NOTICE WARNING CONCERNING COPYRIGHT RESTRICTIONS

The copyright law of the United States [Title 17, United States
Code] governs the making of photocopies or other reproductions of
copyrighted material. Under certain conditions specified in the
law, libraries and archives are authorized to furnish a photocopy or
other reproduction. One of these specified conditions is that the
reproduction is not to be used for any purpose other than private
study, scholarship, or research. If a user makes a request for, or
later uses, a photocopy or reproduction for purposes in excess of
"“fair use," that use may be liable for copyright infringement. This
institution reserves the right to refuse to accept a copying order if,
in its judgement, fullfillment of the order would involve violation
of copyright law. No further reproduction and distribution of this
copy is permitted by transmission or any other means.



Borrower: PMC ‘ Cail #: 153 D997

Lending String: Location: FM 2nd Floor North
*LYU,OBE, TFW,0OLP, TEU,LS1, CTW,YQU,MWR,C
UY,VGM,LRU,VRC, TJC,OKS

Patron: This Material may be Protected by Copyright

Law (Title 17 U.S. Code)

Journal Title: Dynamic cognitive processes / N
Volume: Issue: Maxcost: 85,001FM
Month/Year: Pages: 11-35
Shipping Address:
Article Author: Carnegie Mellon University-Hunt Library-ILL
Office
Article Title: 4909 Frew St.
Hunt Library Room 305
ILL Number: 16680 Pittsburgh, Pennsylvania 15213

T ﬂII}?lll [l Fax: 412-768-6045

Odyssey: 128.2.20.146
Email: hi82@andrew.cmu.edu

——
—
—
==
—
———
——
——
S——
———
]
—
——
——
——

=
=
2
%
(5}
Z
=
—
S
,.8;
—

——
ILLiad TN: 405540 ’




Acquisition of Long-Term Visual
Representations: Psychological and Neural

Mechanisms

Marlene Behrmann, Joy Geng, and Chris Baker
Carnegie Mellon University, Pittsburgh, USA

Summary. How do we so rapidly achieve an organized, coherent visual
percept of our superficially chaotic world? One way of reducing the com-
plexity of the input is to take advantage of the statistical regularities and
regular co-occurrences between aspects of objects and between objects and
their spatial locations. In this chapter, converging data obtained from nor-
mal and brain-damaged individuals, as well as from single unit recording
studies in monkeys, are presented, all of which address the psychological
and neural mechanisms associated with statistical learning. The first sec-
tion deals with learning regularities associated with particular spatial loca-
tions, presumably a function of the dorsal ‘where’ stream and data from
normal individuals and from patients with hemispatial neglect are pre-
sented. The second section reports the findings from human and monkey
studies, which show how statistical contingencies of the visual environ-
ment are reflected in behavior and how neurons in monkey inferotemporal
cortex, the ventral “what” stream, appear to mediate these statistical ef-
fects. Taken together, using data from a variety of methodologies, this
work attests to the flexibility and robustness of the visual system and sheds
light on the way in which perceptual organization operates to convert raw
input into long-term visual representations.

Key words. Vision, perceptual organization, visual learning, neuropsy-
chology, agnosia, neurophysiology

Introduction

It is well established that human observers can learn statistically or prob-
abilistically defined patterns (e.g., frequent co-occurrence) of both auditory
stimuli (Saffran, Aslin, & Newport, 1996; Saffran, Johnson, Aslin, &
Newport, 1999) and visual stimuli (Chun, 2002; Edelman, Hiles, Yang, &
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Intrator, 2002; Fiser & Aslin, 2001, 2002a). It is also the case that humans
are sensitive to spatial regularities in the environment and are able to ex-
ploit the statistical contingencies that determine the location of a visual
target (Chun & Jiang, 1998; Hoffman & Kunde, 1999; Lewicki,
Czyzewska, & Hoffman, 1987; Maljkovic & Nakayama, 1996; Mayr,
1996). Such learning, often called “statistical learning,” is commonly de-
scribed as incidental or implicit, in that learning of new representations can
occur automatically without instruction and without observers explicitly at-
tending to and encoding the patterns. For example, statistical learning has
been demonstrated both when the stimuli are presented passively to ob-
servers in the absence of any explicit task (Fiser & Aslin, 2001), and when
observers are attending to and performing a separate, unrelated task
(Saffran, Newport, Aslin, Tunick, & Barrueco, 1997). Indeed, even if par-
ticipants demonstrate no explicit awareness of the relation-between targets
and distractor context, they nevertheless respond faster to a visual target
that appears in a repeated distractor configuration compared to one that
appears in a novel configuration (Chun & Jiang, 1998).

