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We examine the hypothesis that the form representation in the
anterior inferotemporal (AIT) cortex is acquired through learning.
According to this hypothesis, perceptual aspects of the temporal
association area are closely related to its visual representation, in
that the response selectivity of AIT neurons can be influenced by
visual experience. On the basis of the neurophysiological
evidence, we summarize two neuronal mechanisms that subserve
the acquisition of form selectivity in AIT neurons. The first
mechanism is neuronal tuning to particular stimuli that were
learned in a cognitive task. The second mechanism is association,
with which relevant information can be retrieved from other
stored memories. On the grounds that long-term memory of
objects is acquired and organized by at least these two neuronal
mechanisms in the temporal association area, we further present a
model of the cognitive memory system that unifies perception
and imagery.

The inferotemporal (IT) cortex has been proposed to be the memory
storehouse in object vision (Gross 1973; Mishkin 1982; Sakai and
Miyashita 1993a). Along the visual pathway from the primary visual
cortex (V1) to the anterior inferotemporal (AIT) cortex, both the
receptive field size and the complexity of neuronal processing increase
(Gross 1992; Van Essen et al. 1992). Consequently, IT neurons respond
selectively to complex forms such as hands, faces, and computer-
generated forms (Fig. 1). A recent neurophysiological study suggests that
AIT neurons in adult monkeys are subject to tuning mechanisms for
complex features of visual stimuli through lifelong sensory experience
and learning (Sakai and Miyashita 1993b, 1994a).

Primate vision has a remarkable ability to recognize a variety of similar
faces or objects. This ability suggests that form information is
perceptually organized so that it enables fine discrimination of faces or
objects. One recent psychological study demonstrates that even the
brightness percept is influenced by the perceptual organization of
high-level properties such as depth and form (Adelson 1993). In this
review we use the term form for the geometry of an object’s overall
structure. We believe that form is an indispensable concept in
understanding mechanisms of object recognition, because form directly
represents an object’s entity and enables its recognition.

There still remains a controversial question whether form perception
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FORM SELECTIVITY AND
ORIENTATION SELECTIVITY

Figure 1: Examples of the screening set used in testing the responses of IT neurons.
One typical visual stimulus is shown for each screening set. (A) The shadow of a
monkey hand (Gross et al. 1972); (B) a monkey face (Desimone et al. 1984); (C) a
simple FD (Schwartz et al. 1983); (D) a two-dimensional Walsh pattern (Richmond
et al. 1987); (E) a star form (Tanaka et al. 1991); (F) a pattern decomposed from the
lips of a face (Fujita et al. 1992); (G) a fractal pattern (Miyashita and Chang 1988);
(H) a complex FD (Sakai and Miyashita 1991).

occurs as overall identification or as a synthesis of structural components.
Some theories of object recognition have proposed bottom-up
determination of an object’s components and subsequent matching of the
arrangement of components with a2 memory representation (Marr 1982;
Pentland 1986; Biederman 1987). The properties of face-selective cells
found within the superior temporal sulcus (STS) may be in agreement
with these theories (Perrett et al. 1987). However, there is psychological
evidence that object features (not specifically related to parts) are
matched directly with such overall features stored in long-term memory
(Cave and Kosslyn 1993). Because this problem is inseparable from the
nature of form representation itself, we will deepen this discussion in the
section Is Form Representation 2D Viewer-centered or 3D
Object-centered? (below) after presenting more relevant data.

Whereas the orientation selectivity of V1 and V2 neurons has been well
characterized (Hubel and Wiesel 1959; Bonhoeffer and Grinvald 1991;
Blasdel 1992), the form selectivity of IT cells has not been thoroughly
studied, owing in part to the complexity of form features (Schwartz et al.
1983; Desimone et al. 1984; Tanaka et al. 1991). When recording a V1
cell, its orientation preference and selectivity can be systematically
determined. Orientation is of one-dimensional parameter ranging from 0°
to 180°. In contrast, the range of form variety is almost infinite.
Moreover, no critical parameters are known for the specification of
general forms.

If the form analysis in vision is hierarchical and bottom-up, then some
aspects of the form selectivity of IT cells reflect the constraint in the
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early visual processing. Besides, if this visual processing is based on
computational logic, then there must be some principles that guide the
generation of the form selectivity. In this article we propose the guiding
principles of neuronal tuning and association in the AIT cortex. Our
working hypothesis is that learning of a form or repeated exposures to a
form produces neurons that selectively respond to that particular form.
This idea bears some relation to prior conjectures for the experimentally
controlled picture-selective responses (Miyashita 1988) and the modified
responses of face-selective cells (Rolls et al. 1989).

The conventional method for determining the response selectivity of a
single IT neuron utilizes a screening set of various object forms. Because
experimenters are not able to test every possible form, they must
prepare a convenient screening set with many visual stimuli. Figure 1
shows some examples of screening sets utilized so far. This kind of
screening set can specify global form selectivity. If a recorded neuron
responds to at least one of the forms in a screening set (responsive), but
not equally to all of them (selective), the global form selectivity of this
cell can be characterized further.

