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In two experiments, rats chose between a standard fixed-duration food-associated stimulus and a
stimulus whose duration was the time remaining to reinforcement in an elapsing comparison interval.
In Experiment 1, 4 rats responded in a time-left procedure wherein a single initial-link variable-
interval schedule set up two potential terminal links simultaneously. As time elapsed in the initial-
link schedule, the choice was between a standard fixed-interval 30-s terminal link and a time-left
terminal link whose programmed interval requirement equaled 90 s minus the elapsed time in the
initial link. Rats generally responded more on the lever with the shortest programmed terminal-link
duration, but the temporal parameters of the procedure were found to vary with response distributions.
Contrary to previous reports, therefore, time-left data were well predicted by choice models that make
no assumptions about animal timing. In Experiment 2, 8 rats responded on a concurrent-chains
schedule with independent variable-interval initial links and a time-left terminal link in one of the
choice schedules. On the time-left lever, the programmed terminal-link delay equaled 90 s minus the
elapsed time in the time-left initial link. On the standard lever, terminal-link responses were reinforced
according to a variable-interval schedule whose average value varied over four conditions. Relative
time-left initial-link responses increased in the elapsing time-left initial-link schedule as the time-
left terminal link became shorter relative to the standard terminal link. Scalar expectancy theory failed
to predict the resultant data, but a modified version of the delay-reduction model made good predictions.
An analysis of the elaboration of scalar expectancy theory for variable delays demonstrated that the
model is poorly formulated for arithmetically distributed delays.

Key words: choice, conditioned reinforcement, delay reduction, scalar expectancy, time-left procedure,
concurrent chains, lever press, rats

As the most prominent models of choice in
concurrent chains are collapsing upon a uni-
fied molar conception (Killeen & Fantino,
1990; Luco, 1990; Preston & Fantino, 1991;
Vaughan, 1985), a series of experiments with
a related procedure has been challenging the
prevailing view. Gibbon and Church (1981)
and Gibbon, Church, Fairhurst, and Kacelnik
(1988) argued that the conditioned reinforce-
ment effects evident in concurrent chains are
not necessary effects in choice procedures in-
volving choices for food-associated stimuli. They
reported data from a variant of the concurrent-
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chains schedule, the time-left procedure,
wherein choice between food-associated stim-
uli apparently is dependent solely on the times
to food in the terminal links.
The time-left procedure is diagrammed in

Figure 1. A cycle consists of a choice period
(initial link), during which responses can be
distributed between two levers, and an out-
come period (terminal links), during which
responses on one or the other lever will even-
tually produce food. A single variable-interval
(VI) schedule operates during the initial link
and simultaneously sets up potential terminal
links on both levers. If, after the VI schedule
elapses, the first response is on the standard
lever, further standard-lever responses are re-
inforced according to a fixed-interval (FI) S-s
schedule in the presence of the standard ter-
minal-link stimulus; at the same time, the ter-
minal-link opportunity on the other lever is
canceled. If the first response is, instead, on
the time-left lever, the time-left terminal-link
stimulus is presented and further time-left re-
sponses are reinforced in the presence of the
time-left terminal-link stimulus; the expected
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Fig. 1. Time-left procedure. A single initial-link VI schedule simultaneously sets up mutually exclusive terminal

links on two levers. If the time-left terminal link is entered, the expected delay to food is L = C - I s. If the standard
terminal link is entered, the expected delay to food is always S s. Entering one terminal link cancels the opportunity
for the other.

duration of the time-left terminal link depends
on the elapsed initial-link time at the moment
the terminal link is produced. The temporal
parameters of the component schedules are de-
termined in relation to the cycle duration (C).
The standard terminal-link Fl schedule re-
quirement, S, is a fixed proportion of C, say
C/2 s. The programmed time-left terminal-
link interval-schedule requirement (L) varies
as a function of elapsed time (I) in the initial
link and is equal to C - I s at any initial-link
time, I. The initial-link VI schedule consists
of six intervals evenly distributed over C, and
is C/2 s, on average. Early in the initial link,
the programmed time-left terminal link is lon-
ger than the standard terminal link. Late in
the initial link, the time-left terminal link is
shorter than the standard terminal link.

Figure 2, from Gibbon et al. (1988), shows
the results obtained from 1 pigeon responding
in the procedure. Preference for the time-left
terminal link (time-left initial-link responses
over total initial-link responses) is plotted in
2.5-s bins of the elapsing initial link (C = 60
s, S = C/2 = 30 s). As is typical, the pigeon

responded more on the key with the shorter
programmed terminal-link duration through-
out the elapsing initial-link VI schedule; rel-
ative time-left responses were near zero early
in elapsed initial-link time but rose as a smooth
S-shaped function to near exclusive preference
for the time-left terminal link late in elapsed
initial-link time. Figure 2 also shows the pre-
dictions that Gibbon et al. derived from scalar
expectancy theory (SET; Gibbon, 1977; Gib-
bon & Church, 1981)-which predicts pref-
erence on the basis of temporal discriminations
only-and those of several models of choice
and conditioned reinforcement (Davison, 1987;
Killeen, 1982; Squires & Fantino, 1971).

In the present paper I argue that all of the
predictions shown in Figure 2-excepting those
of SET-were derived improperly, and that
the time-left procedure is poorly designed as
a preparation for studying choice and timing.
The experiments reported here examined be-
havior in two variations of the time-left pro-
cedure. Experiment 1 was a simple replication,
with rats, of the basic procedure of Gibbon et
al. (1988). Experiment 2 was an investigation

350



TIME-LEFT AND CHOICE

of preference in a concurrent-chains schedule
with a time-left terminal link in one of the
component chained schedules. The procedure
of Experiment 2 also differed from that of
Experiment 1 in that one of the terminal links
consisted of VI rather than FT schedules. Be-
cause this required the predictions of SET for
choices involving variable delays, the discus-
sion of Experiment 2 includes a review of some
possible problems with the way in which SET
has been elaborated for this situation.

EXPERIMENT 1
Whether data from the time-left procedure

are appropriate for discriminating between
models of choice and animal timing depends
on the relationships inherent in the procedure.
The predictions derived by Gibbon et al. (1988)
for Figure 2 were based on the assumption
that the relative rates of primary reinforcement
on the two levers were fully determined by the
programmed temporal durations of the various
schedule components. According to Gibbon et
al. (1988, Footnote 3),

the initial-link duration plus terminal-link du-
ration equals C exactly for the time-left side,
and it equals C on the average when S = C/2
for the standard side. Hence the overall rate of
reinforcement is the same for both alternatives.

This is unlikely. There will be equal overall
rates of reinforcement on the two alternatives
under one condition only: if responding is en-
tirely undifferentiated in relation to the two
levers. Assume, for simplicity, that the sched-
uled terminal-link durations on both levers are
the same on every trial. Then it is obvious that
the overall relative rate of reinforcement on
the time-left lever is simply the overall prob-
ability, over trials, of entering the time-left
terminal link. If, in 100 trials, 50 trials ended
with entry into the time-left terminal link, then
the average reinforcement rate on each lever
would be 50 divided by the total accumulated
session time. If, instead, 80 trials were time-
left trials, then the overall rate on the time-
left lever would be 80 divided by the total
accumulated session time, and the overall rate
on the standard lever would be 20 divided by
the total accumulated session time. The ques-
tion then arises, what determines the proba-
bility of entering the time-left terminal link in
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Fig. 2. Preference for the time-left alternative as a

function of elapsed time in the initial link from 1 pigeon
responding in the time-left procedure with C = 60 s and
S = C/2 = 30 s. Also shown are the predictions of scalar
expectancy theory (Gibbon, 1977), the delay-reduction
model (Squires & Fantino, 1971), incentive theory (Kil-
leen, 1982), and matching (e.g., Davison, 1987). The fig-
ure is from Gibbon, Church, Fairhurst, and Kacelnik
(1988), © 1988 by the American Psychological Associa-
tion, reproduced by permission.

