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Are Cortical Models Really Bound Review
by the “Binding Problem”?

They recorded from simple and complex cells in the
primary visual cortices of cats and monkeys and found
that while both types preferentially responded to bars
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Department of Brain and Cognitive Sciences
Center for Biological and Computational Learning and
Artificial Intelligence Laboratory of a certain orientation, the former had small receptive
Massachusetts Institute of Technology fields with a phase-dependent response while the latter
Cambridge, Massachusetts 02142 had bigger receptive fields and showed no phase depen-

dence. This observation led them to hypothesize that
complex cells receive input from several simple cells.
Extending this model in a straightforward fashion, they

Processing of visual information in cortex is usually de-
suggested (Hubel and Wiesel, 1962) that the visual sys-

scribed in terms of an extension of the simple-to-com-
tem is composed of a hierarchy of visual areas, from

plex hierarchy postulated by Hubel and Wiesel—a feed
simple cells all the way up to higher-order “hypercom-forward sequence of more and more complex and invari-
plex” cells.ant neuronal representations. The capability of this class

Later studies (Bruce et al., 1981) of macaque infero-of models to perform higher-level visual processing such
temporal cortex (IT) described neurons tuned to views ofas viewpoint-invariant object recognition in cluttered
complex objects such as faces; i.e., the cells dischargedscenes has been questioned in recent years by several
strongly to a face seen from a specific viewpoint butresearchers, who in turn proposed an alternative class
very little or not at all to other objects. A key propertyof models based on the synchronization of large assem-
of these cells was their scale and translation invariance,blies of cells, within and across cortical areas. The main
i.e., the robustness of their firing to stimulus transforma-implicit argument for this novel and controversial view
tions such as changes in size or position in the visualwas the assumption that hierarchical models cannot
field.deal with the computational requirements of high-level

These findings inspired various models of visual ob-vision and suffer from the so-called “binding problem.”
ject recognition such as Fukushima’s NeocognitronHere, we review the present situation and discuss theo-
(1980) or, later, Perrett and Oram’s (1993) outline of aretical and experimental evidence showing that the per-
model of shape processing and Wallis and Rolls’ VisNetceived weaknesses of hierarchical models are unsub-
(1997), all of which share the basic idea of the visualstantiated. In particular, we show here that recognition
system as a feedforward processing hierarchy whereof multiple objects in cluttered scenes, arguably among
invariance ranges and complexity of preferred featuresthe most difficult tasks in vision, can be done in a hierar-
grow as one ascends through the levels.chical feedforward model. Two problems in particular

Models of this type prompted von der Malsburg (1981)make object recognition difficult:
to formulate the binding problem. His claim was that1. The segmentation problem. Visual scenes normally
visual representations based on spatially invariant fea-contain multiple objects. To recognize individual ob-
ture detectors (to achieve invariant recognition) werejects, features must be isolated from the surrounding
ambiguous: “As generalizations are performed indepen-clutter and extracted from the image, and the feature
dently for each feature, information about neighborhoodset must be parsed so that the different features are
relations and relative position, size, and orientation isassigned to the correct object. The latter problem is
lost. This lack of information can lead to the inability tocommonly referred to as the “binding problem” (von der
distinguish between patterns that are composed of theMalsburg, 1995).
same set of invariant features” (von der Malsburg, 1995).2. The invariance problem. Objects have to be recog-
Moreover, as a visual scene containing multiple objectsnized under varying viewpoints, lighting conditions, etc.
is represented by a set of feature activations, a secondInterestingly, the human brain can solve these prob-
problem lies in “singling out appropriate groups fromlems with ease and quickly. Thorpe et al. (1996) report
the large background of possible combinations of activethat visual processing in an object detection task in
neurons” (von der Malsburg, 1995). These problemscomplex visual scenes can be achieved in under 150
would manifest themselves in various phenomena suchms, which is on the order of the latency of the signal
as hallucinations (the feature sets activated by objectstransmission from the retina to inferotemporal cortex
actually present in the visual scene combine to yield the(IT), the highest area in the ventral visual stream thought
activation pattern characteristic of another object) andto have a key role in object recognition (Ungerleider and
the figure–ground problem (the inability to correctly as-Haxby, 1994; see also Potter, 1975). This impressive
sign image features to foreground object and back-processing speed presents a strong constraint for any
ground). These difficulties led von der Malsburg tomodel of object recognition.
postulate the necessity of a special mechanism, the
synchronous oscillatory firing of ensembles of neurons,Models of Visual Object Recognition
to bind features belonging to one object together.and the Binding Problem

