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Under a psychophysical trials procedure, pigeons were presented with a red light of one duration
followed by a green light of a second duration. Eight geometrically spaced base durations were paired
with one of four shorter and four longer durations as the alternate member of a duration pair, with
different pairs randomly intermixed. One choice was reinforced if red had lasted longer than green,
and a second choice was reinforced if green had lasted longer. Performance was compared when all
the base durations and their pair members were included (entire-range condition) or when only the
four longest base durations and their comparison durations (restricted-range condition) were used.
Discrimination sensitivity decreased for longer duration pairs under both conditions, supporting a
memory-based account. Sensitivity was lower under the restricted-range condition. Under both con-
ditions, a bias to report "green as longer" increased as the second green duration increased. Bias
changed as a matching function of the green-duration predictiveness of the correct choice. The results
are related to a quantitative model of timing and remembering proposed by Staddon.
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Perception, cognition, and learning all con-
verge on the problem of timing, and the study
of timing has become more central in each of
these areas over the past quarter century. Tra-
ditionally, research and theories about timing
in humans have been categorized under the
label of time perception (Woodrow, 1951).
Many studies, both with humans and other
species, have employed psychophysical pro-
cedures (Allan & Kristofferson, 1974; Gibbon
& Allan, 1984; Michon & Jackson, 1985).
Due to increased interest, the topic is now
considered in separate chapters in basic texts
on perception (e.g., Coren & Ward, 1989;
Schiffman, 1990). Issues concerning the spac-
ing of events over time are of obvious impor-
tance for the study of cognition (e.g., McCabe
& Balzano, 1986), and much of the recent
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research and theorizing about human time ex-
perience have come from information-pro-
cessing views and cognitive-attentional views
(e.g., Block, 1990; Macar, Pouthas, & Fried-
man, 1992). Increasing attention to timing by
nonhuman animals owes a great deal to the
information-processing internal-clock theory
and related research of Gibbon, Church, and
their colleagues (Church, 1984; Gibbon, 1991;
Gibbon & Church, 1990). In the area of learn-
ing, the relation between behavior and tem-
poral spacing of relevant events has long been
studied (Richelle & Lejeune, 1980). But, in
the past 15 years, the number of research pa-
pers, quantitative accounts, and theories has
risen dramatically (Church & Broadbent, 1991;
Gibbon, 1977; Killeen, 1991; Killeen & Fet-
terman, 1988; Stephens & Krebs, 1986). The
present experiments draw from these areas and
provide information about each.

Studies of animal time perception can be
categorized into two broad procedural cate-
gories: procedures based on temporally defined
schedules of reinforcement, and procedures
based on more perceptual, psychophysical
methods. Schedule-based procedures include
fixed-interval (FI) and differential-reinforce-
ment-of-low-rate (DRL) schedules. Under Fl
schedules, food is scheduled for the first re-
sponse after an interval of time has elapsed,
and animals on these schedules respond at a
higher rate as the time to food approaches.
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Under DRL schedules, animals gain reward
by spacing their responses by a minimum
amount of time. Under psychophysical pro-
cedures, an animal might be trained to emit
one response if a stimulus lasts less than 10 s
and another if the stimulus lasts longer. Psy-
chophysical procedures offer several advan-
tages over schedule-based procedures. Analy-
ses of factors affecting sensitivity and bias-
basic aspects of signal detection theory (Mac-
millan & Creelman, 1991)-are possible; the
procedures and analyses can be related to the
long-standing procedures and results of hu-
man psychophysics; comparisons across pro-
cedures and experiments can be made in terms
of Weber fractions; and the results are often
easier to interpret than those based on rate-
based scheduling procedures.
The present research is psychophysical in

nature and is an extension of our prior work
on a duration-comparison task (Dreyfus, Fet-
terman, Smith, & Stubbs, 1988; Fetterman &
Dreyfus, 1986, 1987; Stubbs, Dreyfus, & Fet-
terman, 1984). Under the basic task, pigeons
were shown a red light of one duration fol-
lowed by a green light of a second duration,
and were required to make one choice if red
had lasted longer and a second choice if green
had lasted longer. Many duration pairs were
intermixed, producing a task that was psy-
chophysical in nature with a graded mix of
pairs differing by lesser or greater amounts of
time. The task is fundamentally different than
those in other procedures used to study timing
in animals. In these other tasks, performance
is assessed with respect to a constant criterion
time. Response rates are measured at different
times in an Fl schedule when food is delivered
for the first response after 60 s; under a psy-
chophysical task, animals may be trained to
emit one response if a light lasted less than a
criterion of 10 s and second response if the
light lasted longer. In contrast, the duration-
comparison procedure provides a task in which
the animal responds to ever-changing duration
pairs across trials. As such, the procedure is a
relational learning task involving temporal
stimuli.
The basic findings are that pigeons readily

learn the discrimination and that discrimina-
bility is a function of the relative difference
between the two durations. These findings
agree with those of other psychophysical pro-
cedures (e.g., Gibbon, 1977; Stubbs, 1979),

and demonstrate that discriminability depends
on the relative difference of the duration pair
members, in accord with Weber's law. These
results hold under the basic duration task (e.g.,
Dreyfus et al., 1988). They also hold under a
ratio-comparison variation (e.g., when birds
were trained to report whether the duration
of green was twice as long as red or four times
shorter) (Fetterman, Dreyfus, & Stubbs, 1989).
Finally, similar results were observed when
different choices were reinforced depending on
which color pair was longer in a sequence of
four durations: red-green-red-green (a tem-
poral integration task; Stubbs et al., 1984).
The present experiment was conducted to

