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We present a review of recent studies of perceptual learning conducted with nonhuman animals. The
focus of this research has been to elucidate the mechanisms by which mere exposure to a pair of similar
stimuli can increase the ease with which those stimuli are discriminated. These studies establish an
important role for 2 mechanisms, one involving inhibitory associations between the unique features of the
stimuli, the other involving a long-term habituation process that enhances the relative salience of these
features. We then examine recent work investigating equivalent perceptual learning procedures with
human participants. Our aim is to determine the extent to which the phenomena exhibited by people are
susceptible to explanation in terms of the mechanisms revealed by the animal studies. Although we find
no evidence that associative inhibition contributes to the perceptual learning effect in humans, initial
detection of unique features (those that allow discrimination between 2 similar stimuli) appears to depend
on an habituation process. Once the unique features have been detected, a tendency to attend to those
features and to learn about their properties enhances subsequent discrimination. We conclude that the
effects obtained with humans engage mechanisms additional to those seen in animals but argue that, for
the most part, these have their basis in learning processes that are common to animals and people. In a
final section, we discuss some implications of this analysis of perceptual learning for other aspects of
experimental psychology and consider some potential applications.
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Mention of human perceptual learning immediately brings to
mind the refined discriminative skills of “experts” of various
kinds—wine tasters, tea tasters, chicken-sexers, and so on. Wil-
liam James gave us some impressive examples:

In the purely sensorial field we have the well-known virtuosity dis-
played by the professional buyers and testers of various kinds of
goods. One man will distinguish by taste between the upper and lower
half of a bottle of old Madeira. Another will recognize, by feeling the
flour in a barrel, whether the wheat was grown in Iowa or Tennessee.
The blind deaf-mute, Laura Bridgman, had so improved her touch as
to recognize, after a year’s interval, the hand of a person who had once
shaken hers; and her sister in misfortune, Julia Brace, is said to have
been employed in the Hartford Asylum to sort the linen of its multi-
tudinous inmates, after it came from the wash, by her wonderfully
educated sense of smell. (James, 1890, pp. 509–510)

On the face of things, it may seem unlikely that laboratory
studies of discrimination learning by rats or pigeons would have
much to say about the development of skills like these. On the

other hand, we should note that, although these experts may be
naturally gifted, they have refined their skills only over the course
of prolonged experience and practice. That is, their abilities are a
product of a learning process, making it at least reasonable to use
our well-developed accounts of animal discrimination learning as
the basis of an account of the mechanisms involved. We next offer
a preliminary justification for this view.

Preliminary Considerations

In fact, one of the earliest experimental studies of perceptual
learning (that by Gibson & Walk, 1956) was conducted using
animal subjects (we use “animal” to refer to nonhuman animals).
The stimuli used in this study were (relatively) complex
(shapes—a triangle and a circle), and the training procedure con-
sisted merely of prolonged exposure to them; experiments of this
general type form the bulk of the review that follows. However, in
both these aspects (the complexity of the stimuli; training that
involved mere exposure), Gibson and Walk’s (1956) procedure
differs from that used in a substantial number of studies of human
perceptual learning, studies conducted for the most part, by re-
searchers whose primary interest has been in mechanisms of
perception rather than in learning itself.

Simple Sensory Discriminations

Although there have been exceptions (see, e.g., Furmanski &
Engel, 2000) studies of human perceptual learning conducted in
the context of perception and psychophysics have used simple
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stimuli, often differing only along a single dimension. Experience
with such stimuli, usually involving very many training trials, has
been demonstrated to produce an improvement in discrimination.
For example, positive effects have been obtained in motion direc-
tion discrimination (Ball & Sekular, 1982), orientation judgments
(e.g., Vogels & Orban, 1985), vernier acuity (e.g., McKee &
Westheimer, 1978), and texture discrimination (Karni & Sagi,
1991). In some of these studies it has been found that improved
sensitivity generated by training with stimuli presented in one part
of the visual field will fail to transfer to stimuli presented in a
different part. This has prompted the proposal that the important
change reflects plasticity in early or basic processing mechanisms
(e.g., in area V1 of the visual cortex). Such a mechanism would be
rather different from the general learning processes postulated by
animal learning theory, in which case, insights from studies of
perceptual learning in animals might be restricted to effects ob-
tained with more complex stimuli (in humans, perceptual learning
effects with complex visual stimuli do not show retinotopic spec-
ificity, e.g., Furmanski & Engel, 2000).

It would be premature, however, to conclude on the basis of
these data that central processing changes are responsible for
perceptual learning effects with complex stimuli but that more
peripheral changes operate for simpler stimuli. Recent evidence
has cast doubt on the idea that training-induced improvements in
simple sensory thresholds occur solely in early visual cortex (for a
review see Lu, Hua, Huang, Zhou, & Dosher, 2011). One partic-
ularly ingenious experiment provides a clear demonstration. Xiao,
Zhang, Wang, Klein, Levi, and Yu (2008) trained participants on
two tasks (a visual contrast discrimination task and an orientation
discrimination task), one at each of two retinal locations. They
found that training on one task (e.g., contrast) at Location 1
transferred perfectly to Location 2, at which the other task (e.g.,
orientation) had been previously trained. That is, as long as some
kind of discrimination had been trained at the Location 2, trans-
ferring the discrimination task from Location 1 to Location 2 did
not affect performance. This suggests that contrast sensitivity
improved as a consequence of changes in central processing (and
some other change occurred that enhanced performance at specific
locations but was not stimulus specific). As Dwyer (2008) has
pointed out, if perceptual learning about both simple and complex
stimuli occurs centrally, this opens the possibility that the same
mechanism is at work in both cases. Of particular interest in the
present context is that the mechanisms of animal discrimination
learning might be responsible for perceptual learning in humans,
perhaps with both complex and simple stimuli. One possible
mechanism will be considered straightaway.

Learning With Feedback

In experiments on human sensory discrimination, the partici-
pants are customarily given feedback (knowledge of results) dur-
ing training (i.e., they are told if they are right or wrong when they
report the presence or absence of a difference between the stimuli).
The same is true for the “experts”—that is, the wine taster can
check his guess by reading the label on the bottle; the chicken-
sexer will soon hear about it if she classifies a cock as a hen; and
so, presumably, did Julia Brace when she gave the wrong item of
linen to one of the inmates. This fact means that many examples of
perceptual learning are readily accommodated by the (associative)

theories that have emerged from study of discrimination learning
in animals.

Perceptual learning training with feedback is not formally dif-
ferent from that experienced by a rat required to choose between a
triangle and circle, say, when one of these is followed by a given
outcome (e.g., access to food) and one is not. Contemporary
associative theories of animal discrimination learning (e.g., that
proposed by Rescorla & Wagner, 1972) provide an explanation of
such learning. Thus the Rescorla-Wagner account of discrimina-
tion learning treats the stimuli as being compounds, call them AX
and BX, where A and B represent those features unique to a given
stimulus (the sharp corner of the triangle, the curve of the circle)
and X represents features they hold in common (e.g., black shape).
If AX is followed by food and BX is not, then the associative
learning principle used by the Rescorla-Wagner model predicts
that A will gain positive associative strength, and B negative
strength. In this, as in many similar models of learning, stimuli
compete for associative strength with the result that the incidental,
X, features, which lose the competition, end up with little strength
and responding will be controlled by A—the feature that predicts
food. Another contemporary model of associative learning, pro-
posed by Mackintosh (1975), predicts that, because A is a better
predictor of food than X, attention to A will be higher than to X.
This will lead to more learning about A than X, and so, again,
responding will be controlled by A on AX trials and will not
generalize to BX. Discrimination produced by differential rein-
forcement is what such theories have been designed to explain.

Theories of this sort can be applied to simple sensory discrim-
inations—a given tone and a slightly higher tone (say) can be
construed as having distinctive features (comparable to A and B)
and features in common (X). It is worth noting, then, that an
associative learning model has recently been proposed in the
perception literature to account for changes in simple sensory
thresholds. Petrov, Dosher, and Lu (2005) described a Hebbian
learning model in which the discriminating features are selectively
reweighted according to their predictive value. Consistent with
Xiao et al. (2008), Petrov et al. suggested that these changes in
weights occur at the level of the decision about the stimulus
(central processing) not in the early sensory representations. It is
clear that this model, which was tested in a simple orientation-
discrimination experiment by Petrov et al. (2005), has much in
common with the Rescorla-Wagner (Rescorla & Wagner, 1972)
and Mackintosh (1975) analyses of discrimination learning. When
it comes to perceptual learning with feedback, therefore, associa-
tive learning theory, or theories of animal discrimination, have
much to offer the human perceptual learning theorist. There are
other perceptual learning phenomena, however, that present a
greater challenge.

Mere Exposure: Perceptual Learning With No
Feedback

What is more difficult to explain in associative terms is percep-
tual learning that occurs as a consequence of mere exposure to
stimuli, in the absence of any reinforcement. In the study by
Gibson and Walk (1956), mentioned above, rats were raised from
infancy in cages in which cut-out figures (geometrical shapes—
triangles and circles) were displayed on the walls. When tested in
adulthood these preexposed animals were much better than a
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nonpreexposed control group in solving a discrimination test in
which one shape but not the other was associated with food
reward. The finding evoked considerable interest and generated a
large number of follow-up studies (reviewed by Hall, 1980). These
successfully confirmed the reliability of the effect, helped define
its boundary conditions, and demonstrated that it was not a phe-
nomenon found only in immature animals (Hall, 1979). A major
reason for the interest in this finding was that it was taken to
constitute an important challenge to the theories of learning then
current. These associative theories (e.g., that proposed by Spence,
1936, which is a direct precursor of the Rescorla & Wagner, 1972,
theory) emphasized the role of reinforcement. But what the Gibson
and Walk (1956) result shows is that learning (during the exposure
phase) occurs without differential reinforcement.

Perceptual learning in the absence of informative feedback has
also been observed in humans, with both simple and complex
stimuli (e.g., Herzog & Fahle, 1997). Particularly interesting ex-
amples can be found in the categorization literature. Thus, Gold-
stone (1994) asked his participants to categorize squares of subtly
different size and brightness. There were four different sizes and
four different levels of brightness (16 stimuli in total). Half the
participants were asked to categorize according to size; squares of
the two lower values on the size dimension (regardless of bright-
ness) required one response, larger squares required a different
response. Feedback was given for this aspect of the task. This
training created a categorical boundary between the two smaller
and the two larger sizes. The remaining participants categorized
according to brightness. As can be predicted from the models
described above (e.g., Mackintosh, 1975; Petrov et al., 2005), for
participants given the size discrimination, size became a major
determinant of perceived similarity; squares of the two low values
on the size dimension were seen as very different from the larger
types of square (training on the brightness dimension had the same
effect with respect to brightness). Interestingly, however, the stim-
uli categorized together were also perceived as more different after
training; that is, exposure in which the stimuli were not associated
with different consequences was also effective in facilitating dis-
crimination (McLaren, Leevers, and Mackintosh, 1994, reported a
similar result using more complex stimuli).

Conclusions

Exposure to difficult-to-discriminate stimuli can improve sub-
sequent discrimination performance, both for humans and animals,
and both for simple and for complex stimuli. The change produced
by mere exposure is not to be explained in terms of the formation
of associations of the sort described by the Rescorla-Wagner
model—rather, there appears to be a change in the perceptual
properties of the stimuli that makes them more discriminable.
According to Gibson and Levin (1975), “the simple and ancient
notion [of learning by association] does not work for perceptual
learning, because what is learned is not the addition of something
but the extraction of something” (p. 23). This does not, however,
mean that animal learning research has nothing to contribute to
perceptual learning research. Having acknowledged what it was
not, animal learning theorists have since taken up the challenge of
attempting to specify what mechanisms are in fact responsible for
the perceptual learning effect generated by mere exposure to the
stimuli.

Although the specific procedures have been rather different (the
majority of modern animal perceptual learning experiments have
used flavors as the critical stimuli and Pavlovian conditioning in
the test phase), the general design has been that used by Gibson
and Walk (1956)—simple preexposure to a pair of similar stimuli
followed by a test of discrimination. A review of this work is
presented in the first main section of this article. We focus mainly
on material published since 2000, as earlier work has already been
reviewed by Hall (1991, 2001). These more recent findings sug-
gest that there is a set of mechanisms that are jointly responsible
for the perceptual learning effects seen in animals. Subsequent
sections of this article will examine the applicability of these
mechanisms to perceptual learning effects in humans. The last 10
years has seen the publication of a set of experimental studies
using human subjects and complex stimuli that parallel, in their
essentials, the Gibson-Walk paradigm. We review these experi-
ments in the second major section of the article, offering interpre-
tations based on conclusions from the animal work. To anticipate,
this survey will reveal some intriguing differences between the
effects obtained in animals and those seen in people. Analysis of
the mechanisms responsible for these differences, in the next
section of the article, prompts the conclusion that studies of human
perceptual learning can engage mechanisms additional to those at
work in studies with animal subjects. Finally we consider the
possibility that these additional mechanisms are the product simply
of procedural differences between the animal and human studies
and examine the extent to which they can be accommodated by
generally applicable learning principles.

Perceptual Learning in Animals

With just a few exceptions, recent experiments providing ho-
mologues of the Gibson-Walk (Gibson & Walk, 1956) perceptual
learning effect have used mature animals as the subjects (but see
Chotro & Alonso, 1999, for a study with infant rats), and flavors
as the stimuli (but see Prados, Artigas, & Sansa, 2007, for an
example using spatial cues; Mondragón & Murphy, 2010, for a
study using auditory cues). The basic procedure was introduced by
Honey and Hall (1989) and developed by Mackintosh, Kaye, and
Bennett (1991). In these experiments the critical stimuli, referred
to as AX and BX, are constructed from the three distinct flavors A,
B, and X. For example, in Mackintosh et al.’s (1991) experiment,
lemon juice was used as the common element (X); salt and sugar
(elements A and B) were then added to the lemon juice to produce
two similar flavors—salty lemon and sweet lemon. These were
added to the rat’s drinking water, a procedure that ensured that the
stimuli were fully experienced during the preexposure phase, as
the rat must necessarily drink. Discrimination performance after
preexposure was tested by examining the generalization of a
conditioned aversion. Thus in the study by Mackintosh et al., one
group of rats was given preexposure to AX and BX, another
experienced only unflavored water. Following this treatment, the
animals were allowed access to AX (e.g., sweet lemon) and were
then injected with lithium chloride (LiCl) to induce nausea. This
conditioning resulted in an aversion to AX (shown as suppression
of consumption of this flavor). The question of interest was the
extent to which this aversion would generalize to BX (salty
lemon). Mackintosh et al. found that the rats given preexposure to
AX and BX drank more BX on test than did the rats given no
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preexposure to the target flavors; that is, the aversion generalized
rather poorly for the preexposed animals. Reduced generalization
was equated with an enhanced ability to discriminate between AX
and BX.

The Role of Latent Inhibition

The degree of generalization between AX and BX will depend,
in part, on the amount learned about AX during the conditioning
phase. If, to take an extreme example, preexposed subjects failed
to learn about AX during conditioning, then an absence of gener-
alization to BX could scarcely be taken as evidence of an increased
ability to discriminate between the stimuli. McLaren and Mackin-
tosh (2000; see also McLaren, Kaye, & Mackintosh, 1989) have
offered just such an explanation for results of the sort reported by
Mackintosh et al. (1991). They pointed out that when animals are
exposed to AX and BX on multiple occasions, the common X
element is presented twice as often as either of the unique elements
A or B. Hence X will be more familiar than A and B. Familiar
stimuli are learned about less readily than (otherwise equivalent)
novel stimuli, an effect termed latent inhibition (Lubow & Moore,
1959).

Latent inhibition is multiply determined (see Hall, 1991); but an
important component appears to be a reduction in the ability of the
stimulus to command that aspect of attention required for new
associative learning (the associability of the stimulus; Pearce &
Hall, 1980; Hall & Rodriguez, 2010). The fact that X will suffer
more latent inhibition than A or B is enough to explain why
preexposure should reduce generalization of an aversion from AX
to BX. When AX is paired with LiCl, the rats will readily learn the
relationship between the relatively novel A and nausea but not that
between the more familiar X and nausea. It is the associative
strength of the common element X that determines the degree of
generalization of the taste aversion from AX to BX. Therefore,
following preexposure, generalization between AX and BX will be
low because X is highly latently inhibited and acquires little
associative strength on the conditioning trials with AX. It may be
noted that this simple process is enough to explain the enhanced
discrimination shown by the rats in the original Gibson and Walk
(1956) procedure.

