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a b s t r a c t

To test the Learning-to-Time model, six pigeons learned two temporal bisection tasks. In one task they
learned to choose a Red key over a Green key following 2-s samples and the Green key over the Red key
following 6-s samples; in another task, they learned to choose a Blue key over a Yellow key following 6-s
samples and the Yellow key over the Blue key following 18-s samples. After each task was learned, tempo-
ral generalization gradients were obtained with samples ranging from 0.7 s to 51.4 s. Finally, preference
for Green over Blue – the keys associated with the common 6-s duration, was determined as a function
of sample duration. Two issues were examined, whether the preference for Green over Blue increased
earning-to-Time model
emporal discrimination
emporal generalization
igeons

with sample duration, a transposition-like effect reported before, and whether the preference for Green
over Blue could be predicted from the generalization gradients for Green and Blue previously obtained.
Results showed that preference for Green over Blue increased with sample duration and that the general
shape of the function could be predicted from the generalization gradients. The Learning-to-Time model
accounted well for the major trends in the data.

This article is part of a Special Issue entitled: SQAB 2012.
. Introduction

To contrast timing models, Machado and Keen (1999) devel-
ped the double temporal bisection task. This task is a modified
ersion of the temporal bisection task used extensively to study the
ime sense of animals (e.g., Church and Deluty, 1977; Fetterman and
illeen, 1991) and humans (e.g., Allan and Gibbon, 1991; Wearden,
991). In a temporal bisection task, a pigeon, say, sees a sample

ight illuminated for either 1 s or 4 s and then chooses between
wo comparison keys, one Red and one Green. The pigeon receives
ood if it chooses Red following 1-s samples and if it chooses
reen following 4-s samples. We represent these contingencies
s “1 s → Red; 4 s → Green”. After the animal learns the discrimi-
ation it is presented with intermediate sample durations during
est trials. The prototypical finding is that the proportion of Green
hoices increases monotonically with the sample duration; indif-
erence between the two comparisons occurs close to the geometric

ean of the training durations (Catania, 1970; Church and Deluty,

977; Crystal, 2002; Fetterman and Killeen, 1991; Platt and Davis,
983; Stubbs, 1968; for summaries, see Gallistel, 1990; Richelle and
ejeune, 1980).

∗ Corresponding author. Tel.: +351 253601396.
E-mail addresses: castro.anacatarina@gmail.com (A.C. Vieira de Castro),

rmandom@psi.uminho.pt (A. Machado), tomanari@usp.br (G.Y. Tomanari).
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In the double bisection task (see Fig. 1) the subjects learn not one
but two bisection tasks. The pigeon first learns the task described
above, “1 s → Red; 4 s → Green”, which we call Type 1, and then
it learns the task “4 s → Blue; 16 s → Yellow”, which we call Type
2. After the second task is learned, the two tasks are integrated
within the same session. Finally, on test trials, the pigeon is exposed
to samples of different durations and to a new key combination,
Green and Blue, the keys previously reinforced following the com-
mon 4-s sample. The critical finding is that preference for Green
over Blue increases as the sample duration ranges from 1 s to 16 s.
Machado and Keen (1999); see also Arantes, 2008; Arantes and
Machado, 2008; Machado and Arantes, 2006; Machado and Pata,
2005; Oliveira and Machado, 2008, 2009; Vieira de Castro and
Machado, 2012) referred to this finding as a context effect because it
suggests that the sample contexts in which the Green and Blue keys
were trained, Green with a shorter sample, and Blue with a longer
sample, affected how the preference for each key varied with the
sample duration.

The Learning-to-Time model (LeT; Machado, 1997; Machado
et al., 2009), a behavioral model developed on the basis of ear-
lier work by Killeen and Fetterman (1988), can account for the
context effect. The model consists of a serial organization of behav-

ioral states, a vector of associative links connecting the behavioral
states to the operant responses, and the operant responses them-
selves. The model assumes that at the onset of the sample only
the first state is active but, as time elapses, the activation spreads

dx.doi.org/10.1016/j.beproc.2013.01.007
http://www.sciencedirect.com/science/journal/03766357
http://www.elsevier.com/locate/behavproc
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.beproc.2013.01.007&domain=pdf
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Fig. 1. Structure of the two bisection tasks in a double bisection task. On the Type
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task, pecking Red or Green is reinforced after 1-s or 4-s samples, respectively. On
he Type 2 task, pecking Blue or Yellow is reinforced following 4-s or 16-s samples,
espectively.

rom each state to the next. In addition, each state is linked with
he operant responses, and the degree of the linking changes with
raining, increasing towards 1 with reinforcement and decreasing
owards 0 with extinction. The strength of a response at a given

oment depends on the most active state at that moment and on
he strength of the link between that state and the response.

The model’s predictions for the critical test between Green and
lue derive from the strengths of the associative links acquired
uring training. Table 1 summarizes the details. Let S1, S4, and
16 represent three sets of behavioral states, the sets most likely
o be active at the end of 1-s, 4-s and 16-s samples, respectively.
nitially, these states are equally linked to the two critical compar-
sons, Green and Blue; the link strength is represented by the “+”
ymbol in the table. During the Type 1 task, choices of Green are
einforced after 4-s samples and extinguished after 1-s samples.
ence, the link of S4 with Green increases to “++” whereas the link
f S1 with Green decreases to 0. The link of S16 with Green does not
hange appreciably from its initial value because S16 is rarely active
uring the Type 1 task. During the Type 2 task, choices of Blue are
einforced after 4-s samples and extinguished after 16-s samples.
onsequently the link of S4 with Blue increases to “++” whereas the
ink of S16 with Blue decreases to 0. The link of S1 with Blue retains
ts initial value. Given this profile of associative links, consider what
appens on test trials: (a) If the sample is 1-s long, S1 will be the

able 1
trength of the links between the behavioral states and the responses during training
n a double bisection task, as predicted by LeT. S1, S4 and S16 represent the most
ikely active sets of behavioral states at the end of the 1-s, 4-s, and 16-s samples,
espectively. The arrows show the direction of change. “0”, “+”, and “++” stand for
eak, moderate, and strong links.

Response Behavioral states

S1 S4 S16

Green + → 0 + → ++ +
Blue + + → ++ + → 0
ral Processes 95 (2013) 18–30 19

most active set of states at the moment of choice, and because S1
is coupled less with Green than with Blue, the animal is unlikely to
choose Green; (b) if the sample is 4-s long, S4 will be the most active
set of states at the moment of choice, and because it is equally cou-
pled with both keys the animal is indifferent between them; and (c)
if the sample is 16-s long, S16 will be the most active set of states at
the moment of choice, and because it is coupled more with Green
than with Blue, the animal is likely to choose Green. In summary,
as Table 1 shows, on the critical test between Green and Blue, LeT
predicts that the preference for Green should increase with sample
duration.