Statistical learning is so ubiquitous that it has also been observed in hu-
man infants 9 months old or younger (Fiser & Aslin, 2002b; Kirkham,
Slemmer, & Johnson, 2002; Saffran et al., 1996) as well as in naive non-
human primates (Baker, Behrmann, & Olson, 2002; Hauser, Newport, &
Aslin, 2001). For example, one might think of the A-not-B error exhibited
by infants—looking in the location where the previous stimulus appeared
rather than in the location of the current stimulus—as an inability to inhibit
the most probabilistic response associated with reward. But Smith,
Thelen, Titzer, and McLin (1999) have argued that this type of error is
caused by a directional bias in motor planning due in part to the history of
looking and reaching to the A location during the preceding trial(s). Be-
cause infants have immature control systems, a brief visual input signaling
the current B location is too weak to overcome the motor bias. However,
if the visual stimulus at B is salient, it can pull the motor response toward
that location (Smith et al., 1999). This suggests that whereas mechanisms
supporting simple matching behaviors may be modulated by spatial orien-
tation, they may also operate independently.

Indeed, the ability to track statistical probabilities linking behavior to
reward appears to be widespread in animal species. The matching law
characterizes the absolute rate of response as a linear function of the fre-
quency of reinforcement. In one of the earliest examples, Hermstein
(1961) demonstrated that the frequency with which pigeons pecked at each
of two response keys was commensurate with the reinforcement schedule
at each key. Although different reinforcement paradigms result in under-
or over-matching, the ranking of responses in"correspondence with the
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available reinforcement hierarchy is well established (Baum, 1979; Greg-
gers & Mauelshagen, 1997).

The central question is what psychological and neural mechanisms me-
diate statistical learning and, specifically, for the current purposes, visual
statistical learning? This chapter examines this issue by reviewing a series
of recent studies we have done addressing both learning of spatial regulari-
ties and learning of shape regularities in the visual modality. Each of the
two sets of studies tracks the acquisition of these regularities in one of the
two visual cortical streams, with the former set associated with parietal
cortex and the latter with temporal cortex. In the course of conducting
these studies, we have exploited a range of methodologies, including psy-
chophysical studies with normal participants, behavioral investigations
with individuals who have sustained brain damage, and single unit re-
cording studies in awake, behaving monkeys. Through this convergence of
methods, our goal is to elucidate the processes whereby visual representa-
tions are acquired as a function of the statistics of the input.

Learning and acquisition of spatial regularities

As alluded to previously, studies with humans and animals have shown
that the sensitivity to the spatial location of a stimulus is contingent on the
regularities in the input; for example, people respond faster to targets that
appeared in the same distractor configuration compared to those that ap-
pear in novel configurations (Chun & Jiang, 1998). In fact, people appear
to be sensitive to repetitions in target location over approximately 5-8 in-
tervening trials even when there is no probability manipulation (Maljkovic
& Nakayama, 1996). These findings are consistent with prior data sug-
gesting that probabilistic distributions in target location are related to per-
formance optimization (Shaw & Shaw, 1977).

Taken together, the results from human and nonhuman species implicate
an evolutionarily primitive mechanism that is sensitive to environmental
regularities that result in behavioral success. To explore this behavioral
sensitivity further, we have conducted studies examining whether adult
human participants match their behaviors to implicit regulatities in target
location during a visual search task (Geng & Behrmann, 2002). In particu-
lar, we (Joy Geng and Marlene Behrmann) were interested in investigating
whether, in a visual search task, target discrimination'is facilitated when
targets are more likely to appear in locations on one half of the display
compared to the other half of the display. This issue was investigated both
in normal individuals and in patients with hemispatial neglect.
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Fig. 1. Schematic depiction of the visual search display used to investigate facili-
tation of spatial regularities on target discrimination. Note that the grid was not
visible to the participants; it is shown here for purposes of illustration. Six col-
umns and three rows were used. Six stimuli appeared on each trial, a target and
five distractors. The location of the target was systematically manipulated to ap-
pear with high probability in the same location on the uneven condition trials.

