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Abstract

Visual perceptual learning (VPL) is long-term performance increase resulting from visual
perceptual experience. Task-relevant VVPL of a feature results from training of a task on the feature
relevant to the task. Task-irrelevant VVPL arises as a result of exposure to the feature irrelevant to
the trained task. There are at least two serious problems. First, which stage of information
processing is changed in association with task-relevant VPL is controversial. Second, no model
has ever explained both task-relevant and task-irrelevant VVPL. Here we propose a dual plasticity
model, in which there are feature-based plasticity that is a change in a representation of the learned
feature and task-based plasticity that is a change in processing of the trained task. While the two
types of plasticity underlie task-relevant VPL, only feature-based plasticity lies under task-
irrelevant VPL. This model provides a new comprehensive framework in which apparently
contradictory results could be explained.
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Introduction

It is well known that for the first several months after the birth, called the critical period, the
early visual cortex goes through a major rewiring, which leads the infant to acquire
important visual abilities (Hensch 2005a, Hensch 2005b, Hubel & Wiesel 1964, Morishita &
Hensch 2008). However, this does not indicate that after the critical period, the visual
system does not have the ability to learn or that the visual plasticity brake (inhibition on
plasticity) is completely on. A huge amount of research results indicate that as a result of
visual experiences, an adult can acquire a new skill of improving performance on a visual
task and of maintaining the skill for months or even years (Fahle & Poggio 2002, Fine &
Jacobs 2002, Gilbert & Li 2012, Gold & Watanabe 2010, Goldstone 1998, Karmarkar &
Dan 2006, Lu et al 2011, Sagi 2011, Sagi & Tanne 1994, Sasaki & Watanabe 2012, Sasaki
et al 2010, Seitz & Dinse 2007). For example, it is extremely difficult to discriminate the sex
of a chick. However, as a result of training, an adult can learn to do this extremely difficult
task fairly precisely (Eagleman 2011). In most cases a radiologist can easily find cancer that
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untrained observers cannot possibly do in an x-ray picture. These examples indicate that it is
possible to acquire some visual skills long time after the critical period. The process and
result of acquiring such visual skills is called visual perceptual learning (VPL). VPL is
regarded as an important tool that can help clarify the basic mechanisms of visual and brain
plasticity.

At the same time, training on a visual task can significantly strengthen the visual abilities of
adult patients with amblyopia and other forms of abnormal vision, which is regarded as an
example of a highly successful translation of basic research findings into practical and
powerful real-world applications (Andersen et al 2010, Bennett et al 2001, Levi & Li 2009a,
Lietal 2013, Ooi et al 2013, Polat et al 2004, Shibata & Watanabe 2012). In addition, it has
been found that training older people on a visual task leads to better performance (Andersen
et al 2010, Bower et al 2013, Deloss et al 2013). This raises the possibility that visual
training can restore or at least improve a variety of visual abilities in older people that have
declined with aging (Andersen 2012).

Thus, a clearer understanding of the mechanisms of VPL in adults should lead to new
innovations in basic science and clinical intervention. For these reasons, research on VPL
has become increasingly popular, as evidenced by the fact that around 150 papers on VPL
were published in 2013 alone.

In spite of the hope that a large volume of data accumulation will lead to clarification of the
mechanism of VPL, which in turn would lead to developing highly effective ways to greatly
restore or improve damaged or declined vision, there has been a general tendency that is
opposite to the hope. In reality, instead of having different models being converged to a
unified view, several issues that highly relate to core mechanisms of VVPL are becoming
incrementally more controversial.

This review focuses on VPL of relatively primitive visual features including orientation,
motion direction and luminance contrast. Visual processing of a primitive feature has been
better clarified than most of other types of brain processing. Thus, better understanding of
the basic mechanism of learning of a primitive visual feature may lead to better
understanding of learning of other sensory modalities, learning of more complex visual
processing including visual categorization and of more complex features such as objects and
faces. The better understanding may also significantly contribute to development of clinical
methods to improve and/or restore visual abilities that have been damaged by diseases or
declined with aging. However, there are important differences between VVPL of a primitive
visual feature and these aspects of learning. Thus, interested readers should also read
reviews on specialized fields. There have been excellent reviews and papers on learning of
other sensory modalities (Beste & Dinse 2013, de Villers-Sidani & Merzenich 2011),
learning of more complex aspects (Ashby & Maddox 2011, Op de Beeck & Baker 2010),
learning of faces (Bi et al 2014), clinical applications of VPL (Levi 2012, Levi & Li 2009b),
and effects of aging on VPL (Andersen 2012).

As there are active and passive natures in most types of learning and memory, VPL is
classified into 2 types, task-relevant VPL and task-irrelevant VPL. Task-relevant VPL is
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defined as VPL of a feature that is relevant to a given task during training. Task-irrelevant
VPL is defined as VPL of a feature that is irrelevant to a given task (Seitz & Watanabe
2005). We will review research on task-relevant VPL and then on task-irrelevant VVPL.

Task-Relevant Visual Perceptual Learning

One of the most controversial issues in task-relevant VVPL is which stage/brain area of visual
information processing is changed in association with task-relevant VPL. According to
which stage/area is assumed to be associated with task-relevant VPL, most models of task-
relevant VPL are roughly classified as 3 different models: the early-stage model, mid-stage
model, and late-stage model. Here we will review and discuss each model. “Stage” is a term
to be used for visual information processing and “area” is an anatomically and/or
neurophysiologically defined region in the brain. However, here we roughly regard V1 (the
first visual cortex to which visual signals from the eyes are projected), V2 and V3 as being
in the early stage of visual information processing. These areas are generally called the early
visual cortex and known to process more primitive visual signals more locally with smaller
receptive fields than in higher visual areas (Hubel & Wiesel 1968, Roe & Ts'o 1995). We
regard V4, middle-temporal area (MT or V5) and VV3A particularly for humans (Koyama et
al 2005, Tootell et al 1997) as being in the mid stage. These areas respond to visual signals
more globally than in the early visual cortex. It has been suggested that V4 correlates with
color constancy (Zeki 1993) and a surface representation (Bouvier et al 2008). MT (V5) of
moneys/humans and V3A of humans have been found to respond to global motion
(Braddick et al 2001, Koyama et al 2005, Movshon et al 1985, Newsome & Pare 1988, Rees
et al 2000). We regard any cortical areas that process visual signals beyond the mid stage as
being the late stage. While the early and mid stages consists of the visual cortex in which
visual signals from the eyes are processed and integrated, visual information beyond the
visual cortex is processed in more cognitive fashions. The areas include the lateral
intraparietal sulcus (LIP) and dorsolateral prefrontal cortex (DLPFC). It has been found that
LIP (Shadlen & Newsome 1996) and DLPFC (Heekeren et al 2004) correlate with visual
decision.

