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Pigeons responded on concurrent-chains schedules with equal variable-interval schedules as initial links.
One terminal link delivered a single reinforcer after a fixed delay, and the other terminal link delivered
either three or five reinforcers, each preceded by a fixed delay. Some conditions included
a postreinforcer delay after the single reinforcer to equate the total durations of the two terminal
links, but other conditions did not include such a postreinforcer delay. With short initial links,
preference for the single-reinforcer alternative decreased when a postreinforcer delay was present, but
with long initial links, the postreinforcer delays had no significant effect on preference. In conditions
with a postreinforcer delay, preference for the single-reinforcer alternative frequently switched from
above 50% to below 50% as the initial links were lengthened. This pattern of results was consistent with
delay-reduction theory (Squires & Fantino, 1971), but not with the contextual-choice model (Grace,
1994) or the hyperbolic value-added model (Mazur, 2001) as they have usually been applied. However,
the hyperbolic value-added model could account for the results if its calculations were expanded to
include reinforcers delivered in later terminal links. The implications of these findings for models of
concurrent-chains performance are discussed.
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_______________________________________________________________________________

Concurrent-chains schedules have been
used in many experiments on choice, and
they have provided abundant information
about factors that affect choice behavior. A
typical concurrent-chains schedule includes
a pair of schedules called initial links, each of
which leads to its own terminal link, another
reinforcement schedule that leads to food
(Autor, 1960). The initial links might be two
equal variable-interval (VI) schedules, and the
two terminal links might be fixed-interval (FI)
schedules of different lengths. Response per-
centages on the two VI schedules are used as
measures of preference for one terminal link
versus the other. Naturally, the durations of
the terminal-link schedules affect preference
in this procedure, but so do many other
factors, such as the durations of the initial
links (Fantino, 1969), the sizes of the re-
inforcers delivered during the two terminal
links (Snyderman, 1983), and whether the

terminal-link schedules are fixed or variable
(e.g., Davison, 1969; Rider, 1983).

Predicting choice behavior on concurrent-
chains schedules has proven to be a challeng-
ing task, and a number of different mathe-
matical models have been proposed, including
Fantino’s (1969) delay-reduction theory
(DRT), Grace’s (1994) contextual-choice mod-
el (CCM), and Mazur’s (2001) hyperbolic
value-added model (HVA). Mazur (2001)
compared the accuracy of these three models’
predictions for a total of 92 data sets from 19
published experiments. When given the same
number of free parameters (from two to four,
depending on the data set), the models were
similar in their predictive accuracy: DRT
accounted for an average of 83.0% of the
variance, CCM for 90.8%, and HVA for 89.6%.
The small differences in accuracy of the three
models may not be very informative, because
they could have resulted from random varia-
tions in the data or arbitrary decisions about
exactly how to add free parameters to the
models. Yet although these models were
similar in their ability to predict the results
from this set of studies, they are based on
different assumptions about the processes that
underlie choice behavior, and for other choice
situations they make distinctly different pre-
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dictions (e.g., Mazur, 2000; Savastano &
Fantino, 1996).

In the present experiment, the predictions
of DRT, CCM, and HVA were compared for
concurrent-chains schedules in which one
terminal link included a single food presenta-
tion and the other included multiple food
presentations. For example, the left terminal
link might consist of a 5-s delay followed by
one food delivery, and the right terminal link
might consist of three food deliveries, each
preceded by a 20-s delay. The effects of two
main variables were examined in this experi-
ment: (1) the lengths of the initial-link VI
schedules, and (2) the presence or absence of
a post-reinforcer delay (PRD) after the single
reinforcer that equated the terminal-link
durations for the two alternatives. The three
models differ in their predictions about how
manipulation of these two variables should
affect choice behavior. To show this, a brief
description of each model will be given, and
then the predictions of the three models will
be explained.

