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How are features integrated (bound) into objects and how can this process be facilitated? Here we inves-
tigated the role of rapid perceptual learning in feature binding and its long-lasting effects. By isolating
the contributions of individual features from their conjunctions between training and test displays, we
demonstrate for the first time that training can rapidly and substantially improve feature binding.
Observers trained on a conjunction search task consisting of a rapid display with one target-
conjunction, then tested with a new target-conjunction. Features were the same between training and
test displays. Learning transferred to the new target when its conjunction was presented as a distractor,
but not when only its component features were presented in different conjunction distractors during
training. Training improvement lasted for up to 16 months, but, in all conditions, it was specific to the
trained target. Our findings suggest that with short training observers’ ability to bind two specific fea-
tures into an object is improved, and that this learning effect can last for over a year. Moreover, our find-
ings show that while the short-term learning effect reflects activation of presented items and their
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binding, long-term consolidation is task specific.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

A successful interaction with the visual environment requires
integrated representation of objects’ features. For example, when
driving a car it is important to efficiently recognize that a circle
shaped light is red and belongs to the stoplight. Numerous studies
have shown, however, that in some situations observers tend to be
inefficient in correctly integrating or binding features together. For
example, observers’ detection of a target defined by a conjunction
of orientation and color (conjunction search; e.g., Carrasco, Evert,
Chang, & Katz, 1995; Treisman & Gelade, 1980) or orientation
and spatial frequency (Carrasco & McElree, 2001; Giordano,
McElree, & Carrasco, 2009), is substantially slower and less accu-
rate than detection of a target defined by a single feature. These
findings and the existence of ‘illusory conjunctions’ (e.g.,
Robertson, 2003 for review) have been taken to suggest that fea-
ture integration relies on the allocation of processing resources
in space, i.e., spatial attention (e.g. Prinzmetal, Presti, & Posner,
1986; Treisman & Gelade, 1980; Wolfe, 2012) (but see Di Lollo
(2012)).

However, it is still unclear whether cognitive capacities beside
attention play a role in feature binding. Although it has been
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suggested that experience might affect feature binding (e.g.,
Robertson, 2003), thus far there is no direct evidence for this idea.
In visual perception, experienced-based learning and long-term
plasticity have been demonstrated in numerous perceptual tasks,
a phenomenon known as perceptual learning (reviewed by Sagi
(2011)). Studies of perceptual learning typically focus on the per-
ception of isolated features, such as orientation (e.g. Ahissar &
Hochstein, 1997; Jeter, Dosher, Petrov, & Lu, 2009; Donovan,
Szpiro, & Carrasco, 2015; Szpiro & Carrasco, 2015), motion (e.g.,
Ball & Sekuler, 1982; Szpiro, Spering, & Carrasco, 2014;
Watanabe, Nafiez, & Sasaki, 2001), and spatial frequency (e.g.,
Fiorentini & Berardi, 1981). The improvement is usually specific
to the trained features and locations and considered to reflect
changes in early visual representation of features (e.g. Adab &
Vogels, 2011; Crist, Li, & Gilbert, 2001). Some studies showed that
training can speed conjunction search (e.g. Carrasco, Ponte, Rechea,
& Sampedro, 1998; Frank, Reavis, Tse, & Greenlee, 2014; Su et al,,
2014; Walsh, Ashbridge, & Cowey, 1998), which requires not only
detecting and discriminating features, but also binding them
together. But it is unknown whether the improvements observed
in feature-conjunction search reflect improvement in feature rep-
resentation (feature-learning), feature binding (binding-learning)
or both. If improvement reflects feature learning alone then learn-
ing should be specific just to the trained features, if improvement
reflects binding learning then learning may be specific to the
trained bindings as well.
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To address this question we had observers training during a sin-
gle session with a brief display of a color-orientation conjunction
search. In Experiment 1 we tested whether learning is limited to
the specific conjunctions of the specific features presented in the
training display (binding learning, e.g., Robertson, 2003), or (b)
can be generalized to non-presented conjunctions of the same fea-
tures (feature learning; e.g. Adab & Vogels, 2011; Crist et al., 2001).
In Experiment 2 we tested whether learning occurs for a conjunc-
tion stimulus that needs to be rejected (distractor suppression; e.g.,
Kristjansson, Wang, & Nakayama, 2002). Finally, we tested
whether short training suffices to consolidate the learned informa-
tion for extended periods by retesting observers after several (5-
16) months.