a given trial? The probability of entering the
time-left terminal link is exactly equal to the
relative rate of time-left responses. If, for the
conditions of Figure 2 (C = 60 s, S = C/2 =
30 s), there were a constant probability of .5
of responding on the time-left lever, the ex-
pected average time to reinforcement on each
lever would be 120 s. The average time to food
on each lever is twice C because only half the
total food presentations occur on each lever.
If, instead, there were a constant probability
of .8 of responding on the time-left lever, the
expected time to reinforcement on the time-
left lever would be 75 s (C/.8), and on the
standard lever it would be 300 s (C/.2). Thus,
the relative rate of reinforcement on the two
levers would be (1/75)/[(1/75) + (1/300)],
or .8. The procedure is ratio-schedule-like in
the sense that relative rates of terminal-link
entries are directly determined by, and must
be equal to, relative rates of response. Relative
reinforcement rates in the time-left procedure
are dependent-not independent-variables
(see Gibbon, 1977, for a similar discussion of
differential-reinforcement-of-low-rate sched-
ules, and Gibbon et al., with respect to ratio
schedules).
The passage from Gibbon et al. (1988),
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quoted above, also misdescribes the average
trial durations. It is true that the time to food
is C s on trials in which the time-left terminal
link is entered. It is not true, however, that
standard terminal-link trials will take C s on
the average, except, again, when responding
is undifferentiated in the elapsing initial link.
Consider, again, a time-left procedure with C
equal to 60 s and S equal to 30 s (S = C/2).
Assume that only standard-lever responses oc-
cur in the first 10 s of every trial and that only
time-left responses occur throughout the re-
maining initial-link time. Then the average
duration of a standard-terminal-link trial
would be 35 s (the average terminal-link du-
ration plus 5 s; 5 s is the only initial-link
interval shorter than 10 s when C equals 60
s), not 60 s. The only way for standard-lever
trials to average C s is for standard-lever re-
sponses to have a probability of at least .5
throughout the elapsing initial link.
The issue here is not whether obtained

schedule values deviate from programmed
schedule values. The argument is that previous
authors have misidentified the programmed
values. It is no more possible to identify the
programmed relative reinforcement rates in the
time-left procedure than it is to report the pro-
grammed temporal rate of primary reinforce-
ment in a variable-ratio schedule. In the time-
left procedure, there is no programmed relative
reinforcement rate, or programmed relative
terminal-link entry rate, or programmed stan-
dard-lever trial duration; there are indirectly
programmed relations between response al-
location and those schedule parameters.
No doubt these concerns have arisen because

the procedure has mostly been used to address
theoretical questions assumed to be indepen-
dent of relative reinforcement rates. All of the
traditional concurrent-chains models, how-
ever, require that the relative terminal-link
entry rates or the durations of the various
schedule components, or both, be treated as
independent variables. Until there is a full
accounting of the relationships inherent in the
procedure, comparisons like those in Figure 2
will be misleading. Experiment 1, therefore,
was a simple replication, with rats, of the pro-
cedure of Gibbon and Church (1981) and Gib-
bon et al. (1988). It was conducted primarily
to document the relations between response
allocation and the temporal parameters of the
time-left procedure and to investigate the im-

plications of those relations for choice and tim-
ing models.

METHOD
Subjects

Four female Long-Evans hooded rats, ap-
proximately 9 months old at the start of the
experiment, were maintained, through re-
stricted postsession feeding of rat chow, at be-
tween 80% and 90% of their free-feeding
weights. The rats were housed in pairs in
acrylic cages lined with pine bedding and had
continuous access to water. All had previously
served in a student demonstration project in-
volving continuous reinforcement and extinc-
tion; each had extensive experience with food-
reinforced responding on the right lever in the
same chambers to which they were assigned
for the present experiment.

Apparatus
Experimental sessions were conducted in

four identical standard operant conditioning
chambers (Coulbourn Instruments, Model
E10-1OTC) with aluminum front, rear, and
top panels and clear acrylic side walls, enclosed
in a sound-attenuating enclosure (Coulbourn
Instruments, Model EI0-20) with an exhaust
fan in continuous operation. The experimental
space was 25 cm wide, 27 cm long, and 30 cm
high. The front panel contained two response
levers (Coulbourn Instruments, Model E21-
03) located approximately 2.5 cm above the
floor and 3 cm from the left and right wall,
respectively, and a recessed food well located
2 cm above the floor and centered left to right
on the panel. Reinforcement consisted of the
delivery of a single 45-mg Noyes pellet dis-
pensed into the food well by a Coulbourn pellet
dispenser (Model E14-12), accompanied by a
5-s illumination of a lamp located in the food
well; during the 5-s reinforcement cycle, all
other chamber lights were dark. A minimum
force of 0.25 N was required to operate the
response levers. A horizontal bank of three
stimulus lamps (1 cm diameter), separated
center-to-center by 1.5 cm, was located 4.5 cm
above each lever. General chamber illumina-
tion was provided by a single houselight cen-
tered on the front panel and 2 cm from the
ceiling. Data recording and scheduling of ex-
perimental events were controlled from a
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nearby room by a PDP® 11 computer oper-
ating under SKED- 1 1 ® software.

Procedure
All rats responded on the time-left proce-

dure (Figure 1). One programmed cycle of the
procedure lasted C s, on the average, and began
with the onset of a single initial-link VI sched-
ule that set up mutually exclusive terminal
links simultaneously on both levers. If the first
lever press after the variable interval elapsed
occurred on the standard lever, the standard
terminal link was produced; lights above the
standard lever were illuminated, and responses
on the time-left lever had no programmed ef-
fect. If the first lever press after the variable
interval elapsed occurred on the time-left lever,
the time-left terminal link was produced; lights
above the time-left lever were illuminated, and
responses on the standard lever had no pro-
grammed effect. Responses in the standard ter-
minal link were reinforced according to an FI
30-s schedule. In the time-left terminal link,
the programmed interval requirement varied
from cycle to cycle; on a given trial the interval
requirement was equal to the difference be-
tween the programmed cycle duration (C) and
the obtained initial-link time (I) in the im-
mediately preceding temporally adjacent ini-
tial link. The initial-link VI schedule was con-
structed from an arithmetic distribution made
up of six intervals equal to 1/12, 3/12, 5/12,
7/12, 9/12, and 11/12 of C, and was C/2 s
on the average.

Preliminary training. Starting on the 1 st day,
all rats responded on the time-left procedure
with a cycle duration of 60 s and a standard
(left-lever) terminal link equal to one half the
cycle duration (S = C/2 = 30 s). After 23
sessions, only 2 rats showed evidence of control
by the schedule contingencies, so two changes
were made: The cycle duration was changed
to 90 s, and the levers associated with the time-
left and standard schedules were switched so
that the right lever was made the standard
lever.

Experimental condition. Thereafter, re-
sponding was maintained on the time-left pro-
cedure with C = 90 s and S = C/3 = 30 s for
approximately 50 sessions for each rat, until
responding appeared stable over the last 10
sessions. Trials were separated by 10-s inter-
trial intervals, during which all chamber lights
were dark and lever presses had no pro-

grammed effect. At all other times, the cham-
ber was illuminated by the houselight. Lever
presses resulted in the operation of a feedback
relay at all times other than the intertrial in-
tervals and the 5-s reinforcement cycle. Re-
sponses and terminal-link entries were re-
corded in 7.5-s bins during the initial link.
Sessions ended after 60 pellets were delivered
or after 95 min elapsed, whichever occurred
first.

RESULTS
Preference

Figure 3 (filled circles) shows preference for
the time-left terminal link for each rat, as a
function of the elapsed time, in 7.5-s bins, in
the initial link. All data are averages of the
final 10 sessions. Preference was calculated as
the total time-left lever responses in each time
bin divided by the sum of the time-left and
standard lever responses in that bin. All rats
responded almost exclusively on the standard
lever early in the initial link (between 0 s and
25 s) and then gradually increased the pro-
portion of initial-link time-left responses to
indifference between 42 s and 56 s. In later
portions of the initial link, responses occurred
primarily on the time-left lever. For each rat,
preference for the time-left terminal link in-
creased as a smooth S-shaped function of
elapsed time in the initial link. Indifference to
the time-left and standard terminal links was
estimated for each rat from the solid line fitted
to the choice proportions, and is indicated by
the initial-link time intersected by the solid
vertical line. The numbers of responses on the
two levers were equal at 47, 42, 56, and 51 s
into the initial link, respectively, for Rats R3 1,
R32, R34, and R35.