One may mistakenly conclude that the most effective form in a
screening set is the optimum stimulus for a recorded cell. Suppose that
we are now using the screening set of various hand forms. Even if a
recorded cell responds best to a particular monkey’s hand (shown in Fig.
1A) among this set, there is no guarantee that this hand is the optimum
stimulus, because of the possibility that other untested hand forms may
elicit much stronger responses. Moreover, an untested form with a global
feature similar to the hand in Figure 1A may be the optimum stimulus.
One way to overcome the limitation of using a screening set is the
analysis of fine-form selectivity, which provides better resolution to
discriminate among effective stimuli with similar features. In other words,
the test of a cell’s form selectivity should be performed in two steps.
First, test the cell’s responses with a broad screening set, Second, test
them more finely by preparing forms similar to the effective stimuli
selected in the first step. The analysis of fine-form selectivity becomes
particularly important in searching for memory traces of specific forms,
which could be acquired through learning experience.

Figure 2 shows a screening set that we have used. These pictures were
sorted randomly into pairs, numbered from 1 and 1’ to 12 and 12’. The
pair combinations were fixed throughout the experiments. This screening
set is not only utilized for testing a cell’s global form selectivity as noted
above but also for testing how these stimuli are represented by AIT
neurons after they are memorized. To impose the acquisition of the
screening set as long-term memory, we trained monkeys (Macaca
Juscata) in the pair—association (PA) task (Sakai and Miyashita 1991;
Murray et al. 1993). In each trial of the PA task, a cue stimulus is
presented at the center of the video monitor for 0.5 sec. After a delay
period of 5 sec, two stimuli, the paired associate of the cue (correct
choice) and a distractor (incorrect choice), are shown. The monkey
obtains a fruit juice reward for touching the correct one within 1.2 sec.
This task paradigm can reliably demand the learning of visual stimuli,
because monkeys cannot select a paired associate correctly without
memorizing and recalling pair combinations.

LEARNINGMEMORY

85



Sakai et al.

The Neuronal Tuning
Mechanism in the
AIT Cortex

PARAMETRIC
TRANSFORMATION AND
GEOMETRIC
TRANSFORMATION

L E A R N I N @G

Figure 2: Twelve pairs of FDs (1 and 1’ to 12 and 12') for stimuli in the PA task.
When one member of each pair is shown, trained monkeys can retrieve and select
the other member of the paired associates.

It should be noted that the PA task cannot be solved by employing
short-term or working memory within a single trial. Instead, the PA task
is essentially the memory recall task, which explicitly demands the
memory retrieval and thus generation of images from the long-term
memory. Therefore, memory components of the PA task present a sharp
contrast to those of the delayed matching-to-sample (DMS) task. In the
DMS task, the subject indicates whether a test stimulus matches a sample
stimulus shown previously (Gaffan 1985). When the stimulus set size is
small and thus the same trial is repeated, working memory is mainly
involved in the DMS task. When the stimulus set size is large and thus
each trial is unique, recognition memory is also involved, because it is
possible to indicate whether a test stimulus has appeared or not without
employing working memory. We have to take these points into
consideration in interpreting the results of behavioral and physiological
studies.

We have adopted computer-generated Fourier descriptors (FDs) as visual
stimuli (Sakai and Miyashita 1991). FDs are appropriate in testing
fine-form selectivity because they are specified by a set of parameters:
harmonic amplitude (4,) and phase angle (a, ), where k=1,2,.. ., is each
term’s ordinal number in a Fourier series (Zahn and Roskies 1972). The
number of free parameters for each pattern shown in Figure 2 is only
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one or three, which corresponds to one or two sets of [A4,, ],
respectively. (Note that one of the phase angles is not independent and
affects only the overall rotation.) A slight alteration of one FD parameter
from its original value produces a very similar form. This manipulation of
an original pattern is called parametric transformation (Fig. 3A). The
similarity of forms with slightly altered FD parameters is validated by the
fact that the position of each point in the drawing plane is a continuous
function of FD parameters (some examples are shown in Fig. 4, below).
The parametric transformation should be regarded as a method for
changing forms systematically in testing the fine-form selectivity. One
previous study of IT cells reported that the neuronal responses to forms
produced by combining two FD terms cannot be predicted from the
responses to each component FD (Albright et al. 1985). However, this
procedure leads to global alteration of forms, which is independent of
the local parametric transformation.

