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A matching-to-sample task with a 3-sample, 2-comparison mapping has been found to engender joint control by
the stimuli that signaled the samples (keylight) and the inter-trial interval (houselight), with a trade-off in the
degree of control exerted by each stimulus. To learn about the boundary conditions for the establishment of that
joint stimulus control, we trained pigeons in a similar task, but featuring a one-to-one sample-comparison
mapping, with two samples and two comparisons. To assess their relative influences, we ran two tests where each
of the stimuli was removed: in one test, no sample keylight was presented, and in the other, the ITI was spent in

darkness. Results were consistent with both stimuli influencing choice but there was no clear evidence of a trade-
off between them. These results suggest that sample-comparison mapping and/or total number of samples may
influence how an animal directs its attention to the stimuli available.

1. Introduction

At any given moment, a wealth of stimuli surrounds an organism and
adapted behavior requires identifying which stimuli (and stimulus di-
mensions) are relevant (e.g., Kamin, 1968; Leith and Maki, 1975;
Mackintosh, 1965; Sutherland and Mackintosh, 1971; Wagner et al.,
1968). Additionally, selectivity regarding which stimuli are attended to
is a necessity given the limits in attentional capacity (Pashler, 1998) and,
while attention may be shared, the processing of each single dimension
suffers (e.g., Kraemer and Roberts, 1985; Langley and Riley, 1993; Maki
and Leith, 1973). Despite these limitations, when there are redundant
cues and attending to only one would be sufficient to learn a task, ani-
mals may nevertheless attend to more than one cue (e.g., Cheng et al.,
1996; McMillan and Roberts, 2010; Meck and Church, 1983; Roberts
and Mitchell, 1994). In some cases, when attention is divided between
stimuli, there is a trade-off in their relative influences: The more one
stimulus controls responding, the less others do (e.g., Gottselig et al.,
2001; Kirkpatrick-Steger and Wasserman, 1996; Vyazovska et al., 2014).

One example of attentional trade-off came from a series of studies
focused on coding flexibility (Pinto et al., 2017; Pinto and Machado,
2015; 2017). Pigeons learned an asymmetric matching-to-sample task
with three samples (white keylight lasting 2, 6, or 18 s) mapped onto two
comparisons (a red and a green keylight). One comparison was correct
following 2-s samples, and the other following 6-s and 18-s samples.
Trials were separated by a 30-s, houselight-illuminated, inter-trial in-
terval (ITI). Removing either the white keylight (sample) or the ITI
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houselight biased pigeons’ choices, suggesting control by both stimuli.
On no-sample tests there was a preference for the comparison associated
with 2-s samples; on dark-ITI tests accuracy decreased only for 2-s
sample trials. Interestingly, the two tests showed a negative correla-
tion: the stronger the preference for “short” on no-sample trials, the
lower the accuracy on short-sample trials on dark-ITI tests, suggesting a
trade-off in the reliance on sample keylight and ITI houselight.

An open question related to this 3-sample, 2-comparison task regards
which task characteristics are required to engender joint stimulus con-
trol (e.g., number of samples, the many-to-one mapping, the relative
salience of the stimuli). Identifying boundary conditions for different
learning strategies is critical to our understanding of learning and
adapted behavior, so in this study we used a similar task, but featured a
symmetric, one-to-one sample-comparison mapping (two samples, two
comparisons). To assess the relative influences of sample and houselight
ITI, we ran the same tests as in the many-to-one task. Despite their
planned role as a simple trial separator, ITIs often go beyond that, for
instance serving as context for the estimation of sample durations, or
affecting performance in delay testing (e.g., Kelly and Spetch, 2000;
Sherburne et al., 1998; Spetch and Rusak, 1989; Ward and Odum, 2007).
Our goals were to assess if the ITI played a role on the learning of this
version of the task, and whether joint stimulus control would emerge.
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2. Method
2.1. Subjects

Eight pigeons (Columba livia) were maintained at approximately 85%
of their free-feeding body weight. They were kept in individual cages,
with free access to water and grit, while most food was given as rein-
forcement during the experimental sessions. The colony room had a
13 h/11 h light-dark cycle, with lights on at 08h00, and the temperature
was kept between 20 and 22 °C. All the birds had experience with
comparable temporal discriminations and matching-to-sample tasks.
The experiment was conducted daily, at approximately the same time
for each bird, 6 days a week.