The implication of this account, that generalization between AX
and BX is importantly determined by the effects of preexposure on
the X element, has been confirmed in further experiments by
Mackintosh and his colleagues. Thus, Bennett, Wills, Wells, and
Mackintosh (1994) found that preexposure to X alone is capable of
reducing generalization of an aversion from AX to BX. Con-
versely, preexposure in which the elements A and B are presented
alone, is far less effective in restricting generalization from AX to
BX than is preexposure to AX and BX themselves (e.g., Scahill &
Mackintosh, 2004).

It should be stated immediately, however, that although it sup-
plies a satisfactory explanation for these cases, latent inhibition is
capable of explaining only a limited set of perceptual learning
effects. First, not all perceptual learning procedures, in particular
those conducted with human participants, involve a conditioning
phase of the kind described above. Second, there are now many
examples of perceptual learning from experiments that use a
generalization test but that control for stimulus familiarity. We
consider these next.

The Intermixed-Blocked Effect

The contribution of latent inhibition to the perceptual learning
effect can be eliminated by comparing two groups given an equiv-
alent amount of preexposure to the stimuli, but on different sched-
ules. The intuition underlying this suggestion (first introduced by
Honey, Bateson, & Horn, 1994) was that a schedule in which the
critical stimuli were presented in alternation would (perhaps be-
cause it would aid comparison between them) be especially likely
to produce a perceptual learning effect. This intuition has been
amply confirmed experimentally by studies demonstrating what
has become known as the intermixed-blocked effect.

Animals given preexposure to AX and BX in an intermixed
fashion (i.e., given the trial sequence: AX BX AX BX . . .) perform
better on test than animals preexposed to AX and BX according a
blocked schedule, in which all AX presentations are given prior to
BX presentations (AX AX . . . BX BX . . .), or vice versa. This
intermixed-blocked effect has been obtained in a range of proce-
dures—for example, with visual stimuli in chicks (Honey et al.,
1994), flavor stimuli in rats (Symonds & Hall, 1995), auditory
stimuli in rats (Mondragón & Murphy, 2010), maze learning in rats
(Prados et al., 2007), and perceptual learning of outcomes in an
instrumental conditioning procedure in rats (Blair, Blundell, Gal-
tress, Hall, & Killcross, 2003).

It is difficult to explain the intermixed-blocked effect in terms of
the latent inhibition mechanism discussed earlier, as the amount of
exposure given to the various elements of the stimuli is the same
in both schedules. Admittedly, given our partial understanding of
the mechanisms responsible for latent inhibition, it might be ar-
gued that, for some reason, the intermixed arrangement generates
more latent inhibition to X than the blocked schedule (see Mon-
dragón & Hall, 2002; Mondragón & Murphy, 2010). This cannot,
however, explain the results of a within-subject version of the
intermixed-blocked effect demonstrated by Blair and Hall (2003).
In this experiment, rats were given intermixed exposure to two
similar flavor stimuli AX and BX. They were also given exposure
to a third flavor CX, either before or after all AX and BX
presentations. Thus, with respect to AX, presentations of BX were
intermixed, but presentations of CX were blocked. A generaliza-
tion test showed that discrimination between AX and BX was
better than discrimination between AX and CX. The critical fea-
ture of this design is that the X element was common to all three
stimuli. Therefore, latent inhibition of the common element cannot
explain any differences between the intermixed (BX) and blocked
(CX) conditions.

Stimulus comparison. The superior effectiveness of the in-
termixed preexposure schedule accords well with the fact of ev-
eryday experience that the opportunity to compare similar stimuli
makes it easier to tell them apart (see Gibson, 1969, for a more
formal statement of this notion). The obvious implication is that
increasing the opportunity for comparison, by presenting the stim-
uli more closely together in space and time, should enhance the
magnitude of the perceptual learning effect. Unfortunately, exper-
iments with animals have failed to support this suggestion.

Honey and Bateson (1996) varied the interval between stimulus
presentations for the intermixed (AX/BX) preexposure trials in
their chick imprinting procedure. A short delay between presenta-
tions might be expected to allow greater opportunity for compar-
ison, and therefore produce a greater perceptual learning effect. In
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fact, when the chicks were later required to learn a discrimination
between the preexposed stimuli, the reverse result was observed.
That is, long intervals between trials during preexposure produced
better discrimination performance than short intervals. Similar
results have come from experiments using flavor-aversion proce-
dures in which the interval between presentations has been reduced
to near zero by presenting two bottles, one containing flavor AX
and one BX, concurrently (in which circumstances the rats are
permitted to move freely between the two bottles). Such experi-
ments (e.g., Alonso & Hall, 1999; Bennett & Mackintosh, 1999)
have uniformly found that generalization of a conditioned aversion
between AX and BX was greater when the flavors were presented
concurrently than when they were spaced according to an inter-
mixed schedule.

None of these results provides support for the idea that an
increased opportunity for stimulus comparison will promote per-
ceptual learning. Indeed, it now becomes necessary to explain why
the opposite appears to be true. Honey and Bateson (1996) sug-
gested that although short intervals between stimulus presentations
might increase the opportunity for comparison, they would also
allow the formation of direct associations between the two stimuli.
These associations between AX and BX would reduce later dis-
crimination performance, as the response established to AX would
tend, by way of the AX-BX association, to be evoked by BX (and
vice versa). Support for this interpretation comes from experiments
by Rodríguez and Alonso (2008) and by Rodríguez, Blair, and Hall
(2008), who made use of procedures designed to preclude the
formation of direct associations between the unique features, A
and B. These procedures eliminated the deficit seen in previous
studies on concurrent preexposure. But it remained the case that
concurrent exposure conveyed no special advantage; the experi-
ment by Rodríguez et al. (2008) found no difference between
concurrent exposure and standard (spaced) intermixed exposure—
both were better than blocked preexposure, and to the same extent.

Using a very different procedure, S. Wills and Mackintosh
(1999) provided support for the idea that direct stimulus compar-
ison can enhance discrimination learning, but only under very
specific circumstances. They trained pigeons on a pair of simul-
taneous discrimination tasks, between rectangles that differed in
luminance and between stars that differed in the number of points
they possessed. In one condition (that we may call the comparison
condition) the two similar stimuli (e.g., two rectangles) were
presented together; in another the choice was between a rectangle
and a star (see also, Saldanha & Bitterman, 1951). The opportunity
for comparison bestowed an advantage, although, significantly,
this was true only for the luminance discrimination. Their inter-
pretation was that the results were best explained in terms of a
low-level sensory process (likely to operate only in some stimulus
dimensions, such as luminance) that allows contrast between si-
multaneously presented similar stimuli to enhance the difference
between them. This process would act to facilitate acquisition of
the discrimination but would not necessarily produce the longer-
term changes that constitute the perceptual learning effect of
interest here. In a further experiment, S. Wills and Mackintosh
confirmed that initial training on a luminance discrimination in
which the stimuli were presented concurrently did not bestow a
benefit when the pigeons were given a further test in which the
stimuli were presented individually.

The conclusion that emerges from these experiments with ani-
mal subjects is that the extent to which comparison facilitates
perceptual learning is, at best, limited. Presenting the critical
stimuli in alternation is clearly beneficial (as shown by the basic
intermixed-blocked effect), and presenting both concurrently will
facilitate the acquisition of some forms of discrimination. But the
longer term changes in the perceptual effectiveness of stimuli that
characterize perceptual learning do not benefit from the opportu-
nity to compare the stimuli directly. The theoretical interpretations
of perceptual learning in animals, discussed next, make use of
learning principles that can accommodate this conclusion.

Theoretical Interpretation of the
Intermixed-Blocked Effect

The intermixed-blocked effect has been investigated intensively
over the last decade (mostly in experiments using rats, the gener-
alization test, and flavors as the stimuli), and its source is thought
now to be well understood. Two mechanisms have been argued to
be involved, both of which can be introduced by reference to
Figure 1. This shows, schematically, a schedule of stimulus pre-
exposure of the sort used in an experiment like that by Blair and
Hall (2003), described previously. The figure depicts the proce-
dure in which rats are given access, twice a day, to compound
flavor solutions; each is presented four times, the compounds AX
and BX according to an intermixed schedule, and CX as a separate
block of trials. Recall that after conditioning with AX, generaliza-
tion to BX was less than to CX (the intermixed-blocked effect that
we need to explain).

Although no explicit reinforcement is given, various forms of
learning can be expected to occur during such preexposure. That
responsible for latent inhibition has already been discussed and has
been shown not to be relevant to the explanation of this form of
perceptual learning. We focus here on two others, one associative
and one nonassociative. The latter is the well-known phenomenon
of habituation—the observation that repeated nonreinforced expo-
sure to a stimulus will reduce its ability to evoke a response.
According to Hall (2003) this effect may be taken to reflect a
change in the effective salience of the stimulus, in which case all
the components of the stimuli (A, B, C, and particularly X, which
is experienced more often) will be effectively less salient at the end
of the preexposure phase than at the beginning. The associative
process, within-compound conditioning, is equally well estab-
lished (e.g., Rescorla & Durlach, 1981). According to standard
associative principles, the cooccurence of the two elements A and
X on the first trial can be expected to establish an associative link
between them; this may weaken or extinguish on the next trial, on
which X occurs in the absence of A, but on this trial an association
between B and X will form (and so on). The “thought bubbles”
added to the figure are an attempt to represent one consequence of
this learning. The associations governed by the X element will
result, during the intermixed phase, in activation of the represen-
tation of the unique feature, now absent, that was present on the
preceding trial. Thus, on AX trials, B will be activated associa-
tively, and on BX trials A will be activated associatively.

We now need to specify how these learning processes might
result in subjects showing less generalization between AX and BX
than between AX and CX. There is evidence to support the
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operation of two processes, which we refer to as associative
inhibition and salience modulation.

Associative inhibition. McLaren and Mackintosh (2000; see
also McLaren et al., 1989) have pointed out that the within-
compound associations just described do not exhaust the list of
associative connections that will be formed during preexposure.
Specifically, standard associative theory (e.g., Wagner, 1981) pre-
dicts that, as a consequence of intermixed preexposure, inhibitory
links might form between the representations of the unique fea-
tures A and B. In simple terms, the within-compound associations
ensure that A is expected (its representation is activated associa-
tively) on trials when B occurs, and B is expected on trials on
which A occurs; B will thus become a signal for the absence of A,
and A for the absence of B. With sufficient training A will come
to inhibit activation of the B representation, and B of the A
representation. Admittedly most demonstrations of inhibitory as-
sociative learning have come from experiments involving an event
of motivational significance, but experiments by Espinet, Gonza-
lez, and Balleine (2004) and by Espinet, Artigas, and Balleine
(2008) have shown that the effect can be found when neutral
stimuli are used (and in the second of these reports, the stimuli
were flavors of the sort used in studies of perceptual learning).

This analysis explains the results obtained from generalization
testing as follows. When, after conditioning with AX, animals are
tested with the blocked stimulus, CX, responding will occur both
because this stimulus contains the conditioned X element and
because an excitatory X-A link will activate the representation of
the A element (a stimulus that has also undergone conditioning).
This second source of generalization will be denied to subjects that
are tested with the intermixed stimulus BX. For these, the presence
of the B element in BX will inhibit activation of the A element.
Associative activation of the A representation will, therefore, be
unable to contribute to responding. More generally, discrimination
between AX and BX is superior to discrimination between AX and
CX, because the first pair of stimuli has fewer elements in common
than does the second pair. For AX and BX the only elements
activated will be those actually presented (others being suppressed

by associative inhibition) so that the only common element will be
X. CX, on the other hand, will be able to activate A (and B)
associatively and will thus have both X and A in common with
AX.

Evidence in favor of this hypothesis comes from demonstrations
that intermixed exposure to AX and BX can indeed establish
inhibition between A and B. One early finding taken to support the
inhibition hypothesis has become known as the “Espinet effect.”
Espinet, Iraola, Bennett, and Mackintosh (1995; see also Artigas,
Chamizo, & Peris, 2001) presented rats with the flavor compounds
AX and BX in an intermixed fashion and then conditioned an
aversion to A alone with an injection of lithium chloride. Subse-
quent tests of B (using both retardation and summation test pro-
cedures; Rescorla, 1969) indicated that B had acquired the power
to act as an inhibitor for the unconditioned stimulus (US) of illness.
Given certain assumptions, this outcome is consistent with the
notion that the initial training had established mutual inhibition
between A and B. Bennett, Scahill, Griffiths, and Mackintosh
(1999) took the analysis a step further by demonstrating that this
effect requires intermixed preexposure and was not observed in
control subjects given blocked preexposure to AX and BX. (The
implications of a further study by Prados, Hall, & Leonard, 2004,
showing that under certain preexposure conditions a perceptual
learning effect can be obtained when the Espinet effect is quite
absent, are taken up later).

Bennett et al. (1999) sought further support for the associative
inhibition hypothesis using a preexposure procedure in which the
stimuli were presented in pairs, in quick succession on each trial
(e.g., AX immediately followed by BX, or vice versa). The ar-
rangement in which BX follows AX should be especially effective
in establishing B as an inhibitor of A (Wagner & Larew, 1985);
and, indeed, Bennett et al. found that generalization from AX to
BX was poor after AX¡BX preexposure, a result consistent with
the notion that B was able to inhibit the representation of A on test.
It should be acknowledged, however, that an alternative explana-
tion of this particular effect in terms of habituation is possible.
Artigas, Contel, Sansa, and Prados (2012) have argued that habit-

Figure 1. Representation of the preexposure procedure used with rats (e.g., Blair & Hall, 2003), in which
access to a compound flavor is given twice a day, there being four presentations each of AX and BX, presented
in alternation, and a block of four CX trials. The “bubbles” indicate that the formation of within-compound
associations will allow associative activation of the representations of features that are absent.
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uation to A is likely to proceed less well in subjects given the
AX¡BX sequence than in those given BX¡AX. Habituation to A
will be disrupted by the presence of a salient X in the former case
but not in the latter, in which X itself has already undergone
habituation. If so, then the salience of A will be greater following
AX¡BX than BX¡AX preexposure. It further follows that the
presence of A during conditioning with AX will be more likely to
interfere with (overshadow) acquisition by X in the former condi-
tion. The poor generalization to BX observed by Bennett et al.,
following AX¡BX preexposure and subsequent conditioning with
AX, could, therefore, simply indicate that the common X element
had acquired little associative strength.

Clearly it would be useful to have a more direct measure of the
ability of intermixed exposure to establish inhibition between A
and B. This has been supplied in a series of experiments by Dwyer
et al. (Dwyer, Bennett, & Mackintosh, 2001; Dwyer & Mackin-
tosh, 2002). In the first of these studies, Dwyer et al. (2001) gave
their rats intermixed or blocked exposure to sweet lemon (AX) and
salty lemon (BX). They then presented rats with a solution con-
taining both sucrose and salt (AB). Their aim was to examine the
ease with which an A-B association would be formed; inhibition
between A and B should slow the formation of such an association.
To test this, they induced in the animals a state of salt need through
an injection that is known to render salt, and other flavors associ-
ated with salt, more palatable (Fudim, 1978; Rescorla & Durlach,
1981). Thus, animals that have learned a strong sucrose-salt asso-
ciation might be expected to consume more sucrose solution on
test. Dwyer et al. found that animals given intermixed preexposure
to AX and BX drank less sucrose (A) on test than those given
blocked preexposure. This result is consistent with the idea that
intermixed preexposure to AX and BX led to the formation of an
inhibitory link between A and B.

Further support comes from a subsequent study in which Dwyer
and Mackintosh (2002) again gave rats preexposure to compounds
of saline and lemon and of sucrose and lemon (AX and BX) in an
intermixed or blocked fashion. They then presented a peppermint-
saline solution and induced a salt need in order to increase the
tendency to consume peppermint. On test, the rats were given
access to a mixture of sucrose and peppermint; those in the
blocked condition consumed more of this than those in the inter-
mixed condition. Dwyer and Mackintosh argued that the presence
of sucrose in the intermixed but not the blocked condition served
to inhibit the representation of salt that would otherwise have been
activated by the peppermint flavor. This inhibition of the repre-
sentation of the desired salt rendered the sucrose-peppermint com-
pound less attractive for subjects given intermixed preexposure.