One approach to avoid these problems was presentedHubel and Wiesel (1965) were the first to postulate a
by Olshausen et al. (1993): instead of trying to processmodel of visual object representation and recognition.
all objects simultaneously, processing is limited to one
object in a certain part of space at a time, for example* To whom correspondence should be addressed (e-mail: tp@

ai.mit.edu). by “focusing attention” on a region of interest in the
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visual field and routing that information through to higher position, occlusion, and overlap pose additional prob-
visual areas, while ignoring the remainder of the visual lems not found in an idealized text environment. In par-
field. The control signal for the input selection in this ticular, unlike in the text domain where the input consists
model is thought to be in the form of the output of a of letter strings, and the extraction of features (letter
“blob search” system, one that identifies possible candi- combinations) from the input is therefore trivial, the cru-
dates in the visual scene for closer examination. While cial task of invariant feature extraction from the image
this top-down approach to circumvent the binding prob- is nontrivial for scenes containing complex shapes, es-
lem has intuitive appeal and is compatible with physio- pecially when multiple objects are present.
logical studies that report top-down attentional modula- We have developed a hierarchical feedforward model
tion of receptive field properties (see the review by of object recognition in cortex (Riesenhuber and Poggio,
Reynolds and Desimone, 1999 [this issue of Neuron], or 1999b) as a plausibility proof that such a model can
the recent study by Connor et al., 1997), such a sequen- account for several properties of IT cells, in particular
tial approach seems difficult to reconcile with the appar- the invariance properties of IT cells found by Logothetis
ent speed with which object recognition can proceed et al. (1995). In the following section, we will show that
even in very complex scenes containing many objects such a simple model can perform invariant recognition
(Potter, 1975; Thorpe et al., 1996), and it is also incom- of complex objects in cluttered scenes and is compati-
patible with reports of parallel processing of visual ble with recent physiological studies. Thus, this plausi-
scenes, as observed in pop-out experiments (Treisman bility proof demonstrates that complex oscillation-
and Gelade, 1980). These and other data suggest that based mechanisms are not necessarily required for
object recognition does not seem to depend only on these tasks, and that the binding problem seems to be
explicit top-down selection in all situations. a problem for only some models of object recognition.

A more head-on approach to the binding problem was
taken in other studies that have called into question A Hierarchical Model of Object Recognition
the assumption that representations based on sets of in Cortex
spatially invariant feature detectors are inevitably am- Studies of receptive field properties along the ventral
biguous. Starting with Wickelgren (1969) in the context visual stream in the macaque, from primary visual cortex
of speech recognition, several studies (Fukushima, V1 to anterior IT, report an overall trend of an increase
1980; Perrett and Oram, 1993; Wallis and Rolls, 1997) of average feature complexity and receptive field size
have proposed that coding an object through a set of throughout the stream (Kobatake and Tanaka, 1994).
intermediate features made up of local arrangements of While simple cells in V1 have small localized receptive
simpler features can sufficiently constrain the represen-

fields and respond preferentially to simple shapes like
tation to uniquely code complex objects without re-

bars, cells in anterior IT have been found to respond to
taining global positional information. Thus, rather than

views of complex objects while showing great tolerance
using individual letters to code words, letter pairs or

to scale and position changes. Moreover, some IT cells
higher-order combinations of letters can be used—i.e.,

seem to respond to objects in a view-invariant manner
although the word “tomaso” might be confused with the

(Perrett et al., 1991; Logothetis et al., 1995; Booth andword “somato” if both were coded by the sets of letters
Rolls, 1998).they are made up of, this ambiguity is resolved if both