2. Experiment 1

In all conditions the same four features defined all search items:
two orientations (50 or 80°) and two colors (red or green). Target
and distractors were defined by a particular conjunction of orien-
tation and color. For example, when the target was a 50° tilted
red line the distractors were 50° tilted green lines and 80° tilted
red lines (Fig. 1A). Following six consecutive blocks with the same
target, observers were tested with a new target that had both color
and orientation swapped—i.e., when the training target was a 50°
tilted red line the test target was an 80° tilted green line.

There were two training groups: No-exposure group: observers
were trained with targets and distractors that were different from
the subsequent test targets. Exposure group: unbeknownst to the
observers, one or two distractors during training were the same
items as the future test target. Thus, the training displays for the
two groups shared >91% of the items (Fig. 1B). Regarding feature
learning, given that the same features were presented during train-
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ing and test for both groups, we hypothesize that feature learning
will result in a complete transfer in both groups. Regarding
binding-learning, given that it is necessary to bind distractors’ fea-
tures before they can be rejected, we hypothesize that binding
learning will show more transfer when the test target was pre-
sented as a distractor during training (Exposure group) than when
the test target was a new conjunction (No-exposure).

2.1. Method

2.1.1. Observers

Twenty-seven New York University undergraduate students
participated for course credit (13 females, age ranged 18-25 years
old). The number of observers in each of the two groups was preset
to 12 (three observers who performed at chance level during train-
ing were replaced). All observers were naive as to the purposes of
the study and all reported having normal or corrected-to normal
visual acuity and normal color vision.

2.1.2. Apparatus

Observers were tested individually in a dimly lit room. An Intel
Core 2 Duo computer connected to a 22” CRT monitor (iiyama
Vision Master Pro 514, with 1280 x 960 resolution and 85 Hz
refresh rate). Stimuli were programmed in E-prime (Schneider,
Eschman, & Zuccolotto, 2002). Responses were collected via the
computer keyboard. A chin-rest set the 50-cm viewing distance.

2.1.3. Stimuli and procedure

Sample stimulus displays are presented in Fig. 1A. Each trial
began with the presentation of the fixation display (500 ms), which
was a gray cross sign (+) (0.16° x 0.16° of visual angle) in the cen-
ter of a black screen, followed by a 117-ms presentation of the
search stimulus, which consisted of the fixation cross along with

B C
Learning hypotheses
a. Feature-learning
Training  Test
=D = 1,
[ ] [ ]
[ ] [ ]
-\ ENEN
[ ] [ ]
[ ] [ ]

b. Binding-learning

2.

-

specificity transfer

Fig. 1. Illustration of the rationale of Experiment 1, along with diagrams that represents the information that is coded in each display. (A) Sample stimulus of the training
displays in the No-exposure and Exposure groups. In this example, the target (indicated by the dashed dark square) was a 50° tilted green line during training and an 80° tilted
red line during test. In the Exposure group the test target was displayed during training (indicated by the solid light square). The four possible target combinations (2
colors x 2 tilts) were counterbalanced across observers. (B) A description of the two learning hypotheses. We hypothesized that training improves either (a) feature-learning
(e.g., learning to identify the features i.e. a 50° tilt, an 80° tilt, a red color) or (b) binding-learning (e.g. learning the conjunction between an 80° tilt and the red color). (C)
Predicted transfers between training and test for each of training conditions. According to the (a) feature-learning, and the (b) binding-learning, learning would transfer (a) in

both conditions, (b) only in the Exposure condition, respectively.
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24 tilted line segments (0.38° in length). Each line appeared in one
of the cells of a 5 x 5 matrix (except for the center cell, in which
the fixation cross was presented). Each line was centered in its cell
(1° x 1°) with a random jitter of +0.01°. The lines were oriented
either 80° or 50° counterclockwise from vertical and were colored
either red (CIE coordinates 0.63/0.34, 18.75 cd/m?) or green (CIE
coordinates 0.28/0.593, 18.44 cd/m?). Observers had to detect the
presence of a target - a line defined by a specific color and orien-
tation - among 24 items. In the No-exposure group there were
two types of distractors, each type shared one feature with the tar-
get (i.e., either the same color with a different orientation or vice
versa). The Exposure group included one (in target present trials)
or two (in target absent trials) distractors with both a different
color and a different orientation from the target (thus exposing
the color-orientation conjunction of the subsequent test target).
Target and distractors locations were randomly distributed in the
matrix, and the specific target and distractors color and orientation
conjunctions were counterbalanced across observers.

Observers were asked to report whether the target was present
or absent by pressing one of two designated keyboard keys, and
instructed to respond as accurately as possible without speed
stress. Observers were instructed to maintain fixation throughout
each trial; they had no time to make eye movements while the
conjunction display was presented. A 500-ms feedback tone fol-
lowed incorrect responses. There was a 500-ms inter-trial interval.