Early-stage model

What is changed?—This model assumes that task-relevant VVPL is associated with
changes in the early visual cortex (Adab & Vogels 2011, Adini et al 2002, Bejjanki et al
2011, Choi & Watanabe 2012, Crist et al 1997, Dill & Fahle 1997, Fahle 2002, Fahle &
Edelman 1993, Fahle & Poggio 2002, Harris & Fahle 1995, Karni & Sagi 1991, Karni &
Sagi 1993, Schwartz et al 2002, Xu et al 2010, Xu et al 2012a, Xu et al 2012b, Xu et al
2012c). A number of studies have shown that VVPL is highly specific for the trained location,
feature, and eye. With regards to location specificity, psychophysical studies have found that
performance improvement on the trained feature that was presented in a specific location of
the visual field during training is not observed any more if the same feature is presented
even 1 or 2° shifted from the trained location (Ahissar & Hochstein 1997, Crist et al 1997,
Fahle & Edelman 1993, Fiorentini & Berardi 1980, Karni & Sagi 1991, McKee &
Westheimer 1978, Poggio et al 1992, Saarinen & Levi 1995, Shiu & Pashler 1992,
Watanabe et al 2002). Feature specificity has also been found for visual features such as
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orientation (Fiorentini & Berardi 1980, Poggio et al 1992, Schoups et al 1995), motion-
direction (Ball & Sekuler 1987, Koyama et al 2004, Vaina et al 1998, Watanabe et al 2002).
Eye specificity indicates that VPL trained with one eye does not completely transfer to the
eye in many cases (Fahle & Poggio 2002, Karni & Sagi 1991, Karni & Sagi 1993), although
that is not always the case (Schoups & Orban 1996). Since signals from the two different
eyes are not converged until V1, incomplete transfer of VVPL suggests that VVPL is at least
partially associated with changes before the conversion that starts in V1, although another
interpretation has also been proposed (Young et al 2004).

Based on such specificity it has been suggested that \VPL occurs in the early visual cortex,
which was once thought to become hard-wired early in the human development process (i.e.,
so rigid that hardly any change occurred after an early critical period in life). It has been
shown that this high specificity of a feature in VPL is in accord with neurophysiological
findings that neurons in the early visual cortex tend to possess smaller receptive fields than
those in higher areas (Felleman & Van Essen 1991, Zeki 1993). Orientation specificity tends
to be higher in cells in low-level visual processing areas (Felleman & Van Essen 1991, Zeki
1993). In addition, it has been reported that external feedback regarding the correctness of a
subject's responses (response feedback) is not necessary for VVPL to occur (Fahle et al 1995,
Poggio et al 1992). The featural specificity and lack of need for feedback led some
researchers to suggest that VPL occurs in the early visual system.

Results of some animal physiological studies suggest that changes occur in V1 in association
with task-relevant VPL. As a result of training on an orientation discrimination task,
responses of neurons most sensitive to differences in the discriminated orientations in
monkey V1 increased (Schoups et al 2001). In another study, although neither basic
receptive field properties nor visual topography was changed in association with VPL, the
influence of contextual stimuli placed outside the receptive field showed a change consistent
with results of the trained discrimination (Crist et al 2001). Perceptual learning improved
contrast sensitivity in V1 neurons in cats (Hua et al 2010). By means of optogenetics, a
cutting-edge technique, in which specific neurons are sensitized by light, activation of a
specific subtype of cortical inhibitory interneurons was induced. This activation led the
mouse V1 to sharpen neuronal feature selectivity in V1 and improves perceptual
discrimination (Lee et al 2012).

A number of studies, including training on a contrast discrimination task (Furmanski et al
2004) and a texture discrimination task (TDT) (Schwartz et al 2002, Walker et al 2005,
Yotsumoto et al 2008), have found that VVPL is associated with increases in blood
oxygenation level dependent (BOLD) signal in the region of V1 in humans that corresponds
to the location of the trained stimulus. It has been found that while within the first few
weeks of training, performance on TDT increased, BOLD signal in the trained region of V1
increased (Yotsumoto et al 2008). However, after the performance increase saturated, brain
activation in V1 decreased to the level observed before training while the high performance
was retained. In that case, no systematic activity change particularly in the region or
hemisphere corresponding to the trained location was observed in any other brain area. This
rules out the possibility that top-down influence or feedback from higher cortical area(s)
modulate V1 activation changes. Another study found that during non-rapid eye movement
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(N-REM) sleep following training of the texture discrimination task, significantly higher
BOLD signal was observed in the trained visual quadrant of V1 than in another quadrant
(Yotsumoto et al 2009). It has been found that BOLD signals are better correlated with field
potential than action potential and reflects the input and intracortical processing of a given
area rather than its action potential output (Logothetis et al 2001). This finding might lead
one to think that activation in V1, for example, reflects input of activity to V1 from a higher
area. However, most research that showed V1 changes did not find any systematic activity
change in higher areas. Thus, it is reasonable to assume that BOLD changes in V1
correspond to those in neural circuits within V1.

How is the early stage changed?—It is generally assumed that attention or feedback to
V1 or the early visual cortex during training plays an important role in forming task-relevant
VPL. Several studies have found cases in which a task-irrelevant feature that is presented
while a subject is performing a task on another feature during training does not lead to
learning of the task irrelevant feature (Ahissar & Hochstein 1993, Schoups et al 2001, Shiu
& Pashler 1992). It has also been found that in some cases perceptual learning of a task on a
feature does not transfer to another task on the trained feature (Huang et al 2007,
Westheimer et al 2001). These findings suggest that attention/feedback signals play an
important role in sending signals that are highly specific for the trained feature and/or task
possibly to lower level stages. Ahissar and Hochstein (1993) have found that as task
difficulty increases, VPL becomes more specific with respect to both orientation and
position and suggested that as perceptual learning proceeds, the stage/cortical area involved
in VPL becomes lower. This so-called reversed hierarchical model has been influential in
VPL research and other fields in visual sciences (Ahissar & Hochstein 1997, Hochstein &
Ahissar 2002). For example, discrimination between two relatively distant orientations can
be successfully performed in a high visual stage that process relatively coarse orientation
and location signals. However, if fine-grained orientation discrimination is required, a lower
visual area that processes finer orientation and location signals needs to be used and learned.
To do so, attention is regarded as an important driving factor (Hochstein & Ahissar 2002).
Fahle (2009) has also suggested that for easy tasks, elaboration of top-down influences are
usually not required, and learning is restricted to late-stage selection of the appropriate
signals on higher cortical levels, which seems easier and faster to achieve. However, to
reach the absolute limits of sensory performance, VPL seems to optimize the entire chain of
sensory processing (Fahle 2009). These models assume that demands to improve a task
ultimately require changes in V1 that has high specificity in location and primitive visual
features including orientation and spatial frequency. On the other hand, horizontal
connections have also been observed within V1 (Ts'o & Gilbert 1988). Gilbert and his
colleagues (Piech et al 2013) assume that feedback signals driven by a task demand interacts
horizontal connections in V1 and change the local gains in V1 which are associated with
perceptual learning. Note that although these models assume an important role of attention
in task-relevant VVPL, they do not assume that the attentional system or higher-level
cognitive processing related to attention is changed in association with task-relevant VVPL.
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Mid-stage model

What is changed?—Some studies have suggested that VPL is not associated with
changes at the early stage including V1, but with changes at the mid stage. As
aforementioned, the mid stage includes middle-temporal area (MT), V4 and V3A
particularly for humans (Koyama et al 2005, Tootell et al 1997). Here we will review
psychophysical and neuroscientific (animal studies and human brain imaging) studies.