Relative Terminal-Link Entries
The open circles in Figure 3 show relative

time-left terminal-link entries as a function of
elapsed time, in 15-s bins, in the initial link.
Relative terminal-link entries were calculated
as the number of time-left terminal links pro-
duced in each time bin divided by the total
terminal links. Different bin sizes are reported
because terminal-link entries were scheduled
in 15-s intervals. Relative time-left terminal-
link entries varied with the distribution of ini-
tial-link responses, increasing in much the same
way as the response functions. For all rats,
however, relative time-left terminal-link en-
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Fig. 3. Preference for the time-left terminal link (ex-
pressed as time-left initial-link responses over total ini-
tial-link responses), and relative time-left terminal-link
entries, in 7.5-s bins of the elapsing initial link in the
time-left procedure (C = 90 s, S = C/3 = 30 s; points are

not plotted for choice proportions determined by fewer
than 10 responses). The solid lines through the relative
response data are fitted curves. Data for each rat are av-

erages of 10 sessions.

tries were lower than relative time-left re-
sponses throughout the interval. The discrep-
ancy between the relative response functions
and the relative entry functions indicates that
the local response rates on the two levers were
not equal; that is, there was a bias in favor of
the time-left lever for all animals. Rat R34,
for instance, produced time-left local response
rates (total time-left responses divided by total
time spent actually responding on the time-
left lever) that were approximately twice the
local response rates on the standard lever. Gib-
bon and Church (1981) and Gibbon et al.
(1988) reported a similar bias for pigeons re-
sponding in the time-left procedure. When the
response data are adjusted for lever bias, the
discrepancy between the relative response and
relative entry curves is greatly reduced (see the
sections Predicting Preference in the Time-
Left Procedure and Animal Timing and the
Time-Left Procedure, both below). The crit-
ical feature of the data is that relative entries
ranged from approximately 0.0 to 1.0 over the
elapsing initial link and increased as a function
of relative responses. The actual relative entry
functions differed from the nominal expected
values because of the indirectly programmed
relation between relative responses and rela-
tive entries in the time-left procedure. Again,
relative time-left entries are directly deter-
mined by relative time-left responses in the
time-left procedure.

Schedule Durations
Figure 4 shows, for each rat, the average

initial-link and terminal-link durations, in sec-
onds, separately, on trials in which the time-
left or standard terminal link was entered. Also
shown is the average overall time to food for
each rat. The unfilled bars, from left to right
for each measure, show the data from Rats
R31, R32, R34, and R35. The hatched bars
show the group mean of each measure. The
solid bars show the nominal programmed du-
rations of the various schedule components,
determined with the assumption of temporally
indiscriminate responding on the two levers.
Both the time-left and standard initial-link
schedule durations differed from nominal val-
ues, as is expected given the programmed re-
lationship between relative time-left responses
and relative time-left entries. The average ini-
tial-link duration on time-left trials (trials in
which the time-left terminal link was entered)
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rations, and overall average delays to food, for 4 rats responding in the time-left procedure (C = 90 s, S5= C/3 = 30
s). The values are plotted separately for the time-left and standard levers. The hatched bars show the group-average
obtained schedule durations.

was 70.2 s, averaged over rats, or about 157%
of the nominal value (45 s). The average ini-
tial-link duration on standard trials was 33.8
s, approximately 75% of the nominal value (45
s). The average time-left terminal link was
approximately 22 s, and the average standard
terminal-link duration was approximately as
programmed (30 s). The overall delay to food
was 75.7 s, averaged over rats, or about 91%
of the nominal average delay (82.5 s). In sum-
mary, all rats responded so as to shorten the
average time to reinforcement on the standard
lever, and consequently to shorten the overall
time to reinforcement in the conditioning sit-
uation.

DISCUSSION
Predicting Preference in the Time-Left
Procedure

Given the discrepancies between the nom-
inal and actual programmed schedule values
in the time-left procedure, it becomes necessary
to reconsider the predictions shown in Figure
2. As stated above, the predictions of the several
models were based on faulty assumptions about
the programmed relations that are obtained in
the time-left procedure. The delay-reduction
model (in the form discussed by Luco, 1990)
and the matching model (e.g., Davison, 1987)
both require that the relative rates of terminal-
link entries be treated as independent variables
in order to predict relative response rates. It
has been argued here, however, that relative

response rates, relative terminal-link entry
rates, and some of the average schedule delays
are all dependent variables in the time-left
procedure. In the interest of rectifying the im-
pression given by Figure 2, it is necessary to
examine the predictions of the models when
the obtained entries and the obtained schedule
durations are taken into account.

Figure 5 shows the results from Rat R34
replotted after adjusting for time-left lever bias
and after regrouping the response data into
bins equal in size to the entry bins. In order
to factor out the time-left lever bias, the overall
local response rates on the time-left and stan-
dard levers were determined, and then the total
time-left responses in each bin were divided
by the ratio of time-left to standard local re-
sponse rates (for Rat R34, 2.09). Preference
in each bin was then recalculated using the
bias-adjusted time-left responses per bin. For
Rat R34, this resulted in relative responses
that correspond more closely to the relative
entries. Also shown are the predictions of SET
(Gibbon et al., 1988), the generalized match-
ing model (e.g., Davison, 1987), and the delay-
reduction model (in the form discussed by Luco,
1990), each based on the obtained schedule
values. The details of the models will be dis-
cussed in Experiment 2. Only the specific pa-
rameter values that affected the predictions are
presented here.

Scalar expectancy theory. Because the pre-
dictions of SET do not depend on the obtained
relative reinforcement rates on the two levers,
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Fig. 5. Relative time-left responses and time allocation
for Rat R34. Also shown are the predictions of scalar
expectancy theory, the generalized matching model, and
the delay-reduction model. The predictions of the several
models were derived using obtained schedule parameters.

the predictions in Figure 5 differ from those
derived by Gibbon et al. (1988) only in the
incorporation of the obtained time-left cycle
duration (C = 91.7 s) and standard terminal-
link duration (S = 30.9 s). The predictions
were also adjusted, as usual, by varying gamma,
the sensitivity parameter in SET, and a bias
term in the model until the fit to the data was
adequate.

Matching model. The matching predictions
differ from those derived from Gibbon et al.
(1988) only in that the relative entries were

incorporated into the equation. No adjustment
was made for sensitivity to relative rates of
entries or relative terminal-link delays, and no

further adjustment was made for lever bias.
Delay-reduction model. The predictions of

the delay-reduction model differ from those
derived by Gibbon et al. (1988) in three ways.
First, delay reduction requires for its predic-
tions the overall average delay to food in the
conditioning situation; the modified predic-
tions incorporated the obtained value of this
parameter. Second, the calculated relative re-

inforcing values of the terminal-link stimuli
require the mean durations of the two terminal
links; the obtained values were used. Third,
the relative entry rates were incorporated into

the equation. The predictions of delay reduc-
tion would have been much the same without
the first two adjustments-the primary deter-
minant of the improved predictions is the in-
corporation of the relative entries. As with the
matching model, the delay-reduction predic-
tions were made with no free parameters.
The general conclusion to be drawn from

Figure 5 is that all of the models fit the data
reasonably well when the actual schedule val-
ues are taken into account. The fits of the
matching model and delay reduction could have
been further improved by incorporating free
parameters for bias or sensitivity to terminal-
link frequencies or values. The fit of SET could
have been improved by incorporating, as is
usual, free parameters for inattention, re-
sponse-execution times, and timing latencies.
For the matching and delay-reduction models,
however, the improved fits are not really mean-
ingful; the improvement was gained by ignor-
ing the distinction between independent and
dependent variables. It should come as no sur-
prise that relative response rates are predicted,
so to speak, by relative entry rates when the
latter are caused by the former.

Animal Timing and the Time-Left Procedure
The foregoing analysis of the relations ob-

taining in the time-left procedure have two
implications for how the data have been in-
terpreted with respect to animal timing. The
first is that estimates of timing sensitivity ob-
tained from the procedure may reflect nontim-
ing processes. The time-left procedure reliably
produces SET sensitivity estimates (e.g.,
gamma approximately 0.15 for Rat R34) that
indicate timing sensitivity on a par with only
the most precise performances from other pro-
cedures (Gibbon & Church, 1981). In contrast,
gamma was estimated by Gibbon (1977) to be
around 0.7 for pigeons choosing between dif-
ferent terminal-link delays in the concurrent-
chains procedure of Chung and Herrnstein
(1967). Gibbon and Church also noted that
the extreme sensitivity apparent in the initial
link of the time-left procedure was not evident
in the terminal-link performances. One ex-
planation of the high sensitivity estimates for
time-left performances may be the indirectly
programmed relationship between relative re-
sponses in the initial link and the overall rate
of reinforcement delivered by the procedure.
It is possible to calculate, for different response
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distributions in the time-left procedure, the
expected average time to reinforcement by
summing over the expected proportions of time-
left and standard terminal links multiplied by
their expected terminal-link durations at each
point in the elapsing initial link. Figure 6 shows
how the expected average time to reinforce-
ment varies with the shape of the preference
function. In the top panel are shown five pos-
sible functions, all derived from SET, for pref-
erence in a time-left procedure with C = 90 s
and S = C/3 = 30 s. The functions differ only
in the time-sensitivity index, gamma, normally
a fitted parameter in SET. The bottom panel
shows the programmed average time to food
as a function of gamma. Of interest is the fact
that more nearly instantaneous transitions from
preference for the standard to preference for
the time-left terminal link result in shorter
times to food. This dependency adds to the
difficulty of interpreting the data produced by
the procedure. Even if the processes hypoth-
esized by SET were acting to determine how
time controls behavior in the situation, it seems
likely that preference would also be influenced
by the programmed dependence of overall re-
inforcement rates on the distribution of choice
responses. Because the highest overall rate of
reinforcement is produced only when prefer-
ence changes abruptly around the indifference
point, it is not surprising that the functions
should take that shape, no matter what the
mechanisms are that determine the point of
indifference.
The second implication of Experiment 1 is