Our model follows this general framework. Previously,are represented through letter pairs (see Mozer, 1991,
Poggio and Edelman (1990) presented a model of howfor an elaboration of this idea). The capabilities of inter-
view-invariant cells could arise from view-tuned cellsmediate-level representations based on spatially invari-
(Figure 1). However, they did not describe any model ofant receptive fields were recently analyzed in detail by
how the view-tuned units (VTUs) could come about.Mel and Fiser (1999) for the example domain of English
We have recently developed a hierarchical model thattext.
closes this gap and shows how VTUs tuned to complexIn the visual domain, Mel (1997) presented a model
features can arise from simple cell–like inputs. A detailedto perform invariant recognition of a high number (100)
description of our model can be found in Riesenhuberof objects of different types, using a representation
and Poggio (1999b; for preliminary accounts, refer to Ries-based on a large number of feature channels. While
enhuber and Poggio, 1998a, 1998b, and also to Kochthe model performed surprisingly well for a variety of
and Poggio, 1999). We briefly review here some of thetransformations, recognition performance depended
model’s main properties. The central idea of the modelstrongly on color cues and did not seem as robust to
is that invariance to scaling and translation, and ro-scale changes as experimental neurons (Logothetis et
bustness to clutter on the one hand and feature com-al., 1995). Perrett and Oram (1998) have recently outlined
plexity on the other hand, require different transfer func-a conceptual model, based on very similar ideas, of how
tions, i.e., mechanisms by which a neuron combines itsa representation based on feature combinations could
inputs to arrive at an output value. While for featurein theory avoid the binding problem, for example, by
complexity a weighted sum of different features, whichcoding a face through a set of detectors for combina-
makes the neuron respond preferentially to a specifictions of face parts such as eye–nose or eyebrow–
activity pattern over its afferents, is a suitable transferhairline. What has been lacking so far, however, is a
function, increasing invariance requires a different trans-computational implementation quantitatively demon-
fer function that pools over different afferents tuned tostrating that such a model can actually perform “real-
the same feature but transformed to different degreesworld” subordinate visual object recognition to the extent
(for example, at different scales to achieve scale invari-observed in behavioral and physiological experiments
ance). A suitable pooling function is a so-called MAX(Sato, 1989; Logothetis et al., 1994, 1995; Missal et al.,

1997), where effects such as variations in scale and function, where the output of the neuron is determined
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Figure 1. Poggio and Edelman (1990) Model
of 3D Rotation-Invariant Object Recognition
from Individual Views

(a) Cartoon of the model. The gray ovals cor-
respond to view-tuned units that feed into a
view-invariant unit (white circle).
(b) Tuning curves of the view-tuned (gray) and
the view-invariant (black) units.

by the strongest afferent, and it thus performs a “selec- (C1) each pool S1 cells of the same orientation over a
range of scales and positions using the MAX operation.tion” (and possibly scanning) operation over afferents

tuned to different positions and scales (for a computa- Filters were grouped in four bands, each spanning
roughly 0.5 octaves; sampling over position was donetional justification, see Riesenhuber and Poggio, 1999b).

The idea is similar to the original Hubel and Wiesel model over patches of linear dimensions of 4, 6, 9, and 12
pixels, respectively (starting with the smallest filterof a complex cell receiving input from simple cells at

different locations to achieve phase invariance. band); patches overlapped by half in each direction to
obtain more invariant cells responding to the same fea-In our model of object recognition in cortex (Figure

2), the two types of operations, selection and template tures as the S1 cells. Different C1 cells were then com-
bined in higher layers—the figure illustrates two possibil-matching, are combined in a hierarchical fashion to build

up complex, invariant feature detectors from small, lo- ities: either combining C1 cells tuned to different
features, resulting in S2 cells that respond to coacti-calized, simple cell–like receptive fields in the bottom

layer. Our model “retina” is composed of 160 3 160 vations of C1 cells that are tuned to different orientations,
or yielding C2 cells that respond to the same feature aspixels, corresponding to a 58 receptive field size if we

set 32 pixels 5 18 (Kobatake and Tanaka [1994] report the C1 cells but that have bigger receptive fields (i.e.,
the hierarchy does not have to be a strict alternation ofan average V4 receptive field size of 4.48). Patterns on the

model retina are first filtered through layer S1 (adopting S and C layers). In the version described in this paper,
there were no direct C1 to C2 connections, and eachFukushima’s [1980] nomenclature referring to feature-

building cells as “S” cells and pooling cells as “C” cells) S2 cell received input from four neighboring C1 units (in
a 2 3 2 arrangement) of arbitrary orientation, yielding aof simple cell–like receptive fields (first derivative of

