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Abstract

Perceptual learning is defined as long-term improvement in perceptual or sensory systems
resulting from repeated practice or experience. As the number of perceptual learning studies has
increased, controversies and questions have arisen regarding divergent aspects of perceptual
learning, including: (1) stages in which perceptual learning occurs, (2) effects of training type, (3)
changes in neural processing during the time course of learning, (4) effects of feedback as to
correctness of a subject’s responses and (5) double-training. Here we review each of these aspects
and suggest fruitful directions for future perceptual learning research.

Our sensory and perceptual systems change according to environments we experience
regularly. While most of the changes occur very early, during fixed periods of development,
known as critical periods 13, adult sensory and perceptual systems remain sufficiently
plastic to adjust to some important environmental changes 4-8. For example, in adults,
training or exposure to a sensory feature leads to higher sensitivity or performance on the
feature that can be retained for months or years % 10, Such changes are known as perceptual
learning, which has been shown to occur in all sensory modalities other than vision, that is,
in auditory 11, olfactory 12, taste 13, and tactile 14. Perceptual learning is usually
distinguished from categorization learning (but see 15). In this review, we focus on
perceptual learning in vision.

A large number of psychophysical studies have shown that perceptual learning is highly
specific for location of visual stimulus presentation in the visual field. That is, perceptual
learning leads to higher performance on the task if the stimulus is subsequently presented in
the location where the task has been previously trained, but not in an untrained location
where the stimulus has not been presented (to name a few studies) /-9 16-30  although it may
depend on task difficulty 31 or double training 32. Perceptual learning specificity has been
demonstrated for features such as stimulus orientation. For example, visual stimulus
presentation at one orientation, say vertical, does not transfer to the orthogonal, or horizontal
in this case, orientation that forms a right angle & 23. 33 and motion direction 2 34-37,
Moreover, perceputual learning is trained-eye specific, that is, perceptual learning of a
stimulus as a result of presentation to one eye is reduced or eliminated if the stimulus is
presented to the other eye 17:38.39 although it has been suggested that eye specificity also
depends on the mechanism 40 and time passage 17 or can be changed in unclear
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parameters #1. The high specificity nature of perceptual learning appeared to be evidence
that perceptual learning involves early visual stage based on results of the
neurophysiological studies below: First, neurons in the early visual cortex tend to possess
smaller receptive fields than those in higher areas 42. Second, specificity of some primitive
features such as orientation and motion direction tends to be higher in cells in lower-level
than higher-level visual processing areas 3.

However, the results of high specificity have been re-examined and lead to further facets,
which we will review in this article. We will address following issues recently debated
intensively: (1) what are the visual processing stages in which perceptual learning occurs,
(2) what are the effects of differences in types of visual training, (3) what changes occur in
neural processing during the real- or near-real-time course of learning and (4) what are the
effects of feedback regarding correct or incorrect subject responses? Additionally, another
set of new findings emerges: (5) effects of so called double training on transfer for position
and other factors. Research findings to date regarding these questions are presented below.
However, our focus will be limited to perceptual learning of primitive visual features. For
those who would be interested in more expanded issues in perceptual learning, we would
recommend to read further articles by us 44 and others 4°: 46,

1. What are the visual processing stages in which perceptual learning

occurs?

It has been suggested that high specificity for location and features, and lack of feedback
requirement (see below for detail) constitute evidence for involvement of low-level stages
including the primary visual processing cortex (\V1). The perceptual learning may involve
changes in the stage of sensory representation, such as in V1 24 47-53,

However, some researchers have suggested other possibilities. For example, Petrov et al.
(2005) built a model in which location and feature specificity can be explained by referring
to higher level(s) of visual processing 4. Specifically, they described perceptual learning as
a result of changes in task-specific selective ‘weighting’ (i.e., the strength of neural
connections) between low-level visual stages and a higher stage at which decision
concerning how visual signals are interpreted to guide responses (decision stage) occurs.
Some neurophysiological studies support the Petrov et al model. For example, a single-unit
recording experiment found that cell responses in V4 of monkeys changed as a result of
perceptual learning, while responses were not observed in V1 cell recordings °°, thus,
casting a doubt on that the perceptual learning involves the early stage of visual processing.
This finding is also in accord with Raiguel et al. study %6 in that V4 neurons are likely to
involve the orientation discrimination task. The Yang et al. study is at odds with the changes
in V1 associated with perceptual learning >°. Another single-unit recording study indicated
that perceptual learning of motion accompanies changes in the lateral intraparietal area °7,
which is known to represent the transformation of visual motion signals into responses by
saccadic eye movements, namely, to represent a perceptual decision 8. Interestingly, they
did not find changes in MT neurons, which represent the direction of motion %7, Again this
report does not support changes in the sensory representation underlying the perceptual
learning, although the experiment did not test areas lower than MT

Previous studies looked into the neural changes that are correlated with improvement in a
perceptual learning task. Instead of taking a correlational approach, we developed a cause-
and-effect approach, and investigated whether the adult early visual cortex is sufficient to
cause perceptual learning %°. In this study, we installed brain patterns only in the early visual
cortex, patterns that correspond to an orientation, without actual stimulus presentation or
participants’ awareness of what they have to learn, by means of an online-feedback method
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that uses decoded functional magnetic resonance imaging (fMRI) signals. The repetitive
installation of the brain patterns resulted in an increased sensitivity to that particular
orientation. The study strongly suggests that the early visual cortex is so plastic that mere
induction of activity pattern is sufficient to cause perceptual learning at least in the case of
an orientation discrimination task.