that relative responses may not be the best
choice of dependent variable when the pro-
cedure is used to investigate animal timing.
The discrepancy between relative responses and
relative entries (Figure 3) indicates that rel-
ative responses may be biased estimates of time
discriminations. For the discrepancy to arise,
subjects must respond at higher local rates on
the time-left than on the standard lever. If the
bias is constant in initial-link time, as was
assumed for the reanalysis of the data of Rat
R34 in Figure 5, then it is trivial to factor out
the bias in timing estimates. The data in Fig-
ure 3, however, suggest that relative local re-
sponse rates may change in an orderly way in
the elapsing initial link; this seems likely, be-
cause the relative response and relative entry
curves are not identical curves displaced along
the time axis. The relevant data were not col-
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Fig. 6. (Top) Theoretical predictions of scalar expec-

tancy theory for preference in the time-left procedure (C
= 90 s, S = C/3 = 30 s). The different curves are for
different values of gamma, the time-sensitivity index in
scalar expectancy theory. (Bottom) Expected overall delays
to food in the time-left procedure (C = 90 s, S = C/3 =
30 s) as a function of gamma. Lower gamma values (greater
time sensitivity) produce shorter overall expected delays.

lected here, but Preston, Laties, and Khungerl
reported local response rates in a replication
of Experiment 1 using one of the same rats
(R31). (The replication followed seven inter-
vening conditions of a variation of the time-
left procedure with different food amounts in
the two terminal links.) Figure 7 shows 10-
session averages of relative responses, relative

I Preston, R. A., Laties, V. G., & Khunger, M. L. (1992,
May). Choice for reinforcers differing in amount and delay.
Paper presented in the 18th annual convention of the
Association for Behavior Analysis, San Francisco.
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models), the procedure does not produce data
that allow comparison of SET with the various
extant choice models. Instead, the independent
variables incorporated into the concurrent-
chains models are dependent variables in the
time-left procedure, and it becomes more or
less a tautology that the choice models will
predict the resultant data. That the distribu-
tion of responses must affect the overall time
to food is less than ideal for the study of timing
as well. No procedure that involves the re-
sponse-dependent presentation of stimuli can
guarantee precise control of temporal param-
eters, but the time-left procedure is especially
worrisome because it puts the temporal pa-
rameters directly under the control of re-
sponses.

Seconds since Trial Onset

Fig. 7. Relative time-left responses, time allocation,
local response rates, and terminal-link entries as a function
of elapsing initial-link time from 1 rat responding under
the time-left procedure (C = 90 s, S = C/3 = 30 s). The
data are from Preston, Laties, and Khunger (see Footnote
1).

time allocation, relative local response rates,
and relative terminal-link entries for Rat R31
responding in the same procedure and condi-
tion as in Experiment 1. Relative time allo-
cation was more closely related to relative ter-
minal-link entries than were relative responses,
as is expected given the programmed contin-
gencies. It seems, therefore, that relative time
allocation, being the operative dimension of
behavior in the procedure, might be a more
appropriate measure of time discriminations.
Response measures are further suspect inas-
much as the relative local response rates were
not constant in the elapsing initial link. Rel-
ative local rates were approximately .5 early
in the elapsing initial link but increased in
favor of the time-left lever over the first 25 s
or so. This means that a single bias parameter,
fitted for the data of a given condition, cannot
render the two measures equivalent, at least
not over the full range of initial-link times.

Conclusions
Although the indifference points obtained

from animals responding under the time-left
procedure may be relevant to some theoretical
questions (see, e.g., Gibbon & Church's, 1981,
comparison of linear and logarithmic timing

EXPERIMENT 2
Experiment 1 showed that the time-left pro-

cedure was not an appropriate preparation for
contrasting models of choice and animal timing
because the obtained schedule durations are

largely determined by the distribution of re-

sponses and therefore vary from the nominal
schedule values. Experiment 2, therefore, pre-
sents an alternative procedure that retains the
elapsing delay feature of the time-left proce-
dure while controlling the dependent variables
required by the traditional concurrent-chains
choice models. Preference was examined in a
concurrent-chains schedule with a time-left
terminal link in one of the component chained
schedules. Two independent VI 45-s initial-
link schedules arranged terminal links on two
levers. On the time-left lever, the terminal-
link interval requirement was always 90 s (C)
minus the elapsed time-left initial-link time
(I), and was 45 s on the average. The pro-
grammed delay to food on the time-left lever
was, thus, exactly 90 s from the onset of the
time-left initial-link schedule. The pro-
grammed standard terminal-link interval re-

quirement varied from trial to trial, and was

C/d s on the average (a VI C/d-s schedule),
with d varying over conditions. The procedure
differs from the time-left procedure in that the
programmed relative durations of the two ter-
minal links depend on the time since the last
time-left food presentation, but are indepen-
dent of elapsing time in the standard initial
link. Of interest are the relative time-left re-

sponses as a function of elapsed time in the

E
0.

F-
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time-left initial-link schedule. At any time, I,
in the elapsing time-left initial link, rats were
faced with a choice between a standard ter-
minal link, in which the expected delay to food
was C/d s, and a time-left terminal link, in
which the expected delay was 90 - I s. The
programmed expected terminal-link schedule
requirements were equal when I equaled 90
-Ss.
The procedure contains three likely sources

of control over relative initial-link responses.
First, preference might be a function solely of
the average initial-link and terminal-link
schedule values (as they are in normal con-
current-chains schedules) and therefore con-
stant in the elapsing time-left and standard
initial links. Second, preference might also be
affected by the changing programmed termi-
nal-link-entry probabilities in both elapsing
initial links. If so, preference for the time-left
terminal link would be an increasing function
of the elapsing time-left initial link, but a de-
creasing function of the elapsing standard ini-
tial link. Third, preference might be controlled
by the changing relative terminal-link sched-
ule values in the time-left initial link, produc-
ing increasing preference for the time-left ter-
minal link in the elapsing time-left initial link
and constant preference for the time-left ter-
minal link in the standard initial link.

METHOD
Subjects and Apparatus

Eight female Long-Evans hooded rats, ap-
proximately 9 months old at the start of train-
ing, were maintained through restricted post-
session feeding of rat chow at between 80%
and 90% of their free-feeding weights. All had
served as subjects in variations of the time-left
procedure unrelated to the present concerns.
All were maintained under the same conditions
as the rats in Experiment 1. The same con-
ditioning chambers were used as in Experi-
ment 1.

Procedure
General procedure. All rats' responses were

reinforced according to a concurrent-chains
schedule. During an initial-link (choice) pe-
riod, responses on the left and right levers pro-
duced terminal-link stimuli according to con-
current and independent VI schedules. On each
lever, the first response following the lapse of

the interval requirement was reinforced by the
onset of the stimulus lamps above the lever
(terminal-link stimulus). Responding in the
presence of each terminal-link stimulus was
eventually reinforced by the delivery of a food
pellet. When either terminal link was pro-
duced, the other lever became inoperative and
timing of the schedules on the inoperative lever
was interrupted until the initial links were
again present. Reinforcement consisted of the
delivery of one 45-mg Noyes pellet accompa-
nied by a 2-s illumination of the feeder light,
followed by an 8-s intertrial interval during
which no chamber lights were illuminated.
The programmed left-lever (time-left)

schedule values were determined in the same
manner as those for the time-left lever of Ex-
periment 1. The programmed delay to food on
the time-left lever (the time-left cycle duration,
C) was exactly 90 s from the onset of the time-
left initial-link schedule. The initial-link VI
schedule was exactly as in Experiment 1 (i.e.,
a VI 45-s schedule made up of six intervals
equal to 1/12, 3/12, 5/12, 7/12, 9/12, and
11/12 of C). The programmed time-left ter-
minal-link duration (L) was C minus the
elapsed time-left initial-link time (I) at the
moment of time-left terminal-link entry.
The programmed right-lever (standard) ini-

tial-link schedule was the same as for the time-
left lever. The standard terminal-link VI re-
quirement varied from trial to trial and was
equal to S = C/d seconds on the average. The
divisor, d, was varied over conditions. The
standard terminal-link VI schedule was made
up of the same intervals as the initial-link
schedules, multiplied in each condition by 2/d.
When d = 2, the standard terminal-link sched-
ule is the same as the average programmed
time-left terminal-link schedule. When d = 3,
S = 90/3 s, or 30 s, on the average, and is
made up of six distinct intervals each equal to
two thirds of the initial-link intervals. When
d = 2, therefore, the average schedule values
in both initial links and both terminal links
are equal to 45 s. The programmed duration
of the standard terminal link varies with d,
but all other programmed schedule values are
unaffected.
The procedure differed from the time-left

procedure of Experiment 1 in that the pro-
grammed relative durations of the two ter-
minal links depended on the time since the last
time-left food presentation, but were indepen-
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dent of elapsed time in the standard initial link.
Of interest are the relative time-left responses
as a function of elapsed time in the time-left
initial-link schedule. At any time, I, in the
elapsing time-left initial link, the rats were
faced with a choice between a standard ter-
minal link, in which the expected terminal-
link duration was S = C/d, and a time-left
terminal link, in which the expected duration
was L = 90 - Is.