Grace’s (1994) CCM can be expressed as
follows:
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B1 and B2 are response rates during the initial
links, ri1 and ri2 are the rates of reinforcement
in the two initial links (the rates at which each
of the two terminal links are entered), and rt1
and rt2 are the rates of reinforcement in the
two terminal links (the rates at which the
terminal links deliver food). Thus, according
to CCM, choice responses in concurrent-
chains schedules depend on both the initial-
link and terminal-link schedules. Equation 1
also includes three free parameters: b is
a measure of possible response bias, a i reflects
a subject’s sensitivity to differences in the
initial-link schedules, and a t reflects sensitivity
to differences in the terminal-link schedules.
The ratio Tt/Ti is an important part of CCM.
Tt is the average terminal-link duration, and Ti
is the average initial-link duration. Because the
ratio Tt/Ti is used as an exponent for the
terminal-link reinforcement rates, CCM pre-
dicts that differences in the terminal links will
have greater effect on preference when they

are long relative to the sizes of the initial links.
In other words, CCM states that the effects of
the terminal-link schedules on choice will
depend on the context—that is, on their
duration relative to the durations of the initial
links.

To make a fair comparison of CCM and
DRT, Mazur (2001) began with Squires and
Fantino’s (1971) version of DRT, but added b,
ai, and at so the number of free parameters was
the same for both models. This led to the
following equation for DRT:
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where Ttotal . atTt1 and Ttotal . atTt2 . The
notation is the same as for CCM, except that
R1 and R2 are the overall rates of reinforce-
ment for the two alternatives, that are based on
the time spent in both the initial links and
terminal links. Ttotal is the mean total time to
primary reinforcement from the start of the
initial links, and Tt1 and Tt2 are the mean
durations of the two terminal links. Notice that
Equation 2 applies only if Ttotal is greater than
both a tTt1 and a tTt2. For cases in which one of
these quantities is greater than Ttotal, DRT
predicts exclusive preference for the other
alternative.

HVA (Mazur, 2001) begins with the hyper-
bolic-decay equation that has been successful
in accounting for results from many experi-
ments on discrete-trial choice (e.g., Mazur,
1984, 1987, 1993):
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V is the value of an alternative that can deliver
any one of n possible delays on a given trial,
and p i is the probability that a delay of D i
seconds will occur. A is a measure of the
amount of reinforcement, and K is a parameter
that determines how quickly value decreases
with increasing delay. Equation 3 states that
the total value of an alternative with variable
delays can be obtained by taking a weighted
mean, with the value of each possible delay
weighted by its probability of occurrence in
the schedule.

To extend this approach to concurrent-
chains schedules, Mazur (2001) made the
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following assumptions: (1) the value of each
terminal link depends on the time from the
onset of that link to primary reinforcement,
(2) the value of the initial links depends on
the (variable) time from the onset of the initial
links to primary reinforcement, and (3) choice
proportions are based on the amount of value
added when a terminal link is entered (i.e., on
the amount of increase in value when the
terminal link is entered). These assumptions
led to the following equation for HVA:
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where Vt1 . atVi and Vt2 . atVi . Vi, Vt1, and Vt2
are the values of the initial links and the two
terminal links, as obtained from Equation 3.
(Just as DRT uses a single value of Ttotal to
represent the average time to reinforcement in
the initial links, HVA uses a single value of Vi
to represent the value of the initial links. The
implicit assumption for both models is that the
initial links constitute a single state from which
either of two other states—the two terminal
links—might be entered.) In other respects,
Equation 4 is similar in form to CCM and
DRT, and the free parameters b, a i, and a t
have the same interpretation as in the other
two models.

To compare the predictions of these models
for the present experiment, imagine a concur-
rent-chains schedule with equal VI 20-s sched-
ules as initial links, signaled by a green key on
the left and a red key on the right. The red
terminal link consists of three 3-s food de-
liveries, each preceded by a 20-s delay (so that,
including reinforcement time, the three food
deliveries occur 20 s, 43 s, and 66 s after the
terminal link begins). The green terminal link
consists of a 5-s delay followed by one 3-s food
delivery (as illustrated in the left portion of
Figure 1). Immediately after the food deliver-
ies, the green and red keys of the initial links
are reinstated. This condition can be com-
pared to one in which a 61-s PRD is added
after the single reinforcer of the green
terminal link, so that both terminal links last
for a total of 69 s (see the right portion of
Figure 1). Suppose that without the PRD,
a pigeon exhibits a preference for the left
alternative, making more responses on the
green key during the initial links. How will the
pigeon’s choice percentages change when

a PRD is added to the green terminal link?
Second, how will its choice percentages
change (in either of these conditions) if the
initial-link schedules are lengthened from VI
20-s schedules to VI 480-s schedules?