Taken together, the various experiments described in this sec-
tion provide reasonably convincing evidence that intermixed ex-
posure to AX and BX can result in inhibition between A and B. We
conclude that such inhibition is one likely source of the
intermixed-blocked effect obtained in flavor-aversion leaning in
rats. But, as we have said, this does not preclude the possibility that
other processes contribute to the effect. We turn next to a direct
consideration of the roles of habituation and salience modulation.

Salience modulation. Discrimination between two similar
stimuli (such as AX and BX) requires that behavior be controlled
by their unique and distinctive features (A and B) rather than by
features they hold in common (X). Preexposure to the stimuli
would thus result in a perceptual learning effect if it succeeded in

enhancing the effective salience of the distinctive features A and B
relative to that of the common features X. This is the essence of the
salience-modulation theory proposed by Hall (2003). It accepts, in
common with the McLaren and Mackintosh (2000) theory, that
preexposure to stimuli will establish within-compound associa-
tions as depicted in Figure 1 and that these will allow the asso-
ciative activation of certain stimulus elements on trials when the
stimulus itself is not presented (essentially, presentation of X will
make the animal think about A and B). For Hall, however, the
important consequence of the associative activation of A and B
representations is not that it might allow the development of
inhibition between them; rather he suggested that associative ac-
tivation of a stimulus representation can increase its effective
salience. This mechanism is explained in more detail next.

Repeated presentation of a stimulus results in a reduction in its
effectiveness—the well-known phenomenon of habituation (see,
e.g., Hall, 1991). Hall (2003) has characterized this effect as
reflecting a reduction in the effective salience of the stimulus. The
preexposure procedures used in perceptual learning experiments
might thus be thought of as tending to produce a reduction in the
effective salience of all the stimulus features presented. Hall sug-
gested, however, that in some circumstances this habituation effect
could be reversed. Specifically he suggested that this reversal will
occur when a stimulus representation is activated, but the stimulus
is not itself present. That is, associative activation of a stimulus
representation will lead to an increase in the salience of that
stimulus. How does this explain the intermixed-blocked effect?

Intermixed AX/BX presentations will lead to the formation of
X-A and X-B associations, each of which will be strengthened on
every alternate trial. As a consequence, the representations of A
and B will be activated in the absence of A and B on BX and AX
trials, respectively. That is, animals will be reminded of A on BX
trials and of B on AX trials. On these trials, therefore, the salience
of A and B will increase; the salience of X will continue to decline.
In contrast, on the blocked schedule (all AX presentations fol-
lowed by all BX presentations, or vice versa) the X-A and X-B
associations are not maintained throughout preexposure as they are
in the intermixed condition. There will, therefore, be little asso-
ciative activation of A and B and therefore little reverse habitua-
tion of these elements; all elements (A, B, and X) will suffer a loss
of effective salience. Overall then, the A and B features will have
been associatively activated on many BX and AX trials in the
intermixed but not the blocked schedule. The A and B features
will, therefore, be more salient following intermixed than blocked
exposure.

Hall (2003) did not propose a mechanism for this reverse
habituation process but one emerges from the McLaren and Mack-
intosh (2000) model. This model views habituation as being, in
part, the consequence of a unitization process in which associative
links are formed among the various components of a stimulus.
Thus, exposure to AX and BX will lead not only to links between
elements (X-A and X-B) but also to links within the various
components that constitute the stimuli A, B, and X. The various
components that go to make up, for example, element A will
become connected to each other (unitized) and A will become
habituated. This is because one element of A (call it a1) will prime,
via an associative link, another element of A (a2), and so the
salience of a2 will be reduced (priming of one stimulus by another
leads to habituation—a reduction in salience—in the model). A
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further feature of the model is that simultaneous associative acti-
vation of more than one stimulus will weaken any associative links
between those stimuli. Thus, if stimulus A is activated associa-
tively when BX is presented (via an X-A link), the links within A
(among the various components that make up A, such as a1 and
a2) will be weakened—the habituation process will be reversed,
and the salience of A will be maintained.

Support for the proposal that intermixed exposure to AX and
BX will maintain the effective salience of the features A and B has
come from experiments using Blair and Hall’s (2003) within-
subject design described previously (see Figure 1), in which rats
were exposed to intermixed trials of AX and BX as well as a
separate block of CX trials (AX/BX_CX). According to the hy-
pothesis, such training should leave stimulus C with low effective
salience, whereas that of A and of B should be higher. One way to
test this theory is to examine whether the associability of A and B
is higher than C following preexposure (see e.g., Dwyer & Honey,
2007). Thus, the greater the salience, the greater the ease with
which the stimulus will become associated with some biologically
significant outcome such as nausea following injection of LiCl.
We shall not, however, take this approach here. This is because the
associability of A, B, and C might be affected by factors other than
stimulus salience (e.g., associations formed in preexposure might
interfere with new learning). More direct measures of salience
have, however, been developed, and these will be the focus of the
following survey.

Blair and Hall (2003) tested Hall’s (2003) hypothesis using what
they referred to as a superimposition test. In this test, following
AX/BX_CX preexposure, the compound stimuli BX and CX were
presented. Between preexposure and test, the X element was
paired with the administration of LiCl, rendering it aversive. In
these circumstances, the expression of the aversion to X will be
determined on test, all else being equal, by the salience of the other
element of the compound. Thus, if B, for example, is very salient,
the animal may not notice the aversive X and will readily drink
BX. Conversely, if B is not very salient, X will be more prominent,
and the animal will avoid BX. Blair and Hall found that the rats
consumed more of BX than CX; that is, the ability of stimulus X
to evoke its conditioned response was reduced by the presence of
B in the compound. They concluded that the more salient B was
better able to interfere with the perception of the X stimulus than
was the less salient C element. It may be noted that this result is not
readily explained in terms of inhibition between A and B as a
consequence of AX/BX preexposure. Specifically, this test proce-
dure does not involve conditioning of A, and so inhibition between
A and B should not affect consumption on test.

In a related study, Blair and Hall (2003) gave AX/BX_CX
preexposure in which the X element was saline. They again found
that after an aversion had been conditioned to X, consumption of
BX was greater than that of CX. However, when a salt need was
induced prior to the test in another group of rats, rendering X
highly palatable, consumption of BX was lower than that of CX.
Both of these results are consistent with the idea that the presence
of the highly salient B element interfered with the perception of X.
This reduced the aversiveness of BX when X was aversive but also
reduced the palatability of BX when X was palatable.

In a series of follow-up studies Blair, Wilkinson, and Hall
(2004) gave rats the same preexposure schedule (i.e., AX/BX_CX)
but assessed its impact on the effective salience of the elements B

and C in a range of different ways. In one study they examined the
unconditioned response controlled by these stimuli. Rats find
quinine aversive and sucrose appetitive, and this effect is related
(within limits) to the strength of the solution. Following AX/
BX_CX preexposure, rats consumed less quinine on test if quinine
had served as the B (intermixed) element in preexposure than if it
had served as the C (blocked) element. Conversely, rats consumed
more sucrose on test if sucrose had served as B than if it had served
as C. This suggests that flavors that had served as unique elements
on an intermixed preexposure schedule (element B) were function-
ally more salient than those preexposed on a blocked schedule (as
element C).

The complementary roles of associative inhibition and sa-
lience modulation. There is evidence to confirm the viability of
both associative inhibition and salience modulation in generating
the intermixed-blocked effect in animals. There is reason to think,
however, that the contribution of each varies according to the
conditions (specifically, the extent) of training. To develop this
analysis we begin by considering examples of the intermixed-
blocked perceptual learning effect that are not to be explained in
terms of the associative inhibition mechanism.

We have already mentioned two instances: Recall that Blair and
Hall (2003), with their superimposition test, found a perceptual
learning effect in circumstances in which associative inhibition
could not be operating; also that Prados et al. (2004) found an
intermixed-blocked effect in flavor perceptual learning in rats, but
no evidence for the Espinet effect (a test for inhibition) using
exactly the same preexposure parameters. Even more telling is a
study by Artigas, Sansa, Blair, Hall, and Prados (2006) that dem-
onstrated the intermixed-blocked effect in perceptual learning
alongside an effect that was quite the opposite of that predicted by
the inhibition account. In brief, they found that, following AX/
BX_CX preexposure, rats learned a B-A association faster than
they learned a B-C association—quite the opposite of what would
be expected if an inhibitory link had formed between B and A but
not between B and C. The details of the experiment are presented
below.

In Artigas, Sansa, Blair, et al.’s (2006) Experiment 1, rats
received preexposure to three compound flavors AX/BX_CX (the
design used by Blair & Hall, 2003) and generalization between AX
and BX was found to be weaker than between AX and CX—a
standard intermixed-blocked effect. In Experiment 2, AX/BX_CX
preexposure was again given. For some rats element A was salt,
whereas for other rats C was salt. In a second phase, B was
paired with salt. That is, B-A pairings were given in group
intermixed, whereas B-C pairings were given in group blocked.
A salt need was then induced in all rats. Artigas et al. were
interested in the degree to which the palatability of B changed as
a result of pairings with salt (A or C) after the induction of this salt
need. They found that consumption of B was higher in the inter-
mixed group, for whom element A was salt, than it was in the
blocked group for whom C was salt. Thus the B-A association in
the intermixed group appeared to have been learned faster than the
B-C association in the blocked group. As noted above, this result
is the opposite of that predicted by the notion that A and B entered
an inhibitory relationship in the first phase of training. It may be
added that this result is what would be expected on the basis of the
salience-modulation account of the intermixed-blocked effect. Ac-
cording to that account the perceptual learning effect seen in
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Experiment 1 reflects the fact that the salience of A and B is high,
whereas that of C is low; this notion readily predicts the result of
Experiment 2 in which A is better able to form the association with
salt than is C.

The experiments just described establish that the intermixed-
blocked perceptual learning effect can be obtained when the pre-
exposure conditions are such that inhibition between A and B is
not generated (and the last of them is supportive of the salience
modulation account). It is important to note, however, that in all of
them, relatively few trials were given during the preexposure phase
(usually four presentations of each, as in Figure 1). As we have
already said, the development of inhibition between A and B may
require extensive initial exposure to AX and BX, and in the
experiments that demonstrated such inhibition (Dwyer et al., 2001:
Dwyer & Mackintosh, 2002) much more exposure was given.
Could it be that the intermixed-blocked effect obtained after re-
stricted initial preexposure depends on changes in effective sa-
lience, whereas that obtained after prolonged exposure depends on
the inhibitory mechanism?

Answering this question requires direct comparison the effects
of brief and of more prolonged exposure on associative inhibition
and on salience modulation. Artigas, Sansa, and Prados (2006)
have examined the first of these. They gave rats intermixed or
blocked exposure to two flavor compounds AX and BX. Half of
the animals were given four presentations each of AX and BX (the
short-exposure groups). The remaining animals were given 10
presentations each of AX and BX (the long-exposure groups).
Artigas et al. then tested both for a perceptual learning effect and
also for evidence of inhibition between A and B (by testing for the
Espinet effect). Although an intermixed-blocked effect appeared in
perceptual learning in both the short and the long groups, evidence
of inhibition between A and B was seen only in the long-exposure
groups.

The implication that salience modulation effects should be less
evident after lengthy preexposure has been tested and confirmed
by Contel, Sansa, Artigas, and Prados (2011). They assessed the
effective salience of the A feature by testing the response it
governed after conditioning with AX as the CS (a more salient A
would be expected to have acquired conditioned strength more
readily). They found, by this measure, that A was more salient
after intermixed than after blocked preexposure in subjects given
just four trials each of AX and BX during preexposure (but see
also Mondragón & Hall, 2002). Increasing the number of preex-
posure trials to eight each of AX and BX led to a reduction in the
salience of A in the intermixed conditioned and a reduction in the
difference between intermixed and blocked groups. Contel et al.
(2011) concluded that salience modulation effects are evident only
after relatively short preexposure.

Perceptual Learning in Animals: Conclusions

This survey of the literature reveals that several processes are
likely to be active in generating the perceptual learning effect
observed with animal subjects. First, exposure to the stimuli will
result in varying degrees of latent inhibition of their various
components. Exposure to AX and BX will mean that X in partic-
ular will suffer extensive latent inhibition, and this is enough to
explain why generalization to BX after conditioning with AX
(which will depend on the associative strength acquired by X)

should be limited. But this mechanism cannot be the only source
of perceptual learning. Most important, it cannot explain why
intermixed preexposure should be so much more effective than the
blocked arrangement, and attempts to explain this difference have
constituted the main focus of research into perceptual learning in
animals over the past decade.

That intermixed preexposure should be especially effective fits
well with the common-sense view that perceptual learning will be
promoted by a procedure that increases the opportunity for the
relevant stimuli to be compared. But, as we have seen, the mech-
anism responsible for the effect does not appear to depend on
comparison as it is usually conceived; in particular, the advantage
bestowed by intermixed exposure is not enhanced by reducing the
interval between successive presentations of the stimuli. We
turned, therefore, to interpretations that depend on longer-term,
associative, learning processes. We have considered two of
these—salience modulation and associative inhibition.

Both of these accounts assume that exposure to AX and BX will
allow the formation of associations between the component parts
of the stimuli: between X and A, and between X and B. Both also
suggest that these associations can generate effects that might aid
discrimination between AX and BX following exposure on an
intermixed schedule. The salience-modulation account accepts that
exposure to a stimulus will reduce its effective salience by way of
habituation. It proposes, however, that this effect will be reversed
when a stimulus representation is activated in the absence of the
stimulus itself. The within-stimulus associations established and
maintained by intermixed preexposure ensure that A is activated
on BX trials and that B is activated on AX trials—the effective
salience of the unique features A and B (critical for discrimination
between AX and BX) is thus maintained. The associative-
inhibition account addresses the fact that the existence of within-
stimulus associations is, in itself, likely to hinder discrimination
between A and B—these associations will mean that the represen-
tation of B will be activated on AX trials as will the representation
of A on BX trials. But the standard principles of associative theory
predict that intermixed exposure to AX and BX will (given suffi-
cient training) establish inhibitory links between A and B. The
disadvantage created by the ability of AX to activate the B repre-
sentation (and of BX to activate A) will therefore be nullified.

These two theories should not be thought of as alternatives
(Contel et al., 2011). Salience modulation effects appear to operate
only early in training. With extended exposure, the habituation
process may well reduce the salience of all components of the
stimuli. That is, the reverse-habituation process of Hall (2003) may
only attenuate, rather than abolish, the effects of exposure on
salience. Associative inhibition effects, on the other hand, appear
to be important only when exposure to the stimuli is prolonged.
Indeed, for animals to detect that A predicts the absence of B, and
vice versa, they must be able detect the unique features A and B
and in this, the salience modulation process may be helpful. The
experiments we have discussed support the implication that both
processes operate but do so at different stages of training.

In the next major section of this article, the principles of per-
ceptual learning identified in the animal experiments are investi-
gated in experiments with human participants. Given the extensive
differences between the procedures used in the animal experiments
and those typically used with humans, the reader may be skeptical
that the mechanisms outlined above (latent inhibition, conditioned
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inhibition, and salience modulation) could, in principle, also op-
erate in studies of human perceptual learning. The proof of the
pudding will be in the eating, but the issue deserves some prelim-
inary consideration.

One difference between human and animal experiments is that
the former have relied largely on the generalization test as a
measure of perceptual discriminability, whereas the latter have
usually used more direct measures (e.g., a same-different task or
the ability to detect a discriminating feature). The potential prob-
lem here is that, generalization of a conditioned response will be
affected by factors, such as the strength of the association respon-
sible for that response, that are unrelated to perceived stimulus
similarity (see Mitchell, 2009). Only when these other factors are
carefully controlled will the results of a generalization test give
information relevant to understanding performance on (e.g.) the
same-different task. We are confident, however, that such control
has been achieved in most of the experiments described above
(and, in addition, interpretations generated by studies using the
generalization test have been confirmed by experiments using
other testing procedures, e.g., by the superimposition test of Blair
& Hall, 2003).