Experimental conditions. All rats responded
on the modified concurrent-chains schedule (C
= 90 s in all conditions) with S = C/3 = 30
s for 35 sessions, S = C/2 = 45 s for 25 sessions,
and S = C/6 = 15 s for 25 sessions. This was
followed by one more condition of 25 sessions.
For Rats R20 through R23, S = C/4 = 22.5
s were the parameters in the final condition;
S = C/8 = 11.25 s were the parameters for
Rats R40 through R43. For all the rats in all
conditions, the time-left chained schedule was
programmed on the left lever and the standard
chained schedule was programmed on the right
lever. Sessions ended after 60 min or after 60
pellet deliveries, whichever occurred first. Lever
presses resulted in the operation of a feedback
relay and illumination of the houselight at all
times other than 1 0-s reinforcement-plus-
timeout cycle.

RESULTS
The potential value of the results of Ex-

periment 2 depends primarily on whether the
distribution of initial-link responses is an or-
derly function of elapsed time in the time-left
initial link. It must be shown, in other words,
that animals prefer the time-left terminal link
relatively less early in the time-left initial link
(when the expected time-left terminal-link du-
ration is long) but relatively more late in the
time-left initial link (when the expected time-
left terminal-link duration is short). Simply
plotting the relative time-left responses as a
function of elapsing time-left initial-link time,
however, will not suffice, even if the data are
orderly and produce the desired result. When-
ever two independent concurrent VI schedules
arrange reinforcement on two levers (as in the
initial links of Experiment 2), the relative
probabilities of reinforcement on the two levers
change in the two elapsing postfood intervals.
The longer the time since reinforcement on a
lever, the higher is the overall probability that
reinforcement is available on that lever, even

though meanwhile none or many reinforcers
might have been delivered by the other sched-
ule. In concurrent chains, then, the probability
of a terminal link on one of the levers depends
on the time since food on that lever but is
independent of the time since food on the other
lever. These relations alone might be expected
to produce relative time-left initial-link re-
sponses that are increasing in the elapsing
time-left initial link. The conclusion that re-
sponding was sensitive to the changing relative
terminal-link durations, therefore, requires the
demonstration that behavior in the time-left
initial link was orderly in a way not also ev-
ident in the standard initial link. In many of
the figures that follow, therefore, data are
graphed separately over the two dimensions
(the time since the last time-left reinforcer and
the time since the last standard reinforcer). In
general, preference might be influenced by (a)
the temporal differentiation of the relative ter-
minal-link schedule values in the time-left ini-
tial link, (b) the changing relative terminal-
link entry probabilities in the time-left and
standard initial links, (c) the average schedule
values independent of the time-left feature on
the time-left lever, or (d) some combination of
these. Both the programmed relative terminal-
link schedule requirements and the pro-
grammed relative terminal-link entry proba-
bilities increase in favor of the time-left lever
as the time-left initial link elapses. In the
elapsing standard initial link, the programmed
relative terminal-link schedules are constant,
but the relative terminal-link entry probabil-
ities change in favor of the standard lever.

Relative Responses in the Time-Left Initial Link
Figure 8, in the left column of graphs, shows

preference for the time-left terminal link as a
function of elapsed time in the time-left initial
link, averaged over the last 10 sessions sepa-
rately for each rat and each condition. Points
are not plotted for initial-link times greater
than 82.5 s because there were relatively few
opportunities for responding in the last time
bin. Preference generally was a monotonically
increasing, concave down, function of elapsed
initial-link times, with an intercept near zero
and an asymptote well below 1.0 as initial-
link times grew large. The bottom left graph
in Figure 8 shows preference for each condi-
tion separately, averaged over rats. Preference
for the time-left terminal link grew more
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quickly, and approached higher asymptotes,
with longer standard terminal-link VI re-
quirements. For some rats and conditions (e.g.,
Rats R21 and R40 in the S = C/2 = 45 s
condition), relative time-left responses were el-
evated in the first bin. This is mostly due to a
latency to begin responding after food presen-
tations, and therefore to relatively few re-
sponses entering into the choice proportions.
For example, 20 total responses (over 10 ses-
sions) entered into the first point for Rat R40
in Condition S = C/2 = 45 s, but an average
of 216 responses were made in each of the
other 11 initial-link bins. Relative responses
in the first bin or two are, in any case, ques-
tionable measures of relative terminal-link re-
inforcing values in concurrent chains. Killeen
(1970) and Fantino and Royalty (1987) re-
ported a negative recency effect in concurrent
chains with independent VI schedules in the
initial links. For 10 to 15 s after food on one
key, pigeons responded at elevated rates on the
other key. In the left column of Figure 8, this
would show up as low relative response rates
in the first bin or two.

Relative Responses in the Standard Initial Link
The center column in Figure 8 shows pref-

erence for the time-left terminal link as a func-
tion of elapsed time in the standard initial link;
the group means are plotted in the bottom
center graph. For most rats, preference for the
time-left terminal link decreased over the first
one or two bins and then was constant
throughout the remaining elapsing standard
initial link. After the first bin, the several curves
are best described as lines with slopes equal
to zero, but with intercepts that varied with
the average standard terminal-link VI require-
ment. Relative time-left responses were higher
when the standard terminal-link VI require-
ment was long than when the standard VI was
short. The elevated preference in the early bins
is similar to that reported by Killeen (1970)
and Fantino and Royalty (1987). In contrast
to preference in the time-left initial link, rel-
ative responses were essentially insensitive to
elapsed standard initial-link time.

Relative Responses in the Time Since Food
For comparison, the right column of Figure

8 shows preference for the time-left terminal
link as a function of elapsed time in either
initial link (i.e., time since the last reinforcer

on either lever). The group means are shown
in the bottom right graph. Because relative
responses were relatively constant in the elaps-
ing standard initial link and increased in the
elapsing time-left initial link, preference is ex-
pected to be moderately increasing in the time
since the last food presentation on either lever.
The data might also be expected to be more
variable, because response opportunities are
more quickly diminished in this dimension than
in the elapsing time-left or standard initial
links. For a response to occur in the last bin,
for example, the longest possible interval must
be simultaneously in effect in both initial-link
VIs and, moreover, the previous terminal-link
entries on the two levers must occur within
7.5 s (in initial-link time) of one another. For
most rats, preference for the time-left terminal
link increased over the time since food, but to
a lesser degree than in the time-left initial link.

Relative Time-Left Time Allocation
Figure 9 shows relative time-left time al-

location as a function of elapsed time-left ini-
tial-link time (left column of graphs), elapsed
standard initial-link time (center column of
graphs), and time since food on either lever
(right column of graphs). Group means are
plotted in the bottom graph of each column.
Relative times changed over elapsing initial-
link time in essentially the same manner as
relative responses, with a couple of exceptions.
First, there was a more pronounced elevation
of time-left time allocation in the early bins of
the standard initial link than was obtained
with relative response measures. This is re-
lated to the way in which time allocation is
measured; a single response in the first time
bin has the effect of allocating all the available
time through successive bins until the next re-
sponse occurs. This gives the appearance of a
more gradual decrease in preference over suc-
cessive bins, whereas it probably reflects a la-
tency to begin the vigorous responding that
allows more meaningful preference measure-
ment. Also, Rats R23 and R41 produced uni-
formly decreasing time-allocation functions in
the standard initial link in the S = C/2 = 45
s condition. In general, however, the functions
are much like those of the relative responses
in Figure 8. Relative time allocation increased
over the time-left initial link and, excepting
the first couple of bins, was generally constant
in the standard initial link.
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Relative Time-Left Terminal-Link Entries
Figure 10 shows the obtained relative time-

left terminal-link entries for each rat and each
condition plotted as a function of elapsed time
in the time-left initial links (left column of
graphs), the standard initial links (center col-
umn), and over both initial links (right col-
umn). The group means are plotted in the
bottom graph of each column. Relative time-
left terminal-link entries were essentially as
programmed. The left and center columns of
graphs show the typical relationship between
reinforcement probabilities on independent and
concurrent VI schedules with arithmetic VI
distributions. The probability of a reinforcer
on a given schedule is an increasing function
of elapsed time on that schedule, whereas the
probability of reinforcement on the other VI
schedule is independent of the current sched-
ule. Most rats produced orderly deviations from
the programmed relative entries for the S =
C/2 = 45 s condition, but other deviations from
the programmed values tended to be idiosyn-
cratic for the individual rats and conditions.
As is typically the case, concurrent-chains
schedules ensured good control over the rele-
vant independent variables.