First, we can consider the predictions of
HVA (Equation 4). As it has been applied to
past studies, HVA predicts that the presence or
absence of a PRD will have no effect on choice.
This is because the calculations of Vt1, Vt2, and
Vi depend only on the delays before the food
deliveries, not on delays after them. HVA’s
predictions about an increase in the initial-link
durations are also straightforward. The termi-
nal links are unchanged, so Vt1 and Vt2 remain
the same. The only difference is that Vi, the
value of the initial links, decreases as the initial
links become longer. As Vi decreases and
approaches zero, the second parenthetical
expression in Equation 4 decreases and ap-
proaches Vt1/Vt2, the ratio of the values of the
two terminal links. Therefore, HVA predicts
that whichever alternative is preferred when

Fig. 1. The sequences of delays and food presentations
in the green and red terminal links are shown for
a condition with no post-reinforcer delay (left) and for
the corresponding condition with a post-reinforcer delay
(right).
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the initial links are short should continue to be
preferred when the initial links are length-
ened, but the strength of preference (the ratio
B1/B2) should become less extreme. As long as
there is no response bias (i.e., as long as b 5
1), HVA predicts that a subject should never
switch preference from one alternative to the
other as the initial-link durations are changed.

The predictions of CCM (Equation 1) are
different. Adding a PRD increases Tt, the
average time spent in the terminal links, so
the exponent Tt/Ti increases in Equation 1.
CCM therefore predicts that adding a PRD
should always lead to an increase in choice
percentages for the preferred alternative.
(Alternatively, if the PRD were not treated as
part of the terminal-link duration because it
occurs after the food delivery, then Tt would
not change, and CCM would predict that
adding the PRD should have no effect.)

Regarding the effects of an increase in
initial-link duration, CCM states that, either
with or without a PRD, Ti increases if the initial
links are lengthened, so the exponent Tt/Ti
decreases toward zero. It follows from Equa-
tion 1 that the degree of preference for the
favored alternative should decrease and ap-
proach indifference with increasingly long
initial links. Like HVA, CCM predicts that
a subject should never switch preference from
one alternative to the other as the initial-link
durations are changed.

The predictions of DRT about adding a PRD
are different from those of both HVA and
CCM, because this model assumes that both
the relative amounts of delay reduction and R1
and R2 (the overall rates of reinforcement for
the two alternatives) affect preference. With
no PRD, the overall rate of reinforcement for
the green alternative will be high because its
terminal link lasts just 5 s and then the initial
links are reinstated. The addition of the PRD
will dramatically decrease the overall rate of
reinforcement for the green alternative, so
DRT predicts a decrease in preference for this
alternative.

The predictions of DRT about lengthening
the initial links are also different from those of
HVA and CCM. In conditions with a PRD, the
durations of both the initial links and the
terminal links are equal for the two alterna-
tives, but the red alternative delivers three
times as many reinforcers, so R1/R2 equals 1/3
no matter whether the initial links are short or

long. However, the delay-reduction factor
favors the green alternative because of the
shorter delay to reinforcement in its terminal
link. According to DRT, the animal’s prefer-
ence will depend on the relative influence of
these two opposing factors (rate of reinforce-
ment and delay reduction), and this will
change with the durations of the initial links.
As a specific example, if b, a i, and a t are all set
equal to 1 in Equation 2, DRT predicts that
B1/B2 will equal 2.31 with VI 20-s initial links
(a preference for the green alternative), and
B1/B2 will equal 0.35 with VI 480-s initial links
(a preference for the red alternative). There-
fore, unlike the other two models, DRT
predicts that animals may switch preference
from one alternative to the other when initial
links are lengthened. For similar reasons, DRT
predicts that there also can be such preference
reversals in conditions without a PRD when
initial links are lengthened.

The differences in the predictions of DRT
compared to those of HVA and CCM are
mainly due to its assumption that the overall
rates of reinforcement, R1 and R2, have a direct
effect on choice in concurrent-chains proce-
dures. In contrast, HVA and CCM do not
afford a role to overall rates of reinforcement,
although they both assume that initial-link
reinforcement rates (ri1 and ri2) do affect
preference. Therefore, this study might be
viewed as a test of these differing assumptions
about the role of overall rates of reinforce-
ment. The situation is not quite so simple,
however. As will be shown, although the results
of this experiment may support the predic-
tions of DRT, there may be ways that HVA or
CCM can accommodate the results without
adopting the assumption that behavior in this
type of choice situation is controlled by the
overall rates of reinforcement.