address questions raised by our previous work
and to provide new information not covered in
the prior reports. One set of questions concerns
the memory aspects of the procedure. The se-
quential presentation of the durations pro-
duced a delay between the first duration and
the choice that was imposed by the second
duration. A delay between a stimulus and a
choice implies lower choice accuracy according
to most accounts of memory. The impli-
cation is that discrimination performance will
be lower in the duration-comparison task when
longer values of the second duration (and hence
longer delays between the first duration and
choice) are presented. Some of our findings
agree with this general interpretation (Dreyfus
et al., 1988). In one experiment, different du-
ration ranges were employed (0.5 to 16 s, 1 to
32 s, 2 to 64 s, and 4 to 128 s); discrimination
accuracy decreased as duration range in-
creased, and also decreased as the average de-
lay between the first duration and choice in-
creased. However, when we considered
performance within a particular range, accu-
racy measures appeared to be similar whether
the duration pair was relatively short (e.g., 1
s red followed by 2 s green) or long (10 s vs.
20 s). If memory for the first duration is in-
creasingly degraded by longer second dura-
tions, it seems that accuracy should decline
both within and across ranges. Unfortunately,
the procedure for generating durations made
precise comparisons difficult within a range of
duration pairs. Durations were produced
probabilistically, providing several hundred
different pairs but with the disadvantage that
there were too few instances of each pair to
permit specific comparisons (e.g., shorter and
longer pairs with a 2:1 ratio of red to green).
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Instead, analyses relied on approximations by
placing different pairs in categories (e.g., in-
stances in which red was two to four times
longer than green were grouped together).
Thus it was possible to provide general an-
swers to a number of questions, but the data
did not permit the more ideal, specific com-
parisons. In the present experiments, duration
pairs were arranged differently, with one goal
being a more exact specification of the stimuli
so that precise comparisons could be made
about sensitivity and bias. The more explicit
control of duration pairs affords a more defin-
itive answer to questions raised by our earlier
research and allows us to relate the findings
to a theory of timing and remembering (Stad-
don, 1983, 1984).

METHOD

Subjects
Six White Carneau pigeons, maintained at

85% of their free-feeding weights, served as
subjects. They were fed after experimental ses-
sions as necessary to maintain weights, and
were given unlimited access to water and grit
in their home cages. Three pigeons were ex-
perimentally naive; 3 had experience on a con-
current-schedules choice procedure and, just
prior to the present experiment, training on
response-comparison and duration-compari-
son tasks that shared many features with the
present task.

Apparatus
Experimental sessions were conducted in

three sound-insulated, ventilated three-key pi-
geon chambers of the ice-chest variety (cf.
Ferster & Skinner, 1957). Specific details of
chamber design and dimensions can be found
in Fetterman and Stubbs (1982). Sessions were
arranged and data recorded by Apple II ® com-
puters that were connected to the chambers by
MED Associates® interfaces.

Procedure
General procedure. Sessions were conducted

7 days a week. Choice responses were rein-
forced depending on which of two durations
was longer under a psychophysical trials pro-
cedure. For each trial, the center key was lit
by red light for the first of two durations and
then green for the second duration, with both

events scheduled independently of behavior and
with different durations on each trial. The
houselight was on and the side keylights off
during both durations. The green light ended
after a duration either shorter or longer than
that of red, and then the two side keys were
lit, one by red light and the other by green.
The position of red and green choice keys al-
ternated irregularly over trials, with each pre-
sented equally on the left and right over the
course of a session. A red side-key response
was "correct" if the duration of red had been
longer than that of green. A green side-key
response was "correct" if green had lasted lon-
ger than red. Correct choices intermittently
produced 2-s access to food (details of food
scheduling are given below); when food was
delivered, the feeder light was illuminated and
all keylights and the houselight were turned
off. A 10-s blackout, during which all lights
were off, followed food and all other correct
and incorrect choice responses. A new trial
followed the blackout.

Duration pairs. Eight durations were treated
as "base" durations: 2.0, 2.8, 4.0, 5.6, 8.0, 11,
16, and 22 s. Each was paired with "compar-
ison" durations of the alternate color, produc-
ing approximate ratios (comparison duration:
base duration) of 0.25, 0.35, 0.50, 0.70, 1.4,
2.0, 2.8, and 4.0. Table 1 shows the base du-
rations and the comparison durations paired
with each. The geometric series of base du-
rations as well as the related geometric series
of comparison durations were selected to honor
another area that focuses on time and was done
in commemoration of the recent 150th anni-
versary of the birth (or, more specifically, pub-
lic announcement) of photography (Newhall,
1982; Szarkowski, 1989). Readers may rec-
ognize the sequence as the f-stop aperture set-
tings on cameras. The series is approximate,
because we used the values written on cameras
rather than the more precise values in the se-
ries (e.g., 11.2 is twice 5.6, and 22.4 is four
times longer). Pigeons, or for that matter peo-
ple, cannot discriminate such fine differences,
so the approximation was used. When, for
example, the base duration was 8 s, it was
paired with shorter durations of 2, 2.8, 4, and
5.6 s, and with longer durations of 11, 16, 22,
and 32 s. The table shows 64 pairs. However,
the duration pairs were arranged with both
red (first duration) and green (second dura-
tion) treated as the base duration, producing
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Table 1
Base durations (BD) and the comparison durations (CD)
paired with each, with duration ratios (CD/BD) given at
the top (see text for details). On half the trials, green
durations were arranged as based durations with red as
comparisons; on the other half, red durations were ar-
ranged as base durations.