There is another type of manipulation, geometric transformation, in
which an original pattern was rotated about its center with various
rotation angles or was reflected as a mirror image (Fig. 3A). The
geometric transformations show different views of the same form,
whereas the parametric transformations show different forms with similar
global features. It has been reported that IT cells and face-selective STS
cells show invariant responses over changes in stimulus size, contrast,
orientation, and retinal location, thereby activating a different set of V1
neurons (Schwartz et al. 1983; Rolls and Baylis 1986; Miyashita and
Chang 1988). Furthermore, the form selectivity of IT cells did not vary

Original

GEOMETRIC PARAMETRIC
TRANSFORMATION TRANSFORMATION

A 5
Rotation , Amplitude
Reflection . Phase Angle

Figure 3: (A) Two types of transformations of FDs. Geometric transformations in-
clude rotation and reflection of an original pattern. Examples of rotation and reflec-
tion are shown as upper left and lower left patterns, respectively. Parametric trans-
formation is a slight alteration of one FD parameter. Examples of harmonic ampli-
tude and phase angle alterations are shown as upper right and lower right patterns,
respectively. The actual images on a video monitor were yellow monochrome
against a black field. (B) Neuronal response to the cue stimulus of the original pattern
shown at the top in A. Rastergrams of single-cell discharges in each trial (top) and
spike-density histograms (bottom) are shown. Bin width: 80 msec. (C} Neuronal
response to the cue stimulus of the pattern shown at Jower right in A. The neuron
illustrated in B showed weaker responses to this parametrically transformed pattern
than to the original pattern during the cue period in each trial. These collected trials
were originally separated by intervening trials of other cue stimuli and were sorted
by off-line computation. (w) Warning period; (c) cue period; (d) delay period.
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with visual cues used to define the form, such as luminance, texture, and
relative motion (Sary et al. 1993). Consistent with these findings, the
responses of AIT neurons to geometrically transformed patterns were, on
average, equal to the original stimuli (Sakai and Miyashita 1994a).

The original 24 patterns in the screening set (Fig. 2) correspond to
learned forms. Patterns with parametric transformation or geometric
transformation are unlearned transforms, because they were not shown
to the monkey before recording sessions. Both types of transforms were
treated in the same way in the task. The geometric transformation can
serve as a sham manipulation to incorporate transformed patterns. The
PA task forces the monkey to discriminate between the learned forms
and unlearned transforms by imposing a new association. For each
recorded neuron, we select an original pattern (e.g., 3’ shown in Fig. 2
and Fig. 3A, top) that elicits the strongest or the second-strongest
response among the 24 patterns during the cue period. Pattern 3,
transformed from 3’, is used to temporarily replace one original pattern
(e.g, 9') that is randomly selected for each recording session. This
procedure has two advantages. First, a new association between two
patterns (3’ and 9 in this case) is imposed along with the original pair
combination (3’ and 3) to discriminate 3’ from 3'. Second, a neuronal
response to 3’ can be recorded and compared with a response to 3" in
the same block of trials,

We recorded extracellular discharges of each single neuron in the AIT
cortex, as shown in a previous report (Sakai and Miyashita 1991). Of 474
isolated neurons in three hemispheres, 89 cells reproducibly showed
form-selective responses during the cue period. The most effective
stimuli for the 89 cells covered all patterns in the screening set. Of the
89 cells, 40 were tested for transformed patterns in stable recording
conditions. The intensity of the strongest neuronal responses to the
screening set ranged from 25.0 to 77.5 Hz (44.9*14.2 Hz, mean * sb;
n=40). Figure 3, B and C, shows data from one neuron with
form-selective responses. The critical comparison is the neuronal
response to the learned forms versus unlearned transforms during the
cue period. Although both the learned original pattern (Fig. 3B) and the
unlearned pattern with a slightly altered phase angle (Fig. 3C) elicited
the cue response, the former had a significantly stronger effect than the
latter.

Because two or more transformed patterns were tested in each of 10
cells, we analyzed 54 cases of transformations. The original FD pattern
shown in Figure 4 has two amplitude parameters (A4 and Ag) that can
take continuous values. We prepared four patterns with a slightly altered
value of A4 or Ag. It can be readily noted that the global features of these
altered patterns are strikingly similar (Fig. 4). All of the transformed
patterns elicited significantly weaker responses than the original pattern.
This observation was confirmed further by responses of other neurons.
The parametric transformation resulted in 2 significantly weaker neuronal
response for most cases. Moreover, we did not observe any case in which
responses to transformed patterns were stronger than those to the
original patterns. The difference between the effects of parametric and
geometric transformations on neuronal responses was statistically
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Figure4: Responses of an exemplary neuron for the parametric transformation. The
original pattern shown is specified by two harmonic amplitudes and two phase
angles (A,=3.0, a,=m/2, Ag=2.0, ag=m/2). The set of two numbers attached to
each pattern denote its amplitude parameters (A,, Ag). In each transformed pattern,
one of these parameters is slightly altered from the original value. Note the close
similarity between these four transformed patterns and the original. Histograms show
mean discharge rates (mean * s.e.m.) for each cue presentation of the original or
transformed patterns. The crosshatched area in each bar corresponds to the spon-
taneous discharge rate. This neuron exhibited optimal responses to the original
pattern rather than to the transformed patterns, These data were taken from the first
five trials in which the original or transformed pattern was used as a cue stimulus. (**)
P<0.01; (**) P<0.001: according to modified t-test (Snedecor and Cochran 1989).

significant (P<0.01, n= 54, Mann-Whitney U test) (Sakai and Miyashita
1994a).