The context effect is robust. A series of studies using different
versions of the double bisection task have produced the context
effect. For example, Arantes (2008) used successive rather than
simultaneous discrimination tasks; Arantes and Machado (2008)
did not combine the Type 1 and Type 2 tasks within the same
session; Oliveira and Machado (2008) used visually distinct sample
stimuli during the Type 1 and Type 2 tasks; Oliveira and Machado
(2009) presented the choice keys since sample onset; and Machado
and Pata (2005) conducted the test trials under nondifferential
reinforcement instead of extinction. Despite these variations, the
context effect was obtained.

In a recent study, Vieira de Castro and Machado (2012) tested
LeT’s account of the context effect, namely, that it stems from
the profiles of the associative links acquired during training (see
Table 1). They reasoned that the link profile for Green could
be revealed by the temporal generalization gradient for Green
obtained after the animal learned the Type 1 bisection task and,
similarly, the link profile for Blue could be revealed by the temporal
generalization gradient for Blue obtained after the animal learned
the Type 2 bisection task. In addition, the interaction of the two
generalization gradients should predict how preference for Green
over Blue varies with the sample duration (i.e., the context effect).

The authors used a simplified go/no-go version of the double
bisection task wherein they trained only the two operants critical
to the account. Pigeons learned to choose Green after 4-s samples
(S+) and not to choose it after 1-s samples (S−). We represent these
contingencies as “1 s → Not Green; 4 s → Green”. They also learned
to choose Blue after 4-s samples (S+) but not after 16-s samples (S−),
“4 s → Blue; 16 s → Not Blue”. After learning each task, a temporal
generalization gradient was obtained for each operant, with dura-
tions ranging from 1 s to 16 s. Finally, the experimenters gave the
pigeons a choice test between the two operants, Green and Blue,
while varying the sample duration. Results showed that preference
for Green over Blue increased with sample duration, the context
effect, and that the interaction of the two separate generalization
gradients predicted the preference data.

In the present study we asked whether the results obtained by
Vieira de Castro and Machado (2012) using a simplified go/no-go
double bisection task would extend to the standard, simultaneous
double bisection task. In other words, would the results obtained
with the successive discriminations “1 s → Not Green; 4 s → Green”
and “4 s → Blue; 16 s → Not Blue” also hold with the simulta-
neous discriminations “1 s → Red; 4 s → Green” and “4 s → Blue;
16 s → Yellow”? An affirmative answer would mean that the two
generalization gradients – one for Green and obtained from choices
between Green and Red, and one for Blue and obtained from choices
between Blue and Yellow – would predict how the preference for
Green over Blue changes with sample duration.

Moreover, in all previous studies with the double bisection task,
the sample durations used during the test trials were always within
the range of sample durations used during training. For example,

when the animals were trained to discriminate between 1- and 4-s
samples, and between 4- and 16-s samples, the sample durations
used on test trials ranged from 1 s to 16 s. Therefore, the function
relating preference for Green over Blue to sample duration is known
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nly for sample durations within the training range. In the present
tudy we examined the preference function following durations
utside the training range.

Pigeons were exposed to a double bisection task with 2-s, 6-
, and 18-s samples, and Red, Green, Blue and Yellow comparison
eys. First they learned the task “2 s → Red; 6 s→ Green” and then
e varied the sample duration from 0.7 s to 51.4 s to obtain a gener-

lization gradient for Green. Next, they learned the task “6 s → Blue;
8 s → Yellow” and then we varied the sample duration from 0.7 s
o 51.4 s to obtain a generalization gradient for Blue. Finally the two
asks were presented within the same session and a preference test
etween Green and Blue was conducted following sample dura-
ions ranging from 0.7 s to 51.4 s. We asked whether the generaliza-
ion gradients for Green and Blue, obtained separately, predict how
he preference for Green over Blue varies with sample duration.

. Methods

.1. Subjects

Six adult pigeons (Columba livia) participated in the experiment.
our of them (P03, P06, P12 and P18) had experimental histories,
ut not in temporal discriminations. The other two were experi-
entally naïve. They were maintained at 85% of their free-feeding

ody weights throughout the experiment and were housed in indi-
idual home cages with water and grit continuously available. A
3:11 h light/dark cycle, beginning at 7:00 am, was in effect in the
igeon colony.

.2. Apparatus

Two standard experimental chambers for pigeons from Med
ssociates® were used. The front panel of each chamber contained

hree keys, 2.6 cm in diameter, centered on the wall 24 cm above the
oor and 6 cm apart, center to center. The keys could be illuminated

rom behind with red, green, blue and yellow lights. Directly below
he center key and 6 cm above the floor was a hopper opening mea-
uring 6 cm × 5 cm. When raised the hopper was illuminated with a
hite light and allowed access to mixed grain. On the opposite wall

f the chamber, a 7.5-W houselight provided general illumination.
n outer box equipped with a ventilating fan enclosed the experi-
ental chamber. A personal computer controlled all experimental

vents and recorded the data.

.3. Procedure

After the two naïve pigeons learned to peck the keys through
utoshaping, all pigeons were exposed to the two bisection tasks,
ne using 2-s and 6-s samples and referred to as Type 1, and one
sing 6-s and 18-s samples and referred to as Type 2. Half of the
irds (P03, P04, and P06) learned the Type 1 task first and the Type
task next, whereas the other half learned the tasks in the oppo-

ite order. For three pigeons (P03, P04 and P12) the 2-s and 6-s
amples of the Type 1 task were associated with Red and Green,
espectively, and the 6-s and 18-s samples of the Type 2 task were
ssociated with Blue and Yellow, respectively; for the other three
igeons, the reverse assignment was in effect, that is, the 2-s and
-s samples of the Type 1 task were associated with Yellow and
lue, respectively, and the 6-s and 18-s samples of the Type 2 task
ere associated with Green and Red, respectively. However, for

larity we describe the procedure and the experimental results as
f all pigeons had learned first the Type 1 task with the assign-
ent “2 s → Red; 6 s → Green” and then the Type 2 task with the
ssignment “6 s → Blue; 18 s → Yellow”.

The general structure of a training trial was as follows. After a
0-s ITI spent in the dark, the houselight was turned on. After the
ral Processes 95 (2013) 18–30

sample duration elapsed, the houselight was turned off and the two
side keys were illuminated with different colors. A peck at a side
key turned all lights off and if the choice was correct the hopper
was activated. Hopper duration varied across birds from 3 s to 12 s
in order to maintain body weight with minimal extra session feed-
ing. After food delivery, the ITI followed. If the choice was incorrect
the ITI started immediately and the trial was repeated. If the bird
made three consecutive errors, only the correct key was presented
(correction procedure). As explained below, the trial structure was
sometimes modified (e.g., on some trials, choices were not rein-
forced, even if correct).