A further, quite striking, difference concerns the amount of
training employed. Studies with human participants have com-
monly given very extensive training involving hundreds of trials.
The animal experiments have used much less—Hall’s salience
modulation mechanism, for example, requires only four presenta-
tions of each stimulus to be demonstrated. This difference may
seem to imply that different mechanisms are involved in the two
procedures, but it does not require this conclusion. It may, for
instance, simply be a parametric matter, to do with the nature of
the stimuli used. The animal experiments have used stimuli that,
although they are imperfectly discriminated to start with, are none
the less rather different from one another; experiments with hu-
mans have used stimuli that are very similar indeed (thus requiring
more training for an effect). Moreover, with some stimuli, percep-
tual learning effects in people can be obtained quite rapidly;
Mundy, Honey, and Dwyer (2007), using pictures of faces as the
stimuli, showed a reliable perceptual learning effect after only five
presentations of each stimulus.

There remains one inevitable difference between the human and
animal procedures—only in the former are the subjects intention-
ally seeking to detect differences between the stimuli. In many
procedures, the human participants are given instructions telling
them to look for differences between the stimuli; in some they are
specifically informed what sort of differences to concentrate on
(the apprentice chicken-sexer is told that the key feature is the
distance between the anal and genital papillae). In such cases the
participants know exactly what the target stimulus is; in a sense,
they are experts at the task before they begin training. Animals
cannot be instructed what to look out for in the task ahead of them.
It could be argued, then, that the mechanisms of animal perceptual
learning will not be the same as those in operation in humans who
have been given such instructions because, for animals, the central
task must be to discover what that critical, discriminating feature
is.

We take up this last point later in the article. But to begin the
analysis, in the next section, we concentrate on human experimen-
tal procedures that are broadly analogous to those used with
animals; they use complex multidimensional stimuli, and partici-

pants are not instructed in advance as to the precise nature of the
distinguishing stimulus features. The initial question, therefore, is
whether the results of experiments in humans, that are procedurally
similar to those conducted in animals, can be explained in terms of
the mechanisms of animal perceptual learning described above.

Application to Perceptual Learning in Humans

Mackintosh and Bennett (1998) presented a review assessing the
extent to which principles derived from studies of the phenomenon
in animals might be successfully applied to the explanation of
perceptual learning in people. Their conclusion was generally
positive—that the principles derived from animal learning theory
seem well fitted to explain human perceptual learning (or at least
those instances of it that appear to derive from implicit or unin-
tentional learning processes). Our intention here is to update this
review in the light both of theoretical developments that have
come from continued experimentation with animals and also of the
body of experimental evidence on human perceptual learning that
has become available only since Mackintosh and Bennett wrote
their review. Their review briefly discussed the classic instances—
the abilities of the expert (e.g., the chicken-sexer; Biederman &
Shiffar, 1987), the effects of familiarity on face recognition (e.g.,
Chiroro & Valentine, 1995), and training effects in simple sensory
discriminations (e.g., Poggio, Fahle, & Edelman, 1992). But these
were presented simply as examples of the phenomena to be ex-
plained, and the argument offered was that, in principle, an expla-
nation of human perceptual learning in terms of animal learning
theory is possible. But work conducted since 1998 means that we
now have available a set of experimental studies with human
participants that not only demonstrate the phenomena but have
been explicitly arranged to allow the testing of explanatory theo-
ries. Next we outline the main findings to come from this body of
work, before going on to attempt to apply to it the theories based
on animal studies that were described in the previous section.

Method

Most of the experiments to be discussed have made use of
artificially constructed visual stimuli (exceptions are the studies by
Dwyer, Hodder, & Honey, 2004, and Mundy, Dwyer, & Honey,
2006, who used compound flavors in a procedure that closely
paralleled the experiments done with rats). The stimuli have been
devised so as to be difficult to discriminate (at least when first met
with). This has usually been arranged by ensuring that they share
a large number of irrelevant, nondistinguishing features. An ex-
ample is provided by the checkerboard displays illustrated in
Figure 2 (from Mitchell, Kadib, Nash, Lavis, & Hall, 2008). These
all have the same background pattern, shown at the bottom of the
figure; each of the other four checkerboards shown in the figure,
used as the experimental stimuli, has a unique feature added
(outlined in black for illustrative purposes in Figure 2). In the
terminology applied to the animal experiments, the background
constitutes the common component, X; the added features generate
four different compound stimuli, AX, BX, CX, and DX (where
A–D refers to the added distinctive feature). Other experiments
have made use of pictures of faces—somewhat more natural, but
again artificially manipulated for the purposes of analytic study.
Modern morphing techniques allow a picture of a face to be
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modified marginally, producing two images that are very similar
(an example, taken from Mundy et al., 2007, is shown in Figure 3).
These stimuli can still be conceptualized, however, as possessing
a set of common features (X) and distinctive features (A and B).

The basic procedure has involved preexposure to these stimuli,
followed by a test of discrimination. In some studies this test has
taken essentially the same form as that used with animals. That is,
it has involved explicit discrimination training in which the stimuli
are associated with different events and consequences. For exam-
ple, the participant might be required to learn (by way of feedback)
to perform a categorization in which one response key must be
pressed when AX is presented, and a different key when BX is
presented. An alternative procedure, less readily available for
animal subjects, is to use the same-different task, in which partic-

ipants are presented with stimuli in pairs (usually in quick succes-
sion) and are instructed to say whether the two are the same or
different.

Preexposure Facilitates Discrimination

A simple example of the basic preexposure effect is supplied by
Wang and Mitchell (2011, Experiment 1). The stimuli were two
checkerboards similar to those shown in Figure 2. Participants
received initial exposure in which AX and BX were presented in
alternation, 60 times each; each presentation lasted 480 ms, and the
interval between trials was 2 s. Discrimination was tested by way
of the same-different task that showed that the participants were
better able to discriminate the preexposed AX and BX than novel
stimuli, CY and DY (stimuli with different distinctive features, C
and D, superimposed on a different common background, Y). (See
also Goldstone, 1994; A. J. Wills & McLaren, 1998; A. J. Wills,
Suret, & McLaren, 2004, for related results).

As was true for studies done with animals, an effect of this sort
can be explained without recourse to the mechanisms (inhibition
and salience modulation) influencing the effectiveness of the dis-
tinctive features of the stimuli that are our primary concern.
Preexposure to AX and BX may enhance discrimination, simply
because it involves extensive exposure to the X element. As we
have noted, Bennett et al. (1994) have shown for rats, that preex-
posure to X alone is enough to restrict generalization from AX to
BX. Wang and Mitchell (2011; Experiment 2) have demonstrated
a parallel effect in their procedure, finding enhanced performance
(again on the same-different, AX-BX discrimination) when preex-
posure consisted simply of 120 presentations of X. Mundy et al.
(2007) have obtained a similar result using pictures of faces as the
stimuli. In the test phase the participants were required to catego-
rize two faces, AX and BX (like those shown in Figure 3), one as
left-handed and one as right-handed. Initially they had to guess,
but feedback was given allowing a reliable discrimination to be
established. Prior to this test, the participants were preexposed to
the morphed average of two faces, which can be conceptualized as
X (i.e., the features that the two hold in common). Performance
was found to be better for AX and BX than for a novel pair of
similar faces CY and DY.

The effect of preexposure to X in the animal studies (e.g.,
Bennett et al., 1994) was interpreted in terms of latent inhibition,
which was equated with a reduction in the associability of the
preexposed stimulus. A stimulus that is low in associability will
condition only slowly, thus explaining why generalization between
AX and BX should be poor. The same process can explain why
performance should be enhanced on the categorization task of
Mundy et al. (2007); if X is low in associability it will be poor at
forming an association with a given response (left-handed, say)
and performance based on learning about the critical features, A
and B, will be correspondingly enhanced. It should be noted,
however, that this interpretation of the latent inhibition effect
would not be relevant for performance on the same-different task
of Wang and Mitchell (2011), in which no new associative learn-
ing is required. To explain this result it is necessary to assume that
a preexposed stimulus suffers a reduction in its ability to command
attention more generally (rather than in just that aspect of attention
necessary to support further associative learning).

Figure 2. Checkerboard stimuli, as used in the experiments by Mitchell,
Kadib, Nash, Lavis, and Hall (2008). The display at the bottom is the
common background (X) used for all stimuli. In the other four, a distinctive
feature (A, B, C, or D), consisting of pattern of six adjacent squares, has
been added. The features are outlined in black for illustrative purposes
only. Reprinted from “Analysis of the Role of Associative Inhibition in
Perceptual Learning by Means of the Same–Different Task,” by C. Mitch-
ell, R. Kadib, S. Nash, Y. Lavis, and G. Hall, 2008, Journal of Experi-
mental Psychology: Animal Behavior Processes, 34, p. 476. Copyright
2008 by the American Psychological Association.
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The Intermixed-Blocked Effect and
Stimulus Comparison

The difference demonstrated for animal subjects, between the
effects of intermixed and blocked schedules, indicates that preex-
posure has effects beyond those to be explained in terms of amount
of experience of the common X elements. Accordingly, explana-
tion of the intermixed-blocked effect has been a central concern of
recent theorizing. It is important to establish, therefore, that the
effect is to be found with human participants just as with rat
subjects.

An example comes from an experiment by Lavis and Mitchell
(2006) using checkerboard stimuli similar to those shown in Figure
2. In preexposure the participants saw 60 presentations of each of
these stimuli: AX and BX were presented in alternation (the
intermixed schedule); the CX trials constituted a separate block, as
did the DX trials. (The order of these phases of stimulus presen-
tation was counterbalanced across subjects, as was the identity of
the checkerboard that was designated as AX, BX, CX, or DX.) The
subsequent test showed that the participants were better able to
discriminate between AX and BX than between CX and DX. This
was true both when the test involved new learning (as in the
generalization test used for rat subjects) and when it did not. In the
former the participants were required to learn to make different
responses to AX and BX, and to CX and DX (feedback was given),
and performance was found to be much superior with the inter-
mixed pair. In the latter they were simply required to make a
same-different judgment when presented with two stimuli, one
after the other; they proved to be much better at responding
“different” to the AX/BX pair than to the CX/DX pair. Other
demonstrations of the superiority of intermixed over blocked pre-
exposure have come from experiments using flavors (Dwyer et al.,
2004), pictures of faces (Mundy et al., 2007), and colored shapes
(Nelson & Sanjuan, 2009) as the stimuli.

We noted with respect to the animal experiments that, although
presenting the stimuli in alternation is beneficial, there is no extra

benefit to be gained by presenting them concurrently. Indeed, the
formation of associations between two stimuli displayed together
might serve to retard subsequent discrimination between them.
Parallel experiments with human participants have produced a
different pattern of results. Mundy et al. (2007, Experiments 3 and
4) presented pairs of similar faces either simultaneously (side by
side) or successively (on an alternating schedule). Performance on
a categorization task was better for the face pairs that had been
presented simultaneously than those that had been presented suc-
cessively. Mundy, Honey, and Dwyer (2009), demonstrated essen-
tially the same effect using checkerboard stimuli.

Further confirmation of the importance of comparison comes
from a recent experiment by Dwyer, Mundy, and Honey (2011), in
which a distractor stimulus (e.g., a checkerboard) was inserted,
during intermixed preexposure, between successive presentations
of the two displays (two similar faces) that subsequently had to be
discriminated. The distractor, which might be assumed to prevent
direct comparison of AX and BX, attenuated the advantage nor-
mally bestowed by intermixed preexposure.

In contrast, for animal subjects, even when any effects of
within-display associations were eliminated, simultaneous stimu-
lus presentation did not lead to greater perceptual learning. It
appears then that humans, but not rats, can benefit from the
opportunity to compare the stimuli very directly during preexpo-
sure. The implications of this conclusion are taken up later. For the
time being it is enough to note that in the experiments to be
described shortly (designed to evaluate the application of inhibi-
tion and salience modulation theory to the intermixed-blocked
effect in humans) the stimuli have been presented successively
during preexposure.

Self-Generated Feedback

Before turning to a description of these experiments, it will be
useful to address the argument that, in the tasks employed for
human participants, the form of learning that goes on during

Figure 3. Two of the faces used in the study by Mundy et al. (2007). Reprinted from “Simultaneous
Presentation of Similar Stimuli Produces Perceptual Learning in Human Picture Processing,” by M. E. Mundy,
R. C. Honey, and D. M. Dwyer, 2007, Journal of Experimental Psychology: Animal Behavior Processes, 33,
p. 126. Copyright 2007 by the American Psychological Association.
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exposure to the stimuli is necessarily different from that at work in
the animal experiments. The theories developed to account for the
results of the animal experiments described above are specifically
devised to deal with the effects of mere exposure, it being ac-
knowledged at the outset that other, or additional, mechanisms will
operate when differential feedback is given. The argument has
been made, however, that many of the procedures devised for the
study of human perceptual learning (e.g., Lavis & Mitchell, 2006;
Mundy et al., 2007) have failed to exclude the operation of
feedback, so that the learning produced is potentially a conse-
quence of reinforcement rather than the form of perceptual learn-
ing we are primarily interested in (Mackintosh & Bennett, 1998;
see also Mackintosh, 2009).

People subjected to a set of presentations of similar stimuli will
inevitably try to detect differences among them. In many of the
experiments described here, they are instructed to do so (e.g.,
Wang and Mitchell’s, 2011, participants were “instructed to pay
attention to the presented stimuli and that any differences detected
would be useful later in the experiment,” p. 438). But even in the
absence of explicit instruction, the social psychology of the situ-
ation seems certain to be enough to make people look for differ-
ences. In these circumstances we can reasonably assume that
detecting a difference will generate a feeling of mild satisfaction
(i.e., will constitute a small reward). It is the likely occurrence of
this “self-generated feedback” that led Mackintosh (2009) to argue
that the effects seen in the human experiments were produced by
a different mechanism from those at work in the animal experi-
ments.

Mackintosh (2009) was particularly concerned with the possi-
bility that differential reinforcement could teach subjects to attend
to some aspects of a stimulus array rather than other aspects. For
example, for a complex visual display having a distinctive yellow
feature, the reward of spotting this feature will reinforce the
tendency to look for yellow features, and future discrimination
performance could be facilitated. (There is evidence from studies
of eyegaze, described later, that is entirely consistent with this
possibility.) That is, deliberate search for the discriminating fea-
tures can support associative learning relevant to those features,
via reinforcement, even in the absence of any externally supplied
feedback. This same point has been made in the perception liter-
ature. Thus, when participants perform reasonably well on a sim-
ple stimulus threshold task, the self-generated feedback produced
by regular detection of the target stimulus will serve as reinforce-
ment and lead to reweighting of the target stimulus feature in
Petrov et al.’s (2005) Hebbian learning model.

If as Mackintosh (2009) suggests, this kind of self-generated
feedback operates in the human experiments but not with animals,
then differences could be expected in the perceptual learning
effects observed in the two cases. It is important to note, however,
that self-generated feedback cannot operate in the way that exter-
nally applied feedback is thought to. With the latter there is
differential reinforcement, with different stimuli being associated
with different outcomes; and theories have been developed (e.g.,
Mackintosh, 1975) that specify mechanisms by which this arrange-
ment can produce enhanced attention to distinctive features. But
self-generated feedback must be the result of detecting a differ-
ence, it cannot be the initial cause of it. Once a feature has been
detected, a reinforcement process may act to increase the tendency
to attend to it, but this process does not explain how the feature

was spotted in the first place. Thus, processes dependent on
self-generated feedback will enhance performance once exposure
has allowed the distinctive features to be identified, but the notion
supplies no explanation as to why intermixed exposure should be
superior to blocked in this respect. The theories derived from
animal experiments, on the other hand, provide some possible
answers.

Associative Inhibition

When people are required to make a same-different judgment
between two successively presented checkerboards (AX and BX),
emitting the correct response would be rendered more difficult if
AX activated a representation of B, and BX activated a represen-
tation of A. Inhibition between A and B, so that each could
suppress associative activation of the other, would be helpful.
Thus, the associative inhibition notion can be applied to the human
same-different task just as to generalization tests in animals. But
although the notion can supply a theoretical account of the
intermixed-blocked effect in humans, the experimental evidence
suggests that this mechanism plays little role in producing the
effect actually observed.