Visual search and spatial regularities

To investigate the facilitation of target discrimination as a function of sta-
tistical frequency, we used a visual display containing 6 items, one target
(either F or L) and five distractors (T or E). There were 18 possible loca-
tions, formed by a grid of 6 vertical columns by 3 horizontal rows (see
Figure 1), although this grid was not visible to the participant. Six letters
appeared on each trial, one in each column. Participants responded by
pressing one button for “L” targets and another for “F” targets. The prob-
ability manipulation was implemented across two conditions that appeared
sequentially in separate blocks of trials. In the baseline condition, targets
were equally likely to appear in any of the six columns. In the uneven
condition, targets appeared on one half of the screen (e.g., columns 1-3)
with 80% probability and on the other half (e.g., columns 4-6) with 20%
probability. The target was equally likely to appear in all possible loca-
tions within the selected screen side. The screen side containing 80% of
the targets was counterbalanced (left or right). No mention of the prob-
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ability manipulation was made at the beginning of the experiment; partici-
pants were simply instructed to indicate which target was present as
quickly and accurately as possible.

To ensure that subjects maintained central fixation, prior to the onset of
the visual search display they reported a digit from 1-9 that appeared cen-
tered over fixation. To gauge their awareness of the probability manipula-
tion, at the end of the experiment participants were asked, “Did you feel
that the target was more likely to appear in one location or region, or did
you feel that targets were well distributed?” and the response was re-
corded.

We tested two groups of normal subjects, a young group consisting of
college students, to ascertain the extent of the probability effect, and then a
group of elderly subjects (to serve as controls for the patients with hemis-
patial neglect, see below). All participants were right handed and had nor-
mal or corrected-to—normal vision. Subjects made very few errors (1% and
2.5% for the young and elderly subjects) and so the analyses were per-
formed on reaction time (RT). Because the side of space on which the
probability was manipulated did not influence performance, the location
factor was collapsed for the analysis. Also, because both young and elderly
subjects were influenced by the probability manipulation to an equivalent
extent, the age factor was collapsed for the analysis. The critical finding
was that significant differences between the probability conditions were
observed in all columns except 5, which showed the same numerical trend
(see Figure 2). However, because the two probability conditions were al-
ways run in sequence, with the baseline first so as to prevent contamina-
tion from the altered probability distribution, it was difficult to determine
whether decreases in RT were due to general practice effects and/or to the
probability manipulation. A comparison of the RT difference between
columns within each probability condition provided further answers. Pair-
wise comparisons revealed the following: In the baseline condition, none
of the column pairs differed significantly from each other. In the uneven
condition, however, columns / and 2 were significantly different from col-
umns 6 and 5, respectively. This comparison confirmed that targets in the
left-most columns were detected more quickly than targets in the right-
most columns but only when the statistics governing target location were
biased towards the left side of the screen.

Twelve of the sixteen undergraduate participants and all of the elderly
participants reported having no awareness of the probability distribution at
the end of the experiment; re-running the analysis excluding the four who
reported some awareness did not alter the findings. That participants report
no obvious tracking of the probability suggests that the results are not-due
to explicit anticipation of target location at the beginning of each trial but
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Fig. 2. Mean reaction time as a function of screen column for control participants
for baseline and uneven conditions. Note that the data from the young and elderly
control participants are collapsed here. Error bars indicate standard error.

rather that the spatial contingencies are being coded implicitly. From these
data, we conclude that young and elderly normal participants are sensitive
to the probability distribution of target objects, even when the distribution
is over a region that includes several locations and when there is no ex-
plicit awareness of the contingency. We take these results to be a clear
demonstration of how a flexible and adaptive orienting system may direct
attention optimally in response to statistical contingencies in the visual
field in normal individuals.

To explore further the consequences of the probabilistic distribution of
targets on spatial representation, we conducted the same experiment in in-
dividuals with hemispatial neglect. Hemispatial neglect (or neglect, for
short) is a deficit in representing contralesional space, acquired following a
brain lesion. Individuals with this disorder fail to notice or report informa-
tion on the side of space opposite the lesion, despite intact sensory and mo-
tor processes (Bartolomeo & Chokron, 2001; Bisiach & Vallar, 2000).
Thus, for example, patients with a right hemisphere lesion fail to copy fea-
tures on the left of a display despite incorporating the corresponding fea-
tures on-the ipsilesional right. The same individual may eat from only the
right side of their plate or dress only the right side of their body. The defi-
cit may affect all sensory modalities, including contralateral visual, audi-
tory, somatosensory, and olfactory inputs. The presence of neglect may
also adversely affect manual and oculomotor behavior in that these patients
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often are impaired at directing their eyes and/or hand to the contralateral
side, even in the absence of visual input (Gore, Rodriguez, & Baylis,
2001/2002; Hornak, 1992; Mattingley,' Husain, Rorden, Kennard, &
Driver, 1998). Finally, neglect can-even affect the contralateral side of an
internal representation in the absence of sensory input, and'can be reflected
in mental imagery, as so elegantly demonstrated in the seminal work by
Bisiach and Luzzatti (1978).