2.1.4. Design

Observers participated in one-hour experimental session that
consisted of six training blocks of 120 trials each (720 trials in
total), followed by one transfer test block of 120 trials. During
the training blocks each observer was asked to detect a particular
color and orientation conjunction and then was tested in detecting
a different color and orientation conjunction during the transfer
test block. The target on the test block consisted of the alternative
color and the alternative orientation of the trained target (e.g.,
when the trained target was a 50° green line the test target was
an 80° red line). Thus, in the No-exposure group the test target
conjunction had never been presented during training, whereas
in the Exposure group the test target conjunction had been pre-
sented during training as either one (in target present trials) or
two (in target absent trials) of the 24 search items (Fig. 1B).

To familiarize observers with the procedure, each session began
with 30 practice trials with different conjunctions than those used
in the experimental session; namely, a 100° tilted blue target
amidst 100° tilted yellow and 10° tilted blue distractors. To famil-
iarize observers with the target, 10 example trials with a long-
display duration (1s) were presented both before the training
(pre-training examples) and before the test (pre-test examples)
blocks. Every 30 trials there was a short break during which obser-
vers were reminded of the target by presenting the target on the
screen throughout the break.

2.1.5. Analysis

Sensitivity (d’) and criterion (C) were calculated for each train-
ing and test block. To assess learning and transfer of learning sep-
arately we conducted two Analysis of Variance (ANOVA) with d’, C
and reaction time (RT) as dependent variables. Training: To com-
pare learning between the groups an ANOVA was conducted with
training (the six training blocks, within-subjects) and training
group (No-exposure vs. Exposure, between-subjects). Transfer:
To compare transfer an ANOVA was conducted with transfer of
learning (last training block vs. transfer-test block, within-
subjects) and training group (between-subjects). Moreover, trans-
fer of learning was assessed individually by calculating a variation
on a commonly used transfer index (e.g., Ahissar & Hochstein,

1997; Hung & Seitz, 2014; Jeter et al., 2009; Lu, Chu, Dosher, &
Lee, 2005; Zhang et al., 2010).
(ds —d7)

T=1 (do —dv) (1)

The values d, and dg denote the sensitivity level for the first and
last blocks of the training, respectively. The value d; is the sensitiv-
ity for the transfer task block. This measure estimates the portion
of the initial learning that is transferred. A T of 1 indicates complete
transfer; when the @’ of the transfer test block is equal to the final
block of the training. A T of 0 indicates full specificity; when the
transfer test block has the same sensitivity as the first block of
training. A T < 0 indicates super specificity, in which d’ of the trans-
fer test block is smaller than the first training block, which can be
found in cases where learning reflects inhibition of distractor.

2.2. Results

High accuracy rates for both groups during the 10 long-duration
example trials before training and test (Table 1) indicate that obser-
vers had ample pre-knowledge of the test-target in both groups.

To ensure that performance was comparable for the different
tested colors and orientations, we conducted an ANOVA with
specific target and distractor conjunctions as a between subject
factor. For learning, there was no main effect of specific conjunc-
tion nor did it interact with learning or group, all Fs < 1. For trans-
fer, there was no main effect of specific conjunction nor did it
interact with learning and group, all Fs < 1.

2.2.1. Sensitivity

Fig. 3 shows that training improved performance significantly, F
(5,110)=24.19, p<0.001, n>=0.52. There was neither a main
effect of group nor a group by training interaction, both F < 1, indi-
cating that learning was similar in both groups. There was a main
effect of transfer, F(1,22) = 4.97, p = 0.036, n? = 0.18, which inter-
acted with group, F(1,22)=4.55, p=0.044, n?=0.17. A paired t-
test revealed a significant transfer cost in the No-exposure group
t(11)=3.42, p=0.006, r* = 0.51, but not in the Exposure group, t
(11)< 1. These findings show that training group condition did
not affect learning but rather the transfer of learning.

2.2.2. Criterion

During training, neither the main effects of training and group
nor their interaction were significant, all ps > 0.20 (Fig. 3). The main
effect of transfer-test block was significant, F(1,22)=41.21,
p <0.001, n? = 0.65, but neither the main effect of group nor their
interaction was significant, F < 1. The transfer-block effect on crite-
rion was significant for both groups, F(1,11)=31.22, p <0.002,
n%=0.73, and F(1,11)=16.42, p=0.002, > =0.59. The possible
effect of criterion on observed changes in d’ was ruled out by a
non-significant correlation between d’ and criterion, 1(23)=0.17,
p >0.40.

