-
ceived points, not number of reinforcing events. In the hold
condition, each reinforcer was worth five points. In the de-
cay condition, reinforcer values varied between one and five
points.
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Fig. 3. Plots of geometric-mean normalized responses as a
function of geometric-mean normalized reinforcers, all par-
ticipants in phase 1, grouped by condition (decay or hold).
Each participant contributes at most 4 points to either the
left or right graph — one for each alternative that received
points. Plots are shown in log-log coordinates, facilitating
the examination of a power-law model. The solid black line is
a strict-matching relation and the dashed line is an MM-es-
timator robust regression.

3.2. Cumulative responses across the phase

The above analyses were based on total choices
and total reinforcers across the two trials of Phase
1. Figure 5 presents a finer-grained analysis: within-
phase fluctuations are shown by the cumulative re-
sponses on each of the five alternatives for each par-
ticipant. Stable equiprobable responding would re-
sult in five overlapping lines, as in participant d-6.
Note the relatively constant slopes in most partici-
pants’ cumulative response records, with only minor
fluctuations and adjustments, which often seem to
occur abruptly. However, some participants, such as
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Fig. 4. Herrnstein proportions plotted for each participant
in Phase 1. Response proportions are plotted on the ordi-
nate, and response proportions on the abscissa. The closer
the dashed best-fitting (least squares) line is to the solid
diagonal strict-matching line, the closer a participant is to
a strict (Herrnstein matching) response allocation strategy.
Decay-first participants are indicated by a d and hold-first
by an h.

h-19 and d-4, demonstrated comparatively unstable
response patterns.

3.3. Testing a stochastic model

Section 3.2 indicated that response generation
was generally stable within the phase, and that
response proportions were, in most cases, related
in orderly fashion to reinforcement proportions.
There is debate in the literature as to the underly-
ing process by which such molar order is obtained
(Nevin, 1969, 1979; Williams, 1988). Preliminary
analyses indicated that choices in the present ex-
periment could be modeled by a predominantly-
stochastic process, but one that was biased in a
readily identifiable manner. To test for stochastic-
ity, we compared proportions of response pairs to
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Fig. 5. Cumulative responses on each alternative as a func-
tion of total responses.

the proportions expected by a first-order Markov
chain (Chatfield, 1973). Participants switched from
one alternative to another more frequently than
expected by a purely stochastic model. Figure 6
shows proportion of switch behavior on the ordi-
nate, plotted against the proportion that would be
expected by a weighted stochastic generator with
the same first-order response distribution. The pre-
ponderance of points above the diagonal indicates
that switches were more frequent than predicted by
the state-independent stochastic model.

When a switch was made, the particular alterna-
tives chosen were well modeled by a stochastic pro-
cess. Figure 7 shows, for each participant separately,
observed proportions of response pairs as a function
of predicted proportions from the stochastic model.
This analysis is based on a subset of response pairs,
excluding repetition (AA, BB, CC, DD, & EFE). The
points are clustered closely around the diagonals,
indicating that first-order emission proportions pre-
dicted second-order proportions as would be the case
if choices were stochastic, considering only the non-

Observed Percent Switch
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Fig. 6. Phase 1 percentage of switch behavior (response to
an alternative other than the immediately previous), as com-
pared to the percentage of such behavior expected for a sim-
ple stochastic model. Each participant contributes one point
to this plot.

repeating responses.

3.4. Feedback Concerns

One concern was that the high programmed
probabilities of reinforcement might have permitted
responses to “drive,” through feedback, the pro-
portions of obtained reinforcers. Across the whole
experiment, the correlations (Pearson’s product-
moment) between programmed and obtained re-
inforcer proportions were 0.97 for both decay and
hold conditions. This high correlation indicates that
the reported relationships between obtained rein-
forcers and choices were not an artifact of responses
influencing programmed reinforcers.

4. Discussion

Most studies of choice in concurrent schedules of
reinforcement involve binary choices and time-based
schedules of reinforcement. The present study with
human participants differed in a number of ways.
Many of these have previously been employed but
not combined as in the present case. We will discuss
the main attributes of our procedure.