Many studies have demonstrated a significant impairment in the visual
search abilities of neglect patients (Aglioti, Smania, Barbieri, & Corbetta,
1997; Behrmann, Ebert, & Black, 2004; Eglin, Robertson, & Knight, 1989;
Esterman, McGlinchey-Berroth, & Milberg, 2000; Riddoch & Humphreys,
1987). There is evidence, however, that patients with neglect are able to
exploit explicit spatial cues such as arrows indicating the target location, or
verbal instructions to orient leftwards (Halligan, Manning, & Marshall,
1991; Lin, Cermak, Kinsbourne, & Trombly, 1996; Riddoch & Hum-
phreys, 1983). The critical question is whether these individuals with ne-
glect are able to exploit spatial contingencies in the same way as normal
participants. To assess this, we examined the impact of statistical regulari-
ties of target location as an orienting cue in relation to the spatial gradient
of neglect behavior with seven individuals, all of whom had sustained a le-
sion to the right hemisphere and all of whom exhibited left-sided visual
neglect on the Behavioral Inattention test (Wilson, Cockburn, & Halligan,
1987).

As is evident in Figure 3a, the critical finding was the presence of a sig-
nificant interaction between condition (baseline, uneven) and column of
target. Pairwise comparisons of corresponding columns in the two prob-
ability conditions revealed a significant reduction in RT in columns /-3 in
the uneven compared with the baseline condition but no significant change
in columns 4-6. Results from the baseline condition were consistent with
classic symptoms associated with hemispatial neglect: columns / and 2
were significantly slower than columns 6 and 5, whereas column 3 was not
significantly different from column 4. In the uneven probability condition,
however, discrimination performance in column / was still significantly
slower than column 6. Importantly, there were no significant differences
between columns 2 and 5 and columns 3 and 4.

To assess whether the effect of statistical cueing was qualitatively dif-
ferent for control vs for patient populations, difference ratios between the
two conditions were calculated for patient and for control participants for
each column (see Figure 3b). Note that the control subjects here are just
the elderly subjects described above. Most notably, the population (control,
patient) x column difference ratio interaction was not significant, indicat-
ing that the change in performance between the baseline and uneven condi-
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Fig. 3. Mean reaction time as a function of screen column (a, left panel) in patients
with hemispatial neglect for baseline and uneven conditions and mean difference
ratios as a function of screen column for elderly controls and neglect patients (b,
right panel). Error bars indicate standard errors.

tions as a consequence of the contingency in target location was equivalent
in elderly and patient participants. As with the normal participants, none of
the patients reported having noticed the probability difference during the
experiment, further suggesting that the results are not a consequence of ex-
plicit strategy formation.

In sum, our data demonstrate that neglect patients show an additive sen-
sitivity to statistical contingencies governing the distribution of targets in
the visual field, that their behavior is modulated without explicit knowl-
edge, and that the relative decrease in RT between conditions is equivalent
to that seen in elderly participants. The results indicate that the behaviors
of both normal and patient populations reflect sensitivity to the statistical
spatial contingencies. Importantly, despite the obvious ability to exploit
these contingencies, participants report being unaware of the uneven dis-
tribution of target locations. These results provide an important demonstra-
tion of how the visual attention system may adapt to environmental statis-
tics reflexively in order to maximize the efficiency of behavioral output.

What neural mechanism might track these statistical effects? At least
three possibilities exist: the facilitation occurs during the perceptual encod-
ing of the input, during the sensorimotor transformation between the visual
input and motot response (Platt & Glimcher, 1999), or during the planning
or execution of the response. Although we do not definitively know the an-
swer, the results from the patients render the second possibility unlikely
because the effect of the uneven cueing did not alter the attentional gradi-
ent of patients per se. Furthermore, because neglect is often thought of as
resulting from damage to regions of the brain that implement sensorimotor
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transformations (Andersen, Snyder, Bradley, & Xing, 1997; Behrmann,
Ghiselli-Crippa, Sweeney, Dimatteo, & Kass, 2002), it is likely that the fa-
cilitation reported in patients occurs in the encoding or the response proc-
ess. The notion that the uptake of the target information is facilitated by the
contingencies is consistent with the finding that early ERP components
such as lateral occipital P1 and N1 are larger for targets appearing in ex-
pected rather than unexpected locations (Handy, Green, Klein, & Mangun,
2001). It is also in agreement with fMRI evidence that top-down atten-
tional effects can selectively enhance V1 activation with concomitant sup-
pression in surrounding regions; selective enhancement may act to reduce
competition when multiple stimuli are present (Fink, Driver, Rorden, Bal-
deweg, & Dolan, 2000; Sengpiel & Huebener, 1999).