METHOD
Subjects

The subjects were 4 White Carneau pigeons
maintained at approximately 80% of their free-
feeding weights. All had previous experience
with a variety of experimental procedures.

Apparatus

The experimental chamber was 30 cm long,
30 cm wide, and 31 cm high. The chamber
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differences between the VI 4-s and VI 480-s
conditions were less pronounced (47.0%
versus 42.5%), and there were some cases in
which response percentages actually increased
with VI 480-s. This difference can be seen
more clearly in Figure 3, which presents the
group means from each condition, and di-
rectly compares the results from the no-PRD
and PRD conditions. There was a significant
main effect of initial-link duration, F(1,3) 5
15.80, p 5 .028, as well as a significant
interaction between initial-link duration and

PRD presence, F(1,3) 5 37.98, p 5 .009.
Further analyses showed that initial-link dura-
tion had a significant effect in the no-PRD
conditions, F(1,3) 5 75.41, p 5 .003, but not in
the PRD conditions, F(1,3) 5 1.71.

A third finding was that, with the VI 4-s
initials, response percentages for the single
reinforcer were lower in the conditions with
a PRD than in conditions with no PRD. This
result is quite reasonable because the PRDs
were added only to the single-reinforcer
alternative, not to the multiple-reinforcer

Fig. 2. Response percentages on the key that delivered a single reinforcer are shown for each pigeon. The left panels
show the results from the conditions with no post-reinforcer delay (PRD), and the right panels show the results from the
conditions with a PRD. The numbers in each panel refer to the delays and numbers of reinforcers delivered by the red
terminal link (e.g., ‘‘2033’’ indicates the conditions with three reinforcers in the red terminal link, each preceded by
a 20-s delay). The x-axis is plotted on a logarithmic scale.
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overall rates of reinforcement for each of the
two alternatives, R1 and R2. These reinforce-
ment rates are calculated by considering each
schedule’s initial and terminal links individu-
ally. As an example, for Condition 5 of this
experiment, the green key had a VI 4-s initial
link and a 5-s delay as a terminal link, so this
alternative averaged one reinforcer every 9 s,
which amounts to 400 reinforcers per hr. The
red key had a VI 4-s initial link and three
reinforcers each delivered after a 20-s delay, so
this alternative averaged three reinforcers
every 64 s, which is a rate of 168.75 reinforcers
per hr. (Reinforcer durations typically are
excluded from the calculations for DRT.) In
Condition 7, that had the same schedules
except that a 61-s PRD was added to the green
terminal link, this alternative now averaged
only one reinforcer every 70 s, which is why
DRT predicts a decrease in preference for the
single reinforcer alternative. DRT also predicts
correctly that a PRD should have a much
smaller effect in the conditions with VI 480-s
schedules, because with these longer initial
links, adding a PRD has less effect on the
reinforcement rate for the green key. Finally,
as shown in the Introduction, DRT predicts
that preference for the single reinforcer can
switch from above 50% to below 50% as initial-
link durations are increased.

To make it clear that DRT can account for
the results of this experiment, Figure 4 shows
predictions derived from Equation 2 with the
parameter values listed in the figure caption.
Of course, the predicted response percentages
depend on the parameter values used. For the
predictions shown in Figure 4, parameter
values were chosen to approximate the same
range of response percentages as in the actual
group means. As can be seen by comparing
Figures 3 and 4, DRT accounts for all of the
main trends in the data—the differences
between the PRD and no-PRD conditions,
the effects of increasing initial-link duration,
and the switches in preference from above
50% to below 50% that occurred in some
conditions.

Can HVA and CCM predict the effects of the
PRDs? As these models have been applied to
previous studies on concurrent-chains sched-
ules (Grace, 1994; Mazur, 2001), it appears
that they cannot. As explained in the In-
troduction, HVA predicts that adding the PRD
would not change the values of either the

initial or terminal links, because they depend
on the delays before food is delivered, not on
any delay after the food. HVA therefore
predicts that a PRD will have no effect.
According to CCM, adding the PRD should
always lead to an increase in choice percent-
ages for the preferred alternative, but Figure 2
shows that the most common result was
a decrease in choices for the preferred
alternative.