Because of the following reasons, we can exclude the possibility that
the weaker response to unlearned transforms is attributable to purely
sensory reasons. First, every tested transform was derived from one of
the original patterns, which elicited the strongest or the second-strongest
response. Therefore, these transforms are likely to produce equally strong
responses as the original pattern, obviously stronger than other
ineffective original patterns. Furthermore, it is impossible to predict
beforchand the relative effectiveness between the original pattern and
transforms that derived from it, because original patterns have no special
form attributes and their FD parameters were selected randomly. Second,
a cell’s preference among the screening set should not be confused with
fine-form selectivity among transforms, because the range of form variety
in the screening set is incomparably wider than that in transforms.
Therefore, the learning-dependent fine-form selectivity cannot be
explained by the global form selectivity for the screening set.

Furthermore, the weaker neuronal response caused by the parametric
transformation is not the result of extraretinal factors such as attention.
The geometric transformation did not produce a comparable reduction in
neuronal responses even with the use of the same procedure to impose a
new association with a transformed pattern (Sakai and Miyashita 1994a).
This significant difference should be ascribed to the parametric
manipulation of forms. These results suggest that AIT neurons are subject
to tuning mechanisms for particular forms in a learning process.
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TUNING AS LOCAL MAXIMA

Suppose the parameter space of FDs, in which each axis corresponds to
one FD parameter (x;) (e.g., amplitude A, in Fig. 4). Because every FD
pattern is specified by a set of parameters (x,, x,,. . ., X,), each pattern
corresponds to a single point in this parameter space. Note that the 24
points of original patterns in the screening set are chosen randomly and
sparsely. The parametric transformation corresponds to a local
perturbation (x,°,. .., %, _ %, °+Axy, %, 1% - ., X,°) around the point of
an original pattern (x,°, x,°,. . ., x,°), where |Ax,| is less than half the
minimum separation of the points of original patterns (Fig. 5). We
assume a continuous mapping from each point in the parameter space to
a single-cell discharge rate f{x,, x,,.. ., X,), that is, there are no break
points in the response curve. As emphasized in the section Fine-form
Selectivity (above), there is no guarantee that the point of an original
pattern (x,°, x,°,. .., x,°), which elicited the strongest response among
the screening set, gives a local maximum of f{x,°,. . ., X _ 1% X X 1% -
x,°) (Fig. 5). Nevertheless, the parametric transformation always caused a

Neuronal
responses

A <>

>

. FD parameter x,

Xk

Figure 5: Neuronal tuning as a local maximum of responses. Schematic single-cell
response curves f(x;%,. . ., Xk_1°, X Xics 1" - -, Xa°) are shown as the function of
one FD parameter x,, where (x,°,. . ., x°,. . ., X,°) is the point of an original pattern
that elicited the strongest response among the 24 original FDs in the screening set.
These 24 patterns provide only discrete points (three of them are shown) from which
the response curve must be estimated. Two examples of interpolated graphs are
shown as thin and thick curves. Here, we assume that the middle and the right-most
points give strong responses, whereas the left-most point meets the spontaneous
discharge level. The parametric transformation corresponds to a local perturbation
around x.°, as denoted by the double-headed arrow. The local change of the re-
sponse curve in the double-headed arrow region may be a monotonic decrease as
shown by the thin curved line, where half of the time the parametric transformation
would cause an increase in neuronal responses. The experimental results indicate
that the parametric transformation causes a decrease in neuronal responses for any
tested points, as shown by the thick curved line where x,° gives a local maximum.
Accordingly, neuronal responses should be optimally tuned to the original patterns.
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decrease in neuronal responses, which indicates that any tested points of
original patterns give local maxima in responsiveness. Accordingly,
neuronal responses should be optimally tuned to the original patterns.
This neuronal tuning cannot be explained by learning-independent innate
selectivity, because the original patterns in the screening set were
selected randomly in the form space.

Here, we emphasize the importance of the analysis of fine-form
selectivity. If the range of the parametric transformation were too large,
it would be impossible to study neuronal tuning when there are several
local maxima in the form space. Therefore, it was crucial to utilize the
{ocal parametric transformation to examine the fine-form selectivity.

In the DMS and serial recognition tasks for monkeys, there are several
reports that IT cells show significantly weaker responses to “familiar”
visual stimuli than to “novel” stimuli (Baylis and Rolls 1987; Miller et al.
1991b; Riches et al. 1991; Fahy et al. 1993; Li et al. 1993). The
distinction between novel and familiar is such that if a novel stimulus is
presented repeatedly and is held in memory, it becomes familiar.
Although these IT cells may function as adaptive filtering that
preferentially passes information about new stimuli (Miller et al. 1991b;
Desimone 1992; Li et al. 1993), this repetition—suppression effect is
closely coupled with at least three factors. The first one is habituation
that causes a decrease of neuronal responses (Miller et al. 1991a). The
second one is attentional enhancement to novel stimuli, which leads to
stronger responses. The third one is priming that improves identification
of perceptual objects (Tulving and Schacter 1990). Consistent with the
possibility of priming, a recent study revealed that the monkey’s strategy
to solve the DMS task had been based on a simple stimulus—repetition
rule (Miller and Desimone 1994). In a revised task to prohibit this
strategy, they found enhanced responses when a test stimulus matched a
sample stimulus “in mind”. Although this enhancement might reflect a
recognition process, its relation to stored memory remains unknown.