In psychophysics, it has been found that some types of VVPL depend on perceptual constancy
that corresponds to stable representation of certain properties of an object, despite variable
visual input. Such representation is thought to occur in the middle visual stage (Garrigan &
Kellman 2008). Although training on a task of discriminating close motion directions or
orientations leads to VPL specific to the trained direction (Ball & Sekuler 1987) or
orientation, learning by training in discriminating larger direction or orientation differences
transfers to untrained directions (Liu 1999). These results suggest that in some conditions
VPL occurs in the mid stage in which location and feature signals are less specific than V1.
As aforementioned, the reversed hierarchy model (Ahissar & Hochstein 1997, Hochstein &
Ahissar 2002) indicates that VPL proceeds from higher to lower stages including V1. It
would be natural to assume that VVPL starts with some middle level stage. Note that in
psychophysics the distinction between the mid and late stages is not highly clear and results
that seem to support the mid stage changes could also be interpreted as changes in the late
stage.

In animal studies, in V4 of monkeys, tuning properties changed in association with VVPL of
an orientation discrimination task (Yang & Maunsell 2004). However, no tuning change was
observed in V1 (Ghose et al 2002, Yang & Maunsell 2004). In another monkey study
(Chowdhury & DeAngelis 2008), inactivation of MT by injection of the GABA agonist
muscimol prior to coarse absolute depth discrimination training was shown to impair
performance. However, fine relative depth discrimination training with MT inactivation
neither impaired coarse depth discrimination nor led to changes in the disparity tuning of
MT neurons. The authors concluded that when MT activation is inhibited, other areas in the
ventral visual pathway are recruited and mediate coarse depth discrimination.

It has been found that VPL of discrimination of coherent motion directions is associated
with changes in V3A of humans. Behavioral tuning function changes after global motion
detection training were compared with decoded tuning function changes for 8 visual areas
using pattern classification analysis BOLD signals (Kamitani & Tong 2005). The behavioral
tuning function changes were extremely highly correlated to decoded tuning function
changes only in V3A, which is known to be highly responsive to global motion with human
subjects (Braddick et al 2001, Koyama et al 2005, Shibata et al 2012a).

How is the mid stage changed?—Dosher and Lu have built a reweighting model of
perceptual learning, which has been highly influential in VPL research (Dosher & Lu 1998,
Liu et al 2010, Lu et al 2005, Petrov et al 2005, Petrov et al 2006). The model assumes that
VPL occurs due to two independent mechanisms, improved filtering of external noise and
removal of internal noise. They assumed that selective re-weighting or “readout” of
connections between V1 and a decision unit (that is, the mid stage) leads to simultaneous
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improvements of these two noises (Dosher & Lu 1998). V1 was regarded as a place for
stimulus representation in which spatio-temporal filtering occurs. This model assumes no
change in the stimulus representation and therefore does not support the model in which
task-relevant VPL occurs due to changes in the stimulus representation and therefore V1
(Petrov et al 2005). Recently, the model has been modified to have two levels of
representations, location specific and location-independent representations (Dosher et al
2013) to explain location transfer demonstrated by double training (Wang et al 2012, Xiao et
al 2008, Zhang et al 2010a) which is discussed in the late-stage section. Based on the
analysis of data indicating that responses of neurons in LIP, but not in MT, were changed in
association with VVPL of coherent motion (Law & Gold 2008), the Gold group has suggested
weighting changes occur between MT and LIP (Gold et al 2008). While these reweighting
models do not assume changes in V1, it has been pointed out that theoretically speaking,
improvement in the efficiency of probabilistic inference in early cortical circuits by
reweighting connections within the early visual cortex can explain noise reduction and
tuning curves changes in V1 and V4 (Bejjanki et al 2011).

Late-stage model

Based on a number of recent physiological and psychophysical studies, the role of the late
stage, which is defined as all processing higher than mid-stage, in task-relevant VPL has
been much more emphasized.

What is changed?—As a result of training on a shape-identification task, resting state
functional connectivity and directed mutual interactions between trained mid-visual areas
and frontal-parietal areas involved in the control of spatial attention were modified (Lewis et
al 2009). In addition, in association with VPL of a visual discrimination task, individual
differences in performance changes due to the training are related to spontaneous cortical
activity between early- and mid-level visual cortices and also between visual cortex and
prefrontal association areas. These results suggest that changes associated with task-relevant
VPL include changes in connectivity involving an attentional source system (Baldassarre et
al 2012). Another study found that behavioral improvements in an orientation discrimination
task occur with activity changes in the Anterior Cingulate cortex (ACC), suggesting that
perceptual learning is associated with a high-level cognitive area (Kahnt et al 2011).

Gold and his colleagues found that perceptual learning of coarse coherent motion direction
discrimination was associated with tuning property changes in LIP, an area known to be
involved in perceptual decision making (Shadlen & Newsome 2001), but not in MT, an area
belonging to the mid stage (Law & Gold 2008). As discussed in the mid stage model
section, the model proposed by this group assume reweighting in connections between MT
and LIP (Gold et al 2009). However, another possibility that is not mutually exclusive to the
reweighting model is that at least VPL of coarse motion direction discrimination is
associated with changes in decision factors including a decision criterion, which is reflected
in LIP response changes (Shadlen 2014).

In psychophysics, there has been a breakthrough finding with regards to transfer of VPL.
Training on a feature (e.g., contrast) at one location and additional training with an irrelevant
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feature/task (e.g., orientation) at a second location resulted in a complete transfer of learning
of the feature (e.g., contrast) to the second location (Xiao et al 2008). Based on a series of
interesting experiments by the group led by Cong Yu (Wang et al 2012, Xiao et al 2008,
Zhang et al 2010a), this research group has built a model in which task-relevant VPL is
associated only with changes in the late stage that is involved in the source of attention from
which attentional signal is exerted and decision making. In this model, location specificity of
task-relevant VPL results from long-term inhibition from the cognitive system on all
locations in the visual field except the trained location. When training on a second task
occurs in a different location than the previously trained location, the connection between
the late stage and this location is reactivated and the inhibition to the location is released. As
a result, VPL of the original task was transferred to the location that was trained for the
second task (Xiao et al 2008). As discussed in the early-stage model, the model by the Sagi
group also suggests that transfer of task-relevant VVPL results from the abolishment of the
link between the early stage and late stage (Harris et al 2012). However, the models by the
Yu group and the Sagi group are fundamentally different. While the Yu group assumes that
the link between the early and late stages has been made and kept by the late stage (Xiao et
al 2008), the Sagi group assumes that by the link the location signals from the low stage
constrain location specificity of task-relevant VPL (Harris et al 2012).