2. What are the effects of differences in types of visual training?

Task training type can be divided into two categories, task-relevant learning (learning of a
sensory feature to which attention is directed during training) and task-irrelevant learning
(learning of a feature to which attention is not directed during training).

It has been controversial whether exposure-based perceptual learning is possible. Some
studies favored the view that exposure-based perceptual learning is impossible, and attention
to a visual feature during training is necessary for learning the feature. Specifically, while
performance enhancement occurred on the feature subjects worked on (task-relevant
feature), no significant performance enhancement on task-irrelevant features presented
during training on a task-relevant feature was observed 25 26 31, 60,

On the other hand, there is the issue that important items or features are repeatedly presented
in a natural environment. Thus, it may not be unreasonable to assume that perceptual
learning can in fact occur when features are merely presented repeatedly without directed
attention. The finding that feedback is not required for perceptual learning 23 61 led some
researchers to suggest that perceptual learning occurs mainly on the basis of exposure-
dependent rules, in other words, mere exposure to a stimulus is sufficient to produce
perceptual learning 23: 36. 61-64,

Research by Takeo Watanabe, José E. Nafiez, Sr. and Yuka Sasaki (2001) identified a new
type of perceptual learning in which visual plasticity occurs without the subject directing
attention to the feature to be learned, that is, task-irrelevant learning %°. Specifically,
Watanabe, Néafiez, and Sasaki conducted a series of experiments in which subjects were
repeatedly exposed to a background that consisted of a small number of coherently moving
dots (dot motion in the same direction and speed) and a much larger number of randomly
moving dots. Despite being below the subjects’ perceptual threshold (and therefore,
invisible) and irrelevant to the subjects’ central task, repetitive exposure to a constant
direction of a subthreshold coherent motion display improved performance. This type of
learning is known as task-irrelevant perceptual learning (TIPL) as opposed to task-relevant
perceptual learning.

More recently, TIPL was reported to occur as the result of temporal-pairing of their
subthreshold, task-irrelevant, motion display and a task-target in the central task (i.e.,
concurrent presentation of the task-irrelevant and task-relevant stimuli) (Seitz & Watanabe,
2003). Under such stimuli conditions, learning or improved sensitivity was observed only
for the motion-direction temporally paired with the task-target, but not for motion-directions
paired with non-target items. These results demonstrate that while attention to a task-
irrelevant feature is not necessary for the feature to be learned, temporal engagement
(pairing) with some central feature is necessary for the task-irrelevant feature to be learned.

Aaron Seitz and Takeo Watanabe 56 have proposed a Unified model of perceptual learning
that attempts to explain task-relevant and task-irrelevant learning of the type described
above. In this model, perceptual learning results from interaction between bottom-up
sensory signals and top-down reinforcement signals that can enhance learning probability.
Reinforcement signals include reward, and alertness. In this schema, task-relevant learning
occurs as a result of interaction between task-relevant features and reinforcement signals,
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and task-irrelevant learning between task-irrelevant features and reinforcement signals.
Moreover, the model predicts conditions in which TIPL should occur, which is supported in
the later study 7.

3. What changes occur in neural processing during the real- or near-real-
time course of learning?

There are at least two lines of time course training studies of perceptual learning. One
focuses on short-term (up to a few weeks) and the other on long-term effects (months or
years) of visual stimulus training on perceptual learning.

Research by Yotsumoto, Watanabe, and Sasaki on the effects of short-term training of an
orientation discrimination task revealed two distinctive patterns of dynamic relations
between task performance enhancement and neural activation changes measured via
functional magnetic resonance imaging (fMRI) in the human brain 24, It is known that a
stimulus presented to a certain location in the visual field activates a specific local subregion
of V1. During the initial few weeks of training, neural activation in the sub-region of V1 that
corresponds to the trained visual field location (trained location) increased with task
performance enhancement. However, after performance increase saturation occurred the
neural activity increase disappeared, returning to the pre-training level. In contrast, increased
performance on the perceptual task was maintained. This suggests that the initial (short-
term) stage of perceptual learning involves reorganization of a local neural network in V1
while learning is being acquired. Interestingly, after this early learning period, high
performance is maintained in the newly reorganized/consolidated system without the need
for further neural modification. Thus, it is important to take the length of training into
account in the investigation of neural correlates of perceptual learning.