Gaussians, zero-sum, square-normalized to 1, oriented total of 44 5 256 different S2 cell types. S2 transfer
functions were Gaussian (s 5 1, centered at 1). C2 cellsat 08, 458, 908, and 1358 with standard deviations of

1.75–7.25 pixels in steps of 0.5 pixels). S1 filter re- then pooled inputs from all S2 cells of the same type,
producing invariant feature detectors tuned to complexsponses are absolute values of the image “filtered”

through the units’ receptive fields (more precisely, the shapes. Top-level view-tuned units had Gaussian re-
sponse functions and each VTU received inputs from arectified dot product of the cell’s receptive field with

the corresponding image patch). Receptive field centers subset of C2 cells (see below).
This model had originally been developed to accountdensely sample the input retina. Cells in the next layer

Figure 2. Diagram of Our Hierarchical Model
of Object Recognition in Cortex

The model consists of layers of linear units
that perform a template match over their af-
ferents (blue arrows) and of nonlinear units
that perform a MAX operation over their in-
puts, where the output is determined by the
strongest afferent (green arrows). While the
former operation serves to increase feature
complexity, the latter increases invariance by
effectively scanning over afferents tuned to
the same feature but at different positions
(to increase translation invariance) or scale
(to increase scale invariance; not shown). In
the version described in this paper, learning
only occured at the connections from the C2
units to the top-level view-tuned units. From
Riesenhuber and Poggio (1999b).
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for the transformation tolerance of view-tuned units in and Edelman, 1992; Logothetis et al., 1994, 1995; Rie-
senhuber and Poggio, 1999b), an object is said to beIT as recorded by Logothetis et al. (1995). It turns out,

however, that the model also has interesting implica- recognized if the neuron’s response to the two-clip dis-
plays (containing its preferred stimulus) is greater thantions for the binding problem.
to any of the distractor objects. For 40 afferents to each
view-tuned cell (i.e., the 40 C2 units excited most

Binding without a Problem strongly by the neuron’s preferred stimulus—this choice
To correctly recognize multiple objects in clutter, two produced top-level neurons with tuning curves similar
problems must be solved: (1) features must be robustly to the experimental neurons; Riesenhuber and Poggio,
extracted, and (2) based on these features, a decision 1999b), we find that on average, in 90% of the cases,
has to be made about which objects are present in the recognition of the neuron’s preferred clip is still possible,
visual scene. The MAX operation can perform robust indicating that there is little interference between the
feature extraction (cf. Riesenhuber and Poggio, 1999b): activations caused by the two stimuli in the visual field.
a MAX pooling cell that receives inputs from cells tuned The maximum recognition rate is 94% for 18 afferents,
to the same feature at, e.g., different locations, will select dropping to 55% if each neuron is connected to all
the most strongly activated afferent; i.e., its response 256 afferents. Figure 3c plots the recognition rate as a
will be determined by the afferent with the closest match function of the number of afferents to each VTU: the
to its preferred feature in its receptive field. Thus, the rate climbs in the beginning as discriminability of differ-
MAX mechanism effectively isolates the feature of inter- ent clips increases with the number of afferents, and
est from the surrounding clutter. Hence, to achieve ro- then falls again as the presence of the second object
bustness to clutter, a VTU should only receive input from in the visual field increasingly interferes with the input
cells that are strongly activated by the VTU’s preferred to the VTU caused by the first object. Interference occurs
stimulus (i.e., those features that are relevant to the because the probability that another object activates a
definition of the object) and thus less affected by clutter feature detector connected to the VTU more strongly
(which will tend to activate the afferents less and will than the preferred object increases as the VTU also
therefore be ignored by the MAX response function). receives input from feature detectors that are excited
Also, in such a scheme, two view-tuned neurons receiv- only weakly by its preferred object.
ing input from a common afferent feature detector will These simulation results have an interesting experi-
tend to both have strong connections to this feature mental counterpart in the work of Sato (1989), who stud-
detector. Thus, there will be little interference even if ied the responses of neurons in macaque IT to displays
the common feature detector only responded to one consisting of one or two simultaneously appearing stim-
(the stronger) of the two stimuli in its receptive field due uli within the IT cell’s receptive field. He defines a “sum-
to its MAX response function. Note that the situation mation index,” SmI, as
would be hopeless for a response function that pools
over all afferents through, for example, a linear sum