The experiment was divided into three phases, 1–3, each sub-
divided into three conditions, Training, Pretesting, and Testing.
Throughout Phase 1, the Type 1 task “2 s → Red; 6 s → Green” was
in effect. During the Training condition, all trials were reinforced
provided the choice was correct. Each session comprised 60 trials
(excluding repeated trials), 30 for each sample. The left-right posi-
tion of the red and green keylight colors varied randomly across
trials with the constraint that, at the end of the session, each color
appeared equally often on the two side keys. When the birds met
the criterion of at least 80% correct choices following each sample
for three consecutive sessions, they advanced to the following con-
dition. Training continued for 30 sessions on the average (range:
15–45).

During the Pretesting condition extinction trials were
introduced to adapt the birds to the lower rate of food that
would be in effect during the subsequent condition. In addition to
ending without food, even after a correct choice, extinction trials
were not repeated after an incorrect choice. Sessions comprised
60 trials, 30 for each sample of which 4 were extinction trials and
26 were regular trials. Pretesting lasted until the learning criterion
was met (M = 4 sessions; range: 3–7).

During the Testing condition, each session comprised 60 trials,
52 training trials (26 for each sample) and 8 test trials. The sample
duration on test trials equalled 0.7, 1.2, 3.5, 10.4, 30.4 or 51.4 s. The
test durations were presented in two blocks of sessions. Block 1
included the durations of 0.7, 1.2, 30.4 and 51.4 s, each presented
twice per session (once for each left/right assignment of the com-
parison keylights). Block 2 included the geometric means of the
two pairs of training durations, 3.5 s and 10.4 s, each presented
four times per session (twice for each left/right assignment of the
comparison keylights). If during any test session the percentage of
correct choices following one of the training durations fell below
75%, the bird was returned to the Pretesting condition for at least 2
sessions and until its performance again met the criterion. Series of
4 sessions with Block 1 and 2 sessions with Block 2 alternated until
a total of 18 test sessions were completed. Because no bird required
intercalated Pretesting sessions, Testing lasted 18 sessions for all of
them.

Throughout Phase 2, the Type 2 task “6 s → Blue; 18 s → Yellow”
was in effect. All procedural details remained as in Phase 1. The
average (range) number of sessions during the Training, Pretest-
ing and Testing conditions were, respectively, 30 sessions (8–48),
5 sessions (3–8), and 21 sessions (18–33).

During the Training condition of Phase 3, Type 1 and Type 2 tasks
alternated across sessions for a minimum of 6 sessions and until
the pigeons met the learning criterion on both tasks. Next, both
tasks were presented within the same session. At this point each
session comprised 80 trials, 40 Type 1 and 40 Type 2 (20 for each
sample duration). Training lasted until the birds averaged at least
80% correct choices (excluding repeated trials) for three consecu-
tive sessions on each of the four basic samples (M = 30 sessions;

range: 10–58).

During the Pretesting condition, the session structure remained
the same except that some trials were conducted in extinction.
Sessions comprised 80 trials, 40 Type 1 and 40 Type 2; of the 20
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ig. 2. Generalization gradients obtained following training on the Type 1 task (2 s
cale in the x-axis.

rials with each sample, 4 were extinction trials. Pretesting lasted
sessions on average (range: 3–7).

During the Testing condition, each session comprised 80 trials,
4 training trials (32 Type 1 and 32 Type 2) and 16 test trials. Dur-

ng the test trials, the sample durations remained as in Phases 1
nd 2, but a new pair of key colors, namely Green and Blue, was
resented for the first time. Each test duration occurred twice per
ession, one for each left/right assignment. If during any test session
he percentage of correct choices following one of the four train-
ng samples fell below 75%, the bird returned to Pretesting for at
east 2 sessions and until its performance was greater than 80%. The
esting condition continued until 12 test sessions were completed
with intercalated Pretesting sessions, Testing lasted 22 sessions on
he average; range 12–45).

. Results

.1. Training

All pigeons learned the two basic discriminations. The number
f sessions required to learn the Type 1 task was, on the average,
reater than the number of sessions required to learn the Type 2 task
M = 35 and 26, respectively), but the difference was not statistically
ignificant [t(5) = 1.50, p = .19]. Concerning the order in which the
asks were learned, the first and second tasks required the same
M = 30) average number of sessions to learn (range: 15–45, for the
rst task; and 8–48, for the second task).
During the last three sessions of separate training (i.e., Type
task alone, and Type 2 task alone), the proportion of correct

esponses averaged .84 on the Type 1 task (range: .82–.85) and
87 on the Type 2 task (range: .81–.92). In Phase 3, the last three
, filled circles) and the Type 2 task (6 s vs. 18 s, empty circles). Note the logarithmic

training sessions of combined training (Type 1 task + Type 2 task)
yielded an overall average proportion of correct responses of .90
(range: .80–.96).

The total number of training sessions required to learn the
two discriminations (Type 1 task in Phase 1 + Type 2 task in Phase
2 + combined tasks in Phase 3) ranged from 35 to 129 (M = 90). This
number is significantly higher compared to previous studies with
simultaneous double bisection tasks (e.g., 29–34 in Machado and
Keen, 1999; 27–65 in Machado and Pata, 2005; 26–45 in Machado
and Arantes, 2006; 28–68 in Oliveira and Machado, 2008). In fact,
if we exclude pigeon P03, which required a total of 35 sessions,
a number more consistent with the aforementioned studies, the
range was between 72 and 129. The reason for the slower learn-
ing may be the fact that the ratio of sample durations used in the
present study (1:3) was smaller than the ratio used in most of the
previous studies (1:4); according to Weber’s law for timing, smaller
ratios imply harder discriminations and therefore slower learning.
Oliveira and Machado (2009) also used a 1:3 ratio and their pigeons
learned the discriminations in fewer sessions (26–38) than in the
present study. However, in their study, the choice keys were avail-
able during the sample and the authors reported that the pigeons
developed patterns of pecking the side keys, which may have facil-
itated the discriminations.