0.25 0.35 0.5 0.75 BD 1.4 2 2.8 4

0.5 0.7 1 1.4 2 2.8 4 5.6 8
0.7 1 1.4 2 2.8 4 5.6 8 11
1 1.4 2 2.8 4 5.6 8 11 16
1.4 2 2.8 4 5.6 8 11 16 22
2 2.8 4 5.6 8 11 16 22 32
2.8 4 5.6 8 11 16 22 32 45
4 5.6 8 11 16 22 32 45 64
5.6 8 11 16 22 32 45 64 90

a total of 128 pairs. In addition, the set of
problems was repeated each session with red
and green stimuli in the choice phase on dif-
ferent side keys, providing a total of 256 trials.
The computer program provided a different
order for these 256 problems each session.
Within the 256 trials, there were 84 unique
duration pairs (e.g., 2 s of red followed by 8
s of green was considered as a unique pair,
but this pair was arranged both with red and
green as the base duration and with red and
green on different side keys during the choice
phase).
The task was arranged as a relational dis-

crimination, yet use of any finite set of duration
pairs means that some durations could be pre-
dictive of the correct choice by themselves.
Choice responses could therefore be influenced
by the relational aspects of the task (the in-
tended duration ratios) or by the absolute du-
ration of one stimulus if it was predictive of
the correct choice (Dreyfus, 1992; Dreyfus,
Fetterman, Stubbs, & Montello, 1992). Table
1 indicates, for example, that a 90-s duration
of red or green was always paired with a shorter
duration of the alternate color. Duration pairs
were constructed so that the specific duration
of red or green could not easily predict choice.
In the middle range of durations, green du-
rations were paired with red durations that
were equally likely to be shorter or longer. At
the extremes, however, one duration was paired
with shorter or longer durations in a more

predictable way. When, for example, green
was in the range of 0.5 to 1.4 s, it was always
shorter than its red pair member. When green

was 2 s, including instances in which green
was the base duration and those in which it
was the comparison, there were eight instances
in each session when green was longer than
red and 16 instances when red was longer (i.e.,
green was longer on one third of the trials).
For green base durations from 2 s to 22 s, the
probabilities of green being longer than red
were .33, .38, .43, .47, .53, .57, .62, and .67,
respectively. Thus, the predictiveness of green
alone, or for that matter red alone, depended
on the specific base duration. At the extreme
values, the absolute duration of a stimulus was
predictive of the correct choice; at middle val-
ues, absolute duration was not predictive.

Experimental conditions. The 3 naive pi-
geons were trained to peck on the center key
by the method of successive approximation,
and then were exposed over five sessions to
conditions that gradually approximated the
duration-comparison task. Training proper
began with 50 sessions with both choice keys
lit and 128 trials per session, with food deliv-
ered for each correct choice. Then, the pigeons
were exposed to 40 sessions with 256 trials
each session and intermittent reinforcement for
correct responses. Each reinforcer was as-
signed for a correct red-key or for a correct
green-key response. Blackouts resulted unless
a correct choice was made to the designated
key. If, for example, a reinforcer was assigned
for a correct green-key response, correct red-
key choices would not yield food. This pro-
cedure provided reinforcement for approxi-
mately 50% of the correct choices and ensured
control over relative reinforcement rate for se-
lecting red and green stimuli as longer (Stubbs,
1976).

Prior to the present experiment, the 3 ex-
perienced pigeons had been trained on re-
sponse-comparison tasks (pecks to red and
green choice keys were reinforced depending
on whether more pecks had been emitted on
a red or a green key) and duration-comparison
tasks that were the same as in the present task
except for the specific durations presented.
Given the prior exposure to similar proce-
dures, these pigeons were exposed for 50 ses-
sions to the same conditions that the naive birds
received for their final 40 sessions: 256 trials
each session, base durations from 2 to 22 s,
and intermittent reinforcement.

Following the first condition (entire-range
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condition), all pigeons were transferred to a
restricted-range condition in which only the
four longest base durations were presented (8,
11, 16, and 22 s) along with their comparison
durations (see Table 1, bottom four rows).
Given red and green as base durations and the
two red-green choice-key arrangements, 128
trials were presented each session. Reinforcers
were arranged intermittently as in the first
condition. This restricted-range condition was
in effect for 20 sessions.

After these two conditions, the 3 originally
naive pigeons were reexposed to the entire-
range condition for 30 sessions and then the
restricted-range condition for 19 sessions, to
assess whether performance would be similar
across two determinations.

RESULTS
Figure 1 shows probability of a green-key

response (response of green as longer than red)
as a function of the green/red duration ratio
computed for the final 30 sessions of training
on the entire-range condition and the 20 ses-
sions of the restricted-range condition. The
group data as well as those for individual pi-
geons indicate that the probability measure
increased as an ogival function of increasing
duration ratio under both conditions. Figure
1 also indicates a difference in performance
between conditions, with the function being
less steep under the restricted-range condition.
To compare the curves, we transformed the
probability scores to z scores to straighten the
functions (Guilford, 1954) and calculated
slopes for each pigeon for the two conditions.
The results of a two-tailed, paired t test con-
firm the visual representation: Slopes were sig-
nificantly higher under the entire-range con-
dition, t(5) = 4.28, p < .01.

Inspection of the ogives reveals a possible
asymmetry in the functions, a difference that
relates to whether green or red was the longer
pair member. The pigeons were less accurate
for comparable ratios (e.g., a 4:1 ratio of longer
to shorter duration) when green (second du-
ration) was longer as opposed to when red
(first duration) was longer. Accordingly, we
took the probability data for both conditions
and calculated accuracy measures for each du-
ration ratio. The group data for the entire-
range condition make the point. As the ratio