It should be pointed out that the tuning mechanism and the
repetition—suppression effect are fundamentally different phenomena. We
compared a single-cell response to different forms (original pattern vs.
transforms ), whereas other studies compared a single-cell response to the
same form with different familiarity. Hence, the transforms that we have
used should not be confused with “novel” forms. Furthermore, the effect
of tuning mechanism is apparently opposite, because IT cells show
significantly stronger responses to learned, or repetitively presented,
original patterns. We suspect that the consolidated neuronal responses to
learned complex forms are produced and maintained by the tuning
mechanism and are thus resistant to the repetition—suppression effect. To
acquire and consolidate essential information selectively, it would be
useful to adopt stimulus-specific tuning and stimulus-nonspecific
suppression mechanisms.

The functional significance of the neuronal tuning mechanism is
supported by clinical observations that bilateral anterior temporal lesions
virtually preclude any visual recognition at the level of unique identity or
fine subordinate categorization (Damasio 1990; Damasio et al. 1990).
These agnosic patients can recognize neither unique faces nor individual
items such as pets, houses, and cars. One key factor for this
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PAIR-CODING NEURON

across-category deficit is the similarity of their forms among exemplars.
We propose that the neuronal tuning mechanism in the temporal
association area subserves category-related recognition that requires fine
discrimination among similar items in each category. It has been reported
that monkeys with IT lesions did not show categorical perception of
visual stimuli (Iversen and Weiskrantz 1967; Dean 1976; Wilson and
DeBauche 1981). Hence, AIT neurons would be critical for
categorization of various forms, thereby organizing the stored information
by the neuronal tuning mechanism.

Most of our long-term memories of episodes or objects are organized so
that we can retrieve them by association. Anderson and Bower (1980)
proposed that human memory only stores “propositions”, which are
conceived as “structured bundles of associations between elementary
ideas or concepts”. We can apply this notion to object recognition: Visual
memory stores forms as structured bundles of associations between
elementary views of objects. The neurophysiological evidence of
associative mechanisms in visual memory has been found only recently
(Sakai and Miyashita 1993a). We reported previously that a
picture-selective delay activity reflected association caused by the fixed
order of picture presentation in the DMS task (Miyashita 1988). Evidence
from this experiment was restricted to implicit learning, because subjects
could solve the task without memorizing the sequence of pictures. In the
PA task, explicit associative learning can be imposed to assess the
long-term memory more directly.

In the AIT cortex we found onc type of neuron (pair-coding neuron),
which manifested selective responses to both of paired associates (Sakai
and Miyashita 1991). The properties of pair-coding neurons indicate that
memory storage is organized such that single neurons can code both
paired associates in the PA task (Fig. 6). This result provides new
evidence that single neurons acquire form selectivity through associative
learning, Here, this type of coding is termed associative coding, in which
the involvement of associative iearning is essential for memory storage.
The associative coding proposed here provides one organizing
principle by which the special selectivity of neuronal responses is
produced. The spatiotemporal patterns of neuronal discharges selective
to object forms thus constitute the basis of ensemble coding. A possible
molecular mechanism of the associative coding lies in the change of
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Figure 6: Responses of a pair-coding neuron, which exhibited form-selective ac-
tivity during the cue period. (Left) Trials for cue 6’ that elicited the strongest cue
response. (Right) Trials for cue 6 that elicited the second strongest cue response.
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synaptic connections through repetitive learning (Frégnac et al. 1988;
Artola and Singer 1990), whereby two inputs are always paired with each
other. This mechanism is supported further by a recent model of the
neuronal network that learns invariance to shift in retinal position
through exposure to temporal sequences of patterns undergoing the
transformation (Foldidk 1991). The associative mechanism based on
temporal contiguity will be discussed further in the section The Implicit
Association Process and Object Recognition (below).

We found another type of neuron (pair-recall neuron) that is
presumably involved in the process of memory retrieval (Sakai and
Miyashita 1991). Recall that in our experiments the monkey is required
to recognize the paired associate of a cue stimulus after a delay period.
Pair—recall neurons exhibited form-selective delay activity (Fig. 7). This
response is closely coupled with the paired associate that is not actually
seen but retrieved by the cue stimulus. There are two possibilities for the
critical process during the delay period. One is to hold a retrospective
code, which is a cue stimulus, in working memory. The other is to
generate a prospective code by converting a cue into its paired associate.
The increasing delay activity of the pair—recall neurons is consistent with
the claim that subjects can employ a prospective code. On the grounds
that the AIT cortex serves as the memory storehouse (see A Model of the
Cognitive Memory System, below), these neurons could serve as memory
storage elements, also activated in the retrieval process. The finding of
pair—recall neurons is the first neurophysiological demonstration that
visual imagery is also implemented by the same neuronal mechanism that
subserves memory retrieval.