3.2. Stimulus generalization tests

Fig. 2 shows the temporal generalization gradients obtained fol-

lowing training on the Type 1 task (S− = 2 s, S+ = 6 s, for pecking
Green) and Type 2 task (S+ = 6 s, S− = 18 s for pecking Blue). The
proportion of responses to Green or Blue is plotted against the sam-
ple duration. The gradients for the Type 1 task (filled circles) were
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Fig. 3. Top panel. Average generalization gradients obtained following training on
the Type 1 task (2 s vs. 6 s, filled circles) and the Type 2 task (6 s vs. 18 s, empty cir-
cles). Middle panel. The gradient for the Type 2 task is reflected along the vertical
line t = 6. The gradient for the Type 1 task is plotted according to the upper x-axis
and the gradient for the Type 2 task is plotted according to the lower x-axis. Note the
logarithmic scale on the x-axis. Bottom panel. Proportion of Green choices on the
Type 1 task and Yellow choices on the Type 2 task as a function of relative sample
duration. For each discrimination, the sample durations were divided by the geo-
metric mean of the training durations. t/GM is expressed in base 2 log units. The
vertical bars show the SEM.
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imilar for the six pigeons. The proportion of responses to Green
as lowest following 0.7-s samples and increased to a maximum

alue that occurred either following 6-s samples (P04 and P18) or
ollowing a slightly longer sample (P03, P06, P12 and P16). For still
onger samples the proportion of responses to Green decreased.
or the Type 2 task there was more variability across pigeons, espe-
ially for samples shorter than 6 s. For pigeons P12, P16 and P18,
he proportion of responses to Blue was high following 6-s and
horter samples, whereas for pigeons P03, P04 and P06 it was high
ollowing 3.5-s and 6-s samples but decreased for shorter samples.
or samples longer than 6 s the proportion of responses to Blue
ecreased towards zero for all pigeons except P12. For this subject
he proportion of responses to Blue decreased to 0 but then, for the
ongest sample, it increased again to about .50.

The top panel of Fig. 3 shows the average generalization gra-
ients for the two discriminations. The average gradient for the
ype 1 task reproduced well the individual data. The proportion of
esponses to Green was lowest for the shortest sample, increased
onotonically with sample duration from 0.7 s to 10.4 s and then

ecreased towards .50 for the longest samples. Concerning the Type
gradient, the proportion of responses to Blue was lowest follow-

ng the longest samples, increased monotonically as the sample
uration decreased from 18 s to 3.5 s, and then decreased slightly
ollowing the shortest samples. The larger error bars at the extreme
ample durations reflect the individual differences described above.

To compare the two gradients directly, the middle panel of Fig. 3
e-plots the data with the gradient for the Type 2 task reflected
round the vertical line t = 6 s. The average gradients have similar
hapes. The proportion of responses to Green (or Blue) was low
n the S− side of the gradient, increased from the S− value to the
+ value and its neighbour, and then decreased again on the S+

ide of the gradient. Despite the overall similarity, some differences
etween the two average gradients are noticeable. First, on the S−

ide, the gradient for the Type 1 task reached zero, but the gradient
or the Type 2 task never fell below .10. Second, at the geometric

ean of the training durations (i.e., 3.5 s for the Type 1 task and
0.4 s for the Type 2 task), the gradient for the Type 1 task was above
he gradient for the Type 2 task. Third, in the S+ side of the gradient,
he proportion of responses to Blue (Type 2 task) did not decrease as

uch as the proportion of responses to Green (Type 1 task). A two-
ay, repeated measures ANOVA with sample duration and type

f discrimination as factors yielded significant effects of sample
uration [F(7,35) = 96.11, p < .001] and of its interaction with type
f discrimination [F(7,35) = 3.60, p < .05], but no effect of type of
iscrimination [F(1,5) = 1.69, p = .25].

One of the most robust properties of temporal discriminations is
he scalar property, which in temporal bisection tasks is expressed
y the fact that the individual psychometric functions obtained
ith different training samples overlap when the x-axis equals test
uration divided by the geometric mean of the two training dura-
ions (Church, 2003; Gibbon, 1977, 1991; Lejeune and Wearden,
006). To determine whether the present results also show the
calar property, the bottom panel of Fig. 3 compares the average
roportion of ‘Long’ responses on the two bisections tasks, that is,
he average proportion of responses to Green on the Type 1 test tri-
ls and the average proportion of responses to Yellow on the Type
test trials. All test durations from one task, t, were divided by the
eometric mean (GM) of the training durations used in that task.
he results show that the two curves superimposed except, per-
aps, at the extremes. At the individual level (data not shown) there
as some variability. For pigeons P03, P16, and P18 the two gradi-

nts superimposed, but for the other three they did not (for pigeons

06 and P12 the gradient for the Type 2 task was steeper than the
radient for the Type 1 task, but the opposite was the case for pigeon
04). Although superimposition was not met for all pigeons, there
as no tendency for one gradient to be steeper than the other.



aviou

H
a
c
t
o
s
d
o
p
s

g
f
r
r
b
t
i
s
b
e
t
e
g
T
s
e
c
p
a
g
n
t
g
s

3

s
a
t
t
r
G
A
o
1
i

t
f
p
i
a
t
i
c
t
w

i
d
t
m
a

A.C. Vieira de Castro et al. / Beh

ence we conclude that the two gradients did not differ system-
tically. An ANOVA conducted with the data from the five samples
ommon to the two tasks (i.e., in the bottom panel of Fig. 3, the
/GM range from 0.33 to 3), and with sample duration and type
f discrimination as repeated factors, confirmed that the gradients
uperimposed significantly. There was a significant effect of sample
uration [F(4,20) = 227.44, p < .001], but no significant effect of type
f discrimination [F(1,5) = .15, p = .72] and, more important for the
resent analysis, no significant effect of the interaction between
ample duration and type of discrimination [F(4,20) = .20, p = .93].

To further analyze the superimposition of the generalization
radients we compared the indifference points and the Weber
ractions for the two discriminations. The indifference point cor-
esponds to the sample duration that yields a proportion of ‘Long’
esponses equal to .5. The indifference points were estimated
y linear interpolation from the individual relative generaliza-
ion gradients and averaged 0.98 for both the Type 1 task (3.3 s
n the absolute scale) and the Type 2 task (9.7 s in the absolute
cale), t(5) = .02, p = .98. The Weber fraction corresponds to the ratio
etween the difference limen and the indifference point. The differ-
nce limen equals half the difference between the sample durations
hat yield the proportions of ‘Long’ responses equal to .75 and .25,
stimated also by linear interpolation from the individual relative
eneralization gradients. The Weber fractions averaged 0.35 for the
ype 1 task and 0.28 for the Type 2 task, but the difference was not
tatistically significant [t(5) = 1.2, p = .28]. The fact that the indiffer-
nce points and the Weber fractions did not differ across tasks is
onsistent with the overlap of the generalization gradients when
lotted in a common scale (bottom panel of Fig. 3). Additionally,
lthough the average indifference points were slightly below the
eometric means of the training durations, they did not differ sig-
ificantly from them [Type 1 task: t(5) = −.29, p = .78; Type 2 task:
(5) = −.21, p = .84]. We conclude that the temporal generalization
radients showed two of the most robust properties of timing data,
uperimposition and indifference close to the geometric mean.