of longer to shorter duration changed from 4:1
to 1.4:1, accuracy measures with red as longer
and green as longer were, respectively, 81%
and 79% (4:1), 80% and 75% (2.8:1), 72% and
67% (2:1), and 63% and 59% (1.4:1). Thus,
accuracy decreased as the duration ratio ap-
proached 1:1, and small but consistent differ-
ences revealed higher accuracy when red was
the longer pair member across pigeons and
conditions. A three-way repeated measures
ANOVA compared accuracy for the two du-
ration ranges, compared accuracy as duration
ratios changed, and compared accuracy for the
comparable ratios with red and green as the
longer member (e.g., red as four times green
vs. green as four times red). The important
finding for present purposes is that accuracy
was, in fact, statistically significantly higher
when red was longer than for comparable cases
when green was longer, F(1, 5) = 15.2, p <
.02. The other differences confirm what Figure
1 and the prior analysis show. There was a
statistically significant effect for duration range,
F(1, 5) = 20.8, p < .007: Accuracy was lower
under the restricted range. The effect for du-
ration ratio was also statistically significant,
F(3, 15) = 69.6, p < .001, demonstrating a
decrease in accuracy as duration ratios ap-
proached 1:1.
The ogives display performance when all

duration pairs were included. Ideally, perfor-
mance should be compared for each of the eight
base durations and their associated durations.
However, comparisons involving eight ogives
would be cumbersome and figures presenting
them hard to interpret. Accordingly, Figure 2
uses summary measures of sensitivity (A')
across the eight categories of green durations
from 2 to 22 s, where each duration was paired
with four shorter and four longer red dura-
tions.' The A' measure is a nonparametric
measure of sensitivity that is appropriate when
several stimulus values are used and assump-
tions about normal distributions of "signal"
and "noise" are violated. This measure was

I This analysis and those that follow are computed with
respect to the second duration. Similar analyses can be
computed with respect to the first duration. However,
Dreyfus et al. (1992) have reported both and have dem-
onstrated that the second duration exerts greater influence.
Such an effect agrees with other research concluding that
the more recent events in a series have greater effects (e.g.,
Alsop & Honig, 1991; Shimp, 1976).
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Fig. 1. Probability of a green-key response as a function of duration ratio (green duration: red duration) totaled

over the last 30 sessions of the entire-range condition and the 20 sessions of the restricted-range condition. Duration
ratios are presented on a logarithmic axis. The top panel shows data averaged for 6 pigeons; the remaining panels
show data for individual pigeons.
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Fig. 2. Sensitivity (A') as a function of the duration of the green stimulus (and its red duration pair members)

totaled over the last 30 sessions of the entire-range condition and the 20 sessions of the restricted-range condition. The
green duration is presented on a logarithmic scale. The top panel shows averaged data for 6 pigeons; the remaining
panels show data for individual pigeons.
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Fig. 3. Sensitivity (A') as a function of the duration

of the green stimulus (and its red duration pair members)
totaled over the 30 sessions of the second determination of
the entire-range condition and the 19 sessions of the second
determination of the restricted-range condition. The green
duration is presented on a logarithmic scale.

calculated based on the formula given by Grier
(1971) as follows:

A' = 1/2 + {[p(CD) -p(FA)]

.[1 + p(CD) -p(FA)]}

{4p(CD)[1 - p(FA)]}. (1)
Under the terminology of signal detection the-
ory, p(CD) is the probability of a correct de-
tection and p(FA) is the probability of a false
alarm. Treating duration ratios (green: red)
greater than 1 as signal (when green was lon-
ger than red) and ratios less than 1 as noise
(when green was shorter), we defined a correct
detection as a green-key response given that

green was longer than red, and a false alarm
as a green-key response given that red was

longer. The A' measure correlates highly with
the simpler percentage correct measure, but A'
is independent of changes in accuracy that may
result from different response biases. Values
of A' range between .5 (insensitivity) and 1.0
(perfect discriminability).

Consider performance when the entire range
of duration pairs was presented (Figure 2).
The most salient feature of performance is that
A' scores decreased as duration of green in-
creased. All pigeons showed this effect. The
A' scores were also lower for the shortest du-
rations for 2 pigeons (P74 and P84), and their
data lowered performance in the group panel.
The remaining 4 pigeons, however, demon-
strated only a decrease in sensitivity as dura-
tion increased. Under the restricted range, A'
scores decreased for all pigeons. An ANOVA
for the entire range indicated a statistically
significant decrease in A' with increasing du-
rations of green, F(7, 35) = 7.33, p < .0001.
More specific, discriminability declined as the
delay between the first, red stimulus and choice
increased (the delay being imposed by the du-
ration of the second, green stimulus).

Comparison of performance under the en-
tire-range and restricted-range conditions
(Figure 2) makes two main points. First, A'
scores decreased as duration of green increased
from 8 to 22 s under the restricted-range con-
dition as well as under the entire-range con-

dition. Second, A' scores usually were lower
under the restricted-range condition for group
and individual data (triangles generally were
below comparable circles). An ANOVA com-

puted for the data common to the entire-range
and restricted-range conditions (base dura-
tions of 8 to 22 s) demonstrated a main effect
for duration, F(3, 15) = 22.30, p < .0001, and
a main effect for condition, F(1, 5) = 6.89, p
< .05; the interaction was not statistically sig-
nificant, F(3, 15) = 1.30.

For 3 of the pigeons, a redetermination of
the entire-range and the restricted-range con-

ditions was made to ensure that the pattern of
behavior could be recaptured. Figure 3 indi-
cates that it could. The data for P28 and P74
show that points were higher under the entire-
range condition than for comparable points
under the restricted-range condition in all
comparisons. The data for P84 show one ex-

ception and one virtual tie. This bird also
showed the greatest deviation from the general
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Fig. 4. Relative error rate (see text for method of calculation) as a function of the duration of the green stimulus
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pattern found for the 6 pigeons during the first
determination (compare its performance with
that in Figure 2).