Research on determining whether perceptual learning is long-term or short-lived, revealed
that task-relevant visual learning resulting from training on an orientation discrimination
task was retained for 1.5 years after termination of the training task 19. Also, task-irrelevant
perceptual learning of a feature was found to last for at least 4 to 6 months after offset of
exposure to the feature 9. Thus, changes resulting from task-relevant and task-irrelevant
exposure to visual stimuli do not represent mere training effects that disappear quickly upon
training offset. Rather, they constitute long-term, persistent neural plasticity.

4. What are the effects of feedback regarding correct or incorrect subject
responses?

Another interesting finding was that external feedback, such as an auditory signal specifying
a subject’s correct or incorrect responses is not necessary for perceptual learning 23 61, The
lack of feedback requirement also appeared to strongly support the hypothesis that
perceptual learning occurs in the low-level, early visual processing system and follows
mainly exposure-dependent perceptual processing rules that adjust the strength of neural
connections according to the specific features of the observed stimulus.

The effects of providing subjects with feedback information regarding correct or incorrect
responses on perceptual learning tasks have been studied extensively. This question is highly
related to the brain algorithm(s), or theoretical internal calculations, involved in perceptual
learning. Early studies in the 1980’s indicated that task performance feedback is not required
for perceptual learning to occur, suggesting that perceptual learning results from stimulus-
driven internal processing. The lack of requirement of feedback led some researchers to
suggest that perceptual learning follows an ‘unsupervised learning’ algorithm in which
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learning occurs based on feed-forward (bottom-up) processing independent of top-down
processes (i.e. internal feedback signals).

Subsequently, Michael Herzog and Manfred Fahle conducted a systematic reinvestigation on
the effects of feedback on perceptual learning 8. While they found that response feedback
presented on a trial-by-trial basis facilitates perceptual learning, they also found that a block
feedback condition, in which correct performance feedback ratio was averaged across trials
in a block, in this case, feedback was provided immediately after a set block of trials was
completed, is as effective at facilitating trial-by-trial feedback learning.

Furthermore, Herzog and Fahle 9 investigated whether feedback biases decision or
encoding of stimuli. They trained subjects with a combination of correct and incorrect
response feedback to a three dot Vernier (three vertically aligned dots) discrimination task.
In this task, the subjects had to judge whether the central dot was shifted to the right or left
relative to the top and bottom dots. The degree of the central dot shift was varied from small
to large. When the central dot shifted slightly to the left side, the subject was provided with a
feedback signal indicating the shift is right side. For example, assume that the dot shiftily
slightly to the left. If the subject’s response was “to the right”, feedback indicated that the
response was “correct” and if the response was “to the left”, feedback indicated that the
response was “incorrect”. Other than the slight-shift-toward-left condition, the subject was
administered a normal feedback signal. After exposure to these training conditions, subjects
adjusted their decision criteria to respond according to the feedback. Interestingly, subjects
for whom the criteria had once been set toward the incorrect feedback started making correct
responses soon after they were provided only with correct feedback. Herzog and Fahle %9
concluded that feedback to a trained visual feature does not change the mechanisms related
to sensitivity to the feature. Mechanisms through which feedback affects perceptual learning
remain to be clarified by future research.

5. Double training

Recently, another important set of new findings in the literature on perceptual learning has
been taking place: that is, so called double-training on transfer for position and other

factors 32 70. 71 As described above, the feature specificity is often interpreted as strong
involvement of the early visual area in perceptual learning. However, another interpretation
may be possible. According to Mollon and Danilova 72, feature specificity itself does not
prove where the learning occurs; Learning occurs in a central site, which is beyond the early
visual area, but at the same time brain needs to learn to attend a local location or orientation,
which is expressed as feature specific. Xiao et al. (2008) tested this hypothesis by
developing a new paradigm called double-training where conventional feature training is
conducted at one location and additional training with an irrelevant feature at other

location 79, Intriguingly, they found that the additional location training enabled a complete
transfer of the feature trained at the initial location to the second location, even though the
feature was not trained at all at the second location. This finding challenges the
interpretation of the feature specificity as the involvement of the early visual area in
perceptual learning.

However, not all double-training enables complete transfer. More recently, Pilly et al
showed lack of learning transfer even with the double-training paradigm 73. They used a
random dot motion stimulus and the contrast polarity specificity was dealt. The double-
training paradigm may break the location specificity 79, whereas it may not break the
contrast polarity specificity. This controversy raises the question whether the underlying
mechanism of perceptual learning is the same for any kinds of perceptual tasks. Thus, future
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studies should address the question whether a sole principle should explain all kinds of
perceptual learning.

In summary, which stages of visual processing are involved in perceptual learning may
depend on various conditions, including type of training task, time-course or duration of
training, presence or absence of feedback and the training paradigm. In addition, as a whole,
research suggests that perceptual learning may involve multiple stages from low-level
perceptual processing in which primitive sensory elements are represented to higher
decision-making neural units in which sensory representations are transformed to

responses 2431, Future research should determine the interplay between the issues discussed
here in resultant perceptual learning, as well as provide information concerning yet
unexplored or identified contributing factors relevant to perceptual learning.
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