Summary of Task-Relevant Visual Perceptual Learning

Models of task-relevant VPL are roughly classified into 3 different types, which we call the
early-stage model, mid-stage model, and late-stage model, according to the stage at which
processing or mechanisms is changed in association with task-relevant VVPL.

One possible reason that there are such a variety of models is that many different studies
have used highly different experimental conditions with different parameter sets. Despite the
variety of methods employed in this body of research, many studies overgeneralize their
results and draw conclusions as if their specific results can be applied to all types of VPL.
However, it is not either certain or even likely that all types of task-relevant VPL are
subserved by only one stage. The variance of experimental parameters leaves the possibility
that VPL is subserved by multiple mechanisms.

Task-Irrelevant Visual Perceptual Learning

What is Task-Irrelevant Visual Perceptual Learning?

The previous section focuses on task-relevant VPL in which performance increase on a task
and/or feature occurs as a result of training on the task and/or the feature. In 2001 it was
found that performance increase also occurs as a result of mere exposure of a feature that is
irrelevant and subthreshold to a given task during training (Watanabe et al 2001). In that
study, 5% coherent motion was presented in the background while subjects repeatedly
performed an rapid serial visual presentation (RSVP) task that required them to report 2
white letters in a sequence of otherwise black letters. In the pre- and post tests, the
performance on the same exposed 5% coherent motion direction were around chance level
and therefore subthreshold, whereas a significant performance improvement was observed
on the same direction with 10% coherency that is above-threshold. These results indicate
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that mere exposure to coherent motion that is task-irrelevant and subthreshold induces
learning. It is difficult for focused attention to be kept on such a task-irrelevant and
subthreshold direction. Therefore it was concluded that perceptual learning of a feature
occurs without enduring focused attention being directed to the feature. We call this new
type of VPL task-irrelevant VPL. A number of subsequent studies have reported task-
irrelevant VPL (Barbot et al 2011, Baumann et al 2008, Beste & Dinse 2013, Beste et al
2011, Carrasco et al 2008, Gutnisky et al 2009, Leclercq et al 2013, Leclercq & Seitz 2012,
Rosenthal & Humphreys 2010, Seitz & Watanabe 2005, Seitz & Watanabe 2003, Seitz et al
2005b, Tsushima et al 2008, Watanabe et al 2002, Xu et al 2012b, Zhang & Kourtzi 2010,
Zhang et al 2010b).

Reinforcement and Task-Irrelevant Visual Perceptual Learning

It has been later found that task-irrelevant VVPL at least in the similar setting as in the 2001
study by the Watanabe group does not occur without reinforcing factors involved. Task-
irrelevant VPL occurs only when the exposed 5% coherent motion direction was paired with
a target in RSVP task (white letter) (Seitz & Watanabe 2003) and only when subjects made
correct detections on targets, which might cause internal reward or satisfaction (Seitz et al
2005a). Furthermore, VPL of the task-irrelevant 5% coherent motion direction occurred
when the feature was paired with reward and did not occur without reward (Seitz et al 2009).

Based on these findings, Seitz and Watanabe built a unified model, in which task-relevant
VPL as well as task-irrelevant VPL results from interactions between spatially diffusive
reinforcement signals and bottom-up signals from an exposed stimulus feature (Fig. 1).
Reinforcement signals arise when subjects are given external reward or when they have
conducted successful task performance. The bottom-up signals are either from a task-
relevant or task-irrelevant feature. In that schedule, task-relevant and task-irrelevant VPL
share the same underlying principles (Seitz & Watanabe 2005).

Attention and Task-Irrelevant Visual Perceptual Learning

However, later findings have suggested that the mechanism or processing which leads to
task-irrelevant VPL is not exactly the same as task-relevant VVPL. There are several aspects
that could reveal differences between mechanisms of the two types of VPL. First, there are
differential effects of cognitive control on the two types. In one study, the coherence (and
therefore detectability) of a task-irrelevant motion signal was varied during the performance
of a central task (Tsushima et al 2008). Task-irrelevant VPL occurred only when the
coherent motion signal was below or close to the detection threshold. This result is
consistent with a model in which a cognitive control system fails to detect weak or below-
threshold task-irrelevant signals, and therefore fails to suppress these signals, thus allowing
them to exert a stronger influence on information processing than stronger task-irrelevant
signals that can be detected by the attentional system (Tsushima et al 2006, Tsushima &
Watanabe 2009).

At the same time, it is noticeable that in conditions in which task-irrelevant features are not
suppressed by the attentional system, task-irrelevant learning occurs. For example, if a task-
irrelevant feature is presented spatially distant from a task-relevant feature, learning occurs
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on the task-irrelevant feature (Watanabe et al 2002). In a configuration in which the same
two features, one task-relevant and the other task-irrelevant, are presented at different
locations, feature-based attention could enhance both features so that task-irrelevant learning
may occur (Gutnisky et al 2009). Exposure to passive visual low-frequency supra-threshold
stimulation of irrelevant orientation improved subsequence performance on the orientation
(Beste et al 2011). Seitz and Dinse have suggested that task-irrelevant features could occur
in a condition in which a stimulus environment is optimal to task-irrelevant feature if it is
not weak or subthreshold (Seitz & Dinse 2007, Zhang et al 2010b) and that the optimal
environments to task-irrelevant features are not the same as task-relevant features.

Second, task-involvement of the trained feature in task-relevant VPL makes its mechanism
distinguished from task-irrelevant VVPL. If task-relevant VVPL is at least partially associated
with changes in processing of the trained task, the mechanisms of task-relevant VPL should
not be the same as the mechanisms of task-irrelevant VPL. As discussed in the previous
section, in some cases VPL of one task on a feature does not completely transfer to a
different task on the same or similar feature (Huang et al 2007, Westheimer et al 2001). This
indicates that task-relevant VPL is at least partially associated with changes in the
mechanism specific for the trained task, which should not be shared with task-irrelevant
VPL.

In another study, double dissociation between task-relevant and task-irrelevant VPL was
observed (Beste et al 2011). First, subjects were asked to conduct a change-detection task on
luminance changes against orientation changes as task-irrelevant. This task performance was
followed by exposure to passive visual high- or low-frequency stimulation of either the
relevant luminance or irrelevant orientation feature. High-frequency stimulation using
luminance enhanced performance to detect luminance changes, whereas low-frequency
stimulation impaired performance. In contrast, while low-frequency exposure of orientation
as task-irrelevant impaired performance, high frequency orientation stimulation enhanced
performance. These results also suggest task-irrelevant VPL does not share exactly the same
mechanism as task-relevant VPL.