2.2. Apparatus

Four operant chambers were used: three identical Lehigh Valley
Electronics (LVE) and one homemade chamber. The LVE chambers
measured 34 x 35 x 31 cm (h x 1 x w) and the response panel features
three circular keys, 2.5 cm in diameter, horizontally arranged, 8.5 cm
apart, center-to-center. The bottom of the keys distanced 22.5 cm from
the wire mesh floor. Each key was equipped with a 12-stimulus Indus-
trial Electronics Engineers (IEE) in-line projector, with a 28-V, 0.1-A
lamp for each stimulus. Mixed grain was delivered as a reinforcement
through the food-hopper opening, which measured 5 x 6 cm (h x w) and
was centered on the response panel, its bottom 8.5 cm above the floor.
This opening was illuminated with a 28-V, 0.04-A lamp when the hopper
was activated. On the wall opposite the response panel, 30 cm above the
floor, a 28-V, 0.1-A houselight provided general illumination. An
exhaust fan provided ventilation and masked outside noise. The home-
made chamber was similar to the other chambers, differing only in some
dimensions: it measured 31 x 33 x 33 cm (h x 1 x w), the bottom of
each key was 21 cm above the floor, and the food hopper opening
measured 4.5 x 6 cm (h x w) and was 6.5 cm above the floor. The
houselight was in the response panel, 27.5 cm above the floor. The
chamber was enclosed in a PVC sound-attenuating case (Med Associates,
ENV-018V), equipped with an exhaust fan. Experimental events were
controlled via the ABET II software (Lafayette Instrument Company).

2.3. Procedure

2.3.1. Training

All task details were similar to Pinto and Machado (2023), with the
exception that, instead of three samples, the present task featured only
two samples. A session began with a houselight-illuminated, 30-s
inter-trial interval (ITI). The houselight turned off when the ITI ended,
and a trial started with the presentation of a white hue on the center key
for 2 or 6 s (sample). Following sample offset, a red hue and a green hue
were presented on the side keys (comparisons). Choice of each com-
parison was correct following one of the samples (the correct compari-
sons were counterbalanced across animals). A peck on either
comparison turned both comparisons off. When the correct comparison
was chosen, reinforcement was delivered, followed by the ITI. When the
incorrect comparison was chosen, the ITI started immediately. A trial
with an incorrect choice was repeated; after three consecutive incorrect
choices, the trial would repeat for a final time, with only the correct
comparison presented (correction procedure). Reinforcement durations
were adjusted individually, and ranged from to 2.5-4.5 s.

A session comprised 64 trials, divided in two 32-trial blocks (with 16
2-s and 16 6-s samples). Trials within each block were presented in
random order. Comparison location was determined pseudo-randomly,
with the constraint that each comparison was presented the same
number of times on each side key, in each block. In the first 10 sessions,
all correct choices were reinforced. From the 11th session onward, a
maximum of 75% of correct choices were reinforced, and the correction
procedure was no longer in effect. Training lasted a minimum of 20
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sessions, and ended when a minimum of 80% correct responses were
made to each sample, for three consecutive sessions, or a maximum of 30
sessions was reached.

2.3.2. Test

Each session comprised 64 trials: 40 training trials, 8 no-sample test
trials, and 16 dark-ITI test trials. Training trials (20 x 2-s, 20 x 6-s
samples) were the same as in Training, with all correct responses rein-
forced. In a no-sample trial, the sample was never presented: the end of
the ITI was followed immediately by the comparisons. Dark-ITI trials (8
x 2-s, 8 x 6-s samples) were similar to training trials, excepting that
their preceding ITI was spent in darkness. Reinforcement was delivered
on 50% of test trials, non-differentially. Testing lasted 10 sessions.

2.4. Data analysis

Statistical tests were conducted with the jamovi software for Win-
dows (The jamovi project, 2022), with Type-1 error rate set to 0.05 (R
Core Team, 2021). To compare the two tests, we used the same metrics
that in previous papers suggested a trade-off between ITI houselight and
sample: a) the proportion of “short” choices on no-sample trials (which
correlates positively with houselight influence: If houselight recency is
associated with “short” choices in training, on no-sample trials there
should be a very high proportion of “short” choices), and b) proportion
correct on “short” trials with a dark ITI (which correlates positively with
sample influence: The stronger the control by the sample, the weaker the
impact of ITI manipulations should be, so performance should stay at a
high level. Conversely, if houselight recency is associated with “short”
choices, the stronger the houselight control, the less “short” choices
should occur following a dark-ITI). For a detailed discussion of these
metrics, please refer to Pinto and Machado (2023). These metrics were
compared via a Pearson’s correlation (Kim, 2015).

A one-sample t-test assessed whether pigeons responded at chance
level in no-sample tests. Two-tailed, paired-samples t-tests compared
choices when the ITI was dark or illuminated, as well as assessed the
predictions of a stimulus-competition model (Pinto and Machado,
2023). For these predictions, an equivalence test was also run (“two
one-sided tests” procedure; e.g., Lakens, 2017). For that, a sensitivity
analysis in G*Power (version 3.1.9.7; Faul et al., 2007), with power set
to 80% and alpha to 0.05 (Lakens, 2014), was used to calculate the
smallest effect sizes of interest. The normality assumption was assessed
via Shapiro-Wilk tests. For effect size, Cohen’s d, (the standardized mean
difference; see, e.g., Cohen, 1988, p. 48; Lakens, 2013) was calculated.
Given that effect size can be the main takeaway from an analysis (e.g.,
Sullivan and Feinn, 2012), each effect size was complemented with the
correspondent 95% confidence interval.

3. Results

Training took an average of 24.75 sessions (range: 20-30). One of the
pigeons failed to meet the learning criterion by session 30, but its
average accuracy in the last three sessions was fairly high (2s: 0.83, 6 s:
0.82), and so progressed into testing.