223.RT

Training reduced RTs in both groups, F(5,110) = 14.59, p < 0.001,
1?2 = 0.40. The main effect of group and the training by group inter-
action were both not significant, both Fs <1, indicating that the
accuracy results cannot be explained by speed-accuracy tradeoffs
for either group (Fig. 3).

2.2.4. Transfer index

One sample t-test compared to O (complete specificity) revealed
significant transfer (T>0) in the Exposure group, t(11)=2.03,
p=0.036, r?=0.272, but not in the No-exposure group, t(11)
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Table 1

Mean proportion correct for the initial ten long duration example trials with the Training stimulus and the initial ten long duration example trials with the Test stimulus for the
No-exposure and Exposure groups (Experiment 1), the Color and Orientation groups (Experiment 2) and the No-exposure and Exposure (Exposure Color and Orientation) groups
(Experiment 3). In all conditions performance was high, indicating that observer had the same knowledge about the training and the test target. Standard errors are in

parenthesis.

Experiment 1

Experiment 2 Experiment 3

No-exposure Exposure Color Orientation Exposure No-exposure
Training stimulus 82% 83% 80% 83% 86% 92%
(4%) (4%) (4%) (5%) (3%) (5%)
Test stimulus 82% 82% 83% 78% 88% 93%
(6%) (6%) (5%) (5%) (6%) (3%)
target (~) present No-exposure Exposure
*
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Fig. 2. An example of the sequence of events within a trial. Observers had to report
whether the target, i.e. a 50° tilted counter clockwise from vertical green (light gray
in a black & white print) line, was present or absent.

=1.23, p=0.12 (Fig. 4A). This finding is in line with the binding-
learning hypothesis (Fig. 4B).

2.3. Discussion

Both groups showed substantial improvements after a ~45 min
single session of training. Learning transferred to the test target in
the Exposure group but not in the No-exposure group, even though
the change in target between training and test blocks was the same
for both groups. That is, learning transferred only when observers
were exposed to the test-target conjunction as one or two of the
distractors during training. A plot of the transfer index (Fig. 4) for
each group shows that the data support the hypothesis that obser-
vers learn the binding of features (binding-learning) rather than
just features identification/discrimination (feature-learning). This
interaction cannot be explained by differences in observers’ pre-
knowledge of the target conjunction (Table 1), change in criterion
or speed-accuracy trade-offs (Fig. 3).

Although the main effect of group was not significant during
training, the overall performance of the No-exposure group was
slightly higher than the Exposure group. This may result from
the lower number of different conjunctions in the No-exposure
group (three) than in the Exposure group (four). We address this
issue in Experiment 2.

3. Experiment 2

In Experiment 1 we showed that exposure to the future test-
target during training induces more transfer of learning than the
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Fig. 3. Mean sensitivity (d’) criterion and reaction time (RT) as a function of training
(blocks 1-6) and transfer test (block 7) in the No-exposure and Exposure groups in
Experiment 1. Error bars are within-subject standard errors (Morey, 2008).
"p<0.05.
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Fig. 4. (A) Mean transfer index for the No-exposure and Exposure groups in
Experiment 1. Complete transfer is indicated by T=1 and complete specificity by
T = 0. Error bars are within-subject standard errors (Morey, 2008). (B) The predicted
results according to the two hypotheses: (a) feature learning, (b) binding learning.
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No-exposure condition. However, in that experiment the future
test-target was only one or two out of 24 distractors. Thus it is pos-
sible that observers did not have to ignore and suppress the future
test item. In Experiment 2 we tested whether observers learn the
conjunction of an item that they have to ignore by presenting
the future test-target conjunction as half (12 items) of the training
distractors. If learning during training involves the inhibition of
distractors’ features then learning will not transfer to a target con-
taining these features. In fact, it could even result in a performance
level lower than baseline (first training block). In addition, in
Experiment 1 the Exposure group contained more conjunctions
combinations (four combinations) than the No-exposure group
(three combination). To rule out the possibility that this difference
mediates the transfer effect, in both conditions of Experiment 2 we
used the same number (three) of conjunction combinations (as in
the No-exposure group). Were the specificity observed in the No-
exposure group of Experiment 1 due to the number of conjunction
combinations, then we would expect to find a similar specificity in
all conditions of Experiment 2. Two training groups were tested:
Color group: the target swapped its color between training and test.
Orientation group: the target swapped its orientation between
training and test (Fig. 5A). In both groups the test-target was pre-
sented as a half of the distractors during training. (a) If observers
learned to integrate presented features (Binding-learning, Fig. 5B)
then we would expect full transfer in both groups. However, (b)
if observers learned to suppress the features of a recurring distrac-
tor (Distractor suppression, Fig. 5B) then we would observe only a
partial or no transfer of learning to the test block — and maybe
even worse performance than the baseline (first training block).