Pair-coding neurons and pair—recall neurons can participate, respectively,
in the coding and recall processes of visual long-term memory. The
pair—-recall neuron represents a typical example of interaction between
sustained activation and association among the neuronal mechanisms that
subserve the formation or expression of memory traces (Desimone
1992). Evidence for form-selective or color-selective sustained activation
has been documented in the IT cortex (Fuster and Jervey 1982;
Miyashita and Chang 1988; Fuster 1990; Chelazzi et al. 1993) and the
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Figure 7: Responses of a pair—recall neuron, which exhibited form-selective activ-
ity during the delay period. (Left) Trials for cue 12 that elicited the strongest cue
response. (Right) Trials for cue 12’ that elicited the delay response, presumably

reflecting retrieval of the paired associate 12. Note the tonic increasing activity
during the delay period, which is much stronger than the cue response.
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prefrontal cortex (Wilson et al. 1993). Furthermore, there is another
type of interaction among neuronal mechanisms. The fact that each
pair-coding neuron responds to both paired associates suggests an
important role of interaction between neuronal tuning and associative
mechanisms. When an AIT neuron responds selectively to a pair of
patterns, this interaction predicts that there are at least two separate
local maxima in the parameter space.

In the human left temporal neocortex, Haglund et al. (1994) reported
increased neuronal activity at memory input and the initial retrieval of an
item from recent verbal memory of picture slides. Furthermore, repeated
retrievals caused rapid fading of neuronal activity, which is neither a
general decrease in activity nor habituation owing to the familiarity of
objects presented. This observation suggests interaction between several
mechanisms for memory acquisition and retrieval.

The medial temporal region has been considered to be essential for the
memory consolidation process, by which evanescent information is
transformed into an enduring representation for long-term memory
(Milner 1972; Squire 1992). In clinical neuropsychology, human memory
is assessed by the paired—associate learning test, in which a series of
paired words or figures is presented and the subject is then asked to
retrieve the other pair member associated with each cue (Wechsler
1987). Patients with lesions of the temporal lobe show marked
impairment in this test (Meyer and Yates 1955; Milner 1967; Jones 1974;
Petrides 1985; Goldstein et al. 1988). It is also notable that amnesiac
patients with bilateral medial temporal lobe damage could not derive
benefit from the instructions to use visual imagery in the recall of verbal
paired associates (Jones 1974). This evidence suggests the contribution
of the medial temporal region in the associative mechanisms.
Furthermore, a recent lesion study by Murray et al. (1993) has clearly
demonstrated that monkeys with bilateral removal of the medial temporal
lobe were severely retarded in relearning the preoperatively trained set
of paired associates. The type of memory that this task used would
therefore correspond to one that relies on the integrity of these
structures.

We now extend the neuronal tuning and associative mechanisms to
essential processes in the form perception, thereby providing
experimental basis for our model (see Fig. 8, below).

We define neuronal tuning as plastic changes of neuronal response
properties in adaptation to a sensory experience. Neuronal tuning
includes such changes as those in a neuron’s receptive field or its
response selectivity. V1 neurons are subject to tuning processes for
elementary features of visual stimuli, such as oriented contours, through
visual experience in the critical period (Blakemore and Cooper 1970;
Hirsch and Spinelli 1970; Stryker et al. 1978; Carlson et al. 1986). Recent
studies have revealed that cortical maps for retinotopy, somatotopy, and
tonotopy in the primary sensory areas can be extensively reorganized
and tuned to manipulated sensory inputs even in adulthood (Merzenich
1987; Kaas 1991; Ramachandran 1993). One of the interesting topics in
this line of study is the “filling in” of scotomas caused by lesions of the
retina, whereby cortical areas that were initially silenced by the lesions
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acquired new receptive fields surrounding those lesions (Kaas et al.
1990; Heinen and Skavenski 1991; Gilbert and Wiesel 1992; Darian-Smith
and Gilbert 1994). Furthermore, a psychological technique for creating
“artificial scotoma” (Ramachandran and Gregory 1991; Kapadia et al.
1994) has been applied in neurophysiological examination (Pettet and
Gilbert 1992; De Weerd et al. 1993). These studies clearly demonstrated
that receptive fields in early visual areas can be dynamically altered by
the modified sensory context. Similar neuronal tuning mechanisms may
also subserve experience-dependent perceptual learning in early visual
processing (Karni and Sagi 1993). Furthermore, the neuronal tuning
mechanisms found in the temporal association area could be important
for perceptual learning in later visual processing, as suggested by a recent
study of face-selective neurons (Rolls et al. 1993).

In primates, form information is subsequently processed in a hierarchy of
visual areas that include V1, V2, V4, and the AIT cortex (Van Essen et al.
1992; Merigan and Maunsell 1993). In accord with the intermediate role
of V4, some neurons in V4 show selective responses to concentric
gratings, which are elementary components of FD patterns (Gallant et al.
1993). There is a claim that the IT region is composed of columnar
modules, whose critical features are moderately complex forms,
sometimes with color or texture (Fujita et al. 1992; Tanaka 1993). These
columnar modules would provide the structural basis for the categorial
organization in the AIT cortex, as discussed previously in the section
Categorization as Evidence for Neuronal Tuning Mechanisms. It remains
to be studied whether these columns found in anesthetized monkeys also
function in behaving animals, because attentional gates may exert
significant influence on the neuronal activity.