Using a new, functional magnetic resonance imaging (fMRI) online-feedback method,
patterns of activation in early visual areas corresponding to the pattern evoked by the
presentation of a real and specific target orientation stimulus were induced in early visual
cortex (Shibata et al 2011). These patterns were repeatedly induced without external
stimulus presentation and without subjects' knowledge of what was being induced. As a
result, a significant sensitivity only to the target orientation improved. That is, mere
repetition of an activity pattern in the early visual cortex corresponding to a feature may be
sufficient to induce VPL of that feature. The results also indicate that at least the plasticity
with no direct involvement of task training can occur in the early stage. This plasticity could
manifest as task-irrelevant VPL.

There are studies that compared activations that are related to task-relevant and task-
irrelevant learning. One study measured BOLD signals evoked when subjects discriminated
the spatial frequency of gratings presented with the same or orthogonal orientation
(Baumann et al 2008). The BOLD signals were significantly higher in the early visual areas
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such as V1 and V2 when the gratings to be compared had an orthogonal orientation,
compared to when they had the same orientation. In contrast, the task-irrelevant stimulus
property (orientation) had no significant effect on the prefrontal and intraparietal cortex.
Combining the results of these studies, it may be plausible to think that task-irrelevant VPL
is associated with changes in early stage, whereas learning that results from involvement of
a task results is associated with changes in higher stages.

Summary of Task-Irrelevant Visual Perceptual Learning

Task-irrelevant VPL has been found more recently than task-relevant VVPL. It has been
suggested that both task-relevant and task-irrelevant VVPL are at least partially result from
interactions between reinforcement signals and bottom-up signals from the presented feature
irrespective of whether the feature is task-relevant or task-irrelevant (Seitz & Watanabe
2005). At the same time, some different aspects of mechanisms seem to be involved in these
two types of VPL. One is due to differential effects of cognitive control. A task-relevant
feature is enhanced by attention while task-irrelevant features may be suppressed (Tsushima
et al 2006, Tsushima et al 2008, Tsushima & Watanabe 2009). Thus, unless a given
environment is optimal to task-irrelevant VPL, task-irrelevant \VPL does not occur if it is
subthreshold and therefore cannot be detected by the source of attention. Another aspect is
that while task-relevant VPL may be at least partially associated with changes in processing
specific for the trained task, task-irrelevant VPL is not. Results of recent human imaging
studies (Baumann et al 2008, Shibata et al 2011, Zhang et al 2010b) suggest task-irrelevant
VPL is associated with the early stage while changes resulting from training on a task are
associated with higher stages. Brain imaging research results suggest that task-irrelevant
VPL may be associated with changes in the low stage.

Dual-Plasticity Model of Visual Perceptual Learning

Background

While a vast number of results concerning VPL have accumulated, there is no consensus
about the mechanism. An unfortunate tendency is that advocates of one model of task-
relevant VPL deny the evidence of one model over the other and build a detailed model
supporting only one view of the aforementioned controversies. In addition, none of the
models of task-relevant VVPL can satisfactorily explain task-irrelevant VPL. Since it is highly
unlikely the basic mechanisms of task-relevant and task-irrelevant VVPL are completely
different, it is necessary to build a model that can explain both task-relevant and task-
irrelevant VVPL.

To resolve these issues, here we propose a dual plasticity model of VPL which could resolve
the issues and account for most of the accumulated data that include those appearing to
contradict each other. The dual plasticity model will incorporate the controversy as to what
stage is associated with task-relevant VPL and the mechanisms of both task-relevant VPL
and task-irrelevant VPL. First we will describe the dual plasticity model, and then discuss
the rationalizations for the framework.
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Assumptions of dual plasticity model

Here we propose that there are at least two different types of plasticity, feature-based
plasticity and task-based plasticity, which result from different processings during training,
include changes in different stages, and occur at different timings (Fig. 2). Feature-based
plasticity is defined as changes in a representation of features. Task-based plasticity is
defined as changes in processing related to a trained task.

How do feature-based plasticity occur?—We assume that how feature-based
plasticity occurs follows our reinforcement model (Seitz & Watanabe 2005). In this model,
both task-relevant and task-irrelevant features are learned as a result of interactions between
spatially diffusive reinforcement signals and bottom-up signals from a feature exposed
during training, irrespective of whether the feature is task-relevant or task-irrelevant (Fig. 1).
Basic changes in representation of the exposed feature are constant, irrespective of whether
the feature is task-relevant or task-irrelevant and whether of what kind of task on the feature
is trained if the feature is task-relevant. However, the overall amplitude of changes including
no change depends on the rules of cognitive control, as discussed in the low-stage change
section. If an exposed task-irrelevant feature is strong, the feature is detected and suppressed
by a cognitive control system if a stimulus environment is optimal to the feature. If the
feature is weak and is not detected by the cognitive control system, the feature is not
suppressed and feature-based plasticity on the feature occurs (Tsushima et al 2006,
Tsushima et al 2008). On the other hand, a relevant-feature is enhanced rather than being
suppressed by the cognitive control system. While Seitz and Watanabe (2005) assumed that
the reinforcement model are for the whole model of task-relevant and task-irrelevant VPL,
here we propose that this reinforcement mechanism is for the feature-based plasticity (Fig.
3). To explain the whole mechanism of VPL, we now believe that not only feature-based
plasticity but also task-based plasticity and its interactions with feature-based plasticity are
necessary to be assumed.

How does task-based plasticity occur?—Task-based plasticity occurs as a result of
involvement of a trained task rather than exposure to a feature as in the feature-based
plasticity. Thus, training on different tasks (say, detection task vs discrimination task) with
the same feature (say, orientation) can lead to qualitatively different changes in task-based
plasticity.

Where do feature-based plasticity and task-based plasticity occur?—We
assume that feature-based plasticity is a change in a feature representation and occurs in the
early or mid stages. Whether it occurs at the low or mid stage depends on the feature on
which feature-based plasticity occurs. If a feature is highly primitive and a representation of
the feature is first built in V1, feature-plasticity of the feature should occur in V1 that
belongs to the low stage. If a feature is made of components of more primitive features,
feature-based plasticity of the feature may occur in the mid stge. For example, orientation
starts being processed in V1 in the cortex (Hubel & Wiesel 1968). Thus, the areas in which
feature-based plasticity occurs may include V1. Coherent motion consists of coherent
moving dots and randomly moving dots from one temporal frame to another. Coherent
motion starts being processed distinctively from random motion in V3A/MT in humans
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(Braddick et al 2001, Koyama et al 2005, Rees et al 2000) and MT in monkeys (Newsome &
Pare 1988). Thus, the areas in which feature-based plasticity of coherent motion occurs may
include V3A/MT in humans and MT in monkeys.