Figure 4 shows that changes also occurred
in response bias as duration of green length-
ened under both conditions. That is, there was
a shift in the proportion of errors, with rela-
tively more errors to the red key when dura-
tions were short and more errors to the green
key when durations were long. A bias measure,
relative error rate (Stubbs, 1976), was com-
puted as follows:

p(FA)/[p(FA) + p(M)], (2)
where p(FA) represents, as in Equation 1, the
probability of a green-key error (incorrect re-
port of green as longer than red) when the
first, red duration was longer, and p(M) rep-
resents a red-key error (red as longer) when
green was actually longer. This measure com-
pares the relative numbers of errors to the
green as opposed to the red side key. Values
above .5 indicate a bias to respond green (and
report the duration of green as longer), and
values below .5 indicate a bias to respond red.
The filled circles in Figure 4, which present
data across eight categories under the entire-
range condition, show that relative error rates
generally increased as green duration in-
creased. An ANOVA calculated on relative
error rates for this condition revealed a statis-
tically significant change as the duration of
green increased, F(7, 35) = 7.46, p < .0001.
Comparison of performance under the re-
stricted-range condition with that of the entire
range indicates that the relative number of
green-key errors increased under both condi-
tions as green duration increased. The slopes
of the functions differed, however, for the two
conditions. Figure 4 suggests a greater change
in relative error rates under the restricted-range
condition as the duration of green increased
from 8 to 22 s. A two-way (Duration x Con-
dition) ANOVA demonstrated a significant
main effect for duration, F(3, 15) = 9.15, p <
.001, a main effect for condition, F(1, 5) =
14.97, p < .01, and a significant interaction,
F(3, 15) = 10.29, p < .01. These findings
indicate that relative error rates increased over
both conditions, and more so under the re-
stricted range, resulting in convergence of the
functions as the duration of green approached
22 s. This same pattern of change under the
two conditions was observed for the redeter-

mination of entire-range and restricted-range
conditions for 3 subjects.
The different patterns in bias in the differ-

ent conditions can be related to differences in
the predictiveness of the green duration in the
two conditions. Given the eight categories of
green in the original task, the probability that
green was longer than red changed from .33
to .67 over the eight categories, and from .53
to .67 over the four longest categories (see Du-
ration Pairs section of the Method). When,
however, only the four longest base durations
were used for the restricted-range condition,
the probabilities that green was longer than
red were .36, .45, .55, and .64 as the duration
category increased from 8 s to 22 s. If animals
are responsive to probability of occurrence of
food as absolute durations vary, the greater
change in predictiveness of green over these
four durations could produce greater change
in relative error rates. Accordingly, the data
from Figure 4 are presented again in Figure
5 as a function of the probability of green being
the longer of the two durations. The resulting
plot is a "matching" figure common to operant
choice research (e.g., Davison & McCarthy,
1988) and applicable as well to bias in tem-
poral discriminations (e.g., Stubbs, 1976,
1980). To compare performance, we expressed
the relative error-rate data in terms of the gen-
eralized matching equation (Baum, 1974),
which has become the standard way of de-
scribing matching data, and which formulates
matching in terms of a power function relating
behavior ratios and reinforcement ratios. For
present purposes the relevant equation can be
expressed as

p(FA)/p(M)
= k[p(G > R)/p(G < R)]n,

where p(FA)/p(M) converts the behavior
measure to a ratio of green-key divided by red-
key errors, p(G > R) and p(G < R) are the
probabilities that green is longer and shorter
than red, respectively, for a particular duration
of green, and k and n are constants. Taking
the logarithm of both sides of the equation
produces a linear relation, with n representing
the slope of the function.

Figure 5 demonstrates that bias increased
in a similar way across conditions as the prob-
ability of green being the longer pair member
increased. Straight lines were fit to the data
by means of linear regression. Table 2 gives
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Table 2

Slope, y intercept, and amount of variance (r2) for entire
range and restricted range.

y
Pigeon Range Slope intercept r2

Average entire 0.65 0.01 .88
restricted 0.80 -0.02 .99

P28 entire 0.72 -0.09 .81
restricted 1.03 0.02 .98

P74 entire 1.18 -0.03 .88
restricted 1.05 -0.07 .97

P84 entire 0.02 0 .15
restricted 0.94 -0.12 .98

P86 entire 0.76 -0.06 .55
restricted 0.57 0.02 .95

P24 entire 0.77 0.06 .64
restricted 0.21 0 .46

P69 entire 0.21 0.21 .44
restricted 0.93 -0.01 .98

information on slope, y intercept, and amount
of variance accounted for. Figure 5 and Table
2 indicate that exponents were below 1.0 in
nine cases, a finding of undermatching. The
results of a paired t test demonstrated that the
slopes were not significantly different statis-
tically, t(5) = -0.76, for the two conditions.
Thus, the differences in Figure 4 vanish when
one considers them from a different perspec-
tive, by taking relative predictiveness into ac-
count. The graphical and statistical findings
demonstrate that response bias varied as a
function of relative predictiveness in a similar
way, regardless of condition.

DISCUSSION
The results have demonstrated four related

main findings that we first sketch and then
cover in turn. First, discriminability decreased
as the duration of the second, green stimulus
increased, providing a longer delay between
the first duration and choice. This finding al-
ters the conclusions of our prior work (Dreyfus
et al., 1988; Fetterman et al., 1989). These
findings are in accord with a theory of timing
and remembering developed by Staddon (1983,
1984), and the link will be developed below.
Second, discriminability was lower under the
restricted-range condition compared to the en-

tire-range condition. This finding sheds new

light on the explanation of Dreyfus et al.
(1988). Third, many of the comparisons pro-
vide information about the influence of relative
and absolute duration as they affected sensi-

tivity and bias. Fourth, stimulus predictiveness
affected response bias. This finding derives
from signal detection theory and the matching
relation.