.3. Stimulus-response generalization testing

One of the major goals of the present study was to investigate the
hape of the preference function in the critical test between Green
nd Blue when the test range included sample durations outside the
raining range. Two questions were of critical interest. First, when
esting included sample durations significantly outside the training
ange, was the context effect preserved, that is, did preference for
reen over Blue still increase as the sample ranged from 2 s to 18 s?
nd second, what was the pigeons’ preference for sample durations
utside the training range, that is, for the shorter samples of 0.7 and
.2 s and for the longer samples of 30.4 and 51.4 s? Fig. 4 shows the

ndividual and average preference functions.
Consider first the results within the training range (i.e., between

he arrows in Fig. 4). For five pigeons (except P03), the preference
or Green tended to increase with sample duration. Pigeon P03 dis-
layed the most discrepant performance, for it showed an approx-

mately equal preference for Green following all samples. On the
verage (see bottom panel), preference for Green increased mono-
onically from about .35 following 2-s samples to about .60 follow-
ng 18-s samples. A repeated-measures ANOVA revealed a signifi-
ant effect of sample duration, F(3,15) = 7.93, p < .005. We conclude
hat in the present experiment the context effect, although some-
hat weaker than in previous studies, was reproduced.

The results for the full range of test durations revealed that the
ndividual preference functions tended to increase with the sample

uration. The preference functions for all pigeons except P03 had
heir minimum value following one of the shorter samples and their

aximum value following one of the longer samples. The aver-
ge function (see bottom panel) also showed that the preference
ral Processes 95 (2013) 18–30 23

for Green increased with sample duration. A repeated-measures
ANOVA showed that the effect of sample duration was statistically
significant, F(7,35) = 7.05, p < .001.

The fact that pigeon P03 did not show the context effect and
that the magnitude of the effect was weaker than in previous
studies (see Arantes, 2008; Arantes and Machado, 2008; Machado
and Arantes, 2006; Machado and Keen, 1999; Machado and Pata,
2005; Oliveira and Machado, 2008, 2009; Vieira de Castro and
Machado, 2012) suggested a finer analysis of the pigeons’ perform-
ances across test sessions. Because the test trials ended without
food it could be the case that pigeons began to learn, in the course
of testing, that the Green and Blue keys presented together sig-
naled extinction, which learning in turn could drive preference
towards indifference. The more general issue is whether perfor-
mance changed systematically across test sessions.

Fig. 5 displays the preference functions for the first three (empty
circles) and last three (filled circles) test sessions. The top six
panels show that, in the first sessions, and within the training
range (signaled by the arrows), the preference for Green tended
to increase with sample duration – the context effect, albeit to
different degrees. In the last sessions, the trend was reversed for
pigeons P03 and P18. In general, then, the context effect was
stronger during the first test sessions. This trend is clearly vis-
ible in the average curves (bottom panel): the steepness of the
preference function decreased from the first to the last sessions.
Non-parametric Friedman tests showed that the effect of sample
duration on the preference for Green was statistically significant in
the first sessions [�2(3) = 13.35, p < 0.005] but not in the last ses-
sions [�2(3) = 1.39, p = 0.71]. Additionally, the average data shows
that the flattening of the preference function across testing was
mainly due to an increase in the preference for Green for the shorter
durations.

3.4. Predicting preference functions from generalization gradients

The second major goal of the present study was to assess
whether the separate generalization gradients for Green and Blue
predicted the choice between Green and Blue. To that end we used
the individual data from the stimulus generalization tests (Fig. 2)
to compute the predicted choice functions. Specifically, for each
sample duration, we divided the proportion of responses to Green
in the gradient for the Type 1 task by the sum of the proportions
to Green in the gradient for the Type 1 task and to Blue in the gra-
dient for the Type 2 task. For example, to compute the predicted
preference for 6-s samples for pigeon P03, we divided the propor-
tion for Green represented by the filled circle at 6 s in the top left
panel of Fig. 2 by the sum of this proportion and the proportion
for Blue represented by the empty circle at 6 s in the same panel.
Because the preference functions tended to become flatter across
testing (see Fig. 5) we compared the predicted preference functions
with the preference functions obtained during the first three test
sessions. Fig. 6 shows the individual and average functions plotted
together.

The predicted preference functions showed an increasing pref-
erence for Green over Blue with sample duration (see top six
panels of Fig. 6, empty circles). Specifically, the preference for Green
equalled zero following 0.7-s samples, was approximately .50 fol-
lowing 6-s samples and continued to increase for longer samples
to a maximum value between .80 and 1. For pigeon P12 the pref-
erence for Green reached its maximum following 30.4-s samples,
but decreased to .50 following the longest sample. Additionally,
all six predicted functions expressed the context effect – within

the training range, the preference for Green increased with sample
duration.

For all pigeons, the predicted and obtained preference func-
tions were positively correlated. Pigeon P16 showed the strongest
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ig. 4. Preference for Green over Blue as a function of sample duration. The top six p
elimit the training range. The vertical bars show the SEM. Note the logarithmic sca

orrelation (r = .94), followed by pigeons P12 and P04 (r = .82 and
81, respectively). For pigeons P18 and P06 the two functions
orrelated to a lesser degree (r = .72 and r = .61, respectively).
he functions for pigeon P03 were the most dissimilar (r = 0.35).
lthough the correlation between the predicted and obtained pref-
rence functions was strong for three of the six pigeons, the
redicted functions tended to be steeper than the obtained func-
ions, a result clearly visible in the average data (see bottom panel).
espite the differences in steepness, the two average functions
ere strongly correlated (r = .93).

. Discussion

Six pigeons learned two temporal discrimination tasks. In the
rst (Type 1), they learned to choose Red over Green following 2-s
amples and to choose Green over Red following 6-s samples. In the
econd (Type 2), they learned to choose Blue over Yellow following
-s samples and to choose Yellow over Blue following 18-s sam-
les. After each task was learned, a stimulus generalization test was
onducted by varying the sample duration from 0.7 s, a value sig-
ificantly below the shortest training sample of 2 s to 51.4 s, a value

ignificantly above the longest training sample of 18 s. Thereafter
he two discriminations were included within the same session and
stimulus-response generalization test was conducted in which

he pigeons chose between Green and Blue following samples
show the individual data and the bottom panel shows the average data. The arrows
the x-axis.

ranging from 0.7 s to 51.4 s. The goal of the study was to extend
Vieira de Castro and Machado’s (2012) approach to a simulta-
neous double bisection task in which test durations included
values outside the training range. More specifically, the present
study asked whether the context effect would hold for sam-
ple durations within the range of trained durations and what
would be the pigeons’ preference for sample durations outside
that range. In addition, it asked whether the temporal general-
ization gradients for Green and Blue could predict the preference
data.