Feature-based and task-based plasticity and task-relevant and task-irrelevant
VPL—We assume that task-relevant VPL consists of both feature-based plasticity and task-
based plasticity, whereas task-irrelevant VVPL consists of only with feature-based plasticity.
Thus, task-relevant and task-irrelevant VVPL partially shares the same mechanism, that is, the
mechanism of feature-based plasticity.

Specificity and transfer of feature-based plasticity and task-based plasticity—
Feature-based plasticity is specific for an exposed feature and the location in which the
feature was presented during training. Task-based plasticity is specific for the trained task.
Task-irrelevant VPL is constrained by the specificity from the feature-based plasticity
(feature and location). Task-relevant VVPL is constrained by the specificity from the feature-
based plasticity (feature and location) and also by the specificity from the task-based
plasticity. If feature-based specificity is abolished in task-relevant VVPL as a result of an
experimental manipulation, the feature-based constraints should be eliminated. As a result,
VPL of the trained task should be transferred to different locations/features (Harris et al
2012). If task-based plasticity is eliminated in task-relevant VPL of a feature, VPL of the
feature should be transferred to other tasks.

Empirical Studies for Dual Plasticity Model

There are several significant studies whose results are in accord with the dual plasticity
model. First, in one study (Watanabe et al 2002), during training an RSVP task was
performed at the center of the display while a global motion stimulus, in which local dots
moved in random directions within a certain range, was being presented in the background
(Watamaniuk et al 1989). There are two types of perceived motion in this type of stimulus:
the local motion signals of the individual dots and a global motion direction whose direction
corresponds to the spatio-temporal average of local motion signals in the display. The range
of local motion directions was varied across different subject groups. As a result,
performance increased for all measured motion directions within the range of local motion,
but not for the global motion percept. This indicates that VPL occurred for task-irrelevant
local motion directions, but not for the global motion direction. In another experiment of the
same study, during training, a discrimination task on global motion direction was conducted.
In this condition, the global motion direction was task-relevant. In the earlier phase of
training, performance increased within the range of local motion, as in the first experiment
in which global motion was task-irrelevant. However, in the later phase, performance
improved only around the trained directions. From these results, it was concluded, “The
learning gain for a range of local motion was obtained weather global motion was task-
relevant or task-irrelevant. In a later phase, there is learning gain only for a task-relevant
global motion direction; that is, only in response to task demands (task-irrelevant VVPL of
exposed local directions) may occur only at a very low-level stage and seems to be
processed independently of global motion, whether global motion is task-relevant or
irrelevant. In contrast, task-relevant VPL may occur at multiple stages (p 5 in Watanabe et
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al, 2002).” These results are in accord with the dual plasticity model. That is, the learning
gain for a range of local motion is regarded as manifestation of feature-based plasticity and
learning gain only for a task-relevant global motion direction as a manifestation of task-
based plasticity.

Second, the Sagi group applied an operation that abolishes orientation adaptation to the
orientation trained by the TDT and found that the location specificity observed in VPL of
TDT was eliminated (Harris et al 2012). This finding is in accord with the dual plasticity
model. The results suggest that a type of learning in the early stage constrains the location of
VPL to the location of the trained stimulus, whereas another type of learning is related to
improvement in task performance (Harris et al 2012). These proposed two types of learning
can correspond to feature-based and task-based plasticity of task-relevant VPL.

Third, learning of a collinearity (regularities in natural contours) occurs by simple exposure
without task involvement and is associated with activation by occipitotemporal areas (low
and mid stages) whereas learning to integrate line segments orthogonal to contour paths
requires specific training and also is associated with activity enhancement in intraparietal
regions that mediate attentional processing (Zhang et al 2010b). Although this study used
different stimuli in different conditions and cannot rule out the possibility that the line
segments orthogonal to contour paths themselves are processed in higher stages than
collinear segments, the results suggest that learning due to training with a task is associated
with higher stages than training without the task.

Recently Shibata and his colleagues have conducted a brain imaging experiment to test the
validity of an important aspect of the dual plasticity model (Shibata et al 2013). In test stages
that were conducted before and after the training on detection of coherent motion, BOLD
signals were measured in two conditions: a feature-based condition and a task-based
condition. In the feature-based condition, a central RSVP task was conducted while the same
motion as the trained were presented as task-irrelevant. In the task-based condition, the same
task on the trained motion as in training was conducted. The results showed that VV3A that is
known to be highly responsive to coherent motion (Braddick et al 2001, Koyama et al 2005)
was significantly more activated in the post-test than in the pre-test in both the feature-based
and task-based conditions. On the other hand, multiple areas including the intraparietal
sulcus, which includes the human homologue of monkey LIP, were significantly more
activated in the post-test than in the pre-test only in the task-based condition. These results
are in accord with a key aspect of the dual plasticity model. That is, feature-based plasticity
is associated with the changes in representation of a feature, which should be manifested
when the feature is presented irrespectively of whether the feature is task-relevant or task-
irrelevant. Task-based plasticity is associated with the changes in processing related to the
trained task, which should be manifested only while the same task as in training is
conducted.

Dual Plasticity Model and Existing Models

How does task-relevant VPL occur?—The dual plasticity model is distinguished from
other models. With regards to the question of how task-relevant VPL occurs, there are at
least two aspects in the dual plasticity model that are clearly distinguished from other
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models of VPL. First, no other model is as comprehensive as to explain both task-relevant
VPL and task-irrelevant VPL. In the dual plasticity model, task-relevant VVPL is associated
with both feature-based plasticity and task-based plasticity, whereas task-irrelevant VPL is
associated only with feature-based plasticity. Second, to our knowledge all other models
assume that task-relevant VVPL results from task-involvement. These models do not consider
the possibility that even task-relevant VVPL results from exposure to the trained feature as in
the dual plasticity model.

What is changed?—With regards to what is changed, most models assume that task-
relevant VVPL is associated with changes at only one of the early, mid and late stages. There
is a general tendency that results that support models assuming changes in one stage are
ignored by researchers who support models assuming changes in another stage. In contrast,
the dual plasticity model assumes that task-relevant VPL is associated with changes in more
than one stage, which could comprehensively explain apparently conflicting results.

As discussed above, many early stage models assume that what is changed is a
representation of the trained feature, based on experimental results that have shown high
specificity of VPL for the trained location, feature, and eye, as well as results indicating that
VPL is associated with changes in responses in early visual areas (Adini et al 2002, Crist et
al 1997, Dill & Fahle 1997, Fahle 2002, Fahle & Edelman 1993, Fahle & Poggio 2002,
Gilbert 1994, Harris & Fahle 1995, Karni & Sagi 1991, Karni & Sagi 1993, Xu et al 2010,
Xu et al 2012a, Xu et al 2012b, Xu et al 2012¢, Yang & Maunsell 2004) (but see (Bejjanki
et al 2011)). Double training leads to transfer of one type of task-relevant VPL to another
location at which another task is trained or a feature is exposed. It is difficult for these early
stage models to explain transfer of location and features (Wang et al 2012, Xiao et al 2008,
Zhang et al 2008, Zhang et al 2010a, Zhang et al 2010b). In addition, it is impossible for the
early stage models alone to explain response changes in higher areas (Baldassarre et al 2012,
Kahnt et al 2011, Law & Gold 2008).