Timing and Remembering
In prior experiments, there appeared to be

no difference in accuracy for shorter or longer
pairs within a range of durations (Dreyfus et
al., 1988). The present results demonstrated,
however, that sensitivity declined as the du-
ration of green increased. This finding is new;
it alters conclusions of our prior work, and it
suggests a memory-based account. We mean
nothing mysterious about memory; the term is
simply descriptive of the changes in control by
a prior stimulus that occur over time. Research
on animal "working" memory indicates lower
accuracy when a longer delay intervenes be-
tween a stimulus and choice. In the familiar
delayed matching-to-sample procedure, for ex-
ample, a sample is presented and a delay in-
tervenes before comparison stimuli occasion a
choice response. Accuracy of choosing the prior
sample decreases with increases in the delay.
Similarly, accuracy decreased as the duration
of the pairs increased and the delay between
the first duration and choice lengthened. A
0.5-s duration of red followed by 1 s of green
provided a shorter delay than 22 s of red fol-
lowed by 45 s of green, and accuracy was higher
in the former case.
Why do conclusions drawn from past and

present results differ? The best answer is that
discriminability probably did decrease as a
function of duration in past experiments, but
the effect was not revealed by the procedures
and analyses of those experiments. In most
earlier versions (see Dreyfus et al., 1992, for
one exception), durations were arranged prob-
abilistically by pulses sent to a probability gate,
a method that produced an exponential dis-
tribution of durations. Given the large number
of duration pairs and the rarity of some, spe-
cific comparisons could not be made; most com-
parisons in our previous work grouped du-
ration pairs into short and long categories on
the basis of total duration (i.e., first plus second
duration). In contrast, the present procedure
was designed to provide specific comparisons
of sensitivity and bias for different but com-
parable pairs (e.g., would there be differences
when red and green were, respectively, 1 and
2 s, 2 and 4 s, 4 and 8 s, 8 and 16 s, or 16
and 32 s?). These specific comparisons re-
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vealed differences, sometimes subtle, that would
be difficult to discover with prior versions of
the task.
The resolution of the earlier discrepancy

makes viable once again a memory account of
the change in sensitivity, and several features
of the data indicate that memory is involved.
First, Figure 2 showed that sensitivity de-
creased as a function of increasing duration of
the second duration. Longer durations of green
produced increased delays between the first
duration and choice, and led to effects like
those observed in other delayed choice exper-
iments (e.g., Roitblat, 1987; Spetch & Rusak,
1992).

Second, an analysis of the ogival data of
Figure 1 revealed that accuracy was a function
of relative duration difference, but also de-
pended on whether the first or second duration
was the longer duration. With a 4:1 ratio be-
tween the durations, for example, accuracy was
high, but accuracy was slightly higher when
red (the first duration) as opposed to green
(the second duration) was four times longer.
This outcome also accords with a memory ac-
count. In the present case, this memory account
explains not only lower accuracy for longer
duration pairs but also the asymmetry in ac-
curacy for reciprocal duration ratios (e.g., 1:4
vs. 4:1).
A third aspect of the data-the difference

in sensitivity over entire and restricted ranges
shown in Figure 1 -may also be viewed as a
memory effect. The A' data of Figure 2 point
to one reason for the difference seen in Figure
1. The ogival data were based on all duration
pairs included under the respective conditions.
As a result, data for the entire-range condition
included problems with shorter and longer du-
ration pairs (all eight base durations and as-
sociated pairs were included) for which dis-
criminability was relatively high (short pairs)
and low (long pairs). In contrast, the re-
stricted-range condition included only the lon-
ger duration pairs (the four longest base du-
rations and pair members) for which
discriminability was relatively low. Differ-
ences in the ogival data appear to have resulted
chiefly from inclusion of only the longer prob-
lems under the restricted range.

A Theory of Timing and Remembering
Our findings are consistent with Staddon's

(1983, 1984) theory of timing and remember-
ing, and an extension of this theory, which

treats the duration-comparison case, describes
many aspects of our results. A basic assump-
tion of the theory is that the salience of an
extended event declines as a function of time
since that event, with the decline more rapid
at first and then slower later. A recent event
will be more salient than an equivalent event
further in the past. Staddon's account is a tem-
poral perspective theory that relies on an anal-
ogy with distance perception.

Staddon proposed a hyperbolic function for
timing and remembering of durations in which
salience (transformed age) depends on the du-
ration of the event (longer durations are more
salient than shorter durations) and the time
since the event ended (durations in the distant
past are less salient than durations in the not-
so-distant past). It takes the general form

A= C-D*, Dk ' C, -1 < k < 0, (4)
where A is the transformed age of the duration,
D is the nominal duration (or in the present
case, the time since the keylight was turned
on), C is some constant (which must be greater
than zero) representing the time between the
end of the duration and the subject's evaluation
of it, and k is a negative exponent. For the
duration-comparison task, discrimination de-
pends on a comparison of the transformed age
of two events: the total trial duration (red plus
green) and green alone,
Atd=C-TDk and Agd= C-GDk, (5)
whereTD and GD refer to total (red + green)
and green durations, respectively, and Ald and
Agd represent their transformed ages. A com-
parison of the transformed ages is expressed as

TRD = Atd - Agd, (6)

where TRD is the transformed relative dif-
ference measure and Atd and Agd are as specified
in Equation 3. A simplification and working
formula that removes the constant C is

TRD = GDk - TDk. (7)

Although the equations are expressed in terms
of total and green durations, functionally the
comparison involves the relative difference be-
tween red and green duration. But unlike a
description involving Weber's law, which de-
pends only on actual relative time differences,
this characterization considers changes due to
the relative salience and age of the durations.
The top panel of Figure 6 provides a graph-

ical presentation of the theory, showing how
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values of green as a function of duration ratio (see text
for theoretical details). The bottom panel shows group
data that relate to the theory. The bottom panel shows
probability functions as duration ratio changed for the
different values of green and their red-duration pairs.