It has been reported that extraretinal factors such as attention
modulate the response of IT cells (Moran and Desimone 1985; Richmond
and Sato 1987) as well as V4 cells (Haenny et al. 1988; Spitzer et al.
1988), but have little influence on the response of V1 cells (Moran and
Desimone 1985; Haenny and Schiller 1988). However, a recent
single-unit study clearly demonstrated the neuronal correlates of focal
attention in V1 and V2 as well as V4 (Motter 1993; 1994). Attentional
influence on early visual areas during perceptual processes has been
elucidated further by a computational model proposed by Olshausen et
al. (1993). The essential point of their model is that “control neurons”
selectively route topographical information from a window of attention
in V1 to higher visual areas. They hypothesized that the pulvinar nucleus
may function as these control neurons. The pulvinar nucleus is
retinotopically organized and reciprocally connected to all visual areas in
the occipitotemporal pathway, including V1, V2, V4, and IT (Robinson
and Petersen 1992). The role of the pulvinar nucleus in visual attention
has been confirmed by positron emission tomography (PET) data
(LaBerge and Buchsbaum 1990) and lesion studies (Rafal and Posner
1987).

One of the most fundamental problems in object recognition is how a
three-dimensional (3D) object form in the real world is represented in
long-term memory. Marr and Nishihara (1978) proposed that a form
representation for recognition should use a 3D object-centered
coordinate system, which is transformed from a 2D viewer-centered
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coordinate system. In a viewer-centered coordinate system, an object’s
geometry is specified relative to the viewer. In an object-centered
coordinate system, an object’s geometry is specified relative to the object
itself. The latter emphasizes the computation of a form-specific
description that is independent of the vantage point (Biederman 1987).
Whereas many face-selective cells in STS respond differentially to
different views of a head (viewer-centered) (Perrett et al. 1985), some
cells are responsive to multiple views of the head on the basis of face
identity (object-centered) (Perrett et al. 1984). There is another report
that some STS cells show intermediate responses between
viewer-centered and object-centered representations (Hasselmo et al.
1989). However, the evidence of object-centered representation is still
not conclusive, because “some cells allocated to this class may have been
responding to a simple feature common to all views, such as the
presence of hair, rather than to the head itself” (Perrett et al. 1985).

In contrast to the above 3D object-centered model, recent studies
propose that multiple 2D views are directly stored for each object
representation (Longuet-Higgins 1990; Cavanagh 1993). Ullman and Basri
(1989) presented a model in which a 3D object is represented by the
linear combination of a small number of 2D views of the object. Poggio
and Edelman (1990) extended this idea further to the view
approximation model, such that a neuronal network learns to recognize
3D objects if the network has been exposed to enough views of a given
object. In this scheme, the network, after being trained on several tens of
random views of a wire-frame 3D object, maps any new view of the same
object into a standard view (e.g., one of the training views). The results
of a psychophysical study (Biilthoff and Edelman 1992) and a behavioral
study (Logothetis et al. 1994) support a viewer-centered recognition by
interpolating between a small number of stored views. Furthermore,
Cavanagh (1991) demonstrated that recognition for shadowed familiar
figures is possible even though no 3D representation can be constructed
from image data. To establish that memory representations of object
forms are multiple 2D views rather than internal 3D models, we need
more supporting data that can elucidate the underlying processes for
object recognition.

We propose further a possibility that associative mechanisms are shared
by two neuronal processes: One is the explicit process that is critical in
the PA task, whereas the other is the implicit or automatic process. The
latter implicit associative process may subserve object recognition.
According to Marr and Nishihara (1978), “any theory for recognition that
is based on a viewer-centered representation must treat distinct views of
an object essentially as distinct objects.” They argued further that, “the
important characteristic of this approach is that it requires a potentially
large store of descriptions in memory in exchange for a reduction in the
magnitude and complexity of the computations that would otherwise be
required to compensate for the effects of perspective” (Marr and
Nishihara 1978). In contrast, the implicit associative process can treat
distinct views of an object as common views of the same object because
these views are overwritten in the common neuronal network that
consists of many pair-coding neurons. It therefore requires a minimum
store of descriptions in memory without any compensation for the effects
of perspective. Whereas the identity of an object is guaranteed by its
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several views encoded by pair-coding neurons, the independence of each
view is still preserved by AIT neurons that respond selectively to each
view, as we have already found neurons of both types. Using this scheme,
one standard view can be naturally associated with any observed views of
the same object, thus enabling correct recognition. The face-selective
cells that are responsive to multiple views of the head can also be
explained within this scheme, such that the invariance over changes of
vantage points was actually acquired through associative learning. As
noted by Perrett et al. (1987), “for the majority of objects only learning
can specify that the back and front views of an object belong to the same
object.”