DISCUSSION
Preference for time-left terminal links,

imbedded in concurrent-chains schedules, were
orderly functions of elapsing time-left initial-
link time. Increasingly shorter terminal-link
durations were increasingly preferred in re-
lation to unvarying average standard compar-
ison VI requirements. Disregarding a likely
negative recency effect on both levers, pref-
erence was an orderly function of elapsing time-
left initial-link time but not of elapsing stan-
dard initial-link time. Over conditions, shorter
standard VI schedules were more preferred
throughout the interval than were longer stan-
dard schedules. The orderly results within and
across conditions show that responses were
controlled by the elapsing delay schedule in
concurrent chains and encourage the view that
preference can be efficiently investigated in the
procedure of Experiment 2. How these data
relate to the several choice and timing models
depends on whether the models are strictly
applicable, that is, whether the terms and re-
lationships formalized in the models fully en-
compass the relationships inherent in the pro-

cedure. The predictions of SET and delay
reduction are discussed here, but both were
derived in unusual ways.

Scalar Expectancy Theory
The discussion of how SET predicts the data

of Experiment 2 is divided into three sections.
First, the basic model is presented in the con-
text of choice between two fixed-duration ter-
minal links (i.e., as for the conditions of Ex-
periment 1). Second, predictions are derived
for the situation of Experiment 2, in which
animals chose between a fixed-duration time-
left terminal link and a VI standard terminal
link. The third section covers the particulars
of how the predictions for Experiment 2 were
derived and some shortcomings of the way in
which SET has been formulated to deal with
choices involving VI terminal links.

Choices between two fixed-duration terminal
links. According to SET, the procedure of Ex-
periment 2 (like that of Experiment 1) should
be treated as a time discrimination problem
(Gibbon et al., 1988). An animal must judge,
at any time in the elapsing time-left initial link,
which of the two terminal links has the shorter
expected duration (delay to food if the terminal
link is entered). The judgments are made by
way of ratio comparisons of estimates of the
two durations; the estimates are based on sam-
ples from memory distributions laid down over
repeated exposures to the durations of the var-
ious schedule components in the procedure.
When the animal judges that the remaining
time on the time-left lever (i.e., the expected
time-left terminal-link duration) is less than
the duration of the standard terminal link, it
will respond on the time-left lever. If, at all
initial-link times, both expected terminal links
consist of FI schedules (as in Experiment 1)
then the predictions are straightforward. The
probability that an animal will respond on the
time-left lever at some time, I, in the elapsing
initial link depends on the relative sizes of the
animal's estimates of the duration of S (xs) and
the duration of L (XL). To estimate S, the an-
imal samples its memory for S durations. To
estimate L, the animal samples its memory for
C durations and subtracts its estimate of the
directly appreciated current elapsed time, I (i.e.,
XL = XC-x). Responses should occur on the
time-left lever whenever XL/XS < 1, or, equiv-
alently, whenever xc - xs < x, (Equation 1).
In order to make predictions, then, one need
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ted, and double lines) and F
line), according to scalar exp4

left procedure with two fixed
and one variable delay (midc
able delay is approximated b)
sity function (bottom graph)
C/3 = 30 s. See text for add

__- ~only know the theoretical memory distribu-
tions for C and S, and the probability that a

,/ difference, Xc- Xs < x1, will occur when one
estimate is drawn from each distribution at
any time I. The memory distributions for C
and S are assumed to be normally distributed

!_________________ with means that are linear in real time and
standard deviations that are linear in the mean
remembered times (i.e., with a constant coef-
ficient of variation, gamma). The C - S dis-
tribution, being a linear combination of in-
dependent random variables, has a mean equal
to the difference of the means of the combining

) 90 ~ l210 50 distributions and a variance equal to the sum
90 120 150 of the variances of the combining distributions.

The top panel of Figure 11 shows the theo-
retical memory distributions for S, C, and their
linear combination, C - S, when C equals 90
s and S is an FT schedule equal to C/3 = 30
s (gamma = 0.2), all as a function of elapsed
initial-link time. The probability of a time-
left response at time I is the integral from
minus infinity to I of the C - S distribution.
(Gibbon & Church, 1981, Section 1 of the
Appendix, provide a detailed example of find-
ing the cumulative distribution function.) The
dashed line shows the resulting probability of
a time-left response as a function of elapsed

.6 90 120 150 initial-link time.
Choices between fixed and variable terminal-

,' /link durations. Consider, now, the procedure
of Experiment 2, in which the standard ter-
minal link is a VI schedule. Estimates for C
are based on a sample from the gaussian dis-
tribution of memories for the fixed duration,
C. Estimates for L are based on the difference
between x, and a sample from the gaussian
distribution of memories for C. The duration
of S, however, varies over encounters with the
standard terminal link, and so the memory for
S is not expected to be a gaussian distribution

H ~ ---rcentered over S. In order to accommodate
5.9 90 120 150 memory distributions for variable-duration

times, Gibbon et al. (1988) made the simple
Seconds assumption that the animal tries to remember

nory distributions (solid, dot- each of the intervals constituting the VI dis-
)redicted preference (dashed tribution; the resulting overall distribution of
ectancy theory, given a time- memories for S is the simple mixture of the
delays (top graph), one fixed several constituent gaussian distributions. (If,
Ile graph), and when a vari- fors nconstiturtebth VI
y a negative exponential den- for example, six intervals constitute the VI
. In all cases, C = 90 s, S = distribution, then each contributes one sixth of
litional description. its area to the resulting probability density

function.) The middle graph in Figure 11
shows the theoretical memory distributions for
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C = 90 s, S = C/3 = 30 s (the mixture of six
gaussian distributions based on the intervals
constituting the terminal-link VI), and C - S
when gamma equals 0.2. The dashed line
shows the cumulative distribution function of
the C - S probability density function (or,
equivalently, the probability of a time-left re-
sponse) as a function of elapsing initial-link
time on the time-left lever. (See the next section
for a discussion of how the C - S density and
distribution functions were generated.)
The top panel in Figure 12 shows the pre-

dictions of SET, derived in the same way, for
all of the conditions of Experiment 2. These
predictions should be compared with the data
in the bottom left graph of Figure 8. The data
are not well predicted by the theoretical func-
tions. The predictions could be adjusted for
bias, of course, so that the indifference times
in the predictions and the data correspond ex-
actly. More troublesome is the fact that the
shapes of the theoretical functions correspond
poorly to the data. The theoretical distribution
functions are positively accelerated from 0 s to
the indifference times; the data are negatively
accelerated throughout the time-left initial link.
Why SET should fail to predict preference in
the procedure of Experiment 2 is unclear. One
possibility is that the occasional interruptions
of the time-left initial link by irrelevant pre-
sentations of the standard terminal link either
make time discriminations generally more dif-
ficult in the procedure or change the way in
which time is discriminated. It will be shown
in the next section that different values for
gamma do not improve the predictions or sub-
stantially change the qualitative shape of the
predicted functions. With respect to the second
point, it has been assumed so far that animals
remember the time-left cycle duration as if it
were not occasionally interrupted by presen-
tations of the standard terminal link; in infor-
mation-processing terms, the accumulator for
the time-left cycle duration is switched off dur-
ing the standard terminal link and then
switched on again, without resetting, when the
initial links are entered again (cf. Roberts,
1981). The predictions would not improve in
any meaningful way, however, if it were as-
sumed that the relevant time-left cycle dura-
tion included the time spent in the standard
terminal link. The major difference, were that
the case, would be in the theoretical memory
distribution for the cycle duration. In that case,

=~ ~ ~ -S=90/3 /.';
;5 0.6-- S=90/4 /

0.4-S=90/

0.2-

8°°- / .-E-1 Delay Reduction

a 0.8-

0.6-

0.4-

0.2-

0.0
0 15 30 45 60 75

Seconds Since Trial Onset
Fig. 12. Predictions of scalar expectancy theory (Gib-

bon et al., 1988) and delay reduction (Squires & Fantino,
1971) for concurrent chains with a time-left terminal link
in one of the component chain schedules. The predictions
are for the data in the bottom left graph of Figure 8.