transformed ("subjective") relative difference
(TRD) relates to duration ratio. We selected
an exponent of -0.15 and performed calcu-
lations based on the equations of the theory.
Figure 6 shows TRD measures for the dif-
ferent duration ratios when the duration of
green ranged from 2 s to 22 s. The vertical
axis ranges from 0 at the top to .20. Points
closer to 0 mean that green predominates (the
difference between total pair duration and
green duration is less); points closer to .20
mean that red predominates in the red-green
pair. At the most general level then, the panel
shows that the probability of a green-key re-
sponse, which is related to TRD, should in-
crease as the duration ratio increases, a finding
in accord with our data. The dashed line rep-
resents an arbitrary response criterion above
which the tendency is to report green as longer
and below which the tendency is to report red
as longer. The higher a point above the cri-

terion line, the greater the probability of a
green-key choice; the lower a point below it,
the greater the probability of a red-key choice.
The notion of a criterion comes from signal
detection theory, and changes in hypothesized
response criterion have been observed in many
detection, discrimination, and recognition ex-
periments, with both humans and nonhumans.
A reason for displaying a criterion line is that
predictions about choice accuracy can be made
both as the duration of green increases and as
the duration ratio changes.
The theory makes four predictions, two that

are general and two that are more specific.
First, the theory predicts a decrease in discrim-
inability as the duration of green increases (or
as duration pairs become longer). The top panel
of Figure 6 shows that the functions become
less steep as the duration of green increases
from 2 to 22 s. As a result, the longer the
duration of green, the closer, on average, are
the points to the criterion line. Given that
accuracy is a function of distance from the
criterion line, longer pairs should be less dis-
criminable than shorter pairs, precisely what
we found. Second, the theory predicts a change
in response bias as duration pairs become lon-
ger. The functions are higher as the duration
of green increases. Higher functions (compare
unfilled with filled symbols) predict that the
birds will be more likely to report green as
longer, exactly as we have found in this and
other experiments (e.g., Dreyfus et al., 1988).

Third, and more specific, the functions are
all negatively accelerated and less steep when
green was longer, and the points are closer to
the criterion line for comparable duration ra-
tios with green as the longer stimulus than
when red was longer (e.g., 4 vs. 0.25, 2.8 vs.
0.35, etc.). The theory thus suggests that ac-
curacy might be slightly lower when green is
the comparably longer pair member than when
red is longer. The ANOVA calculated on the
basis of this suggestion bore out this prediction
of the theory, both for the entire-range and the
restricted-range conditions. Fourth, the points
are less widely separated for large than for
small duration ratios. To assess this aspect of
the theory, we calculated probability data based
on the eight durations of green (and their red-
duration pairs). The ogival data (averaged for
all 6 pigeons in the first condition) are given
in the bottom panel of Figure 6. There is good
agreement between theory and data. The ogives
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diverge more when red was longer (when the
duration ratio was less than 1) and converge
more when the duration of green was longer.
Although the bottom panel shows group data,
this pattern was also observed for individual
pigeons.
The theory provides a good account of our

findings. Although other memory models might
also predict a lowering of discriminability for
longer pairs, the predictions of Staddon's the-
ory on bias, asymmetric accuracy, and asym-
metric ogives are more specific and borne out
by the results. The theory can account for other
results as well, such as the choose-short effect
(e.g., Spetch & Rusak, 1992) and the effects
of stimulus intensity in duration-discrimina-
tion tasks (e.g., Wilkie, 1987).

Entire-Range Versus Restricted-Range
Conditions

Although some aspects of the accuracy data
support a memory-based explanation, there is
one aspect of performance that is not covered
by such an account. If the decline in perfor-
mance under both restricted and entire ranges
resulted only from memory limitations, then
performance on identical problems under these
two ranges should be comparable. Analyses of
the data revealed, however, that although sen-
sitivity decreased as a function of duration in
both contexts, it was lower on individual prob-
lems under the restricted range than on those
same problems under the entire range. Drey-
fus et al. (1988) varied duration range and
obtained related results; accuracy decreased as
range increased. But this manipulation pro-
duced several correlated changes: The average
trial duration increased, the overall rate of re-
inforcement decreased, and the absolute range
of duration pairs increased. Overall reinforce-
ment rate was ruled out as a possibility (Ex-
periment 3 of Dreyfus et al., 1988); changes
in probability of reinforcement over a wide
range produced no effect on discrimination ac-
curacy. The present findings suggest that stim-
ulus range is not the causal factor in general
because discrimination accuracy usually de-
creases with increases in stimulus range (e.g.,
Gravetter & Lockhead, 1973; Hinson & Lock-
head, 1986), whereas an opposite pattern was
observed here. Dreyfus et al. (1988) proposed
an account based on total trial duration to
explain their findings, and the present findings
provide more evidence for this suggestion. In

the present situation, average trial duration
nearly doubled with the change from the entire
range to the restricted range, and discrimina-
bility differed in the two range contexts. Thus,
the single invariant relation across the present
and past experiments involves trial length and
accuracy; accuracy decreased with increases in
trial duration, and this relation did not result
from correlated changes in reinforcement rate
or stimulus range.

Relative Versus Absolute Stimulus Duration
Whereas the discussion to this point has

focused on explanations for the way in which
the second duration affected discriminability,
there is another potential set of effects of ab-
solute duration. In all versions of the duration-
comparison task (e.g., Dreyfus et al., 1992),
absolute duration can be predictive of the cor-
rect choice. Given duration pairs that are con-
stituted from a finite range of stimuli, longer
green durations are more often preceded by
shorter red durations, and shorter green du-
rations are more often preceded by longer red
durations. Figures 3 and 4 related this feature
to changes in bias, but it is also possible that
this predictive aspect could influence accuracy.
The question is whether and to what degree
discriminability depended on relative duration
differences as opposed to simply one duration
of a pair. The larger issue is whether seem-
ingly complex and intelligent behavior de-
pends on less obvious but simpler mechanisms.