3.1. Method

3.1.1. Observers

Twenty-eight New York University undergraduate students (20
females, age ranged 19-21 years old) participated in the experi-
ment for course credit. All observers were naive to the purposes
of the study. All reported having normal or corrected-to normal
visual acuity and normal color vision. There were 12 observers in

A

Color

Training Test

each of two groups (four observers who performed at chance level
during training were replaced).

3.1.2. Stimuli, procedure and design

Task, design and stimulus were the same as in Experiment 1,
except that the test-target in the color group and the Orientation
group swapped either its color or orientation respectively, such
that a training distractor became the test-target and vice versa
(Fig. 5A).

3.2. Results

As indicated by the high performance in the example trials (pre-
test and pre-training) all observers had ample pre-knowledge of
training-target and test-target (Table 1).

3.2.1. Sensitivity

Training significantly improved performance, F(5,110) = 19.34,
p<0.0001, n?=0.467 (Fig. 6). As expected, there was neither a
main effect of group nor a group by training interaction, both
ps > 0.1, suggesting that training effects were similar in both
groups. Neither a main effect of transfer-test on performance nor
a significant group by transfer-test interaction emerged, all Fs < 1.

3.2.2. Criterion

The main effect of training on criterion was significant, F
(5,110) = 3.44, p < 0.006, n® = 0.135 (Fig. 6). Neither a main effect
of group nor the group by training interaction was significant, both
Fs < 1.35. In the transfer-test block, the main effect of group was
marginally significant, F(1,22)=4.25, p=0.0513, n?=0.16. The
main effect of transfer-test block was significant, F(1,22)=5.74,
p=0.025, 12 =0.20, as well as the group by transfer-test interac-
tion, F(1,22) = 5.25, p =0.032, n® = 0.19. Paired t-tests showed that
transfer-test effect on criterion was significant in the Orientation
group, t(11)=2.51, p = 0.0287, r* = 0.36, but not in the Color group,
t(11)=1.11, p=0.29 (Fig. 7). These results suggest that observers
adopted a more conservative criterion during training than during
the transfer block in the Orientation group but not in the Color
group.
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Fig. 5. Sample stimulus, hypothesis and predictions in Experiment 2. (A) Training and test search displays in the Color and Orientation groups. In this example the target was
a 50° green line during training and a 50° tilted red (dark gray in a black & white print) line during the test in the Color group and 80° tilted green line during the test in the
Orientation group. As in Experiment 1, the four possible target combinations (2 x 2 colors and tilts) were counterbalanced across observers. In both groups the test target was
displayed during training (indicated by the dashed light square). (B) Predicted results base on the two learning hypotheses according to which improvement reflects learning
of: (a) feature integration of search items (binding-learning), (b) distractor features suppression (distractor suppression).
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Fig. 6. Mean sensitivity (d’) criterion and reaction time (RT) as a function of training
(blocks 1-6) and transfer test (block 7) for the Color and the Orientation group in
Experiment 2. Error bars are within-subjects standard errors (Morey, 2008).

323.RT

An ANOVA revealed that training reduced RTs, F(5,110) = 13.70,
p <0.0001, n? = 0.38. Neither the main effect of group nor its inter-
action with training was significant, both Fs < 1. The main effect of
transfer-test was significant, F(1,20)=7.65, p=0.011, n?=0.25,
but the main effect of group was not, F(1,20)=1.75, p > 0.19. The
group by transfer-test interaction was significant, F(1,20) = 6.33,
p=0.0197, n?>=0.23. Paired comparisons of specificity revealed
that observers responded slower in the transfer-test than in the
last training block in the Orientation group, t(11)=4.47,
p <0.001, r? = 0.64, but not in the Color group, t <1 (Fig. 6).

3.2.4. Transfer index
One sample t-test of transfer index compared to 0 (complete
specificity) revealed that both the Color and the Orientation group

A
Color *
Orientation *
-05 0 0.5 1

Transfer index

complete transfer

B a) Binding-learning b) Distractor suppres-

= 1

Fig. 7. (A) Mean transfer index for the Color and Orientation groups in Experiment
2. Complete transfer is indicated by T=1 and complete specificity by T = 0. Error
bars are within-subject standard errors (Morey, 2008). (B) The predicted results
according to the two hypotheses: (a) binding-learning, and (b) distractors
suppression.

had a significant transfer effect, t(11)=5.42, p = 0.0001, r* = 0.72,
and £(11) = 2.20, p = 0.024, r* = 0.30. Indeed the fact that the trans-
fer index score for each group was around 1 suggests a complete
transfer of learning (Fig. 7A) and supports the binding-learning
hypothesis (Fig. 7B).