d-1 d-2 d-3 d-4
%
o S e e e
< / / / /
o / / / /
- / e e e
s yd e 24 V4
oY @ ‘/ / ad /
7 0% e /. e
> V4 o
S ‘ o8 o
P . & o~
N
o d-5 d-6 d-7 d-8
4 i y4 e )y
> / e e e
e,‘/c - e / / /
/ / /
Q¢ A / / g
o} ° / / o9
> “ / / v
XS . / e /
A e '/ 1 4 e
§ 7 /! )f J‘
Sy | e g
c © d-9 d-10 d-11 d-12
8 /
=4 - J/ y4 ya e
g / e Ve e
o Q'LQ ] /// v e 174
a Og+ / LY / /
o oY | yd s e N yd
IS % e ‘./ #”
S 00(9 - i /./. y /
8 9517 b ol Ll
o &
o h-13 h-14 h-15 h-16
o / e e e
q /
NG yd e e e
> / e e e
¢, yd / / /
N / s,/ % %
o / o’ yd o/
> oL * / >
» v i
090 4 /3." F1 e Il
<
© h-17 h-18 h-19 h-20
4 i y4 e )y
0 y4 % % %
N y, / / /
> / e e S
1 /
) % o / / o / /
> / / e o
NS o/ / "/
> o s~ 74 ",(
ERYS A ) 4
S /o #,
QQQ Ve " I. % ¥
N T T T

/
T 1T 1T T T 1T 1T 1T T 1T T 1T T T T T 177
PPOOCD® SEO LD PO CD® P& o
PP PP Y PP e oo PP e eY

Expected proportion

Fig. 7. Phase 1 observed proportions of individual two-re-
sponse pairs as a function of expected proportion of emission
of that pair by a stochastic model that never repeats. Only
data from switch pairs are plotted, and proportions are rela-
tive to switch pairs only. Individual participants are shown.

Participants chose among five alternatives (im-
plemented as on-screen wedges). Among the few
other studies employing more than two operanda,
Pliskoff and Brown (1976) observed close approxi-
mations to strict matching by pigeons under a three-
alternative choice procedure. This study involved a
Findley (1958) switch procedure in which three dif-
ferent colors on one response key were associated
with three different VIs and responses to a second
key caused random selection among the colors. Davi-
son (1996) employed a similar procedure. Elsmore
and McBride (1994) studied rats in an eight-arm ra-
dial maze, with each arm providing a different rate
of reinforcement. The data were well described by
power functions, as described above. Aparicio and
Cabrera (2001) studied a “barrier choice” paradigm
in which rats were required to select among as many
as eight alternatives, with random-interval sched-
ules of reinforcement. Again, power-function rela-
tionships were observed. In general, orderly data

have been generated under multiple alternative con-
current reinforcement studies (however, see Davison
et al., 2007). One advantage of such studies is the
ability to compare multiple reinforcement values at
one time. Also, such procedures model real-world
situations where many choices are often simultane-
ously available. A difficulty with the procedure (and
perhaps a reason it is comparatively under-studied)
is that data presentation and analysis are not as
well established as with binary choice (for discus-
sion, see Aparicio and Cabrera, 2001; Davison et al.,
2007). We presented Herrnstein’s proportion anal-
ysis employed by Pliskoff and Brown (1976) and
the geometric-mean normalization (Natapoff, 1970).
Reassuringly, concordance between these analyses
predominated.

Reinforcement availability was probabilistic and
response-driven. However, unlike independent ratio
schedules, in which responses to one alternative ad-
vance the counter only on that alternative (e.g. Her-
rnstein and Loveland, 1975), the present procedure
implemented a dependent variant of this procedure.
Each response activated random-number generators
for all five alternatives. This type of dependent ran-
dom ratio schedule, although rarely used, has re-
sulted in orderly relationships between response and
reinforcement proportions (Lau and Glimcher, 2005;
Macdonall, 1988; Meisch and Spiga, 1998). The pri-
mary advantage of such response-dependent prob-
abilistic programming is that it avoids confound-
ing programmed reinforcement rates (as under con-
current VI-VI schedules) with rates of responding
and contingency-irrelevant pauses (water-drinking,
scratching, etc.). Analyses of relationships between
reinforcements and responses are facilitated in terms
of momentary maximization of reinforcement. How-
ever, one possible disadvantage is that real-world
responding in one location rarely drives reinforcer
availability in other, possibly distant locations; and,
furthermore, reinforcers often become available or
unavailable in time. Stated simply, concurrent VI-
VI schedules may better represent real-world con-
ditions than the present concurrent dependent ran-
dom ratio schedules.