the true cycle would be variable in duration,
C + S s on the average, and made up of six
constituent intervals, each equal to C plus one
of the six intervals making up the standard
terminal-link VI schedule. The resulting dis-
tribution functions would be shallower in slope
but still positively accelerated from 0 s to the
indifference point-unlike the data, which are
negatively accelerated throughout the range of
initial-link times.
SET and memories for variable delays. It is

beyond the scope of this paper to consider the
full theoretical structure that underlies SET
as a model of choice and animal timing (see
Gibbon, 1977; Gibbon & Church, 1981; Gib-
bon et al., 1988; for detailed accounts). The
analysis of Experiment 2, however, required
the predictions of SET for choice between VI
schedules and FI schedules, and these require
some discussion. Notice that the SET predic-
tions in Figure 12 are at odds with the asser-
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tion of Gibbon et al. that SET predicts sub-
stantial preference for VI schedules over FI
schedules with the same mean durations. The
function for S = C/3 = 30 s, for instance,
predicts that animals will be indifferent to an
FT 29.4-s time-left terminal link and a VI 30-s
standard terminal link (indifference at I = 60.6
s). According to Gibbon et al., a VI schedule
should be judged equivalent to a much shorter
FI schedule, with the precise value depending
on timing sensitivity. The accounts conflict be-
cause the preference functions in the present
paper were not made as suggested by Gibbon
et al.

According to SET, the theoretical density
function of memories for variable-duration
times is the simple mixture of the scalar es-
timates for the individual fixed times making
up the variable distribution (Gibbon, 1977;
Gibbon et al., 1988). Because it is very difficult
to calculate the predictions of SET when the
underlying memory distributions are mixtures
such as these, Gibbon et al. settled on an ap-
proximate solution. They argued that variable
distributions could be approximated by neg-
ative exponential density functions with the
same means. The approximations were spe-
cifically intended for constant probability VI
distributions, but were said to be sufficiently
general for arithmetic distributions as well. I
shall argue here that negative exponential ap-
proximations for variable schedules are not
satisfactory. I shall argue, too, that the ap-
parent success of SET in predicting preference
for variable over fixed schedules (Experiment
2 notwithstanding) needs to be reevaluated. In
the present paper, the density functions for
variable distributions were generated as the
simple mixtures of the VI distributions with-
out further simplication. The probability den-
sity functions for the C - S probabilities were
then derived by performing every possible sub-
traction, in 0.25-s resolution, of the C and S
distributions and then calculating the proba-
bility of observing the resulting differences. If
C and S are independent random variables
with probability density functions fc(c) and
fs(s), and if D = C - S, then

fD(d) = f fc(x) fs(x - d) dx.

The function JD(d) gives the probability of ob-
serving a given difference xc-xs = d when

one sample each is drawn from the C and S
distributions. For the analyses reported here,
the probabilities were calculated at discrete
0.25-s intervals and the areas centered over
each of those intervals were approximated by
multiplying the probability by .25. The prob-
ability that xc - x5 < xi (i.e., the probability
of a time-left response at any time I; see Equa-
tion 1) is the integral of fD(d) from negative
infinity to I. Accordingly, the cumulative dis-
tribution functions were calculated by accu-
mulating the areas of successive 0.25-s bins of
the C - S density functions.
The middle and bottom graphs of Figure

11 show how the predictions derived from the
method reported here compare with the less
precise negative exponential approximations
of Gibbon et al. (1988). The middle graph, to
repeat, shows the theoretical memory distri-
butions, and the predicted preference for the
time-left lever, for the procedure of Experi-
ment 2 when C = 90 s, S = C/2 = 30 s, and
gamma = 0.2. The bottom graph shows the
same functions when the mixture is approxi-
mated by a negative exponential density func-
tion with an expected value of 30. Note the
discrepancy between the two sets of predic-
tions. In the middle graph, the two terminal
links should be judged to be equivalent at I =
60.6 s; in the bottom, indifference occurs at I
= 65 s. The critical feature is that, contrary
to previous descriptions, true theoretical in-
difference between the fixed-duration time-left
terminal link and the variable-duration stan-
dard terminal link occurs when their mean
values are approximately equal.

Figure 13 shows the predictions of SET
(preference for the time-left initial link as a
function of elapsed time-left initial-link time)
for the same conditions (C = 90 s, S = C/3 =
30 s, S variable) calculated in four different
ways. The left column of graphs shows, top
to bottom, the predictions when S consists of
an arithmetic VI schedule, a constant proba-
bility VI schedule composed of six intervals
determined according to Fleshler and Hoff-
man (1962), a negative exponential density
function with the same mean, and Gibbon et
al.'s Equation 7 for preference involving fixed
and variable terminal links. The different
curves in each graph are for different values
of gamma: 0.05 (solid line), 0.2 (dotted line),
and 0.8 (dashed line). (For the bottom graph
only, the double line is for gamma = 0.4.) Each
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I

Fixed vs Variable
(Gibbon et al., 1988,

Equation 7)

30 60
I. I__ _I_

Elapsed Initial-Link Time (s)

Fig. 13. Predicted preference, according to scalar expectancy theory, given a time-left procedure with C = 90 s, S

= C/3 = 30 s, and gamma equal to 0.05 (solid line), 0.2 (dotted line), 0.8 (dashed line) or 0.4 (double line). Different
rows of graphs show the predictions for different types of standard-lever VI distributions or are based on different
mathematical treatments of the predictions. Graphs in the right column are expanded views of portions of the graphs
in the left column.

graph in the right column shows a small por-

tion of the graph to its left enlarged to show
how gamma affects preference around the point
where the schedules have equal mean delays

(I = 60 s). Three features of the graphs are

of interest. First, the negative exponential ap-

proximation agrees well with the actual pre-

dictions of SET when the standard VI sched-
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ule is a constant probability VI but not with
the predictions for arithmetic VI schedules
(except when timing precision is very poor).
Second, predicted preference for a VI schedule
over an Fl schedule with the same mean delay
becomes greater with greater timing sensitivity
only for constant probability VIs, when VI
schedules are approximated by negative ex-
ponentials, and according to Gibbon et al.'s
Equation 7. On the contrary, SET predicts
that arithmetic VI schedules should be judged
to be increasingly similar to Fl schedules with
the same mean as timing sensitivity increases.
The third point is trivial, in a sense, but re-
quires discussion nevertheless. Gibbon et al.'s
Equation 7, in the form suggested for pre-
dicting preference in the time-left procedure,
grows increasingly inaccurate and counter to
fact as gamma grows large. Even if one as-
sumes that the negative exponential approxi-
mations are valid, the equation is of limited
use. When gamma becomes moderately large
(say, around 0.3), their Equation 7 (but not
SET) predicts that animals will prefer fixed-
duration time-left terminal links over variable-
duration standard delays even when the vari-
able delay has a smaller mean value. This is
counter to fact and not otherwise representa-
tive of the predictions of SET utilizing negative
exponential approximations of variable delays.
The conclusions are troublesome. It is true

that the negative exponential approximation
for variable schedules results in the prediction
that VI schedules will be greatly preferred to
Fl schedules with the same mean. It is not
true, however, that this prediction follows from
the current assumptions of SET, at least not
for arithmetic VI distributions. The issue,
though, is not what approximation might be
appropriate for arithmetic distributions. The
implication is that the assumption of a simple
mixture of scalar estimates of the constituent
intervals of a VI distribution is not likely to
be generally successful. Because there is, in
fact, substantial preference for arithmetic VI
schedules over FT schedules with the same mean
(e.g., Davison, 1972; Killeen, 1968), SET must
accommodate this fact and incorporate a con-
ception of memories for variable distributions
that successfully predicts the finding. It is not
enough, even though true, that the assumption
of simple mixtures was successful for constant
probability VI schedules; not unless the same
memory processes result in reasonable predic-
tions for arithmetic schedules.

A final point about the way in which SET
is applied to choice situations is that several
different assumptions have been made about
the variance associated with discriminating the
elapsed time in time-left initial links. Gibbon
and Church (1981) assumed that there was
negligible variance associated with the dis-
crimination of elapsed time. Gibbon et al.
(1988) made different assumptions depending
on whether animals were choosing between
two fixed delays (Gibbon et al.'s Equations 3
and 4) or between a fixed and variable delay
(Gibbon et al.'s Equation 7). The procedure
reported here for calculating the predictions of
SET implies the assumption of Gibbon and
Church: that there is no variance associated
with the discrimination of elapsed time. The
predictions of the model would not improve if
it were assumed that the total variance of the
time discriminations increased as time elapsed
in the initial link. The predicted indifference
points would not be affected at all. The slopes
of the functions would be shallower, though,
and more so at longer initial-link times.