3.3. Discussion

These findings indicate that learning completely transferred to
the new target conjunction regardless of whether the test-target
changed its color or its orientation. In addition, the transfer-test
block resulted in longer RTs and more conservative criterion than
the training blocks in the Orientation group, but not in the Color
group. This effect may be due to the fact that the swapping of ori-
entation (50-80°) is subtler than the swapping of colors alone (red
to green) or the swapping of orientation and colors together
(Experiment 1). This notion is supported by the relatively low per-
formance during the pre-test example trials for the Orientation
group (Table 1), which indicates that observers were less success-
ful in identifying the change of orientation than the one in color. In
any case, this RT and criterion differences did not correspond to a
change in sensitivity, which remained the same between the last
block of training and the transfer-test block.

Importantly, these results rule out the possibility that the speci-
ficity observed in the No-Exposure group in Experiment 1 was due
to the number of conjunction combinations presented during
training and/or the amount of learning. Here we show transfer of
learning using the same number of conjunction combinations dur-
ing training as in the No-exposure group. Moreover, in the Orienta-
tion group, observers improved by 0.96 d-prime during training.
This improvement is similar to the amount of improvement
observed in the No-exposure group in Experiment 1 (1 d-prime).
However, whereas in the No-exposure group learning did not fully
transfer to the test target, in the Orientation group performance
remained the same between the last block of training and the test
block. Overall, the results of Experiment 2 provide converging evi-
dence for the conclusion that integration learning is restricted to
the specific conjunction of specific features that were presented
during training, but its persistent effects (transfer) are similar irre-
spective of whether the learned conjunction was initially targeted
or suppressed.

4. Experiment 3

Long lasting persistence of perceptual learning is considered to
reflect brain plasticity (e.g. Watanabe et al., 2002). However, with
fast perceptual learning persistence had been shown for only few
weeks (Fiorentini & Berardi, 1980). Recently we have shown that
short training in a task that taxes spatial integration of features
(i.e. crowding) can induce rapid and long lasting improvement
(Yashar, Chen, & Carrasco, 2015). Here we tested whether the bind-
ing learning, as demonstrated in Experiment 1 and 2, is persistent
for a long period of time by testing observers 5-16 months after
training (without any additional training in between).

4.1. Method

4.1.1. Observers

We repeatedly contacted all participants in Experiment 1 and
Experiment 2 and retested all the ones that replied to our email
as soon as they were available. Observers were paid for their par-
ticipation. Sixteen observers from Experiments 1 and 2 - eleven
observers from Experiment 1 (seven from the No-exposure group
and four from the Exposure group) and five observers from Exper-
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Fig. 8. Experiment 3. Mean sensitivity (d’) as a function of training (blocks 1-6) transfer test (block 7) and the 5-16 months later follow-up session with the transfer test
display (block 8) and the training display (block 9) from the No-exposure (A) and the Exposure Color and Orientation (B) groups. (C) Individual data for all four groups
[NoEx = No-exposure, Ex = Exposure, Clr = Color, Ori = Orientation]. X-axis denotes learning within the training session (d’ sixth block - d’ first block). Y-axis denotes
sensitivity for the trained stimulus in the follow-up session after 5-16 months (d’ ninth block - d’ first block). Error bars are within-subjects standard errors (Morey, 2008).

iment 2 (two from the Color group and three from the Orientation
group) —participated in a follow-up session of two blocks.

4.1.2. Stimuli, procedure and design

The apparatus, stimulus, procedure and design were the same
as in the observer’s respective experiment. The first block was
the observer’s respective transfer block of Experiment 1 or 2
(according to the observer) and then its respective training block.
Six observers were retested five to six months after the first ses-
sion. Another 10 observers were retested 11-16 months after the
first session.