An example is provided an experiment by Lavis and Mitchell
(2006). In this study the participants were preexposed to six
checkerboards, two pairs in an intermixed fashion (AX/BX and
CX/DX), the remaining stimuli (EX and FX) being presented on
a blocked schedule. The test compared discrimination between
pairs that had been presented together (e.g., AX vs. BX) with
that between pairs that had been intermixed with other stimuli
(e.g., AX vs. CX). In both cases performance was better than for
discrimination between the blocked stimuli, EX and FX, and,
critically, there was no difference between the two. Associative
inhibition can be expected to form during preexposure between
A and B (and also between C and D). Whatever other mecha-
nisms might contribute to the intermixed-blocked effect, this
inhibitory association could thus facilitate discrimination be-
tween AX and BX (and between CX and DX). It will not play
a role, however, when the test discrimination is between AX
and CX. For this test, the superiority over the blocked control
must be acknowledged to be the result of some other process.
Furthermore, inhibition might be expected to bestow some extra
advantage for the AX versus BX test, making performance in
this discrimination superior to performance on AX versus CX.
No such advantage was observed. Further evidence for the
occurrence of perceptual learning in the absence of any contri-
bution from mutual inhibition between distinctive features can
be found in the experiments reported by Mitchell, Kadib, et al.
(2008).

The associative inhibition mechanism of McLaren and Mackin-
tosh (2000) requires that within-display excitatory associations
(e.g., A-X) first be formed and then that sufficient training be
given to allow inhibition to form between the distinctive features
of the displays. Whether the procedures and stimuli used in studies
of human perceptual learning are conducive to the formation of
such associations is an empirical matter. The failure to find evi-
dence for this mechanism with the checkerboard stimuli does not
mean that it will not operate when other stimuli and procedures are
used. Indeed, an experiment by Mundy et al. (2006), more closely
modeled on those done with rats, has produced evidence said to
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demonstrate a role for inhibitory associations in perceptual learn-
ing in humans.

The participants in the study by Mundy et al. (2006) drank water
to which tastes or odors had been added. One pair of stimuli (e.g.,
AX and BX) was made up of weak acid (X) mixed with either
sucrose or saline (A or B); another pair of stimuli (e.g., CY and
DY) was made up of the odor of lemon (Y) mixed with either a
raspberry or a strawberry odor (C and D). These compounds were
each experienced six times, with presentations following this se-
quence: AX BX DY CY AX BX DY CY. There followed a
conditioning phase in which AX and CY were presented again, this
time with an unpleasantly bitter-tasting substance added to the
mix. When subsequently asked to evaluate these flavors, the par-
ticipants (unsurprisingly) rated AX and CY less pleasant than
when tasted initially. The same was true of the DY compound, but
not of BX. That is, the aversion conditioned to AX and CY
generalized to DY but not to BX.

Mundy et al. (2006) argued that this result was consistent
with the inhibition account in the following way. The schedul-
ing of trials in preexposure was arranged to ensure that BX
always followed AX, and CY followed DY. Thus, B signaled
the absence of A, and C the absence of D. In these conditions
standard associative theory (e.g., Wagner & Larew, 1985) pre-
dicts that inhibitory links will form from B to A, and from C to
D (but not in the other direction, i.e., not from A to B or from
D to C). When tested with BX, the inhibitory B-A link would
suppress any contribution to the response from activation of the
A representation; but when tested with DY, D would not have
a tendency to inhibit C, and associative activation of the C
representation could contribute to the negative reaction ob-
served to DY on this test.

This result is encouraging for those seeking common princi-
ples underlying animal and human perceptual learning, and
Mundy et al. (2006) presented it as establishing a fundamental
similarity between the mechanisms that operate in the two
cases. They did not claim, however, that inhibition is a mech-
anism of major importance in producing perceptual learning
effects. An effect consistent with associative inhibition can be
demonstrated under the special training conditions of this ex-
periment, but, as Mundy et al. acknowledged, the results of
most other experiments with human subjects are not readily
explained in terms of inhibition. It is worth adding that the
results, even of this study, do not require an explanation in
terms of inhibition; in common with the results of the related
study with rats by Bennett et al. (1999), described earlier, they
can be explained in terms of habituation. As Artigas et al.
(2012) have argued, when subjects receive a trial sequence like
AX¡BX, habituation of the second feature (B) is likely to
proceed more readily than habituation of the first. This is
because B will suffer less competition from the recently pre-
sented X element (see Wagner, 1981). Such considerations
mean that in the experiment by Mundy et al. the salience of A
would be higher than that of C after preexposure. Thus, when
AX and CY were conditioned, A would tend to overshadow X
more effectively than C would overshadow Y. The resulting
difference in strength between X and Y could then explain the
test results obtained with BX and DY.

Salience Modulation

If intermixed preexposure to a pair of checkerboards maintains
or enhances the effective salience of their distinctive features (and
reduces that of the common background) then performance on a
same-different task (which critically depends on responding being
controlled by the distinctive features) will be enhanced. This
notion of salience modulation is also capable of explaining the
results described in the previous section, some of which proved
problematic for the associative inhibition theory. For example,
inhibition between A and B produced by AX/BX preexposure
cannot explain why a discrimination between AX and CX should
be facilitated (the result obtained by Lavis & Mitchell, 2006), but
the result follows readily from the notion that such preexposure
will enhance the effective salience of A. But although the exper-
iments discussed so far disconfirm the idea that inhibition between
unique stimulus features plays an important role in the intermixed-
blocked effect in human perceptual learning, they support the
alternative, salience-modulation theory, only to the extent that they
are consistent with it. We now consider some recent attempts to
find direct evidence that different schedules of preexposure (e.g.,
intermixed as opposed to blocked) can produce differences in
salience in the unique of the stimuli.

Evidence for salience modulation. An advantage of using
visual stimuli like those depicted in Figure 2 is that it is possible,
by monitoring eyegaze, to assess the extent to which the subject is
looking at the localized distinctive feature. A more salient feature,
it may be assumed, will be more likely to attract gaze than a less
salient feature. Wang and Mitchell (2011, Experiment 4) gave their
participants intermixed preexposure to AX and BX and separate
blocks of CX and DX. They then confirmed, using a same-
different test, that discrimination between displays containing A
and B was superior to discrimination involving C and D. Moni-
toring eyegaze during this test showed that, from the outset, the
participants spent more time on each trial looking at A or B than
at C or D. In a further experiment, Wang and Mitchell showed that
eyegaze was greater to the unique features (A and B) of stimuli
(AX and BX) that had been preexposed on an intermixed schedule
than it was to the novel features C and D, presented as CY and DY
(with a familiar Y background). Discrimination of AX and BX was
also better on test than was discrimination of CY and DY. Con-
sistent with the notion of salience modulation, therefore, inter-
mixed preexposure to AX and BX renders the unique features A
and B more salient. In fact, preexposure appeared to have in-
creased the salience of A and B relative to that of the novel stimuli
C and D. This finding will be taken up later, where we discuss the
role of strategic attentional processes in human perceptual learn-
ing.

Further evidence for a salience modulation mechanism comes
from a study by Lavis, Kadib, Mitchell, and Hall (2011). They
argued that a stimulus feature with enhanced salience would be
better learned about and better represented in memory than a less
salient feature. In particular, the various aspects of such a feature,
all being high in salience, should become strongly associated with
each other (i.e., unitization should occur readily). Accordingly,
unitization should be more evident for the distinctive features of
stimuli presented on an intermixed schedule than for those of
stimuli presented on a blocked schedule (i.e., the opposite of the
effect predicted by McLaren and Mackintosh (2000), an issue to
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which we return below). The experiment designed to test this again
used checkerboards, but (as is shown in Figure 4) these were
slightly different from those described previously, in that the
unique features (A–D) were distinctively shaped blocks, each of a
different color. Participants received intermixed exposure to two of
them (AX/BX) and blocked preexposure (CX_DX) to the others. A
standard, same-different, test confirmed that participants were
better able to discriminate between the intermixed than between
the blocked stimuli. In a further test, the shapes of the unique
features A–D were shown without their color, and participants
were asked to match the shape of the unique feature to the color in
which it was presented during preexposure. Performance on this
test was better for the intermixed than the blocked features. That is,
knowledge of the intermixed feature was better than of the blocked
feature, consistent with the proposition that elements of the former
had a higher level of salience than those of the latter.

This finding was confirmed in a related experiment by de Zilva
and Mitchell (2012) that used stimulus displays of the sort shown
in Figure 5. Of the 12 shapes in the display, one was a unique
feature, the rest formed a common background. After intermixed
or blocked preexposure, participants were given a recognition
memory test in which selected shapes were presented individually.
Participants proved better able to recognize a shape that had been

the distinctive feature in the intermixed arrangement than one that
had been presented in the blocked arrangement. Interestingly, the
pattern of memory performance was reversed when the test shape
had been part of the background, suggesting that intermixed pre-
exposure can reduce the effectiveness of common features (see
Carvalho & Albuquerque, 2012, for related results).

Problems for salience modulation. We are now in position to
conclude with some confidence that, in human perceptual learning,
intermixed preexposure is effective because it leaves the distinc-
tive features of the stimuli with more effective salience than do
other forms of preexposure. To this extent, notions derived from
animal learning are helpful in understanding the effects seen in
humans. But we must now acknowledge that the specific account
of the mechanism responsible for salience modulation that has
come from the animal work runs into difficulties when it is applied
to the results obtained from studies with humans.

To recap briefly, the central feature of the account offered by
Hall (2003) was that habituation occurring during exposure to
stimuli will produce a loss in the effective salience of all stimulus
elements. However, intermixed preexposure, since it results in
repeated associative activation of the unique features of the stim-
uli, allows the effects of habituation to be attenuated or reversed
for these features. McLaren and Mackintosh (2000) specified the

Figure 4. Checkerboard stimuli, as used in the experiments by Lavis et al. (2011). All had a common
background on which a distinctive feature (outlined in black in this figure, for the purposes of illustration) was
superimposed. Each feature had a simple distinctive shape and was of a uniform color. Reprinted from “Memory
for, and Salience of, the Unique Features in Perceptual Learning,” by Y. Lavis, R. Kadib, C. J. Mitchell, and G.
Hall, 2011, Journal of Experimental Psychology: Animal Behavior Processes, 37, p. 213. Copyright 2011 by the
American Psychological Association.
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mechanism by which associative activation has its effect. Accord-
ing to their account, a stimulus undergoes habituation (loses sa-
lience) as repeated presentation causes its various elements to
become associatively linked; associative activation causes a reduc-
tion in the strength of these links, thus restoring salience. It may
already be apparent that some of the observations just described as
demonstrating a salience modulation effect are problematic for this
particular interpretation.

The experiment by Lavis et al. (2011), just discussed, can be
seen as providing a direct test of McLaren and Mackintosh’s
(2000) suggestion that intermixed preexposure leaves the distinc-

tive feature of the stimulus with a high level of salience because it
weakens their within-compound (in this case, shape-color) associ-
ations. If intermixed preexposure leads to extinction of links
among the various components of the unique features then partic-
ipants should not be able to match the shape to the color of the
intermixed unique elements. But, as we have seen, the opposite
was observed—shape-color matching was better for the unique
elements presented on the intermixed than the blocked schedule.
The intermixed schedule appears, if anything, to result in stronger
associations between the component parts of the unique elements.
According to the tenets of the theory, the unique features of
intermixed stimuli should actually be lower in salience than those
of the blocked stimuli.

It should be acknowledged that the supposition that the inter-
mixed features have lowered salience does not in fact preclude the
McLaren and Mackintosh (2000) theory from predicting the basic
intermixed-blocked effect. If the salience of A (an intermixed
feature) is low, it will be less able to form an association with the
background (X) than would a more salient blocked feature (C). So
the X - A link would be weaker than the X-C link.1 This difference
could determine performance in a test procedure in which com-
pound stimuli are presented. The presence of X can be expected to
produce activation of the representation of a feature with which it
is associated (to “prime” that feature) and will do so more effec-
tively for the C feature than the A feature. Given the further
assumption that priming reduces salience, or the ability of a
representation to respond to external stimulation (see Wagner,
1981), it can follow that, in the context of X, presentation of A
might be more salient or effective than presentation of C. In short,
it is possible that the salience of A might be less than that of C
when these features are presented alone but that the position is
reversed when they are presented as the compounds AX and CX.
This account can therefore accommodate the results of Wang and
Mitchell (2011) in which levels of eyegaze to the unique features
were found to be high in participants tested with AX and BX after
intermixed preexposure to these stimuli.

What remains problematic for this ingenious account are the
other results reported by Wang and Mitchell (2011). Specifically,
the salience of A and B, as assessed by eyegaze, was higher even
than that of novel features, C and D (presented on a familiar Y
background). This observation, and the fact that discrimination
between AX and BX was better than that between CY and DY, is
not to be expected on the basis of any of the salience modulation
processes to be derived from McLaren and Mackintosh’s (2000)
theory. These processes can generate differences between the
intermixed and blocked preexposure schedules, but there is noth-
ing in the theory to suggest that with either form of preexposure
the salience of the unique stimuli will come to exceed that of novel
stimuli. The most one can expect is that the salience of the features

1 A similar notion, but using a configural representational system, rather
than the elemental system of McLaren and Mackintosh (2000), is presented
by Dwyer et al. (2011). They proposed an account in terms of a three-layer
network in which a bias in attention to the unique features A and B
(referred to by them as a and a=) during preexposure “could reduce the
likelihood that a and a= would be drawn (by the presence of the common
element, x) into the same configural unit within a connectionist system, or
increase the likelihood that a and a= will be linked to different hidden layer
units” (Dwyer et al., 2011, p. 305).

Figure 5. An example of the shape stimuli used by de Zilva and Mitchell
(2012). The unique shapes A and B are the shapes that appear within the
black squares of AW and BW, respectively (the black squares are shown
here for illustrative purposes only). A sequence of three trials is shown
(AW, BW, AW). The rows of shapes, labeled on the left, shift by one row
between each trial. Reprinted from “Effects of Exposure on Discrimination
of Similar Stimuli and on Memory for Their Common and Unique Fea-
tures,” by D. de Zilva and C. J. Mitchell, 2012, Quarterly Journal of
Experimental Psychology, 65, p. 1125. Copyright 2012 by Taylor &
Francis.
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might be restored to (or maintained at) the level seen when they
were novel, before any links between the representational units had
formed.

The problems just described are specific to the McLaren and
Mackintosh (2000) version of salience modulation. Hall’s (2003)
reverse habituation theory remains a possibility. The observation
of Lavis et al. (2011), that associations between the components of
the unique features are better formed with intermixed preexposure,
is consistent with the suggestion that reverse habituation has
restored the salience of each of the various components (e.g., shape
and color) of the feature. And (admittedly only by virtue of the fact
that no mechanism was specified) it is open to the theory to
suppose that the reverse-habituation process will not merely op-
pose loss of salience but will actually increase its salience beyond
the point at which it started out, thus accommodating the results of
Wang and Mitchell (2011).

But even this flexible theory has problems with the results of a
further study reported by Lavis et al. (2011). In their Experiment
2, they gave intermixed exposure to four compound stimuli, AX,
BX, CX, and DX. In addition, intermixed with presentations of
these compound stimuli, separate exposures were given of A and
of B (i.e., to the unique features, of AX and BX, in the absence of
the X background). Recall that, in the animal case it has been
shown that presentations of A and B alone are ineffective in
producing perceptual learning (Scahill & Mackintosh, 2004). And
according to Hall’s (2003) account, these additional trials can only
act to reduce the salience of A and B—they are, after all, further
opportunities for habituation to occur. On this account, therefore,
discrimination between AX and BX must thus be predicted to be
worse than between CX and DX. In fact, the reverse was observed;
additional presentations of A and B improved discrimination per-
formance to AX and BX.

Application to Human Perceptual Learning:
Conclusions

The procedures used to demonstrate perceptual learning effects
in animals have been found to be effective in generating equivalent
effects in humans. Importantly, in both animals and humans,
intermixed preexposure of similar stimuli also conveys an advan-
tage (compared to blocked preexposure) when subsequently a
discrimination between the stimuli is required. This is true not only
when the discrimination test is a categorization task (with differ-
ential reinforcement) akin to the test procedure used with animal
subjects but also when it requires a simple same-different judg-
ment.