Fig. 4. Predictions of delay-reduction theory (DRT) are
shown for the different conditions of this experiment,
presented in the same format as the actual data in
Figure 3. To derive these predictions, the following
parameter values were used in Equation 2: b 5 1, a i 5
0.3, a t 5 0.3.
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in HVA (values that decreased as reinforcer
delays in the terminal links increased). Grace
(1996) showed that this approach could
account nicely for the results of experiments
that compared fixed and variable terminal-link
schedules. If this approach were extended to
include reinforcers delivered in later terminal
links, then the predictions of CCM would
presumably be similar to those shown for HVA

in Figure 5. However, several details of such an
expanded version of CCM (such as how Tt and
Ti should now be defined) would need to be
worked out before this model could make
specific predictions, and no attempt to de-
velop this model will be made here.

Although the results of this experiment do
not definitively favor one model over the
others, they do place constraints on the forms
the models can take and the ways they can be
applied. DRT can account for the results in its
present form (Equation 2). However, the
effects of the PRDs require both HVA and
CCM to be modified in some way before they
can account for the data. Two possible
modifications have been discussed. One would
be to replace the initial-link reinforcement
rates (ri1 and ri2 in Equations 1 and 4) with
overall reinforcement rates, R1 and R2, thereby
adopting the approach already used by DRT.
The other option would be to take into
account the effects of reinforcers delivered
on later terminal links.

There are methods that could be used in
future research to decide which of these
approaches is most appropriate. Consider
a condition with VI 4-s initial links and a PRD
to equate the durations of the terminal links.
Suppose an animal shows a clear preference
for the alternative with multiple reinforcers. If
the initial links are now lengthened to VI 480-
s, HVA predicts that preference for the
multiple-reinforcer alternative will decrease
(i.e., the response percentage will shift closer
to 50%). In contrast, DRT predicts that
preference for the multiple-reinforcer alterna-
tive will increase (i.e., the response percentage
will shift away from 50% and indicate a more
extreme preference for the multiple-reinforcer
alternative). This prediction of DRT applies to
all cases in which the delay for the single
reinforcer is shorter than the delay for the first
of the multiple reinforcers. Some of the
conditions in the present experiment provided
tests of these opposing predictions, but the
results were inconclusive: Of the six instances
where response percentages favored the mul-
tiple-reinforcer alternative with VI 4-s initial
links, the response percentages increased in
three cases and decreased in three cases when
the initial links were lengthened to VI 480-s.
However, more systematic attempts to collect
data from conditions like these would pre-
sumably help to settle this issue. These data

Fig. 5. Predictions of the hyperbolic value-added
model (HVA) are shown for the different conditions of
this experiment, presented in the same format as the
actual data in Figure 3. To approximate the effects of
reinforcers delivered on later terminal links, the values of
two subsequent green-key terminal links were added to
each alternative. The following parameter values were used
in Equations 3 and 4: k 5 .2, b 5 1, a i 5 1, a t 5 0.3.
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would be important for the understanding of
concurrent-chains schedules, because they
would help to decide whether overall re-
inforcement rates (R1 and R2 in DRT) must
be taken into account when predicting perfor-
mance on these schedules, or whether it is
sufficient to take into account the delayed
effects of reinforcers that occur in later
terminal links (as in the expanded version of
HVA proposed here).

Either way, the results of the present
experiment raise a methodological issue about
how concurrent-chains schedules are de-
signed. In an article on the effects of re-
inforcer delays and amounts in concurrent-
chains schedules, Snyderman (1983) argued
that failing to equate the durations of the two
terminal links introduces an additional vari-
able that can affect performance on these
schedules. Although a few studies with con-
current-chains procedures have equated ter-
minal-link durations in this way (Davison,
1988; Snyderman, 1983), most studies have
not; instead, terminal links typically end after
a single reinforcer is delivered, regardless of
the time needed for this to occur. The present
experiment showed that choice percentages
can be dramatically different depending on
whether or not the durations of the two
terminal links are equated. Unless the specific
purpose of a study on concurrent-chains
schedules is to examine how unequal termi-
nal-link durations can affect choice, Snyder-
man’s suggestion about equating terminal-link
durations may be a good one to follow.
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