4.2. Results

As indicated by the high performance in the example trials (pre-
test and pre-training) observers had ample pre-knowledge of the
training target and test target in both groups (Table 1). Fig. 8
depicts a plot of the learning transfer and delayed retest effects
on sensitivity. To assess the persistence of learning an ANOVA
was conducted with training block (the first training block vs.
the follow-up training block) as a within-subjects factor, and the
four training groups (E1-No-exposure, E1-Exposure, E2-Color and
E2-Orientation) as a between-subjects factor. The main effect of
training block was significant, F(1,12) =37.34, p = 0.0001. Neither
the main effect of experiment group, F < 1, nor its interaction with
training block, F(3,12)=2.84, p > 0.8, was significant, suggesting
that learning was maintained over months and even a year after
training. To assess the persistence of transfer, an ANOVA was con-
ducted with training block (the last training block vs. the follow-up
transfer block) as a within-subjects factor, and the four training
groups as a between-subjects factor. None of the effects were sig-
nificant, all Fs < 1. Because group did not interact with either the
learning or the transfer effect, we further analyze the data by col-
lapsing the data based on whether the transfer target was pre-
sented as a distractor during training; i.e., Experiment 1-
Exposure group and Experiment 2 — Color and Orientation groups.
For both the No-exposure (n=7) and Exposure groups (n=9),
learning was maintained for the trained display. Paired compar-
isons (corrected for multiple comparisons) between the first train-
ing block and the follow-up block with the training display were
significant both for the No-exposure, t(6) = 3.38, p = 0.03, 1% = 0.65
and the Exposure groups, t(8) = 3.75, p = 0.012, r* = 0.63, indicating
that short training can induce long lasting changes in feature con-
junction. Individual data show learning persistence for all but two
participants across groups (Fig. 8C). The training stimulus in the
follow-up session was the same as the last training block for both

Exposure and No-exposure groups, both t<1.1. Paired compar-
isons between the first training block and the follow-up block with
the transfer display were not significant either for the No-exposure
and the Exposure groups, all ts < 1, indicating that sustained learn-
ing does not transfer to the untrained target even when it was dis-
played as distractor during training.

4.3. Discussion

In both groups performance in the training display during the
follow-up test (5-16 months after) was as high as the last training
block during the training session (Fig. 8, block 6 vs. block 9). This
finding indicates that learning was maintained for up to 16 months
for both groups. Interestingly, unlike learning within the first train-
ing session, in both groups, maintained learning was specific to the
trained target; it did not transfer to all presented conjunctions
(Fig. 8B (Exposure group), block 6 vs. block 9). These findings indi-
cate that (1) short training in conjunction tasks can induce a long
lasting improvement, and (2) improvement during training gener-
alizes to all presented stimuli, but long-term consolidation of
learning is specific to the combined features of the target conjunc-
tion during training.

Note that the improvement during training in the follow-up No-
exposure group (Fig. 8A) is noticeably higher than the improve-
ment during training in the No-exposure group in Experiment 1
(Fig. 3 left panel). This is perhaps due to the fact that highly moti-
vated observers are more likely to show up several months after
training to participate in the follow-up test.

5. General discussion

This study is the first to show direct evidence for training-
induced improvement in feature binding. A single and short ses-
sion of training induced a substantial and long-lasting improve-
ment of observers’ ability to detect a target defined by a specific
conjunction of a color and an orientation. Immediately after train-
ing this improvement transferred to different test targets as long as
the same combination of feature conjunctions had been presented
during training and test displays; regardless of whether that con-
junction constituted only <9% (Experiment 1, Exposure group) or
50% (Experiment 2) of the distractors. However, improvement
did not transfer to a test target when the same colors and orienta-
tions were differently combined (Experiment 1, No-exposure
group). In other words, when the test target was defined by a fea-
ture combination that had not been presented as either the target
or a distractor during training, even though all training distractors
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shared one feature with the new target, no transfer was found.
These findings support the hypothesis that observers learn how
to efficiently bind a specific conjunction of features, rather than
merely learning how to better discriminate specific features per
se (Fig. 2). Remarkably, learning can last for at least 16 months
without additional training (Experiment 3), which reflects long-
term plasticity. Interestingly, this long-lasting improvement was
specific to the trained target conjunction in all training conditions,
suggesting that task relevancy is necessary for long term consoli-
dation of rapid feature binding learning.

The rapid presentation of the stimulus display (117 ms) pre-
vents the deployment of endogenous (voluntary) attention, which
takes about 300 ms (review by Carrasco, 2011), suggesting that the
effect relates to the process of features binding per se rather than
attentional control. Thus with a short training observers can
become very efficient in integrating arbitrary features into objects
with no deployment of endogenous attention.