The results showed that in the test between Green and Blue five
of the six pigeons displayed an increasing preference for Green as
a function of sample duration (Fig. 4). The context effect, evaluated
within the training range, was shown for the same five pigeons.
The pigeon that did not display the context effect when the data
included all test sessions (P03, see Fig. 4, top left panel) showed a
weak effect during the first test sessions (see Fig. 5, top left panel,
empty circles). Because the tests were conducted in extinction it is
conceivable that the pigeons learned during testing that Green and
Blue presented together signaled extinction and started to choose
the comparison keys independent of sample duration. In fact, the

slope of the preference functions tended to decrease across testing
(compare empty and filled circles in Fig. 5).

On the average, the preference for Green increased from about
.35 following 2-s samples to about .60 following 18-s samples
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ig. 5. Preference for Green over Blue as a function of sample duration across the sti
nd the filled circles show the data for the last 3 sessions. The top six panels show t
raining range. The vertical bars show the SEM. Note the logarithmic scale on the x-

bottom panel of Fig. 4). Usually, in studies with the double
isection task, the preference for Green increases from about .10
ollowing the shorter duration to about .80 following the longer
uration (see Arantes, 2008; Arantes and Machado, 2008; Machado
nd Arantes, 2006; Machado and Keen, 1999; Machado and Pata,
005; Oliveira and Machado, 2008; Vieira de Castro and Machado,
012). Even if we consider only the data from the first test ses-
ions to exclude the possible effects of extinction, the preference
or Green increased from about .20 to about .55 within the train-
ng range (empty circles in the bottom panel of Fig. 5). Therefore,
he context effect was reproduced in a double bisection task when
he test range included durations outside the training range, but it
as weaker than in previous studies. One reason for the weaker

ffect may be related to the difficulty of the discriminations. Here
e used a 1:3 training ratio in contrast to the 1:4 training ratio
sed in the majority of the previous studies. Oliveira and Machado
2009) was the only other study to use a 1:3 training ratio and they
lso obtained a weaker context effect – the preference for Green
ncreased with sample duration from about .30 to about .60.

The results also showed that the preference functions com-

uted from the temporal generalization gradients predicted well
he positive trend of the preference functions for the first test ses-
ions. However, the predicted functions were always steeper than
he obtained functions (see Fig. 6). For comparison purposes we
-response generalization test. The open circles show the data for the first 3 sessions
ividual data and the bottom panel shows the average data. The arrows delimit the

analyzed the correlation between the average predicted prefer-
ence function and the average obtained preference function from
the present study and from Vieira de Castro and Machado (2012).
The correlation between the predicted and obtained functions was
strong in both studies, .93 in the present study, and .96 in Vieira de
Castro and Machado’s (2012) study. However, in Vieira de Castro
and Machado’s (2012) study the predicted and obtained preference
functions had similar slopes and, therefore, the exact values of the
predicted functions were closer to the exact values of the obtained
functions than in the present study. In summary, in the present
study the temporal generalization gradients were also good predic-
tors of the overall trend of the preference data, but overestimated
the effect of sample duration.

The reasons for the differences between the predicted and the
obtained preference functions remain uncertain. One possibility is
generalization decrement because the stimulus conditions during
the stimulus-response generalization test (Green and Blue com-
parison keys) were different from the stimulus conditions during
the tests that yielded the generalization gradients (Red and Green
on the Type 1 task, and Blue and Yellow on the Type 2 task).

Another possibility is that the introduction of test values clearly
outside the training range may alter the animals’ performance dur-
ing the test. In fact, in Vieira de Castro and Machado’s (2012) study,
the test range included only values intermediate to the training



26 A.C. Vieira de Castro et al. / Behavioural Processes 95 (2013) 18–30

0.0

0.5

1.0

0.0

0.5

1.0

0.0

0.5

1.0

0.0

0.5

1.0

0.0

0.5

1.0

0.0

0.5

1.0

P03 P12

P04 P16

P06 P18

0.0

0.5

1.0

Avg

P
re

fe
re

n
ce

 f
o
r 

G
 o

v
er

 B

Sample duration (s)

1 2 4 8 16 32 640.51 2 4 8 16 32 64

1 2 4 8 16 32 64 1 2 4 8 16 32 64

1 2 4 8 16 32 64 1 2 4 8 16 32 64

1 2 4 8 16 32 64

0.5

0.5

0.5

0.5

0.5

0.5

Predicted

Obtained

F first 3
p e top
T

d
t
S
f
t
w
t
b
d
T

t
O
o
n
c
2
V
o
p
c
t
o
f

ig. 6. The filled circles show the preference for Green over Blue obtained in the
reference for Green over Blue predicted from the stimulus generalization tests. Th
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urations and the predicted preference functions matched substan-
ially better the obtained functions. Also in support of this view,
iegel (1986, Experiment 2) found that the location of the indif-
erence point in a simple bisection task changed with the range of
est durations. Specifically, Siegel found that the indifference point
as well described by the geometric mean of the training dura-

ions when the test range involved only intermediate durations,
ut it was significantly below the geometric mean of the training
urations when values outside the training range were introduced.
he reasons for these changes remain unclear.

A parallel purpose of the present study concerned the inves-
igation of the shape of the temporal generalization gradients.
nly a few studies have reported temporal generalization gradients
utside the training interval following intradimensional discrimi-
ation training, and the shape of the obtained gradients was not
onsistent across them (see Elsmore, 1971; Russell and Kirkpatrick,
007; Siegel, 1986; Spetch and Cheng, 1998; Mellgren et al., 1983;
ieira de Castro and Machado, 2012). The generalization gradients
btained in the present study fit into two major categories of tem-
oral generalization gradients found in the literature. In the first

ategory, the proportion of responses (to Green or Blue) is low on
he S− side of the gradient, increases to the highest value at the S+

r at a duration further removed from the S−, and decreases again
or durations far removed from the S+. All six gradients for the Type
sessions of the stimulus-response generalization test. The open circles show the
six panels show the individual data and the bottom panel shows the average data.

1 task and half of the gradients for the Type 2 task (pigeons P03,
P04 and P06) belong to this category. In the second category, the
proportion of responses is low on the S− side of the gradient and
then increases and remains high for all durations on the S+ side. The
gradients for the Type 2 task for pigeons P12, P16 and P18 belong
to this category.