The attempt to apply to the human case the theoretical mecha-
nisms proposed to explain animal perceptual learning has pro-
duced mixed results. There was no support for the view that
associative inhibition between the unique features of the preex-
posed stimuli (as might be produced by intermixed preexposure)
plays a major role in the perceptual learning effect in humans. But
as we have seen, the perceptual learning effect can be obtained in
animals in circumstances in which such inhibition is unlikely to
develop. These examples have been explained in terms of the
salience-modulation account, and this account seems to apply, in
general terms, to the results of the human experiments. That is,
appropriately scheduled preexposure to similar stimuli will not
only reduce the effectiveness of features they hold in common but

will maintain or enhance that of their distinctive features. Clearly,
having distinctive features that are high in effective salience and
likely to command attention and are thus able to control learning
and performance, will promote success in both categorization and
same-different tests. Direct evidence that the features have ac-
quired such properties comes from the results of Lavis et al. (2011;
see also de Zilva & Mitchell, 2012) and of Wang and Mitchell
(2011). The first of these shows that intermixed preexposure leaves
people with an accurate representation of the unique features; the
latter that such features are indeed good at attracting attention, as
assessed by the overt response of eyegaze.

This may seem a satisfactory state of affairs, but there are results
from experiments with humans that challenge important aspects of
the salience modulation notion. In its general form (e.g., as pro-
posed by Hall, 2003), the idea is that habituation processes will
tend to reduce the effective salience (and hence, the attention-
getting properties of) preexposed stimuli but that associations
formed among components of the stimuli during intermixed pre-
exposure will attenuate or reverse this process for the unique
features of the stimuli. First, the role played by habituation is
challenged by the results of the study, just described, by Lavis et
al. (2011), showing that additional exposure to features A and B
will increase the discriminability of AX and BX. On the face of
things, the opportunity for habituation provided by these additional
presentations can work only to retard subsequent discrimination.
Second, the role given to associative processes is a challenged by
the evidence on the importance of comparison in human perceptual
learning (e.g., Dwyer et al., 2011; Mundy et al., 2007). The theory
proposed by Hall (2003) was designed to deal with the fact that
intermixed preexposure was especially effective in producing a
perceptual learning effect and, to that extent, was seen as accom-
modating the notion of comparison. But because it relies on
associative links, which are assumed to be permanent or at least
long-lived, the theory must suppose that the comparison effect will
be independent of the interval between presentations. The demon-
stration that the opportunity for immediate comparison facilitates
human perceptual learning implies the operation of some other or
additional mechanisms.

The next section of this article will focus on these phenomena—
the effects of comparison, and of additional exposure to unique
features—in an attempt to determine what these other mechanisms
might be.

Additional Mechanisms in Human Perceptual
Learning?

We take as our starting point the observation (Lavis et al., 2011)
that additional exposure to A and B will improve discrimination of
AX and BX. The immediate implication is that the human percep-
tual effect depends on the effectiveness of the preexposure proce-
dure in allowing the participant to learn about the unique features
of the stimuli. This conclusion prompts two questions. First, what
is the mechanism by which intermixed preexposure to AX and BX
(or, more generally, exposure that allows close comparison) pro-
motes learning about the unique stimulus features A and B?
Second, how does what is learned about these features act to
facilitate subsequent discrimination between AX and BX?
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Short-Term Habituation

An answer to the first question follows directly from consider-
ation of habituation effects, and forms the basis of the account
offered by Dwyer et al. (2011) to explain their effects of stimulus
comparison. The notion was first proposed by Honey and Bateson
(1996, with respect to an experiment with animal subjects in which
the stimuli were closely spaced) and developed, in slightly differ-
ent ways, by Mundy et al. (2007) and by Mitchell, Nash, and Hall
(2008). Honey and Bateson pointed out, following Wagner (1981),
that when representational elements have been activated recently,
they are not easily reactivated. Thus, when AX and BX are
intermixed, the common X element will always have been pre-
sented more recently than the unique elements A and B and will
suffer greater short-term habituation. On a BX trial for example, X
will have been presented on the preceding AX trial and will have
suffered short-term habituation. In consequence, there will be
preferential processing of B elements. In contrast, on a blocked
schedule, both the unique and common features will have been
presented on the immediately preceding trial, so both kinds of
feature will suffer from short-term habituation. The unique fea-
tures will not, therefore, be especially well processed during
blocked preexposure.

It may be apparent that this mechanism does not, in itself,
supply an answer to the second question (indeed, quite the re-
verse). Habituation of the X background during intermixed preex-
posure may well facilitate processing of the unique features A and
B, but the processing that occurs will itself result in habituation. It
is possible, then, that the intermixed procedure will be especially
effective in causing habituation of A and B (see Artigas et al.,
2012), and a reduction in the effective salience of these features
can be expected only to retard discrimination between AX and BX.
Another mechanism is required to account for the improvement in
discrimination performance resulting from preferential processing
of A and B. We consider two possibilities that have recently been
advanced: The first postulates the development of an attentional
bias; the second uses the notion of unitization. Neither account
denies the reality of the habituation processes just described; both
postulate the operation of other processes during intermixed pre-
exposure that can overcome any disadvantage consequent on loss
of salience by A and B during intermixed preexposure.

Attentional Bias Toward Unique Features

Mundy et al. (2007) argued that the short-term habituation
effects described above might have “enduring repercussions for
the attentional weighting given to the unique and common fea-
tures” (p. 136). More specifically, they proposed that “higher level
attentional or representational processes” might act to maintain the
advantage of A and B over X across the delay from preexposure to
test. This attentional process can be conceived of in a variety of
ways. For example, one may postulate an interaction between
bottom-up and top-down attentional processes (Schneider & Shif-
frin, 1977). Thus, initially, habituation of X during intermixed
preexposure to AX and BX will allow automatic detection of A
and B; attention to these unique features is then maintained, from
preexposure to test, by the operation of a top-down, deliberate,
attentional process. An alternative, that makes use only of auto-
matic processes, is also possible. Given that the detection of
unique features can be assumed to be rewarding for the human

participant, (Mackintosh, 2009), an attentional response could be
acquired, by reinforcement during preexposure. Thus, if the unique
features A and B attract attention over the course of the preexpo-
sure trials, because they are presented on the habituated X back-
ground, participants may begin to orient to A and B habitually and
would carry this reinforced response-tendency over to the test
phase.

Unitization of Unique Features

The second proposal has also been expressed in a range of
different ways. Thus, Mitchell, Nash, and Hall (2008) proposed
that the critical consequence of the short-term habituation process
described above was that, because it allows A and B to stand out
more clearly from the background when preexposed on an inter-
mixed schedule, it results in these features being readily encoded
in memory. The availability of a well-formed representation of the
feature allows that feature to be easily recognized when presented
later (de Zilva & Mitchell, 2012) and for one aspect of the feature
to cue retrieval of another (Lavis et al., 2011). A “well-formed
representation” may be taken to be one in which the various
aspects have become integrated. McLaren and Mackintosh (2000)
have proposed a similar interpretation of unitization as the forma-
tion of a network of associative links among these aspects. How
might such unitized representations aid discrimination on test?

Consider the task faced by a participant required to make a
same-different judgment between two novel stimuli AX and BX.
On presentation of AX the various features of A (a1, a2, and so on)
and of X (x1, x2, x3, and so on) will be activated. A correct
response (“different”) requires a system that compares a memory
of the details of the first-presented stimulus with the current input
(the second presented stimulus), so that, for example, the absence
of any a elements in the current input (and the absence of the b
elements in the stored representation) can serve to control the
response. It is possible to imagine a variety of comparator systems
that might be devised to perform this task, but all of them are likely
to find it difficult, given the large number of stimulus elements to
be sampled in a limited time, and the massive preponderance of
nondiscriminating, x elements. Only if the system happens to hit
on the critical elements of the displays will discrimination be
successful. The situation will be different, however, for subjects
given intermixed preexposure to AX and BX and for whom,
therefore, A and B are unitized. For these, presentation of AX on
test is likely to activate all of the representational elements of A.
In the language of associative links, even if only a1 is detected on
presentation, the links among its components will mean that all
aspects of A will be activated. Similarly the subsequent presenta-
tion of BX will be likely to activate the unitized representation of
B. Thus, the critical features of the stimuli will be activated
enabling the comparator to detect the difference between the
displays.

It may be noted, that the comparator process will be able to
detect a difference between the current input (e.g., BX) and the
preceding stimulus (e.g., AX) only to the extent that the details of
the former are retained over the interval between stimulus presen-
tations. This factor, too, could play a role. We may assume,
simply, that activation in each of the critical stimulus elements (a1,
a2, etc.) will decline independently on stimulus offset, if the A
features have not been unitized. But, for a unitized A stimulus,
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activation of one element will supply further activation to the
others, thus increasing the chances that these elements will be
available for use when it comes to making a comparison with BX.
The likelihood of responding “different” will thus be increased.

Given the same assumptions concerning stimulus sampling,
unitization of A and B can also be expected to improve perfor-
mance on a categorization task (e.g., Mundy et al., 2007). In this
task, participants are required to learn (following preexposure) to
respond with a left button press (R1) to AX and right button press
(R2) to BX. If a1 is sampled on Trial 1 and becomes associated
with R1, then a2, which happens to be sampled on the next trial,
will be able to evoke the correct response by way of its association
with a1. Therefore, unitization of A and B will improve perfor-
mance on this categorization task.

Experimental Evidence

A recent experiment by Wang, Lavis, Hall, and Mitchell (2012)
has produced evidence that lends support to the attentional-bias
theory. Using the checkerboard stimuli of Lavis and Mitchell
(2006) they found that following preexposure to checkerboard
stimuli AX and BX, performance on test was good only if the
unique features were presented in the locations within the X
background occupied by A and B during preexposure. Importantly,
it did not matter what those features were. That is, once A and B
were detected in the preexposure phase, and their locations iden-
tified, any stimuli that appeared in those locations (e.g., C and D)
were easily detected on test, leading to good discrimination per-
formance. This result is in full accord with the suggestion that
intermixed preexposure is effective in facilitating AX/BX discrim-
ination because it establishes an attentional bias (in this case, a
tendency to direct overt attention to specific locations in the
stimulus display). It can also accommodate the eye gaze data of
Wang and Mitchell (2011), and other results, such as those from
Lavis et al. (2011), showing that additional presentations of A and
B alone improve performance on test. On the additional trials, the
locations of A and B within the square normally occupied by X
were the same as those occupied by those unique features on AX
and BX trials. Thus, additional exposure to A and B would be
helpful to the participant in identifying the location in which A and
B appeared on the checkerboard.

We should note that the evidence for the attentional-bias process
comes from a study using stimuli in which the unique features are
presented in a given location. Feature location may well be the
most salient dimension for these stimuli; and it is possible, then,
that other mechanisms (such as unitization) play a more important
role for stimuli in which the discriminating features are less
obviously localized. Perfectly clear perceptual learning effects are
obtained with such stimuli; for example with the morphed faces of
Mundy et al. (2007; Figure 2) or with the shapes of Figure 5, used
in the experiment by de Zilva and Mitchell (2012), in which the
position of the distinctive feature in the display was changed from
one trial to another. This is not to say that an attentional-bias
mechanism could not operate in these cases. An attentional bias
toward unique features could occur even when these features are
not localized; that is, participants could maintain attention to
unique features previously detected, even when those features are
distributed across the stimulus, as they are in the case of morphed
faces (see Mundy et al., 2007). It remains the case, however, that

the evidence in favor of the hypothesis comes solely from a study
of stimuli with localized features.

Finally, there is direct evidence for the occurrence of unitization
from the experiment by Lavis et al. (2011), which demonstrated
that associations between different aspects of the distinctive fea-
tures of preexposed stimuli were particularly strong after inter-
mixed preexposure. Attentional bias could well play a part in
generating this effect; that is, a tendency to attend to the locations
in which the features are presented would enhance exposure to
them and facilitate the formation of associations among their
components. From this perspective attentional bias and unitization
are not to be regarded as alternatives. There is evidence to show (at
least for stimuli of the type used by Lavis et al., 2011, and Wang
et al., 2012) that both can develop during intermixed preexposure;
and, under the right conditions, both might contribute to the
enhanced discrimination seen on test.

Conclusions

This analysis leads to the conclusion that the procedures used in
studies of human perceptual learning bring into play mechanisms
that are not usually engaged in experiments on perceptual learning
in animals. Results from animals can be explained in terms of two
processes, one involving associative inhibition and one involving
long-term habituation that enhances the relative salience of unique
stimulus features. We find no evidence of a role for the former
process in human perceptual learning. And although salience mod-
ulation and habituation are important for the human case, the
mechanism appears to be different—initial detection of the unique
features is to be explained in terms of a short-term habituation
process, and the subsequent change in their properties on mecha-
nisms that have not been applied (attentional bias) or have been
applied differently (unitization) to the animal case. We now con-
sider whether these differences imply a fundamental difference
between species in the processes of perceptual learning.

Resolving the Differences

Although the experimental designs are formally equivalent, the
procedures used to demonstrate, for example, the intermixed-
blocked effect are necessarily different for rats and for people. It is
possible, then, that the same range of general mechanisms is at
work in the different species but that the contribution made by one
process rather than another is modified by these procedural differ-
ences. As we have already acknowledged, the absence of effects
expected on the basis of the associative inhibition account may
simply reflect the fact that the procedures used with checkerboard
stimuli are not conducive to the formation of inhibitory associa-
tions. Effects may, therefore, be obtained with humans when the
stimuli and trial spacing are arranged to be more similar to those
used with rats (Mundy et al., 2006). To take this argument further,
however, it is necessary to consider whether procedural differences
can account for the role played in human perceptual learning by
the additional mechanisms that we identified in the previous sec-
tion.

Role of Procedural Differences

The short-term habituation effect (that the element A is more
salient—“stands out”—if it appears on a recently presented X
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background), which we identified as the basis for the additional
mechanisms seen in humans, is clearly not restricted to our spe-
cies. It was devised on the basis of experimental work with animal
subjects (Wagner, 1981), and its effects have been demonstrated in
several of the experiments with rats already discussed (e.g., Arti-
gas et al., 2012; Bennett et al., 1999). That these effects should
play a more major role in human than in animal perceptual learn-
ing is to be expected simply on the basis of procedural differenc-
es—in most of the experiments with people the critical stimuli
have been presented briefly, just a second or so apart; in the
experiments with rats the interval between presentations has been
much greater (usually several hours in experiments using flavors
as the stimuli). What remains a problem is that it has proved
difficult to demonstrate any clear role for the short-term habitua-
tion process in the animal perceptual learning experiments. As we
have noted, when the procedure used with animals is modified so
that the stimuli are presented in close temporal proximity during
preexposure, subsequent discrimination performance is no better
than that seen after intermixed preexposure with widely spaced
presentations (Rodríguez et al., 2008). If short-term habituation
effects can occur in both species, some additional factor must be
operating to determine whether these processes will influence
stimulus discriminability. One possibility comes from a consider-
ation of the nature of the stimuli used.

The stimuli used in studies of human perceptual learning are,
very often, complex and initially extremely hard to tell apart. In
experiments using the checkerboard stimuli of Figure 2, unless
participants have had the benefit of intermixed preexposure, their
dominant tendency is to respond “same” when given a same-
different test. The situation appears to be different in the animal
experiments. Here the stimuli appear to be rather simpler, and
although naïve rats will show substantial generalization from (e.g.)
salty-lemon to sweet-lemon, the effect is not total, showing that
even animals given no preexposure can discriminate between such
cues, to some extent, from the outset. This difference between the
stimuli will alter the balance of the processes we have identified as
sources of perceptual learning.

With very similar stimuli, the first requirement of an effective
preexposure procedure is that it should allow the distinctive fea-
tures to be discriminated from the background. The short-term
habituation process, which allows this to happen, will thus be of
prime importance for the experiments with human participants in
which these features are not evident on first inspection. The
consequence of this process will be the creation of unitized rep-
resentations of the unique features. Once these representations
have been established, the mechanisms thought to be at work in
animals, mechanisms that depend on the formation of associations
involving these representations, could begin to operate. But the
contribution of these mechanisms may not be substantial, and, as
we have seen, unitization, combined with the development of an
attentional bias, is enough to explain the perceptual learning effect
in humans.