These results suggest that attentional expectancies in this experiment
(although implicit) may provide feedback to early visual areas to enhance
processing of objects located in the most probable region. It is also possi-
ble, however, that the contingencies facilitate subject responses, in this
case, the saccadic eye movements that are necessary for target discrimina-
tion. The facilitation in target discrimination may arise because neurons
involved in coding saccadic eye movements to the more probable side of
space are primed. For example, Basso and Wurtz (1998) recorded from
buildup neurons in the superior colliculus of monkeys performing a sac-
cadic eye-movement task. They found greater activation during the delay
period prior to target selection when the target always appeared in the
same location compared to when it appeared in different locations. Their
findings suggest that presaccadic activation is modulated by increased tar-
get location probability.

At present, exactly what gives rise to this facilitated discrimination per-
formance as a function of contingency remains to be determined. Some
functional imaging studies on this topic are under way and promise to be
illuminating. We now turn to examining statistical learning of shapes,
where we are better able to suggest a neural mechanism that likely sup-
ports this form of learning,

Learning and acquisition of shape regularities

Statistical learning has been demonstrated for frequently co-occurring
shapes embedded in simple displays (Chun & Jiang, 1999; Edelman et al.,
2002; Fiser & Aslin, 2001). In these studies, observers typically are pre-
sented with a series of visual displays containing multiple stimuli. For ex-
ample, Fiser and Aslin (2001) used displays comprising a three-by-three
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grid containing six simple shapes. Across such displays, the joint probabil-
ity (probability of co-occurrence) or conditional probability (probability of
stimulus A given the presence of stimulus B) of stimulus pairs varies sys-
tematically. Learning of these stimulus statistics has been shown with a
number of different dependent measures. Edelman, Hiles, Yang, and Intra-
tor (2002) measured statistical learning as the greater reduction in reaction
time for frequent compared with infrequent stimulus pairs in a probe detec-
tion task. Fiser and Aslin (2001) found that, in a forced-choice familiarity
judgment task, observers could discriminate between frequent and infre-
quent stimulus pairs, suggesting an explicit representation of stimulus sta-
tistics. However, Chun and Jiang (1999) have argued that the memory may
be implicit. They found shorter reaction times for frequent over infrequent
target-distractor pairings in a visual search task, in the apparent absence of
explicit memory for the target-distractor associations, measured in forced-
choice familiarity judgments.

Although there are now several elegant studies in the domain, a number
of questions persist — What factors influence performance? Do bottom-up
factors such as perceptual organization override statistical regularity? Is it
necessary to attend to the entire display to obtain the statistical effects? Is
the sensitivity to the statistics explicitly reportable by participants? What
neural mechanism mediates the learning? To examine this form of learning
in more detail, we (Chris Baker, Carl Olson, and Marlene Behrman) devel-
oped a paradigm that could be used with both humans and monkeys; we
report these findings here. In the humans, we measured RT and we also
tracked performance in a forced-choice familiarity judgment to provide a
comparison with the studies above (Baker, Olson, & Behrmann, 2004).

Acquiring new visual shape representations in normal
participants

In the experiments, displays were composed of two simple geometric
stimuli (Figure 4) either unconnected or connected by a vertical bar. The
total height of the displays was approximately 2.5 degrees of visual angle
and the distance between the two stimuli was approximately 1 degree.
There were eight target stimuli and eight distractor stimuli. Displays were
constructed by combining one target and one distractor, producing 32 dif-
ferent displays. Each target was associated with a given response (left or
right). Each distractor ' was paired equally often with left and right targets,
so distractors carried no information about the appropriate response.
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Fig. 4. Stimulus set for exploring visual pattern learning. The eight target parts are
indicated by arrows and annotated with the designated response (R = right, L =
left). The remaining eight parts are distractors and were equally associated with
left and right responses. The solid (set 1) and dotted (set 2) ovals surrounding each
stimulus indicate the frequency set to which the stimulus was assigned.

The critical manipulation employed in the experiments was the fre-
quency of presentation of specific target-distractor combinations. Frequent
combinations were presented four times as often as infrequent combina-
tions. It was reasoned that if participants processed the target-distractor
combinations they would respond faster and more accurately to the fre-
quent than to the infrequent combinations. Displays were divided into two
equal sets (set 1 and set 2, Figure 4). For a given participant, one set was
designated “frequent” and the other set “infrequent,” ‘with set counterbal-
anced across participants. Each target was paired frequently with two dis-
tractors and infrequently with another two.