In our visual world, multiple views of an object are nearly always
presented in succession, resulting from relative movement between the
observer’s eyes and the object. This situation is an example of the
implicit associative process in that two different views of an object are
associated and memorized by AIT neurons (Sakai and Miyashita 1991). As
Stryker (1991) pointed out, “if the temporal cortex contains a general
mechanism for the association of successively presented stimuli, then
these views would automatically become associated, obviating the need
for special mechanisms for doing geometrical transformations or for
hierarchically associating conjunctions of trigger features.” Such an
associative mechanism based on temporal contiguity agrees well with the
principle of generic image of sampling, proposed by Nakayama and
Shimojo (1992). This is a theoretical framework based on the idea of 2
mobile observer sampling images from random vantage points in space.
For example, generic or usual images of a cube have three faces;
accidental or unusual images of a cube have two or only one face. This
principle indicates that, “when faced with more than one surface
interpretation of an image, the visual system assumes it is viewing the
scene from a generic, not an accidental, vantage point” (Nakayama and
Shimojo 1992). They argued further that the visual system learns
associative connections between images and surfaces through the
observer’s experience of sampling. Incorporating this significant
conceptual framework, the implicit associative process can be elucidated
further: The relationship of generic 2D views is automatically acquired by
the neuronal mechanism of association.

A model of the cognitive memory system that we have proposed (Sakai
and Miyashita 1993a, 1994b) is shown in Figure 8A. This scheme is based
on structures and functions of the visual memory system for object
recognition (Fig. 8B), and it contains some ideas that have been put
forward by several researchers (Gross 1973; Mishkin 1982; Squire and
Zola-Morgan 1991; Van Essen et al. 1992; Ungerleider and Haxby 1994).
In the memory acquisition process, sensory information is transformed
into a memory code of neuronal responses (encoding) with the
bottom-up information flow from feature analyzers to a memory
storchouse. The primary visual area and the prestriate area serve as
feature analyzers in vision (Van Essen et al. 1992; Ungerleider and Haxby
1994). A possible candidate for the memory storehouse is the temporal
association area (Gross 1973; Mishkin 1982; Sakai and Miyashita 1993a).
In visual perception, prominent features in a visual field are selected and
located by a focal attention controller. As noted above, one candidate for
the focal attention controller is the pulvinar nucleus. We hypothesize
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Figure 8: (A) A model of the cognitive memory system that unifies perception and
imagery. Perception is implemented by the interaction between memory acquisition
{encoding) and focal attention mechanisms. Imagery is implemented by the inter-
action between memory retrieval {decoding) and focal attention mechanisms. (See
text for further explanation.) (B) Structures of the visual memory system for object
recognition. Information flow between these structures corresponds to information
flow indicated in A. Brodmann’s areas 35 and 36, and von Economo’s areas TF and
TH are indicated. Note that most of the pathways between cortical visual areas are
anatomically reciprocal, supporting their functional roles in encoding and decoding
processes.

that perception is implemented by the interaction between memory
acquisition (encoding) and focal attention mechanisms (Fig. 8A).

To establish a long-lasting representation in the memory storehouse,
memory controllers are responsible for consolidation. During this
memory consolidation process, the memory code is reorganized
dynamically (recoding) by the interaction between the memory
storehouse and memory controllers. Medial temporal structures,
including the hippocampus, are regarded as memory controllers because
of their plasticity (e.g., long-term potentiation and depression) (Bliss and
Collingridge 1993; Malenka 1993), neural networks (e.g.,
autoassociation) (McNaughton and Morris 1987; Rolls 1989), clinical
observations (e.g., medial temporal lobe amnesia) (Milner 1972; Squire
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1992), and lesion studies (Squire and Zola-Morgan 1991; Mishkin and
Murray 1994).

In the memory retrieval process, memory codes stored in the memory
storehouse are decomposed into more elementary attributes (decoding)
by feature analyzers through a back-projection pathway. We hypothesize
that imagery is implemented by the interaction between memory
retrieval (decoding) and focal attention mechanisms. As Kosslyn (1988)
pointed out, “imagery consists of brain states like those that arise during
perception but occurs in the absence of the appropriate immediate
sensory input”. The parallel mechanisms for imagery and attention have
been supported by psychological evidence (Farah 1989). According to
our scheme, visual imagery is generated by top-down activation of
perceptual representations that are selected and located by the focal—
atteation controller. It is also possible that a signal from the
focal-attention controller gates the top-down information flow toward
early visual areas that function in the decoding process. This model
predicts that the extent of visual areas devoted to decoding mental
images is controlled dynamically by focal attention. The supporting
evidence for this proposal on visual imagery has been discussed
elsewhere (Sakai and Miyashita 1994b).

We analyzed the fine-form selectivity of AIT neurons and found memory
mechanisms of neuronal tuning and association that determine
learning-dependent selectivity for object forms. The acquired form
selectivity is a key feature in the capacity of temporal cortical neurons to
establish the form representation with multiple 2D views. On the
grounds that the temporal association area is a memory storchouse in
object vision, the neuronal mechanisms reported here could be useful in
the acquisition and retrieval of visual long-term memory.
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