The short-term habituation process will be much less important
for the stimuli used in the animal experiments in which the unique
features may be detectable from the start. Here unitization and
added exposure to the unique features (Lavis et al., 2011) will play
a lesser role, given that effective representations can be assumed to
be already available. In this case, the learning processes (the
development of associative inhibition, modulation of salience) that

act to reduce generalization will be able to begin to operate
immediately, and their effects will dominate.

Self-Supervised Learning Revisited

The analysis presented in the previous section leads to the
conclusion that the same general learning processes may be at
work in studies of human and animal perceptual learning and that
differences between the species are largely a consequence of
procedural factors. The implications of this analysis are readily
testable—for example, studies of preexposure effects in animals
using stimuli that are more similar and more complex than those
used so far should reveal evidence for the kinds of mechanisms
seen to operate in human perceptual learning. There is, however, a
feature of human perceptual learning that no study of mere expo-
sure effects in animals, whatever the procedural modification,
could succeed in reproducing.

As noted earlier, Mackintosh (2009) has argued that work on
human perceptual learning is not comparable to that on mere
exposure in animals because human participants will inevitably
tend to “look for differences” between the stimuli during preex-
posure in a way that animals do not. When they detect the stimulus
differences (perhaps, indeed, as a consequence of the short-term
habituation process) they will experience reinforcement, and this
will increase attention to those features. That is, the learning that
takes place is, to use Mackintosh’s term, “self-supervised.” It
follows that these human experiments are equivalent to animal
experiments in which reinforcement is given, rather than to those
involving nonreinforced preexposure. According to this reasoning,
we should look elsewhere for examples of human perceptual
learning following mere stimulus exposure. One comes from the
experiment by Goldstone (1994) discussed earlier.

In Goldstone’s (1994) study, the perceptual learning effect of
interest was a consequence of incidental learning, with explicit
feedback being given for another aspect of the task. In brief, he
gave feedback for a categorization task in which one aspect of the
stimuli (saturation, for example) was critical; the participants were
thus, presumably, not looking for differences in the other aspect in
which the stimuli differed (brightness). Nonetheless, the results
showed that the brightness discrimination was facilitated by this
form of training. This outcome is thus readily accommodated by
the assumption that one or other of the unsupervised forms of
learning responsible for perceptual learning after mere preexpo-
sure is at work in this case. Unfortunately, the design of the
experiment does not allow us to determine which. It can be
explained, for example, solely in terms of the simple notion that
exposure to common features will facilitate discrimination
(McLaren & Mackintosh, 2000), without recourse to the other
mechanisms that are needed to explain the intermixed blocked
effect. These results do serve, however, to confirm the plausibility
of the notion that a mechanism demonstrated in research with
animals (Bennett et al., 1994) is likely to be operating in equivalent
experiments carried out with humans (see Wang & Mitchell,
2011).

Another experiment with the potential to demonstrate perceptual
learning in humans in the absence of self-supervised learning has
been reported by Watanabe, Náñez, and Sasaki (2001). The task
involved of detecting the direction of motion in dynamic random
dot displays. Their participants could detect coherent motion when
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10% of the dots moved in the same direction (90% were in random
directions), but not when only 5% of dots moved in the same
direction (with 95% random). Participants were given many ex-
posures to 5% coherent motion displays, all in the same direction,
and with no feedback given. On test, they were presented with
10% coherent motion displays in a variety of directions. Partici-
pants showed significantly greater sensitivity to 10% motion in the
direction of the 5% motion presented during preexposure (even
though they were unable to detect coherent motion in those 5%
displays). Thus, exposure to the distinguishing feature (the direc-
tion of motion used in preexposure) increased the effectiveness of
that feature in a subsequent discrimination. This result parallels the
finding of Lavis et al. (2011) that additional exposure to the A and
B elements of checkerboard stimuli made participants more sen-
sitive to these cues in a subsequent discrimination of AX and BX.
In Watanabe et al.’s experiment, however, as the participants were
unable to perceive the stimuli during preexposure, the result cannot
be explained in terms of self-supervised learning.

What these experiments demonstrate is that perceptual learning
effects can be observed when self-supervised learning is not pos-
sible. What they cannot show, of course, is that the effects ob-
served when self-supervised learning is possible are a consequence
of the various processes identified in studies of mere exposure. We
would make two observations with respect to this. First, unless it
is supposed that self-supervised learning, if it occurs, somehow
suppresses the operation of other learning processes, it is reason-
able to assume that these other processes will contribute to the
effects obtained in humans when self-supervised learning is pos-
sible. Second, we have highlighted two principal ways in which
human perceptual learning (in which self-supervised learning is
possible) differs from animal perceptual learning (in which it is
not). In explaining these differences (in the role played by stimulus
comparison and of the effects of additional exposures to the unique
features of the stimuli) we have made use of a range of mecha-
nisms. One of these, we have acknowledged, could involve a form
of self-supervised learning (as when the rewarding effects of
detecting a unique stimulus feature promotes the development of
an attentional bias). But the full explanation of the differences
involves other processes (short-term habituation, unitization, and
so on) that are a consequence of mere exposure.

Concluding Comments

It is clear that, as well as striking similarities, there are important
differences between the mechanisms thus far identified responsible
for perceptual learning in humans and animals. A number of ways
in which these remaining differences might be resolved in future
studies have been described in the previous section. In this final
section we draw out some of the implications of animal and human
perceptual learning research for psychology more broadly. We end
with a more direct attempt to answer the question in the title.

Applications

We have already touched on two areas of research in which
perceptual learning effects are acknowledged as having relevance.
One is the study of the process of categorization (see Goldstone,
1994; Welham & Wills, 2011) in which (not surprisingly, given
the central role of stimulus similarity in models of categorization)

perceptual learning effects have become a major focus of interest
(see Goldstone, 1998; Pothos & Wills, 2011). The second is visual
face-processing. Mundy et al. (2007) used pictures of faces as the
stimuli in their perceptual learning experiments, and the effects
seen in those experiments (e.g., the intermixed-blocked effect, the
effects of comparison) must form part of any complete theory of
face processing (see also Dwyer, Mundy, Vladeneau, & Honey,
2009). We turn now to some other instances in which work on
perceptual learning can make a contribution.

Recognition memory. In the memory literature, the term per-
ceptual learning has been used to describe the idea that exposure to
a stimulus (usually a word), allows easier (or more fluent) subse-
quent processing of that word (e.g., Jacoby & Dallas, 1981). This
allows an explanation of the well-known superiority of spaced
over massed practice. Specifically, Jacoby (1978) has suggested
that if a stimulus is presented twice, then the resources required to
process the stimulus on the second presentation will be reduced.
Thus, if the first presentation of the stimulus is remembered well
(because it was presented very recently, in the case of massed
practice), then fewer resources will be required to process it on the
second occasion. This reduced processing then translates into
poorer memory for the item in the long term. Hence, massed
practice produces poorer memory because each stimulus presen-
tation after the first can be processed more easily.

The parallel with our analysis of the effects of blocked and
intermixed exposure to similar visual stimuli (AX and BX) will be
evident. Blocked presentations of AX will permit fluent processing
of both aspects of the stimulus (A and X), whereas intermixing AX
with BX should allow fuller processing of the A and B features so
that they become well encoded in memory. Although there is
reason to think that that the intermixed-blocked effect is not simply
a consequence of the difference between massed versus spaced
training (see Mitchell, Nash, & Hall, 2008), this general notion
accords well with the results of Lavis et al. (2011) and de Zilva and
Mitchell (2012), which showed that memory for the distinctive
feature is particularly good after intermixed preexposure. It would
be worth testing the implication that recognition memory for lists
of related items that share features should be importantly deter-
mined by the schedule of presentation during the study phase.

Contextual interference effects. This interpretation of the
intermixed-blocked effect also has application to the contextual
interference effects seen in verbal learning and motor learning
(Battig, 1972; Shea & Morgan, 1979). If participants are required
to learn, for example, a set of motor tasks, then performance is
affected by the order in which the different tasks are practiced. In
particular, if each task is practiced in a separate block, then
performance is very good during acquisition. If trials on each of
the tasks are randomly intermixed, acquisition performance is
poorer, an effect attributed to contextual interference. When given
a later test, however, the opposite pattern is observed; participants
in the random practice condition show superior performance. A
perceptual learning process could contribute to this effect. If we
assume that different motor actions, like different stimuli, have
parts in common and parts that are unique, then the random
training schedule will allow better identification of the unique
aspects. These features may then be better encoded in long term
memory, thus improving performance after a retention interval.

Education and training. Shea and Morgan (1979) argued
that their contextual interference data had important implications
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for educational issues. Thus, even though progress may be slow at
first, they argued that there might be long-term benefits to be
gained from teaching a number of different tasks within each
session. More generally, the principles of perceptual learning will
be important in developing training for professions in which de-
tection of subtle stimuli from complex backgrounds is required.
Obvious areas of application include medicine (e.g., in the detec-
tion of tumors in mammograms; Gur et al., 2004) and security
(e.g., in enhancing the ability to detect weapons in X-ray images of
luggage; Wolfe, Horowitz, & Kenner, 2005). An understanding of
the psychological mechanisms by which experts acquire their
skills, both through feedback (or self-supervised learning) and
mere stimulus exposure should allow more effective training in
future.

Clinical matters. Last, research concerning mere stimulus
exposure should have implications for our understanding of some
clinical disorders, in particular, those that have been characterized
as reflecting a dysfunction in some aspect of attention. Schizo-
phrenia is the prime example, and indeed, abnormal attentional
learning after nonreinforced stimulus exposure has been observed
in those suffering from the disorder (e.g., Gray & Snowdon, 2005).
Perceptual learning effects of the sort discussed here have not yet
been investigated in schizophrenia. They have, however, been used
in the study of autism. Plaisted, O’Riordan, and Baron-Cohen
(1998) found that individuals with autism were actually better than
controls at discriminating complex similar stimuli when those
stimuli were novel. When given preexposure, however, the group
with autism failed to benefit so that their performance with the
familiar stimuli was now worse than that of the controls. With
further research we should be able to identify which of the mech-
anisms responsible for the normal perceptual learning effect is
dysfunctional in autism, something that, we may hope, would
allow a fuller understanding of the nature of the disorder.

The list above suggests that an understanding of human percep-
tual learning may have important implications for a wide variety of
areas in psychology. Of course the importance of the mechanisms
identified in studies of animal learning in this respect depends on
whether those mechanisms also operate in humans. This takes us
back to the original question.

Can Theories of Animal Discrimination Explain
Perceptual Learning in Humans?

The answer to the question posed in the title of this article is
(perhaps not surprisingly): Yes—but only in part. When it comes
to training procedures in which explicit feedback is given, the
analysis that is provided by theories of discrimination learning in
animals is directly relevant. The convergence that is evident be-
tween these theories (e.g., Mackintosh, 1975; Rescorla & Wagner,
1972) and accounts emerging from human psychophysics (e.g.,
Petrov et al., 2005) confirms this conclusion. The conclusions to be
drawn for studies of mere preexposure are more mixed.

Experiments on mere preexposure effects with people have
demonstrated some of the phenomena (notably the intermixed-
blocked effect) that have been central to the analysis of perceptual
learning in animals, and this is enough to encourage the view that
it is worthwhile to look for a common set of explanatory mecha-
nisms. One mechanism, based on latent inhibition of the common
features of similar stimuli seems to operate in both species—prior

exposure to X improves discrimination of AX from BX, both in
humans (McLaren et al., 1994; Mundy et al., 2007; Wang &
Mitchell, 2011) and in rats (Mackintosh et al., 1991). But neither
of the other major mechanisms to come out of studies with animals
works well for the human case. Although associative inhibition
effects can be demonstrated with people under certain conditions
of training (Karazinov & Boakes, 2004; Mitchell, Livesey, &
Lovibond, 2007), there is no indication that it contributes to the
effect produced by repeated exposure to closely spaced alternating
presentations of complex visual stimuli. The second mechanism,
salience modulation, fares a little better in that many of the results
obtained with humans are consistent with the suggestion that
preexposure is effective because it enhances the salience of the
distinctive features. But the mechanisms thought to be responsible
for salience modulation in animals do not readily apply to the
procedure used with humans. In animals, these mechanisms in-
volve long-term habituation and associative processes. In humans,
we have argued, identification of the unique features of the stimuli
depends on a short-term habituation process that allows the for-
mation of a unitized representation of the feature and the devel-
opment of an attentional bias toward it.

To acknowledge these differences is not to assert, however, that
human perceptual learning involves processes quite different from
those seen in animals. Self-generated reinforcement may contrib-
ute to the development of an attentional bias in humans only. The
other processes involved, short-term habituation, within-stimulus
association formation, however, are mechanisms that have been
derived from, and validated by, studies of animal learning. Given
that these mechanisms operate generally, in animals as well as
people, we can expect them to contribute, when circumstances are
appropriate, to the perceptual learning effects shown in animals.
Adapting the procedures used with animals to reproduce the es-
sential features of that used with humans may demonstrate a role
for unitization, attentional bias, and so on, in this case too. It will
take a program of research to confirm this. The program would be
essentially an exercise in “back-translation,” in which the outcome
of applying an animal model to people is used to refine the animal
model, making it yet more useful as a source of information of
general applicability.

References

Alonso, G., & Hall, G. (1999). Stimulus comparison and stimulus associ-
ation processes in the perceptual learning effect. Behavioural Processes,
48, 11–23. doi:10.1016/S0376-6357(99)00067-4

Artigas, A. A., Chamizo, V. D., & Peris, J. M. (2001). Inhibitory associ-
ations between neutral stimuli: A comparative approach. Animal Learn-
ing & Behavior, 29, 46–65. doi:10.3758/BF03192815

Artigas, A. A., Contel, D. M., Sansa, J., & Prados, J. (2012). Salience
modulation in serial preexposure: Implications for perceptual learning.
Journal of Experimental Psychology: Animal Behavior Processes, 38,
66–73. doi:10.1037/a0026399

Artigas, A. A., Sansa, J., Blair, C. A. J., Hall, G., & Prados, J. (2006).
Enhanced discrimination between flavor stimuli: Modulation or inhibi-
tion? Journal of Experimental Psychology: Animal Behavior Processes,
32, 173–177. doi:10.1037/0097-7403.32.2.173

Artigas, A. A., Sansa, J., & Prados, J. (2006). The Espinet and the
perceptual learning effects in flavour aversion conditioning: Do they
depend on a common mechanism? The Quarterly Journal of Experi-
mental Psychology, 59, 471–481. doi:10.1080/02724990544000022

T
hi

s
do

cu
m

en
t

is
co

py
ri

gh
te

d
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
l

A
ss

oc
ia

tio
n

or
on

e
of

its
al

lie
d

pu
bl

is
he

rs
.

T
hi

s
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

t
to

be
di

ss
em

in
at

ed
br

oa
dl

y.

304 MITCHELL AND HALL

http://dx.doi.org/10.1016/S0376-6357%2899%2900067-4
http://dx.doi.org/10.3758/BF03192815
http://dx.doi.org/10.1037/a0026399
http://dx.doi.org/10.1037/0097-7403.32.2.173
http://dx.doi.org/10.1080/02724990544000022


Ball, K., & Sekuler, R. (1982). A specific and enduring improvement in
visual motion discrimination. Science, 218, 697–698. doi:10.1126/
science.7134968

Battig, W. F. (1972). Intratask interference as a source of facilitation in
transfer and retention. In R. F. Thompson & J. F. Voss (Eds.), Topics in
learning and performance (pp. 131–159). New York, NY: Academic
Press.