Prior findings demonstrated that both rel-
ative and absolute durations affect perfor-
mance, but those earlier investigations did not
determine whether the predictive aspect of ab-
solute duration affected sensitivity as well as
bias (Dreyfus, 1992; Dreyfus et al., 1988,
1992). The present results afford a better op-
portunity to address this question, and they
provide no evidence that the predictive aspects
of duration of green enhanced accuracy. This
conclusion draws on two lines of evidence. First,
enhancement of performance would be evi-
denced by an increase in A' scores when the
duration of green was very short or long and
therefore most predictive. The results of Fig-
ure 2 should have shown a U-shaped function
had the predictive relation strongly controlled
sensitivity; A' scores would have been higher
at the extremes (when the green duration was
most predictive) and lower in the middle (when
green was least predictive). Even with the de-
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clining A' scores we observed, an effect of pre-
dictiveness of absolute duration on sensitivity
could appear as an upturn at the extremes.
The data provide no evidence for such an ef-
fect. In fact, discriminability was lower at the
extremes for 2 or perhaps 3 pigeons (see Figure
2).

Second, we compared the rate of acquisition
for different duration pairs for the 3 naive
pigeons to assess whether acquisition was more
rapid for problems when the predictiveness of
absolute duration might augment relative du-
ration differences (e.g., when green was very
short or long and most predictive, as opposed
to when green was intermediate and least pre-
dictive). There was no evidence that the pre-
dictiveness of absolute duration affected ac-
quisition. The rate and pattern of acquisition,
as measured by A', were comparable whether
the duration of green was short (relatively pre-
dictive), intermediate (least predictive), or long
(relatively predictive). Changes in perfor-
mance due to the predictiveness of absolute
duration, then, appear to be changes in re-
sponse bias rather than sensitivity, and these
changes take on a particular form that is in
accord with the principles of signal detection
theory, as we discuss below. In our prior pa-
pers, we have had to hedge whether sensitivity
was influenced by relative duration differ-
ences, absolute duration, or both. The present
findings allow a more definite answer: The
predictiveness of absolute duration (the extent
to which it predicts the correct choice) affects
bias but not sensitivity.

Response Bias
The change in bias with increasing duration

of the second stimulus and the greater change
in bias under the restricted range relate to
changes in the predictability of relative du-
ration (and therefore the correct choice) by the
second, green duration. These findings rein-
force a basic point of signal detection theory
about the factors affecting bias. This theory
states that two factors affect response bias: (a)
costs and payoffs for different choices and (b)
the probability of occurrence of different stim-
uli (Green & Swets, 1966). Stubbs (1976), for
instance, varied relative reinforcement rates
for choices in a duration-discrimination task
and observed a matching relation between rel-
ative error rate and relative reinforcement rate
(see also McCarthy & Davison, 1979). Hob-

son (1978) varied relative reinforcement rate
in a numerosity task in which one choice was
reinforced intermittently if a smaller number
of responses had been emitted and a second
choice was reinforced if a larger number had
been emitted. Of particular importance for
present purposes, Hobson varied relative re-
inforcement rates within sessions and pre-
sented different lights that signaled relative
reinforcement rate for a particular choice.
These signaled changes affected response bias
but not sensitivity. The implication of Hob-
son's work for the present experiment is clear.
Green durations, in addition to their other
functions in the present situation, can be viewed
as acting like Hobson's lights in providing in-
formation about which response was more
likely to provide food. If the differences in bias
across conditions resulted from differences in
the predictiveness of the green duration for the
correct choice, then there should be an orderly
relation between relative error rates and the
relative predictiveness of green, just as orderly
relations have been observed between relative
response rates and relative reinforcement rates
under concurrent schedules (e.g., Davison &
McCarthy, 1988) and between relative error
rates and relative reinforcement rates under
other signal detection procedures (e.g., Stubbs,
1976). The data in Figure 5 demonstrated that
response bias did in fact change as a function
of relative predictiveness. This outcome places
the results in the signal detection context and
permits more precise statements about the in-
fluence of predictiveness of green on response
bias than those warranted by prior data.

Figure 5 emphasized probability of green
as a predictor of food and is consistent with
the general point of signal detection theory that
stimulus probability affects bias. However, re-
inforcement rate covaried with probability in
our experiment, so the analysis does not rule
out alterations in relative reinforcement rate
as the more important factor. In fact, Mc-
Carthy and Davison (1979) have manipulated
reinforcement and probability separately and
have made the case that relative reinforcement
is the controlling factor affecting bias.

Conclusion
Our findings interrelate by demonstrating

that stimulus durations, whether singly or in
combination, had multiple functions on be-
havior. Discrimination accuracy depended on
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the relative difference between the first and
second durations. But in addition, the second
duration acted as a temporal buffer between
the first duration and choice, and in this role
affected memory for prior red durations, low-
ering accuracy when green was long. The par-
ticular durations comprising a duration range
affected the discrimination context by altering
the average trial time. Average trial time was
almost twice as long under the restricted range
as opposed to the entire range, and this dif-
ference also affected accuracy (e.g., Zeiler,
1991). Finally the green duration, by virtue of
its proximity to choice and coupled with the
information it provided about choices, acted to
influence bias. The green duration provided
information about relative payoffs for red-key
and green-key choices, and in this role influ-
enced response bias in an orderly way. These
findings relate to a recent demonstration by
Fetterman (1993) that discrimination of nu-
merosity is controlled by both time and number
(see also Fetterman et al., 1989). These con-
clusions underscore the point that with com-
plex stimulus arrangements, like those used in
much current nonhuman animal research,
multiple aspects of complex stimuli affect be-
havior and complex stimuli exert multiple ef-
fects on behavior.
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