At the start of each trial, a fixation point was presented at the center of
the screen and participants depressed two levers, one with each hand. The
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fixation point turned red and remained so for 500 ms, until it was extin-
guished and a stimulus was presented for 100 ms. The participants had to
release either the left or the right lever depending on the target present in
the stimulus. On each trial, feedback was given: three short tones for a cor-
rect response and a large red circle flashing on the screen for an incorrect
response. These parameters were chosen to be maximally similar to the
monkey experiment to be reported next.

At the start of the experiment, participants were informed as to the na-
ture of the task, but were not informed which targets instructed a left re-
sponse and which a right response. They were allowed to perform practice
trials on a separate set of stimuli before engaging in the main experiment.
Subjects completed 10 blocks of trials; within every block, the frequent
target-distractor combinations were presented four times each and the in-
frequent combinations once only. At the end of the experiment, partici-
pants were presented with 40 different stimuli and asked to rate them on a
scale of 1-5 for familiarity (1 = least familiar, 5 = most familiar). All 32 of
the experimental stimuli were presented, as well as 8 novel stimuli that had
not been presented during the experiment. The novel stimuli were either
target-target or distractor-distractor combinations.

In the first experiment, the upper and lower stimuli in the displays were
connected. Four targets were presented at the upper location and four tar-
gets at the lower location (Figure 4). Participants were not informed which
parts were targets and which distractors. Over the course of the 10 blocks,
participants showed decreasing RTs and increasing accuracy for both fre-
quent and infrequent target-distractor pairs. Critically, participants were
faster and more accurate for frequent target-distractor pairings than for in-
frequent pairings (Figure 5a and b). Most relevant is the finding of a main
effect of frequency on RT and on accuracy (although the latter was. only
marginally significant in this case). These results indicate statistical learn-
ing of the target-distractor combinations. Participants also rated frequent
stimuli as significantly more familiar than infrequent stimuli (Figure 5¢).
This result confirms, in a test of explicit recall, statistical learning of the
target-distractor combinations and suggests that the representations are ex-
plicit.

We conducted several other experiments to examine further the factors
that influence this statistical learning. In one study, we examined whether
participants would show the same sensitivity to the statistics if the parts
were not connected (Figure 6). Both RT and accuracy showed the facilita-
tion in performance for frequently occurring target-distractor combinations
even if the top and bottom were separated, and this facilitation was as great
as when they were connected. Participants also rated frequent stimuli as
more familiar than infrequent stimuli (and to an equivalent degree whether
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Fig. 5. Mean reaction times (a, top left panel); mean accuracy (b, bottom left
panel); and mean familiarity ratings (c, bottom right panel) for subjects showing
better performance on all measures for frequent target-distractor pairs over infre-
quent when subjects attend to targets at the bottom or top positions and when the
parts are connected.

connected or not). That performance across the different dependent meas-
ures is equivalent independent of whether the parts are connected or not is
surprising but suggests that learning is so robust that perceptual organiza-
tion principles such as uniform connectedness (Palmer & Rock, 1994;
Saiki & Hummel, 1998) are not necessary to bind the component parts to-
gether.

In the two experiments just described, targets were presented at both the
upper and lower locations (unpredictably) so that participants had to attend
to both locations. This attention might have served to bind the frequency
pairings together. In further experiments, we asked whether the effect ob-
served above was dependent on participants attending to both locations.
We repeated the same two experiments with the upper and lower stimuli
connected in one experiment (Figure 7) but not in a second (Figure 8), but
in both cases, all eight targets were presented at one location only (either
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are not connected.

upper or lower, between subjects). Interestingly, even when participants
are required to attend to one location only, they still show statistical learn-
ing of the target-distractor combinations regardless of whether they are at-
tending to the upper location only or the lower location only when the
stimuli are connected. This facilitation by frequency was also apparent in
the subjects’ explicit recall on the familiarity-rating task. However, when
participants had to attend to one location only and the parts were uncon-
nected, they no longer showed statistical learning of the target-distractor
combinations. Under these conditions, participants were not faster nor
were they more accurate for the frequent target-distractor combinations
than for the infrequent combinations, and participants gave similar famili-
arity ratings to the frequent and infrequent stimuli. These results indicate
that when participants have to attend to one location only and the parts are
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Fig. 7. Mean reaction times (a, top left panel); mean accuracy (bottom left panel); ;
and mean familiarity ratings (c, bottom right panel) for subjects showing better !
performance for frequent target-distractor pairs over infrequent when subjects at- ?1
tend to targets at the bottom position and wheh the parts are connected.