Bennett, C. H., & Mackintosh, N. J. (1999). Comparison and contrast as a
mechanism of perceptual learning? The Quarterly Journal of Experi-
mental Psychology B: Comparative and Physiological Psychology, 52,
253–272. doi:10.1080/713932704

Bennett, C. H., Scahill, V. L., Griffiths, D. P., & Mackintosh, N. J. (1999).
The role of inhibitory associations in perceptual learning. Animal Learn-
ing & Behavior, 27, 333–345. doi:10.3758/BF03199732

Bennett, C. H., Wills, S. J., Wells, J. O., & Mackintosh, N. J. (1994).
Reduced generalization following preexposure: Latent inhibition of
common elements or a difference in familiarity? Journal of Experimen-
tal Psychology: Animal Behavior Processes, 20, 232–239. doi:10.1037/
0097-7403.20.3.232

Biederman, I., & Shiffrar, M. M. (1987). Sexing day-old chicks: A case
study and expert systems analysis of a difficult perceptual-learning task.
Journal of Experimental Psychology: Learning, Memory, and Cogni-
tion, 13, 640–645. doi:10.1037/0278-7393.13.4.640

Blair, C. A. J., Blundell, P., Galtress, T., Hall, G., & Killcross, S. (2003).
Discrimination between outcomes in instrumental learning: Effects of
preexposure to the reinforcers. The Quarterly Journal of Experimental
Psychology B: Comparative and Physiological Psychology, 56, 253–
265. doi:10.1080/02724990244000241

Blair, C. A. J., & Hall, G. (2003). Perceptual learning in flavor aversion:
Evidence for learned changes in stimulus effectiveness. Journal of
Experimental Psychology: Animal Behavior Processes, 29, 39–48. doi:
10.1037/0097-7403.29.1.39

Blair, C. A. J., Wilkinson, A., & Hall, G. (2004). Assessments of changes
in the effective salience of stimulus elements as a result of stimulus
preexposure. Journal of Experimental Psychology: Animal Behavior
Processes, 30, 317–324. doi:10.1037/0097-7403.30.4.317

Carvalho, P. F., & Albuquerque, P. B. (2012). Memory encoding of
stimulus features in human perceptual learning. Journal of Cognitive
Psychology, 24, 654–664. doi:10.1080/20445911.2012.675322

Chiroro, P., & Valentine, T. (1995). An investigation of the contact
hypothesis of the own-race bias in face recognition. The Quarterly
Journal of Experimental Psychology A: Human Experimental Psychol-
ogy, 48, 879–894. doi:10.1080/14640749508401421

Chotro, M. G., & Alonso, G. (1999). Effects of stimulus preexposure on the
generalization of conditioned taste aversions in infant rats. Developmen-
tal Psychobiology, 35, 304 –317. doi:10.1002/(SICI)1098-
2302(199912)35:4�304::AID-DEV5�3.0.CO;2-O

Contel, D. M., Sansa, J., Artigas, A. A., & Prados, J. (2011). Salience
modulation and associative inhibition interaction: Short but not long
exposure to similar stimuli protects the salience of the unique elements.
Behavioural Processes, 86, 21–29. doi:10.1016/j.beproc.2010.08.001

de Zilva, D., & Mitchell, C. J. (2012). Effects of exposure on discrimina-
tion of similar stimuli and on memory for their unique and common
features. The Quarterly Journal of Experimental Psychology, 65, 1123–
1138. doi:10.1080/17470218.2011.644304

Dwyer, D. M. (2008). Perceptual learning: Complete transfer across retinal
locations. Current Biology, 18, R1134–R1136. doi:10.1016/j.cub.2008
.10.037

Dwyer, D. M., Bennett, C. H., & Mackintosh, N. J. (2001). Evidence for
inhibitory associations between the unique elements of two compound
flavours. The Quarterly Journal of Experimental Psychology B: Com-
parative and Physiological Psychology, 54, 97–107. doi:10.1080/
713932748

Dwyer, D. M., Hodder, K. I., & Honey, R. C. (2004). Perceptual learning
in humans: Roles of pre-exposure schedule, feedback, and discrimina-
tion assay. The Quarterly Journal of Experimental Psychology B: Com-
parative and Physiological Psychology, 57, 245–259. doi:10.1080/
02724990344000114

Dwyer, D. M., & Honey, R. C. (2007). The effects of habituation training
on compound conditioning are not reversed by an associative activation
treatment. Journal of Experimental Psychology: Animal Behavior Pro-
cesses, 33, 185–190. doi:10.1037/0097-7403.33.2.185

Dwyer, D. M., & Mackintosh, N. J. (2002). Perceptual learning: Alternat-
ing exposure to two compound flavors creates inhibitory associations
between their unique features. Animal Learning & Behavior, 30, 201–
207. doi:10.3758/BF03192829

Dwyer, D. M., Mundy, M. E., & Honey, R. C. (2011). The role of stimulus
comparison in human perceptual learning: Effects of distractor place-
ment. Journal of Experimental Psychology: Animal Behavior Processes,
37, 300–307. doi:10.1037/a0023078

Dwyer, D. M., Mundy, M. E., Vladeanu, M., & Honey, R. C. (2009).
Perceptual learning and acquired face familiarity: Evidence from inver-
sion, use of internal features, and generalization between viewpoints.
Visual Cognition, 17, 334–355. doi:10.1080/13506280701757577

Espinet, A., Artigas, A. A., & Balleine, B. W. (2008). Inhibitory sensory
preconditioning detected with a sodium depletion procedure. The Quar-
terly Journal of Experimental Psychology, 61, 240–247. doi:10.1080/
17470210601154594

Espinet, A., González, F., & Balleine, B. W. (2004). Inhibitory sensory
preconditioning. The Quarterly Journal of Experimental Psychology B:
Comparative and Physiological Psychology, 57, 261–272. doi:10.1080/
02724990344000105

Espinet, A., Iraola, J. A., Bennett, C. H., & Mackintosh, N. J. (1995).
Inhibitory associations between neutral stimuli in flavor aversion con-
ditioning. Animal Learning & Behavior, 23, 361–368. doi:10.3758/
BF03198935

Fudim, O. K. (1978). Sensory preconditioning of flavors with a formalin-
produced sodium need. Journal of Experimental Psychology: Animal
Behavior Processes, 4, 276–285. doi:10.1037/0097-7403.4.3.276

Furmanski, C. S., & Engel, S. A. (2000). Perceptual learning in object
recognition: Object specificity and size invariance. Vision Research, 40,
473–484. doi:10.1016/S0042-6989(99)00134-0

Gibson, E. J. (1969). Principles of perceptual learning and development.
New York, NY: Appleton-Century-Crofts.

Gibson, E. J., & Levin, H. (1975). The psychology of reading. New York,
NY: Appleton-Century-Crofts.

Gibson, E. J., & Walk, R. D. (1956). The effect of prolonged exposure to
visually presented patterns on learning to discriminate them. Journal of
Comparative and Physiological Psychology, 49, 239–242. doi:10.1037/
h0048274

Goldstone, R. (1994). Influences of categorization on perceptual discrim-
ination. Journal of Experimental Psychology: General, 123, 178–200.
doi:10.1037/0096-3445.123.2.178

Goldstone, R. (1998). Perceptual learning. Annual Review of Psychology,
49, 585–612. doi:10.1146/annurev.psych.49.1.585

Gray, N. S., & Snowdon, R. J. (2005). The relevance of irrelevance to
schizophrenia. Neuroscience and Biobehavioral Reviews, 29, 989–999.
doi:10.1016/j.neubiorev.2005.01.006

Gur, D., Sumkin, J. H., Rockette, H. E., Ganott, M., Hakim, C., Hardesty,
L., . . . Wallace, L. (2004). Changes in breast cancer detection and
mammography recall rates after the introduction of a computer-aided
detection system. Journal of the National Cancer Institute, 96, 185–190.
doi:10.1093/jnci/djh067

Hall, G. (1979). Exposure learning in young and adult laboratory rats.
Animal Behaviour, 27, 586–591. doi:10.1016/0003-3472(79)90194-5

Hall, G. (1980). Exposure learning in animals. Psychological Bulletin, 88,
535–550. doi:10.1037/0033-2909.88.2.535

T
hi

s
do

cu
m

en
t

is
co

py
ri

gh
te

d
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
l

A
ss

oc
ia

tio
n

or
on

e
of

its
al

lie
d

pu
bl

is
he

rs
.

T
hi

s
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

t
to

be
di

ss
em

in
at

ed
br

oa
dl

y.

305PERCEPTUAL LEARNING

http://dx.doi.org/10.1126/science.7134968
http://dx.doi.org/10.1126/science.7134968
http://dx.doi.org/10.1080/713932704
http://dx.doi.org/10.3758/BF03199732
http://dx.doi.org/10.1037/0097-7403.20.3.232
http://dx.doi.org/10.1037/0097-7403.20.3.232
http://dx.doi.org/10.1037/0278-7393.13.4.640
http://dx.doi.org/10.1080/02724990244000241
http://dx.doi.org/10.1037/0097-7403.29.1.39
http://dx.doi.org/10.1037/0097-7403.29.1.39
http://dx.doi.org/10.1037/0097-7403.30.4.317
http://dx.doi.org/10.1080/20445911.2012.675322
http://dx.doi.org/10.1080/14640749508401421
http://dx.doi.org/10.1002/%28SICI%291098-2302%28199912%2935:4%3C304::AID-DEV5%3E3.0.CO%3B2-O
http://dx.doi.org/10.1002/%28SICI%291098-2302%28199912%2935:4%3C304::AID-DEV5%3E3.0.CO%3B2-O
http://dx.doi.org/10.1016/j.beproc.2010.08.001
http://dx.doi.org/10.1080/17470218.2011.644304
http://dx.doi.org/10.1016/j.cub.2008.10.037
http://dx.doi.org/10.1016/j.cub.2008.10.037
http://dx.doi.org/10.1080/713932748
http://dx.doi.org/10.1080/713932748
http://dx.doi.org/10.1080/02724990344000114
http://dx.doi.org/10.1080/02724990344000114
http://dx.doi.org/10.1037/0097-7403.33.2.185
http://dx.doi.org/10.3758/BF03192829
http://dx.doi.org/10.1037/a0023078
http://dx.doi.org/10.1080/13506280701757577
http://dx.doi.org/10.1080/17470210601154594
http://dx.doi.org/10.1080/17470210601154594
http://dx.doi.org/10.1080/02724990344000105
http://dx.doi.org/10.1080/02724990344000105
http://dx.doi.org/10.3758/BF03198935
http://dx.doi.org/10.3758/BF03198935
http://dx.doi.org/10.1037/0097-7403.4.3.276
http://dx.doi.org/10.1016/S0042-6989%2899%2900134-0
http://dx.doi.org/10.1037/h0048274
http://dx.doi.org/10.1037/h0048274
http://dx.doi.org/10.1037/0096-3445.123.2.178
http://dx.doi.org/10.1146/annurev.psych.49.1.585
http://dx.doi.org/10.1016/j.neubiorev.2005.01.006
http://dx.doi.org/10.1093/jnci/djh067
http://dx.doi.org/10.1016/0003-3472%2879%2990194-5
http://dx.doi.org/10.1037/0033-2909.88.2.535


Hall, G. (1991). Perceptual and associative learning. Oxford, England:
Clarendon Press. doi:10.1093/acprof:oso/9780198521822.001.0001

Hall, G. (2001). Perceptual learning: Association and differentiation. In
R. R. Mowrer & S. B. Klein (Eds.), Handbook of contemporary learning
theories (pp. 367–407). Mahwah, NJ: Erlbaum.

Hall, G. (2003). Learned changes in the sensitivity of stimulus represen-
tations: Associative and nonassociative mechanisms. The Quarterly
Journal of Experimental Psychology B: Comparative and Physiological
Psychology, 56, 43–55. doi:10.1080/02724990244000151

Hall, G., & Rodriguez, G. (2010). Attentional learning. In C. Mitchell & M.
Le Pelley (Eds.), Attention and associative learning (pp. 41–70). Oxford,
England: Oxford University Press.

Herzog, M. H., & Fahle, M. (1997). The role of feedback in learning a
vernier discrimination task. Vision Research, 37, 2133–2141. doi:
10.1016/S0042-6989(97)00043-6

Honey, R. C., & Bateson, P. (1996). Stimulus comparison and perceptual
learning: Further evidence and evaluation from an imprinting procedure.
The Quarterly Journal of Experimental Psychology B: Comparative and
Physiological Psychology, 49, 259–269. doi:10.1080/713932631

Honey, R. C., Bateson, P., & Horn, G. (1994). The role of stimulus
comparison in perceptual learning: An investigation with the domestic
chick. The Quarterly Journal of Experimental Psychology B: Compar-
ative and Physiological Psychology, 47, 83–103. doi;10.1080/
14640749408401349

Honey, R. C., & Hall, G. (1989). Enhanced discriminability and reduced
associability following flavor preexposure. Learning and Motivation,
20, 262–277. doi:10.1016/0023-9690(89)90008-8

Jacoby, L. L. (1978). On interpreting the effects of repetition: Solving a
problem versus remembering a solution. Journal of Verbal Learning &
Verbal Behavior, 17, 649–667. doi:10.1016/S0022-5371(78)90393-6

Jacoby, L. L., & Dallas, M. (1981). On the relationship between autobio-
graphical memory and perceptual learning. Journal of Experimental
Psychology: General, 110, 306–340. doi:10.1037/0096-3445.110.3.306

James, W. (1890). Principles of psychology. New York, NY: Holt. doi:
10.1037/11059-000

Karazinov, D. M., & Boakes, R. A. (2004). Learning about cues that
prevent an outcome: Conditioned inhibition and differential inhibition in
human predictive learning. The Quarterly Journal of Experimental Psy-
chology B: Comparative and Physiological Psychology, 57, 153–178.
doi:10.1080/02724990344000033

Karni, A., & Sagi, D. (1991). Where practice makes perfect in texture-
discrimination: Evidence for primary visual-cortex plasticity. PNAS
Proceedings of the National Academy of Sciences of the United States of
America, 88, 4966–4970. doi:10.1073/pnas.88.11.4966

Lavis, Y., Kadib, R., Mitchell, C. J., & Hall, G. (2011). Memory for, and
salience of, the unique features in perceptual learning. Journal of Ex-
perimental Psychology: Animal Behavior Processes, 37, 211–219. doi:
10.1037/a0021888

Lavis, Y., & Mitchell, C. J. (2006). Effects of preexposure on stimulus
discrimination: An investigation of the mechanisms responsible for
human perceptual learning. The Quarterly Journal of Experimental
Psychology, 59, 2083–2101. doi:10.1080/17470210600705198

Lu, Z., Hua, T., Huang, C., Zhou, Y., & Dosher, B. A. (2011). Visual
perceptual learning. Neurobiology of Learning and Memory, 95, 145–
151. doi:10.1016/j.nlm.2010.09.010

Lubow, R. E., & Moore, A. U. (1959). Latent inhibition: The effect of
non-reinforced preexposure to the conditional stimulus. Journal of Com-
parative and Physiological Psychology, 52, 415–419. doi:10.1037/
h0046700

Mackintosh, N. J. (1975). A theory of attention: Variations in the associa-
bility of stimuli with reinforcement. Psychological Review, 82, 276–
298. doi:10.1037/h0076778

Mackintosh, N. J. (2009). Varieties of perceptual learning. Learning &
Behavior, 37, 119–125. doi:10.3758/LB.37.2.119

Mackintosh, N. J., & Bennett, C. H. (1998). Perceptual learning in humans
and animals. In J. Adair, K. Dion, L. Belanger, & M. Sabourin (Eds.),
XXXI International Congress of Psychology (Vol., 2, pp. 317–333).
Montreal, Quebec, Canada: Psychology Press.

Mackintosh, N. J., Kaye, H., & Bennett, C. H. (1991). Perceptual learning
in flavour aversion conditioning. The Quarterly Journal of Experimental
Psychology B: Comparative and Physiological Psychology, 43, 297–
322. doi:10.1080/14640749108401272

McKee, S. P., & Westheimer, G. (1978). Improvement in vernier acuity
with practice. Perception & Psychophysics, 24, 258–262. doi:10.3758/
BF03206097

McLaren, I. P. L., Kaye, H., & Mackintosh, N. J. (1989). An associative
theory of the representation of stimuli: Applications to perceptual learn-
ing and latent inhibition. In R. G. M. Morris (Ed.), Parallel distributed
processing: Implications for psychology and neurobiology (pp. 102–
130). Oxford, England: Clarendon Press.

McLaren, I. P. L., Leevers, H. L., & Mackintosh, N. J. (1994). Recognition,
categorization and perceptual learning. In C. Umiltà & M. Moscovitch
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