The binding learning presented here differs from learning asso-
ciated with selection processes. For example, perceptual learning
can induce suppression of supra-threshold task irrelevant informa-
tion (e.g., Paffen, Verstraten, & Vidnyanszky, 2008; Vidnyanszky &
Sohn, 2005). Suppression of information also happens for very-
short term effects in intertrial priming in visual search; i.e., the
facilitation effect mediated by display repetition from trial to trial
(see Kristjansson & Campana, 2010 for review). Intertrial priming
during conjunction search impairs detection when target and dis-
tractor are swapped (e.g., Kristjansson et al., 2002), reflecting fea-
ture activation of target and inhibition and distractor (e.g., Lamy,
Antebi, Aviani & Carmel, 2008; White, Rolfs, & Carrasco, 2013;
Yashar & Lamy, 2010; Yashar & Lamy, 2011). In contrast to these
suppression findings as a result of exposure, our findings demon-
strate short-term learning that transfers to a new target even when
the target had been a distractor (i.e. a to be ignored item) during
training (Experiment 1, Exposure group and Experiment 2). The
inconsistency between the current findings, and the findings
showing suppression (e.g., Paffen et al, 2008; Vidnyanszky &
Sohn, 2005) provides further indication that the learning effect
demonstrated here does not reflect an improvement in the
selection processes, but rather enhanced representation of the
conjunction features presented during training.

Recently, Shibata, Sagi, and Watanabe (2014) proposed a model
with two distinct stages of learning: a feature-based and a task-
based plasticity. They propose that the former reflects changes in
early perceptual areas related to the representation of basic fea-
tures whereas the later reflects changes in higher-level cognitive
areas. Feature-based learning is demonstrated in the learning of
the motion of sub-threshold, task-irrelevant stimuli (e.g., Seitz,
Kim, & Watanabe, 2009; Watanabe et al., 2001). Task-based learn-
ing is demonstrated when learning is specific to the task relevant
stimulus (e.g., Sagi, 2011 for review). Our findings show long-
lasting learning that is task-based because learning was specific
not only to the display conjunction but also to the task associated
with that conjunction; i.e. whether it was a target or a distractor.
However, our short-term learning generalized across all presented
conjunctions regardless of whether they were to be to be detected
(target) or ignored (distractor). Thus, the short term learning we
found is not constrained by task.

Most studies that demonstrated long lasting persistence of per-
ceptual learning used prolonged training over couple of days (e.g.,
Frank et al.,, 2014; Kami & Sagi, 1993; Watanabe et al., 2002;
Yotsumoto, Watanabe, & Sasaki, 2008). For example, Frank et al.
(2014) demonstrated that after 8 days of training observers
improvement in a color/position conjunction search lasted for at
least 9 months after training. Here we show the novel finding that
a short session of conjunction training induces learning that per-
sists for at least 5-15 months. This finding is in line with a recent

study showing that training under crowding conditions, that is, the
failure to identify a peripheral object when it is surrounded by
nearby objects, can lead to improvement that lasts for at least 8-
12 months without additional training (Yashar et al., 2015). Taken
together, our current and previous studies suggest that with vari-
ous stimuli and tasks short training can induce long lasting
changes in visual perception.

Specificity of perceptual learning is associated with the amount
of training performed; whereas slow learning (after several ses-
sions) is specific, fast learning (after one session) is more general
(e.g., Kami & Sagi, 1993; see Sagi, 2011 for review). Here we show
specificity that is not contingent on the amount of training but
rather on consolidation. With the same amount of training, learn-
ing transferred when tested immediately after training, but
became specific when tested after several months.

Finally, binding learning has the potential to explain people’s
ability to detect objects in a very brief display of complex natural
scenes. The detection of real-life objects requires integration and
binding of various features within a complex scene. Yet, people
perform remarkably well at that task. The categorization of com-
plex natural scenes can be as fast as 150 ms (Thorpe, Fize, &
Marlot, 1996) or 100 ms (Crouzet, Kirchner, & Thorpe, 2010), and
can occur with little or no attention (Li, VanRullen, Koch, &
Perona, 2002; Peelen, Fei-Fei, & Kastner, 2009). To have this ability
observers need to quickly and efficiently bind various features
within a complex scene. Indeed, adding the natural (or ‘diagnostic’)
colors to a natural scene facilitates the early stage of scene catego-
rization (Goffaux et al., 2005; Oliva & Schyns, 2000). Diagnostic col-
ors, such as blue sky and green leaves, are in fact feature bindings
that people often see in daily life. Our findings show that repeated
exposure to feature combinations improves the ability of the visual
system to integrate these features into objects. Thus the remark-
able ability to categorize and detect natural objects and the
involvement of diagnostic color in this process can be at least par-
tially explained by fast and long lasting plasticity of the feature
binding process.

A central issue in visual perception is how we learn to bind fea-
tures into objects. This study provides new evidence showing that
this process can be substantially facilitated with just a brief
amount of training and that learned patterns may persist for
extended periods of time. These findings imply binding-specific
plasticity mechanisms responsible for integrating different fea-
tures into an object, which may explain the high binding efficiency
for discerning visually complex natural scenes.
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