Most mid-stage and late-stage models assume that what is changed is weighting connecting
different areas (Chowdhury & DeAngelis 2008, Dosher et al 2004, Dosher & Lu 1998,
Dosher & Lu 1999, Gold et al 2009, Gu et al 2012, Kahnt et al 2011, Lewis et al 2009, Liu
et al 2010, Petrov et al 2005, Xiao et al 2008, Zhang et al 2008, Zhang et al 2010a, Zhang et
al 2010b). However, these models on their own cannot explain the results that V1 is changed
in association with task-relevant VPL or incomplete inter-ocular transfer (transfer of VPL
trained with one eye to the other eye) (Karni & Sagi 1991, Karni & Sagi 1993, Shibata et al
2012b, Xu et al 2012b).

The dual plasticity model can comprehensively explain changes at the low-, mid- and late
stages.

Early-stage models and dual plasticity model—Most results that have been regarded
as evidence for the early-stage model are in accord with the feature-based plasticity of our
dual plasticity model, which corresponds to changes in a representation of a feature
presented during training. Specificity of the trained feature including its location is in accord
with the hypothesis that such specificity is in the changed representation and constrains the
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performance of VPL (Harris et al 2012). Tuning curve changes in the early and mid stage
areas (Hua et al 2010, Schoups et al 2001, Yang & Maunsell 2004) may be related to
changes in the representation. BOLD signal enhancement in the trained location (Furmanski
et al 2004, Schwartz et al 2002, Walker et al 2005, Yotsumoto et al 2008) is also consistent
with the hypothesis that feature-based plasticity occurs in an earlier-stage than task-based
plasticity. In addition, an on-line fMRI neurofeedback method repetitively induced the
activations only in the subjects' early visual cortex that corresponded to the pattern of
activation evoked by the presentation of a real target orientation. As a result, VPL of the
orientation occurred. This finding is in accord with some properties of feature-based
plasticity including changes in the early visual cortex and no task involvement (Shibata et al
2011).

Mid- and late- stage models and dual plasticity model—As discussed above, it is
difficult for the low-stage model or reweighting of the mid-stage model to explain transfer
from the trained to untrained locations, unless there is an additional stage or processing
where no location specificity is assumed (Dosher et al 2013). In the dual plasticity model,
transfer of VPL to a new location could be interpreted as a result of development of a new
link between the new location and the task-based plasticity. If the link between feature-
based plasticity and task-based plasticity is completely eliminated, task-relevant \VPL should
have no specificity.

One of the most influential models that assume changes in the mid-stage is the re-weighting
model (Dosher & Lu 1998, Gold et al 2008, Liu et al 2010, Lu et al 2005, Petrov et al 2005,
Petrov et al 2006). The dual plasticity model does not contradict the reweighting principle.
Task-based plasticity can occur as a result of changes in task-driven processing that could
occur as a result of re-weighting between visual areas and cognitive areas.

Summary of Dual Plasticity Model

The dual plasticity model consists of feature-based plasticity and task-based plasticity.
Feature-based plasticity results from changes in a representation of a feature presented
during training, irrespective of whether it is task-relevant or task-irrelevant. Task-based
plasticity arises as a result of involvement in a task, irrespective of the trained feature. Task-
relevant VVPL consists of feature-based plasticity and task-based plasticity. In this case,
feature-based plasticity constrains the trained location of task-relevant VPL. On the other
hand, task-irrelevant VPL consists only of feature-based plasticity. Thus, task-relevant VPL
and task-irrelevant VVPL are not completely different, but are commonly subserved by
feature-based plasticity.

The dual plasticity model is still a schematic model. Detailed mechanisms of the two types
of plasticity and links of these two types have yet to be developed. However, currently most
mechanistic models are based on one or two of the three views (early-, mid- and late- stage
models) and cannot explain empirical results supporting the other view(s). Moreover, none
of the mechanistic models of VPL can explain both task-relevant and task-irrelevant VPL.
Thus, it would be more fruitful and constructive to build a schematic but comprehensive
model first.
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Conclusions and Future Research Directions

Researchers hoped that accumulation of VPL data would lead to development of
understanding general rules of VVPL, which would help to establish a general mechanism of
visual plasticity at the neuronal level. Given this hope, a large number of experiments have
been conducted. The results have shown a tendency opposite to finding a general rule(s).

One reason is that to date, different researchers have tended to use different sets of
parameters as their stimuli, tasks, etc. in conducting their VPL studies. This practice has
made it very difficult to make direct comparisons between the findings and to find, if any,
general rules of VPL A variety of results have been obtained under various conditions. In
some cases contradicting conclusions were drawn from opposite results. If a new method
and/or a new stimulus are used and new results of VVPL are obtained, in some cases it is
difficult to determine whether the new results reveal a hidden important principle/
mechanism of VPL or a trivial variation from an established principle due to the use of the
new procedure and/or stimulus. For future studies, it is desirable that researchers will use
one of a few standard methods as in experimental physics (Klein 2007).

The second reason, which is not unrelated to the first, is that there have not been strong
efforts to organize these divergent results toward identification of any possible general rules.

In the future, it is desirable that experiments will be conducted using standard methods to
test the validity of aspects of a comprehensive model, rather than emphasizing one narrow
view that explains only a portion of accumulated data.

This review primarily focuses on task-relevant VPL and task-irrelevant VPL of primitive
features such as motion and orientation. However, research results and framework made
from the results would lead to a better understanding of the general mechanisms of task-
driven and/or passive learning/memory. For example, passive characteristics of learning as
in task-irrelevant VPL have been shown in learning of objects (Hammer et al 2012, Li &
DiCarlo 2008, Li & Dicarlo 2012, Witthoft et al 2009), categorization learning (Folstein et
al 2010), word learning (Dewald et al 2011, Dewald et al 2013), speech learning (Vlahou et
al 2012), general learning (Reed et al 2011). At the same time, VPL of primitive features
may have aspects distinguished from these types of memory and learning. Some differences
may be due to the fact that early stages of processing primitive visual features are
significantly different from other types of learning. Future research should include efforts to
find common principles of VPL of primitive features and other types of learning and
memory and unique aspects of VPL of primitive features.
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Side Bar 1

Do response changes in a brain area shown after training always indicate that
plasticity has occurred in this area?