On no-sample trials there was a preference for the “short” compari-
son, chosen on 75% of the trials (range: 50%-99%), a value significantly
above chance (50%): t(7) = 3.70, p =.008, d, = 1.31, 95% CI [0.32,
2.25]. The effect of the dark-ITI test (Fig. 1) differed between the sam-
ples. On the one hand, for 6-s trials (filled bars), accuracy did not differ
significantly between training (0.91) and test (0.89) trials, t(7) =1.22, p
=.262, d, = 0.43, 95% CI [—0.31, 1.14], with performance consistently
high for all pigeons. On the other hand, for 2-s trials (empty bars), ac-
curacy decreased substantially between training (0.85) and test (0.58)
trials, t(7) = 8.19, p <0.001, d, = 2.90, 95% CI [1.25, 4.52].

The two tests are contrasted in Fig. 2: proportion of “short” choices in
no-sample trials is plotted against the proportion of correct choices of
“short” following a dark ITI. There was no significant correlation
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Fig. 1. Average (with standard error of the mean) proportion of correct choices
following 2-s (empty bars) and 6-s (filled bars) samples during testing, in
training trials (left) and in dark-ITI test trials (right).
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Fig. 2. Proportion of “short” choices in no-sample test trials (X axis) plotted
against proportion of correct responses following 2-s samples in dark-ITI test
trials (Y axis). Each data point refers to one pigeon. The dashed line refers to the
predictions of a model of joint stimulus control (Pinto and Machado, 2023).

between the two measures, r(6) = —.04, p =.931.
4. Discussion

The no-sample and dark-IT1 tests yielded similar results to the 3-sam-
ple, 2-comparison task (Pinto et al., 2017; Pinto and Machado, 2023). In
the no-sample test, there was a preference for the comparison associated
with the short sample, of a similar magnitude to those previous studies
(75% vs. 73% and 62%). The finding that manipulating the ITI illumi-
nation affected only short-sample trials also replicated the studies with a
many-to-one task. The similarities do not hold as strongly when the two
tests are compared at the individual level. In the 3-sample, 2-comparison
task, the greater the impact of the houselight removal, the lesser the
impact of the sample removal was (and vice-versa) — suggesting not only
joint control by houselight and sample, but a trade-off in that control. In
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the present study, no relation was found between the two tests, which
could suggest that if both sample and ITI houselight exerted control over
responding, there was no trade-off in this control.

Pinto and Machado (2023) proposed two models where sample
keylight duration and houselight trace strength — either conceptualized
as in relation to a threshold or as exemplar models - could jointly control
responding. Given that the first of those models predicts how perfor-
mance on the two tests should relate, we present it in Fig. 2 (dashed
line). The model posits that each pigeon should fall somewhere along the
line (with the location depending on the relative influences of sample
keylight and ITI houselight). While some results correspond closely to
the predictions, there are some deviations of note, such that, as
described earlier, the whole dataset does not show the predicted nega-
tive correlation. However, it is worth noting that in Pinto and Machado
(2023), even though the model described well most pigeons, there was a
subset of animals that, although showing a negative trend, followed a
line different from the one predicted. Taking into account the possibility
that stimulus trade-off may express itself along different trend lines, the
present data, while not showing a pattern consistent with stimulus
control trade-off, does not allow us to discard that possibility entirely.
Other permutations of the task and further replications may help clarify
this question.

The second model estimates the relative associative strengths of
sample keylight and ITI houselight and predicts baseline performance.
When applied to the present data, the predictions were fairly accurate,
not differing significantly from actual performance, (7) = 0.24, p =.815,
d, = 0.09, 95% CI [—0.61, 0.78]. Predictions and observations were also
statistically equivalent (the observed effect size, d, = 0.09, was within
the equivalence bounds of d; = —1.16 and d, = 1.16, t(7) = 3.03, p
=.01).

The fact that removing the ITI houselight decreased matching ac-
curacy only for short samples could suggest that houselight recency was
associated with “short” choices during training. However, if houselight
alone controlled responding, this decrease in accuracy should have been
more pronounced, so perhaps sample duration also controlled choices in
some of the trials. Another possibility is that the pigeons learned the task
by attending only to the sample. Even though the beginning of both
samples is equally close to the ITI, the end of short samples is closer to
the ITI than the end of long samples is, and this proximity may make
short samples more vulnerable to changes in ITI conditions — which
could lead to the sample differences observed in the dark-ITI test.
However, assuming that resistance to these generalization-decrement
effects varies among animals, a more resistant pigeon would show
high accuracy to short samples in dark-ITI tests, and also, in no-sample
tests, a strong preference for “short” (a 0-s sample is closest to the short
sample; see also Pinto and Salgado, 2023). That is, the two metrics
would be positively correlated. Given that was not the case (see Fig. 2),
the pigeons probably did not learn this task by attending solely to the
sample.

Future studies may further identify which task characteristics
(sample-comparison mapping, number of samples, their durations, etc.)
are critical for the adoption of different learning strategies. Exploration
of these variables may yield deeper insights into the boundary condi-
tions for learning strategies, and, by extension, into the mechanisms of
discrimination learning.
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