SmI 5
RA1B 2max(RA,RB)

min(RA,RB)function: the response would always change when an-
other object is introduced in the visual field, making it
impossible to disentangle the activations caused by the with RA the IT neuron’s response to stimulus A, RB the
individual stimuli without an additional mechanism— neuron’s response to another stimulus B, and RA1B the
such as, for instance, an attentional sculpting of the neuron’s response to both stimuli presented simultane-
receptive field or some kind of segmentation process. ously in its receptive field. Neurons performing a linear

In the following two sections, we will show simulations summation would have an SmI of 1, while MAX neurons
that support these theoretical considerations, and we would show an SmI of 0. For a fixation task, Sato reports
will compare them to recent physiological experiments. a mean SmI of 20.18 (s 5 0.5, N 5 70, both stimuli in

the same hemifield). From these data, the response of
real IT neurons appears to have strong MAX characteris-Recognition of Multiple Objects
tics. In fact, a reduction of the response to the two-The ability of the model neurons to perform recognition
stimulus display compared to the response to theof multiple, nonoverlapping objects was investigated in
stronger stimulus alone, implied by the negative SmI,the following experiment: 21 model neurons were each
and also found in an experiment by Rolls and Toveetuned to a view of a randomly selected paperclip object,
(1995), is compatible with the response reduction ob-as used in theoretical (Poggio and Edelman, 1990), psy-
served in the two-clip simulation shown in Figure 3b.chophysical (Bülthoff and Edelman, 1992; Logothetis et
Interestingly, for a visual discrimination task, Sato (1989)al., 1994), and physiological (Logothetis et al., 1995)
reports very similar average SmI values, suggesting thatstudies on object recognition. Model neurons were each
the same bottom-up-driven MAX response mechanismpresented with 21 displays consisting of that neuron’s
might be operating in both cases.preferred clip combined with each of the 21 clip stimuli

(in the upper left and lower right corner of the model
retina, respectively; see Figure 3a) yielding 212 5 441 Recognition in Clutter

So far, we have examined the model’s performance fortwo-clip displays. Recognition performance was evalu-
ated by comparing the neuron’s response to these dis- two well-separated objects in the visual field. What

about the case of two overlapping stimuli, e.g., whenplays with its responses to 60 other, randomly chosen
“distractor” paperclip objects (Figure 3). Following the the object of interest is in front of a background object?

This stimulus configuration was used in a physiologystudies on view-invariant object recognition (Bülthoff
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Figure 3. Model Neuron Responses and Average Recognition Rate for the Case of Two Objects in the Visual Field

(a) Example stimuli.
(b) Response curve of one neuron to its 21 two-clip stimuli (the first four being the stimuli shown in 3a), with the dashed line showing the
response to the best distractor and the inset showing the response to 60 distractors.
(c) Dependence of average recognition rate (over 21 model neurons) on the number of afferents to each VTU.

experiment by Missal et al. (1997). They trained a mon- each), and testing each neuron’s response to an input
key on a paired-associate task involving 30 polygonal image consisting of that neuron’s preferred stimulus
shapes, followed by recordings of shape-selective cells superimposed on a randomly generated polygonal
in IT to the training stimuli and, among others, to displays background, responses on average (over 10 trials and
consisting of the training stimuli superimposed on ran- 21 model neurons each) drop to 49% of the response
domly generated background (other polygons in out- to the stimulus alone (Figure 5). However, average re-
line), which were selected so as not to drive the cells sponses to the best distractor (out of 60) are even lower
(Figure 4a). In this condition, the monkeys behavioral (42%). Note that the response level of the neurons (but
performance decreased slightly (from 98% to 89%), but not the recognition rates) depends on the standard devi-
the average neuronal response dropped precipitously ation s of their Gaussian response function, which is a
to 25%. How could the monkey still do the task so free parameter and was set to 0.16 in all simulations,
well in the face of such a drastic change in neuronal producing tuning curves qualitatively similar to those
response? Furthermore, do we see a similar behavior observed experimentally (Riesenhuber and Poggio,
in the model? 1999b): s 5 0.12, for instance, would give average re-