Assume that as a result of training on a feature, responses to the feature in a cortical area
(say, V1) have changed. In this case, it is premature to conclude that plasticity has
occurred in V1. There is at least one more possibility. That is, the changes in V1 could
result from temporal feedback from a higher cortical area (say, VV4) in which plasticity
has actually occurred. In this case, the changes in V1 are not due to plasticity in V1 but
merely reflect response changes in VV4 due to plasticity. There are at least two ways to
rule out this possibility. One is to test whether the response changes in V1 are correlated
with response changes in any other area. If there is no correlation between response
changes in V1 and any other area, it is likely that the plasticity has occurred in V1. In one
study, BOLD signal changes in V1 observed for the first several weeks during training
had no correlation with response changes in any other measured area ('Yotsumoto et al
2008). The results suggest that the activation changes in V1 are not likely to reflect
plasticity in other measured areas. Another way is to examine eye specificity, This may
be applied only to the case in which plasticity has occurred in V1. Some types of VPL
result from training on a stimulus presented with only one eye (trained eye) and do not
transfer to the untrained eye. In such a case, if response changes in V1 are observed when
tested with the trained eye while they are not when tested with the untrained eye, this
may suggest that plasticity related to the VPL occurred in V1 (Karni & Sagi 1991, Karni
& Sagi 1993, Shibata et al 2012b, Xu et al 2012b), although another interpretation has
also been suggested (Young et al 2004). This is based on the fact that most monocular
cells are found in V1 and feedback from an area higher than V1 does not specifically
affect the group of V1 neurons that respond to signals from one eye.
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Side Bar 2
“What is involved?” vs. “What is changed?”

In some cases what is involved during training is confused with what is changed by
training (Fig. 4).

During training on a visual task, attention and/or reinforcement processing may be
involved in order for subjects to perform the task. For example, if subjects are asked to
judge whether two successively presented orientations are the same or different in a task
during training, they have to direct attention to the presented orientations. In this case,
there is no doubt that focused attention is involved. This indicates that the source
mechanism of focused attention is used and areas corresponding to that specific
mechanism are activated. However, this does not necessarily indicate that VVPL is caused
or associated with changes in the attention source mechanism. Likewise, in some cases
during training reinforcement processing may play an important role in forming VPL.
However, this does not necessarily indicate that reinforcement processing itself is
changed in association with VVPL.
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Summary Points

1. VPL is classified into task-relevant and task-irrelevant VVPL. Task-relevant VPL
of a feature results from training on a given task on the feature, whereas task-
irrelevant VVPL of a feature arises as a result of exposure to the feature that is
irrelevant to a given task.

2. The stage or brain area that is changed in association with task-relevant VPL is
controversial. There are roughly three models, early-stage, mid-stage and late-
stage models. A different set of data tends to be used to support each of these
models.

3. Specificity of the trained location and feature was regarded as evidence for the
early-stage model. However, it has been recently found that at least in some
cases double training results in transfer of VVPL to other locations and features.
These results suggest that VPL is not associated solely with changes in the early
visual cortex or early stage.

4. A reinforcement model of VPL indicates that both task-relevant and task-
irrelevant VVPL result from interactions of spatially diffusive reinforcement
signals and bottom-up signals from a presented feature, irrespective of whether
the feature is task-relevant or task-irrelevant. However, this model alone does
not explain either transfer of location/feature after double training or differential
results from training on different tasks.

5. Attention to a task-relevant feature may enhance signals from the feature and
increase the probability of the occurrence of task-relevant learning of the
feature. On the other hand, if task-irrelevant feature signals are sufficiently
strong to be detected by an attentional system, they may be suppressed and
cause no task-irrelevant VPL. If task-irrelevant signals are not sufficiently
strong to be detected, they may not be suppressed and cause task-irrelevant
VPL. At the same time, if a task-irrelevant feature is presented in an
environment that optimizes task-irrelevant signals, task-irrelevant VPL may
occur if the feature is not weak.

6. Here, a dual plasticity model is proposed to comprehensively explain the
apparently contradictory results and task-irrelevant VPL as well as task-relevant
VPL. In this model, there are feature-based plasticity and task-based plasticity.
Feature-based plasticity reflects a change in a representation of a feature
presented during training, irrespective of whether the feature is task-relevant or
task-irrelevant. Task-based plasticity reflects a change in processing of the task
performed during training. Feature-based plasticity occurs in a lower stage than
task-based plasticity and constrains VVPL only to the trained location and feature.
Task-based plasticity constrains VVPL only to the trained task.

7. One possible reason for a variety of models of VVPL is that different researchers
tend to use different sets of parameters as their stimuli, tasks, etc in conducting
their VPL studies. This practice has made it very difficult to make direct
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comparisons between the findings and to find, if any, general rules of VPL.
Given a huge data set, timing is second to none to start efforts to build a
comprehensive framework of VVPL, rather than accepting only a portion of data
in accord with a model.
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Figure 1.
The Seitz & Watanabe model of VPL. The model assumes that VPL results from

interactions between spatially diffusive reinforcement signals that are triggered by
successful task performance and bottom-up signals from a feature presented during training,
irrespective of whether the feature is task-relevant or task-irrelevant. Attention enhances
bottom-up signals from a task-relevant feature, whereas it decreases or suppresses signals
from a task-irrelevant feature. A red arrow represents excitatory stimulation and a blue
arrow inhibitory stimulation. Task-irrelevant \VPL occurs only when task-irrelevant feature
signals are so weak that the signals fail to be detected and therefore are not suppressed by an
attentional system. However, it is noteworthy that if a task-irrelevant feature is presented in
an environment optimal to the feature, task-irrelevant learning can occur if the feature is
supra-threshold. Task-relevant VVPL and task-irrelevant VVPL are location specific due to
constraints from the bottom-up signals from a feature presented during training.
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Figure 2.
Schematic illustration of the dual plasticity model. In this model, there are two types of

plasticity, feature-based plasticity and task-based plasticity. Feature-based plasticity results
from presentation of a feature during training, irrespective of whether the feature is task-
relevant or task-irrelevant. Feature-based plasticity reflects changes in feature representation
and constrains VVPL to the trained feature and location. Task-based plasticity arises as a
result of involvement of a given task during training. Task-based plasticity reflects changes
in task processing and constrains VPL to the trained task. Task-relevant VPL (R-VPL)
consists of feature-based plasticity and task-based plasticity. Task-irrelevant VPL (I-VPL)
consists of only feature-based plasticity.
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Figure 3.
Model of the mechanism of feature-based plasticity. While the Seitz & Watanabe model

assumes that this is the entire mechanism of both task-relevant and task-irrelevant VVPL, here
we propose that the mechanism of the Seitz & Watanabe model is only for feature-based
plasticity. Task-relevant VPL is subserved by this feature-based plasticity mechanism and
also by task-based plasticity that results from performing a given task during training and is
also specific for the trained task. A red arrow represents excitatory stimulation and a blue
arrow inhibitory stimulation.
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Figure 4.
Distinction between what is involved during training on a task and what is changed in

association with VVPL of the task. What is involved is not necessarily the same as what is
changed.
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