A third aspect of the present procedure was the
examination of a decay contingency. After a rein-
forcer was activated for a particular alternative, the
sooner the participant responded on that alterna-
tive, the higher the point value of the reinforcer. Ex-
tended avoidance of the alternative led to removal of
the reinforcer altogether. This contingency is simi-
lar to limited-hold procedures, where reinforcers are



available only for a limited period of time follow-
ing set-up (see Buskist and Morgan, 1987; Morse,
1966). Also similar are contingent magnitude-of-
reinforcment schedules in which magnitudes de-
pend upon response latencies or other attributes
of the response (Buskist et al., 1988; Lippman and
Tragesser, 2003). One advantage of this type of
contingency is that sensitivity to reinforcement is
relatively high, as demonstrated by previous work
and corroborated by the present results.

The last aspect of note is that we studied the per-
formance of human participants. Most research on
concurrent schedules has been with animal models,
such as pigeons, rats, mice, or monkeys, but more
than 25 human studies have been described in excel-
lent reviews by Bradshaw and Szabadi (1988) and
by Kollins et al. (1997). These reviews indicate that
people manifest lower power-law slopes than nonhu-
man animals, indicating lower sensitivity to changes
in reinforcements, and greater variability in those
slopes. Kollins et al. (1997) offer many hypotheses
to account for such differences, but ultimately im-
plicate procedural differences. The present method
attempted to increase both attention to task and
motivation for immediate reinforcement, two factors
thought to be especially important.

The main results were rapid acquisition of sta-
ble performance. Within each phase, response allo-
cations were, for the most part, quite constant af-
ter initial experience in the phase. Furthermore, re-
sponse proportions (or ratios) were functionally re-
lated to reinforcer proportions. However, the slopes
of the functions were relatively low (in both Herrn-
stein proportion and Baum power plots) and there
was a high degree of inter-subject variability. Both
of these aspects — slope values and variability —
were closer to those in animals studies under the
decay condition than under hold. Thus, consistent
with conclusions by Bradshaw and Szabadi (1988),
and by Kollins et al. (1997), procedural details may
contribute importantly to how choice distributions
relate to obtained reinforcements.

Present results may help to resolve an ongoing
debate as to whether animals and people respond
in a stochastic fashion under concurrent reinforce-
ment contingencies or act in a way that momen-
tarily maximizes the chances of reinforcement (e.g.
Nevin, 1979; Williams, 1988). Participants in our
study were more likely to switch among alternatives
than predicted by a stochastic model. When a switch
was made, the location of that switch (among the
four remaining possibilities) could generally be de-

scribed by a stochastic model.

Many reasons have been offered for high switch
rates in both non-human animal and human stud-
ies, but of primary importance is that probabilities
of reinforcement are higher for switches than for rep-
etitions. This is true under both concurrent VI-VI
schedules and concurrent random ratio schedules of
the dependent form, as in the present experiment.
Thus, participants may have responded to differen-
tial reinforcement for switching, but because of un-
certainty as to the location of the next reinforcer,
they chose stochastically among the available op-
tions. Stated differently, momentary-maximizing re-
sponding may occur when subjects can discriminate
differential reinforcement, but when such discrimi-
nations are not possible, stochastic responding re-
sults. Machado (1992) initially proposed this hy-
pothesis and our results conform to his predictions.

Appendix A. Instructions

Your task is to earn as many points as possible
in some gambling-type games. To motivate interest,
and hopefully make the games fun, you will receive a
monetary bonus for your score — the better the score,
the larger the bonus. You will begin with $8 but can
earn up to $15. Your score will be indicated by a bar
that grows and shrinks as you play. The LARGER
the bar at the end of a trial, the more money earned.

You will play a total of five games. Some of the
games will be more difficult than others. Don’t be
upset if points are scarce that will sometimes be the
case. But in all games, try to earn as many points as
possible. You’ll note that points make the bar grow
larger and responses without points cause the bar
to shrink.

Each of the games is divided into two parts. In a
given game, the parts are identical, so use your ex-
periences in the first part to maximize points during
the second.

In all of these gambling-type games, your score
is partly due to chance and partly to skill. There
are no tricks and no complex hidden patterns to
be discovered. Your selections will determine your
points, but it is not possible to be reinforced on all
(or, in some cases, on many) choices. We will show
you examples of similar games before you actually
begin. The examples differ from the ones you will
actually play.

This method is being developed with the inten-
tion of serving as an assessment tool for age- and



disability-related cognitive disorders. You are help-
ing to provide baseline control data against which
these populations will be compared. We're quite
hopeful for the potential of this line of research and
ask that you take it seriously, as well. If you aren’t
interested in focusing on this task, please feel free
to either withdraw or reschedule at this point.

Take as much time as you’d like. Your speed will
not influence the score. Feel free to take breaks, eat
snacks, or stretch between games.

Thank you and good luck,

Allen Neuringer
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