unconnected, they no longer show statistical learning of the target- |
distractor combinations. |
| Taken together, these findings suggest that both attention and perceptual }
grouping can modulate visual statistical learning and that, importantly,
these two factors interact. When participants attended to both stimulus lo-
cations, statistical learning was observed regardless of whether the stimuli
were connected or not. When the participants attended to one location only ff
only, however, statistical learning was observed only when the stimuli “
were connected. Attention to the individual stimuli appears to be neces- :
‘ sary, although this could be produced voluntarily by explicit direction of

|

attention or involuntarily by the automatic spreading of attention induced

by perceptual grouping. This suggests that in real world scenes, in the ab- :

sence of explicit attentional control, statistical learning of feature combina- :
i tions is much more likely for connected features than for unconnected fea-
| ; tures.
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panel); and mean familiarity ratings (c, bottom right panel) for subjects showing
no difference in performance for frequent target-distractor pairs over infrequent
when subjects attend to targets at the bottom position and the parts are not con-
nected

The statistical learning just described suggests that participants may be
automatically encoding the upper and lower stimuli as a single whole ob-
ject and forming unitary representations of the stimulus displays when at-
tending to its entirety. Recent neurophysiological data from monkeys pro-
vide a possible neural mechanism by which such unitization could occur,
as seen in the next section in which we describe an experiment in which
we trained monkeys on a discrimination task using the same stimuli and
found an increase in the number of neurons in inferotemporal cortex cod-
ing the conjunction of visual features.
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Acquiring new visual shape representations in non-
human primates

The results just reported indicate that humans are sensitive to repeated
combinations of top and bottom parts of an object even if one part is not
relevant for the response, revealing considerable statistical learning. The
question that arises is what neural system might possibly mediate this pat-
tern of acquisition. One obvious candidate is inferotemporal (IT) cortex,
given that neurons in this region have been shown to respond more simi-
larly to visual stimuli that have been paired in prior training than to non-
paired stimuli (Messinger, Squire, Zola, & Albright, 2001; Sakai & Miya-
shita, 1991). These results are also consistent with the data showing that
lesions to IT impair pattern recognition. To examine the role of IT in pat-
tern acquisition, we (Chris Baker, Carl Olson, and Marlene Behrmann)
trained two monkeys in a discrimination task using the same stimuli that
we had used for humans (bottom and top connected) (Baker et al., 2002).
We then recorded from single neurons during a fixation task while the
monkey fixated both learned and unlearned stimuli.

In this experiment, to ensure that there were no new emergent features
when the top and bottom were juxtaposed (and that this single emergent
feature was what the monkey learned, rather than the co-occurrence of the
top and bottom part), we assembled tetrads of the stimuli by combining
two top parts and two bottom parts orthogonally ina 2 x 2 design (see Fig-
ure 9). In the discrimination task, the monkey was taught to respond with a
lever (right or left) depending on a particular combination of a top and bot-
tom part. Because no part definitively indicated the response, to associate
the stimuli with a response side, the monkey had to encode both the top
and bottom part (see Figure 9). Each monkey was trained on two tetrads
with the remaining two serving as the unlearned controls; learned tetrads
for one monkey served as the unlearned controls for the second monkey
and vice versa (see Figure 9 for examples). Once the monkeys performed
the task well, we directly compared the neural responses elicited by
learned versus unlearned stimuli. Recording sites, localized by magnetic
resonance imaging, occupied the ventral aspect of the temporal lobe lateral
to the anterior medial temporal sulcus, and thus were all in visual area TE
of the inferior temporal lobe (see Figure 10 for rezcording site for monkey
1).

In the fixation condition, we assessed the neural response to all 16 stim-
uli and then chose one learned and one unlearned tetrad that evoked a neu-
ral response. Across the two monkeys, this was done 502 times (monkey
1: 331, monkey 2: 171). We were particularly interested in the number of




28  Behrmann, Geng, and Baker

| Il \Y;

it | pf <t | =g

Heni( | He=f Omit | O=E

sl | Y= ol | ol
=L

|
! [] Leftlever  [] Rightlever

‘ ]‘\ Fig. 9. Four tetrads of batons were used in discrimination training. Monkey 1 was
1} trained on tetrads I and II and monkey 2 on tetrads III and IV. The batons that
i were used for training one monkey were also used as unlearned controls for the
‘ other monkey. Batons requiring left and right-lever responses are indicated by the
; different boxes around the stimuli. During the experiment, the boxes were not pre-
‘ | sent.

i neurons that responded selectively to a specific combination of a top and
gt bottom part (see Figure 11 for an example), and to the extent that this se-
| . lectivity differed for learned versus unlearned stimuli. To quantify the dif-
3. ferential selectivity for the learned versus unlearned stimuli, for each neu-
ron, we performed a two-way ANOVA with top and bottom part as factors,
separately for learned and unlearned stimuli, and then counted up how
i many neurons showed no sensitivity to either the top or bottom part, one
main effect, two main effects, or the interaction.