Delay Reduction
The various choice and conditioned rein-

forcement models, although explicitly devel-
oped in the context of concurrent chains, are
still not unambiguously applied to this pro-
cedure; none of them has been elaborated to
encompass temporal discriminations as such
(although see Killeen & Fetterman, 1988). In-
stead, they predict choice as a function of the
reinforcing value of the terminal links (vari-
ously conceived) and the frequencies of con-
ditioned or primary reinforcement. According
to the delay-reduction model (Squires & Fan-
tino, 1971), the reinforcing value of a food-
paired stimulus is determined by the degree of
temporal association between the stimulus and
food. The smaller the percentage of the average
overall delay to food occupied by a stimulus,
the greater its reinforcing strength. Therefore,
the predicted preference at any time in the
elapsing time-left initial link should be the
relative sizes of the two delay percentages so
calculated. This seem to be an inappropriate
model for Experiment 2, however, because it
predicts no special role for the temporal dif-
ferentiation of the relative terminal-link delays
in the 90-s time-left cycle duration. The bot-
tom graph of Figure 11, therefore, shows the
predictions of the delay-reduction model cal-
culated in an unorthodox manner. The ex-
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pected time-left and standard terminal-link
delays at each time in the elapsing initial link
were expressed as percentages of C (90 s) rather
than as percentages of the overall delay to food
when calculating the conditioned reinforce-
ment values. The predictions of delay reduc-
tion, so modified, are qualitatively in good
agreement with the preference functions from
Experiment 2, predicting that preference will
be monotonically increasing, concave down,
functions of elapsing time-left initial link, with
higher asymptotes for longer average standard
terminal links. (In keeping with the form of
delay reduction discussed by Luco, 1990, the
conditioned reinforcement terms were multi-
plied by the expected rates of terminal-link
entries, not by the primary reinforcement
rates.)

GENERAL DISCUSSION
Gibbon et al. (1988) argued that the elaps-

ing-delay feature of the time-left procedure
"encourages subjects to base choice on a direct
appreciation of the upcoming delays to food"
(p. 105) and thereby avoids the secondary (con-
ditioned reinforcement) effects that occur in
concurrent chains. Their conclusions were ap-

parently based, in part, on the fact that SET
made more accurate predictions of the data
that resulted from the procedure than did a

number of traditional models of choice and
conditioned reinforcement. Experiment 1,
however, showed that the data of the time-left
procedure can be predicted without making
any assumptions at all about animal timing.
Because the procedure places the temporal pa-

rameters of the component schedules directly
under the control of responses, any model that
assumes that behavior is sensitive to relative
rates of reinforcement must necessarily make
predictions that correspond to the data pro-

duced by the procedure. The procedure of Ex-
periment 2, designed to overcome the problems
of the time-left procedure, provided little sup-

port for Gibbon et al.'s (1988) assertion that
elapsing delays bring behavior uniquely under
the control of the temporal delays to food. Es-
pecially difficult to reconcile with this view is
the fact that the relative time-left responses in
Figure 8 approached asymptotes considerably
below 1.0. The predictions of SET require that
preference eventually approach 1.0 (if the time
axis were extended sufficiently; see Figure 1 1).

It is difficult to judge whether the procedure

of Experiment 2 should be considered an ap-
propriate context for comparing the predic-
tions of SET and other models of choice. Gib-
bon et al. (1988) stated explicitly that SET
was not yet elaborated for the complexities of
concurrent chains. It is not clear, though, ex-
actly what features of concurrent chains lie
outside the purview of SET, or in what way
the time-left procedure was originally pre-
sumed to avoid the relevant complexities. The
assumption underlying Experiment 2, sug-
gested by Gibbon et al., was that the elapsing-
delay feature, as such, might be the relevant
distinction between the two procedures. Had
SET made accurate predictions, then the ques-
tion would be answered. That it did not means
that no simple conclusions can be drawn. On
the one hand, the data could be viewed as
having demonstrated additional limits to the
generality of SET as a general model of choice,
or as having demonstrated that it is less suc-
cessful than other models. Less interesting, but
equally plausible, would be the assumption
that SET was already well known to be unable
to account for such data-that some other fea-
ture of concurrent chains, some feature re-
tained in the procedure of Experiment 2, makes
them unsuitable for assessing the predictions
of SET.

Either way, the combined results of the two
experiments weaken the claims of SET. The
claims are weakened primarily because many
of the conclusions drawn from studies that uti-
lize the time-left procedure of Experiment 1
will have to be reconsidered. There are too
many alternative explanations for the proce-
dure's data if all the extant choice models, all
unelaborated for time-discrimination prob-
lems, predict the data as well as SET. SET's
claims are weakened, also, inasmuch as the
model's account of preference for variable de-
lays may be less successful than previously
supposed. At the very least, those successes
must be considered tentative until a single set
of assumptions provides reasonable predictions
for both arithmetic and constant probability
VI distributions.
The predictions of the delay-reduction model

for Experiment 2 were qualitatively in good
agreement with the data, but the model's suc-
cess may have been purchased at a price. Delay
reduction was among the first formulations of
stimulus conditioning, albeit in the context of
conditioned reinforcement, that made the sim-
ple assumption that conditioning depends on
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a temporal correlation between a neutral stim-
ulus and an unconditioned stimulus (Fantino,
1969). The modified model that produced the
predictions shown in Figure 12 cannot strictly
be said to share that assumption. According to
Fantino, the conditioned reinforcing value of
a food-paired stimulus is jointly determined by
the duration of the stimulus and the temporal
context provided by the overall average ex-
pected time to primary reinforcement in the
conditioning situation. In a sense, the average
interreinforcement interval provides a stan-
dard by which stimulus durations are mea-
sured. The smaller the expected delay to food
in the presence of the stimulus relative to the
overall average time to reinforcement, the more
potent is the stimulus as a conditioned rein-
forcer.

In the modified model, the time-left cycle
duration, C, provides the context in which
stimulus durations are evaluated. The modi-
fication departs from the usual formulation of
the delay-reduction model, most importantly
in abandoning the assumption that the average
interreinforcement interval plays a psycholog-
ically primitive role in stimulus conditioning.
In fact, is not clear whether the modification
should be considered to be a special application
of Fantino's (1969) model or an empirical
model loosely based on delay reduction. Ac-
cording to Fantino, the reinforcing efficacy of
a food-paired stimulus "is determined by the
degree of reduction in the expected time to
primary reinforcement" (p. 730) signaled by
the onset of the stimulus. Considered as an
extension of delay reduction, the modified
model implies the additional assumption that
the contextual "expected time to primary re-
inforcement" must be understood to mean dif-
ferent things in different experimental situa-
tions. Perhaps time-discrimination procedures,
by explicitly programming de facto temporal
contexts for stimulus durations or reinforce-
ment probabilities, result in control by differ-
ent temporal aspects of the procedure. When
the programmed consequences of behavior are
differentiated over a specific time interval, that
interval (instead of the average interreinforce-
ment interval) may acquire control as the tem-
poral context for stimulus conditioning. At
present, however, the modified version of the
delay-reduction model is best justified by the
correspondence between the data and the pre-
dictions. Only if similar modifications were

found to be necessary for related procedures
would there be much point in speculating about
the model's implications.

Finally, the combined results of Experi-
ments 1 and 2 did not support the view that
the elapsing-delay feature of the time-left pro-
cedure eliminates or suppresses the normal
conditioned reinforcement inherent in the on-
sets of food-associated stimuli. It was too much,
perhaps, to hope that time alone would control
choice in the time-left procedure. There is much
evidence from related procedures that food-
associated stimuli have reinforcing effects not
attributable to their roles as signals of temporal
delays to primary reinforcement. For example,
Williams and Dunn (1991) reported a series
of conditions wherein pigeons responded on a
two-alternative concurrent-chains schedule.
The two initial-link schedules arranged the
same shared stimulus and terminal-link sched-
ule of food presentation. Yet another schedule
conjointly arranged additional presentations of
the same stimulus, but without food. The ab-
solute frequency of the additionally scheduled
terminal links was held constant across con-
ditions, but the relative frequency assigned to
one or the other initial-link key was varied.
Preference for a given choice alternative varied
directly with the overall frequency of stimulus
presentations, even though higher frequencies
were uniformly associated with longer average
delays. Williams and Dunn argued that mod-
els of choice that ignore the reinforcing role of
terminal-link stimuli, or that ignore the effects
of the rates of terminal-link stimuli, are un-
likely to have generality. The procedure of
Experiment 2 did not address these issues di-
rectly, but the results suggest that something
other than simple expected times to food con-
trols choices for food-associated stimuli, or, at
least, that the timing processes proposed by
SET are not wholly sufficient to account for
those choices.
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