Curiously, the pigeons that learned the Type 1 task in the first
place (see left panels of Fig. 2) had gradients for the Type 2 task
that decreased for the shortest durations, whereas the pigeons that
learned the Type 2 task in the first place (see right panels of Fig. 2)
had gradients for the Type 2 task that remained high for the short-
est durations. The following hypothesis may explain these findings.
Consider a pigeon that before learning the Type 2 task “6 s → Blue;
18 s → Yellow” learned that 2-s samples are associated with Red.
In the stimulus generalization test with Blue and Yellow, when the
shortest durations of 0.7 s and 1.2 s are presented, Red would be
the most probable response because these durations are close to
2 s. But because Red is not available for choice, the pigeon may be
indifferent between Blue and Yellow. For this pigeon, then, the gra-
dient for Blue would be around .50 following the shortest samples,

similar to the results displayed in the left panels of Fig. 2 (empty
circles). On the other hand, consider a pigeon that learns only the
Type 2 task “6 s→ Blue; 18 s→ Yellow”. When presented with sam-
ples 0.7-s and 1.2-s long and the Blue and Yellow keys, this pigeon
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refers Blue because these durations (a) have not been associated
ith any other key, and (b) are closer to the 6-s duration associated
ith Blue than to the 18-s duration associated with Yellow. For this
igeon, then, the gradient for Blue would remain high following the
hortest samples, similar to the results displayed in the right panels
f Fig. 2 (empty circles).

Extended to the gradients for the Type 1 task (filled circles
n Fig. 2), the foregoing hypothesis would predict that a pigeon
hat had learned the Type 2 task previously, when given a choice
etween Red and Green following a long sample would be indif-
erent because the long sample, close to 18 s, would have been
ssociated with Yellow, a color not available for choice. Hence,
ccording to the hypothesis the gradient for this pigeon would be
lose to .50 following the longest samples, similar to the results
isplayed in the right panels of Fig. 2. However, the hypothe-
is predicts incorrectly that a pigeon that learned only the Type
task would not show a decreasing proportion of Green choices

ollowing the longest samples, unlike the results displayed in the
eft panels of Fig. 2 (filled circles). It is possible that choice pro-
ortions depend not only on previous training (e.g., whether a
ample duration has been associated with a choice key that is

ow unavailable), but also on the absolute distance between the
rained and tested sample durations (e.g., the difference between
.7 s and 6 s is much smaller than the difference between 51.4 s and
8 s).
scale on the x-axis of the middle and bottom panels.

4.1. Data versus model

In what follows we compare our findings with the results of a
simulation of the Learning-to-Time (LeT) model. Consider first the
training on one of the temporal discriminations, say the Type 1 task.
According to LeT, on each trial, the onset of the sample initiates
the serial activation of the behavioral states. The activation spreads
across successive states at rate �, a value sampled at trial onset from
a normal distribution with mean � = 1 per second and standard
deviation � = 0.4 per second. At the end of the sample, one state, say,
n*, is active. This state is linked with the available responses, Red
and Green, and the strengths of the links are represented by WR(n*)
and WG(n*), respectively. According to the model, the probability of
choosing Green, say, equals the ratio WG(n*)/[WG(n*) + WR(n*)]. At
the end of the trial, the strengths of the links change according to
the trial outcome, increasing with reinforcement and decreasing
with extinction. If the link between the active state and one
response increases, the link between the active state and the
other response decreases and, conversely, if the link between the
active state and one response decreases, the link between that
state and the other response increases (response competition).

To illustrate, if at the end of the sample the animal chooses Red
and the response is reinforced, WR(n*) increases by the amount
�WR(n*) = ˇ(1 − WR(n*)) and WG(n*) decreases by the amount
�WG(n*) = −ˇWG(n*)), where ˇ = 0.15 is the reinforcement
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arameter; if the animal chooses Red and the response is extin-
uished, WR(n*) decreases by the amount �WR(n*) = −˛WR(n*)
nd WG(n*) increases by the amount �WG(n*) = ˛(1 − WG(n*)),
here ˛ = 0.06 is the extinction parameter1.

In the present simulation the coupling of the behavioral states
ith Red and Green was initialized at 0.1 (i.e., WR(n) = WG(n) = 0.1,

or n = 1,2,3,. . .). After 30 sessions of training, with Red reinforced
ollowing 2-s samples and Green reinforced following 6-s samples,
he strength of the couplings changed to the values depicted in
he top left panel of Fig. 7. The states around n = 2, more likely to
e active after 2-s samples, are strongly coupled with Red (first
hree filled circles close to (1) and weakly coupled with Green (first
hree empty circles close to 0). The states around n = 6, more likely
o be active after 6-s samples, are strongly coupled with Green but
eakly coupled with Red. The remaining states, almost never active
uring the Type 1 task, maintained their initial coupling of 0.1 with
he two responses.

For the Type 2 task the simulation process was the same except
hat the sample durations were 6 s and 18 s and two different vec-
ors linked the states to the Blue and Yellow responses, WB(n) and

Y(n), respectively. The top right panel of Fig. 7 shows that, after 30
essions of training, the states around n = 6, more likely to be active
fter 6-s samples, are strongly coupled with Blue and weakly cou-
led with Yellow. The states around n = 18, more likely to be active
fter 18-s samples, are strongly coupled with Yellow but weakly
oupled with Blue. The states further down the series retained their
nitial coupling with the two responses.

The middle panels of Fig. 7 show the stimulus generalization
radients for Green and Blue generated by the model. The simu-
ated gradients reflect the profiles of the associative links displayed
n the upper panels. The gradient for Green (Type 1 task – middle
eft panel) is low following 2 s and shorter samples, then increases
ntil 6-s samples and decreases again, reaching .50 for longer sam-
les. The gradient for Blue (Type 2 task – middle right panel) starts
round .75 following 0.7-s samples, then increases slightly until
.5-s and 6-s samples, decreases to a minimum value following 18-
samples and finally increases again, reaching about .40 following

he 51.4-s samples.
Finally, in the stimulus-response generalization test, when

reen and Blue occur together, the animal chooses Green with
robability WG(n*)/(WG(n*)+WB(n*)). The filled circles in the bot-
om panel of Fig. 7 show the preference function predicted by LeT.
he preference for Green is low following 2-s samples and shorter
amples, increases monotonically from 2-s to 18-s samples – the
ontext effect, and decreases for even longer samples, reaching .55
ollowing the 51.4-s samples.