The schematic depiction of these various outcomes is shown in Figure
12, with the size of the circle showing the strength of the response. As is
evident from Figure 13, in which we simply plot the number of neurons
exhibiting a particular outcome on the ANOVA, there were no differences
for the number of neurons that showed either one or two main effects for
learned versus unlearned displays. There were, however, more frequent in-
teractions of top and bottom factors for learned versus unlearned stimuli
and fewer neurons showing no sensitivity for learned over unlearned stim-
uli.

e e mmE
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Fig. 10. Magnetic resonance images showing the recording site in the ventrome-
dial cortex in monkey 1: (a) sagittal and (b) coronal. The dark line running
through the cortex is a shadow surrounding an electrode that was placed at the
most medial recording site.

Learned Unlearmed

Fig. 11. Spike frequency histograms from a single neuron from Monkey 1 show-
ing greater selectivity of response for combinations of particular top and bottom
parts for learned over unlearned stimuli. Traces are aligned on the onset of the
500ms stimulus (vertical line). The duration represented by the entire horizontal
axis is 2s.
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Fig. 12. The two-way ANOVA with top and bottom part as factors could yield a
number of possible outcomes, including selectivity (a) for neither part of the ob-
ject, (b) for one part of the object, (c) for both parts of the object, independently,
or (d) an interaction between top and bottom, such that one object produces a
strong discharge (upper square) or objects sharing the same behavioral response
but no parts in common produce a strong discharge. The interaction of interest
here is the former, indicating a preferential response for a combination of a top
and bottom part, especially in the learned case.

The important finding is that stimuli evoked a differential response from
the neuron if the particular combination was learned. We note, however,
that the statistical interaction of top and bottom factors need not necessar-
ily emerge from the selective response in which we are interested (see Fig-
ure 12). For example, an interaction might also be observed if the two
stimuli on the diagonal both elicited strong neural responses. Such a result
emerges from an association of the stimuli with a particular response (re-
call that left and right responses are aligned with the stimuli on the diago-
nal) and is not of interest for this current investigation.

The final analysis consisted of ensuring that the increased number of
neurons showing the top x bottom interaction indeed displayed the super-
additivity or nonlinearity of the component parts for one of the four stim-
uli. This was indeed the case, suggesting that, over the course of experi-
ence, the neurons came to represent not only the parts, as evident in the
persisting main effect of parts, but also the combination of parts. A mecha-
nism such as this might underlie the increased sensitivity to frequency ob-
served in human experiments reported above, and demonstrates the ability
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Fig. 13. The particular outcomes of the ANOVA from F igure 12 conducted sepa-
rately for each neuron. The responses for each neuron appear in only one bar for
learned and one for unlearned. The totals for the learned bars and the unlearned
bars are 502 each. If a neuron showed a main effect and an interaction effect, then
in this plot, it went into the interaction bar only. The major difference is the
smaller number of neurons which showed no sensitivity for either part for the
unlearned batons, and the greater number of neurons which showed the top x bot-
tom interaction for the learned compared with the unlearned batons,

of inferotemporal (IT) cortex to acquire new visual representations as a
function of experience.

Conclusion

The focus of this chapter has been on the processes by which new visual
representations are acquired. In particular, this was assessed in a variety of
ways by examining the sensitivity of the visual system to the statistics of
the input. Studies are described exploring the acquisition of spatial repre-
sentations by virtue of sensitivity to spatial regularities in the environment.
We showed that normal individuals and brain-damaged patients with
hemispatial neglect are able to track the regularities, and that this facilitates
target discrimination in a visual search task. We also showed that normal
individuals are able to learn specific combinations of top and bottom parts
of a stimulus and that this learning is so robust that it can survive a discon-
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nection between the parts or attention to only one component. Monkeys
trained with the same componential stimuli show neuronal responses that
reflect the sensitivity to the particular combinations. Taken together, these
findings illustrate how spatial and pattern representations are acquired (and
maintained), and demonstrate that the visual system is exquisitely sensitive
to the regularities of the input.
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