One of the major goals of the present study was to determine if
he temporal generalization gradients for Green and Blue obtained
ollowing training on the two tasks “2 s → Red; 6 s → Green” and
6 s → Blue; 18 s → Yellow” could predict the data from the final
reference test between Green and Blue, as was previously found
y Vieira de Castro and Machado (2012). There is, however, one

mportant difference between the procedure of the present study
nd the procedure used by Vieira de Castro and Machado (2012),
hich makes this type of reasoning more difficult in the present

ase. Vieira de Castro and Machado (2012) used a go/no-go ver-
ion of the double bisection task in which they reinforced Green
ollowing 4-s samples but not following 1-s samples and rein-
orced Blue following 4-s samples but not following 16-s samples.

he generalization gradients that they obtained after the pigeons
earned each task expressed WG(n) and WB(n) directly. That is,
he gradients expressed directly the strength of the links used to

1 The values of the parameters remained constant during the entire simulation
nd were similar to those used in previous studies (see Machado et al., 2009).
ral Processes 95 (2013) 18–30

compute the preference for Green over Blue during the final test.
In the present study the generalization gradients express directly,
not WG(n) and WB(n), but the ratios WG(n)/(WG(n) + WR(n)) and
WB(n)/(WB(n) + WY(n)). Computing a preference function based on
the relative strengths of Green over Red and of Blue over Yellow
is not equivalent to predicting preference based on the absolute
strengths of Green and Blue alone2. Be that as it may, to determine
whether in LeT the separate generalization gradients predict well
the context effect, we performed the same analysis that we carried
out for the pigeons. That is, for each sample duration, we divided
the proportion of responses to Green over Red by the proportion
of responses to Green over Red plus the proportion of responses
to Blue over Yellow. The result was the function depicted by the
empty circles in the bottom panel of Fig. 7. The filled circles in the
same panel show the results generated by the model in the tests
between Green and Blue. The two functions were very similar. We
conclude that, in LeT, the generalization gradients for Green over
Red and Blue over Yellow are reliable predictors of the preference
for Green over Blue.

Fig. 8 allows a direct comparison between LeT’s predictions and
the data from the present study. The two top panels show the stim-
ulus generalization gradients for Green (left panel) and Blue (right
panel) generated by the model (filled circles) and produced by the
pigeons (empty circles). The simulated gradient for Green repro-
duced well the average of the gradients produced by the pigeons.
The simulated gradient for Blue approximated the average of the
gradients obtained in the present study except for the two longest
samples.

The gradients produced by the pigeons for the Type 2 task
showed appreciable variability across subjects. For example, the
gradient for pigeon P12 (see Fig. 2) differed from the remaining five
gradients because it increased to .50 for the 51.4-s samples, a result
in agreement with the present simulation. The greatest variabil-
ity across subjects, however, was found for the shortest samples:
Whereas some gradients remained high, others decreased towards
.50 (see Fig. 2). Interestingly, the model also generated the highest
variability for the 0.7-s and 1.2-s samples. Because we ran a high
number of simulations (n = 100) this variability is not expressed in
the error bars (SEM) in the top right panel of Fig. 8. However it can be
seen in the middle right panel of Fig. 7 that the standard deviation
in the simulated gradient for the Type 2 task was higher for the two
shortest samples. The variability in the simulated gradient for the
Type 2 task is due to the fact that, during training with 6-s and 18-s
samples, the probability that the first behavioral states are active at
the end of the sample is a rare but possible event. When the event
happens during training, the links between these first states and
the Blue and Yellow responses change substantially due to the val-
ues of the learning parameters ˇ and ˛. In particular, the links with
Blue will tend to be strengthened and the links with Yellow will
tend to be weakened, because the probability of these first behav-
ioral states being active following 18-s samples is practically zero.
Subsequently, during generalization tests, these subjects will be
more likely to choose Blue after very short samples because these
samples activate the first states. However, if the rare event does
not happen during training, that is, if the first states are not acti-
vated during the 6-s or 18-s samples, the links between these states
and the two responses retain their initial (and equal) value. During
the generalization tests, these subjects will be indifferent between
Blue and Yellow after very short samples. Hence, according to Let,

the variability across subjects following the shortest samples stems
from the fact that some subjects prefer Blue whereas other subjects
are indifferent between Blue and Yellow.

2 Relative strengths can predict the test involving Green and Blue if the total link
strength in the two discriminations is equal, i.e., if WG(n) + WR(n) = WB(n) + WY(n).
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Fig. 8. Comparison between LeT’s predictions and the data from the present study. Top panels. Temporal generalization gradients for Green (left panel) and Blue (right panel)
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redicted by LeT (filled circles) and produced by the pigeons (empty circles). Bott
filled circles) and from the obtained gradients (empty circles). Bottom right panel. P
tudy (empty circles). The vertical bars show the SEM. Note the logarithmic scale on

The bottom left panel of Fig. 8 shows the preference functions
redicted from the generalization gradients for LeT (filled circles)
nd for the birds (empty circles). The two functions are somewhat
ifferent, especially at the two longest durations. These differences
eflect the differences in the gradients for the Type 2 task generated
y LeT and by the pigeons, for the model predicted that the propor-
ion of responses to Blue should increase for the longest samples
ut only one pigeon (P12, see Fig. 2) showed this pattern.

Finally, the bottom right panel of Fig. 8 displays the preference
or Green over Blue generated by LeT (filled circles) and the average
reference for Green over Blue produced by our pigeons (empty cir-
les). The model accounted well for the overall trend of the average
ata. However, two differences are important. First, LeT predicted
preference function steeper than the obtained function. And sec-
nd, whereas LeT predicted that the preference for Green should be
ighest following 18-s samples and then decrease significantly for

onger samples, the obtained function showed a maximum follow-
ng 30.4-s samples and then decreased only slightly for the longest
ample duration.

In summary, LeT accounts reasonably well for the present
ndings. The simulated generalization gradients are consistent
ith the gradients produced by our pigeons, except for the
urations longer than 18 s in the Type 2 task. In the criti-
al test between Blue and Green, model and data also yielded
imilar preference functions, although the pigeons’ average func-
ion was shifted to the right relative to the model’s preference
unction.

To conclude, the present study showed that, in a tempo-
al double bisection task in which the test range was extended
eyond the training range (1) the preference for Green over Blue

ncreased with sample duration; (2) the context effect (i.e., the
reference for Green increasing with sample duration within the
raining range) was reproduced, although it was weaker than
n previous studies; and (3) the temporal generalization gra-
ients induced by the two temporal discriminations predicted

ell the overall pattern of preference, but overestimated the

trength of the effect of sample duration in the preference
or Green over Blue. LeT reproduced the major features of the
ata.
t panel. Preference for Green over Blue computed from LeT’s simulated gradients
nce for Green over Blue generated by LeT (filled circles) and obtained in the present
-axis.
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