Simulation of the experimental paradigm with our sponses of 33% to the stimulus–background combina-
model is straightforward. Foreground stimuli were the tion and 23% to the best distractor. This leads to an
21 clips used in the simulations described previously; average recognition rate of 65% in this condition (unlike
backgrounds were randomly generated polygons con- in the Missal et al. [1997] experiment, using no color
sisting of eight edges, chosen so that each corner was cues—if features are color selected, performance is
at a distance from the center of at least 45% of the likely to increase). The maximum average recognition
stimulus size (Figure 4b). Following Missal et al. (1997), rate was 74% for 100 afferents; the maximum average
we only chose backgrounds that did not drive the model rate for one trial (over 21 neurons) was 90% with 105
cells, here defined as generating an input to the VTU afferents. Model parameters were not specially tuned
more than two standard deviations away from the pre- in any way to achieve this performance, so higher recog-
ferred stimulus. Taking the 21 view-tuned cells de- nition rates (for instance, through pooling the responses
scribed above (with 40 afferents out of 256 C2 cells of several neurons tuned to the same object but receiv-

ing inputs from different afferents) are very likely achiev-
able. This simulation thus demonstrates that the ability
of the MAX response function to ignore nonrelevant
information (in this case, the background figure), to-
gether with an object definition based on its salient com-
ponents, is sufficient to perform recognition in clutter.

Discussion
As with most existing theories of the brain, our model
is likely to be incomplete at best and quite possibly
wrong altogether. It provides, however, a plausibility

Figure 4. Recognition in Clutter proof that biologically plausible models do in fact exist
(a) Example stimulus (green) and outline background (red) used in that do not suffer from the binding problem in performing
the physiology experiments and redrawn from Missal et al. (1997).

difficult recognition tasks. This is of course just an ex-(b) Example stimulus for the corresponding experiment with the
plicit demonstration of a known but often neglectedmodel (see text). The foreground clip was correctly recognized by the

corresponding model neuron (which was the same as in Figure 3). fact—that the binding problem is not a fundamental
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Figure 5. Model Performance for Recognition in Clutter

(a) Average recognition rates (over 21 cells; 10 runs each with different, randomly selected backgrounds) for nonoverlap and overlap conditions
(cf. text).
(b) Average response levels in the two conditions, compared to the average response to the best distractor, as a function of the number of
afferents to each view-tuned model neuron.

computational problem, like, for instance, the corre- on feedforward (or recurrent) shunting presynaptic (or
postsynaptic) inhibition by “pool” cells (Poggio et al.,spondence problem in vision. Instead, the binding prob-

lem arises only from the limitations of certain specific 1981). The circuit performs a gain control operation and,
for certain values of the parameters, a “softmax” opera-computational architectures. Our model shows that

there are natural, old-fashioned cortical models that do tion (an approximation to the MAX operation in which
the degree of nonlinearity is controlled by a parameter):agree with available data, do not suffer from the binding

problems, and do not need oscillations or synchroniza- each of the N signals xi (the activation of the afferents)
undergoes a softmax operation astion mechanisms.

In models like ours, recognition can take place without
an explicit segmentation stage. The key is to ignore yi 5

xi
p

C 1 Sj xj
q

nonrelevant information. At the level of the C cells, this
is done through the MAX response function that allows Thus, for large p and for q 5 p 2 1, we have yi 5 xi if
a unit to scan over the image and pick best matches. x 5 maxj xj and yi 5 0 otherwise. Softmax circuits have
At the level of the final view-tuned cells (for instance), been proposed by Nowlan and Sejnowski (1995) and
this is achieved by restricting the afferents to the VTU others (Heeger, 1992; Lee et al., 1999) to account for
to those that correspond to the relevant/salient features several cortical functions. Circuits of this type may per-
for the object. This in turn requires an earlier, overcom- form an operation ranging between a simple sum and
plete set of “feature”-selective cells that may roughly a MAX on the inputs of a layer of cells under the control
correspond to the dictionary of shapes described by of a single variable, and thus may form the basis in
Tanaka (1993). Subsets of this dictionary are inputs to cortex for normalization of signals at one extreme and
each of several VTU units. for a MAX-like operation at the other (Chance et al.,

Many approaches to solving the binding problems do 1999). Thus, in the context of this hypothetical circuitry
not use oscillation or synchronization mechanisms but for the MAX operation, an intriguing possibility is that
instead rely on top-down attentional mechanisms. In the same softmax mechanism might be used in both
fact, it has been argued that top-down control might situations, either predominantly driven by bottom-up
help in “binding” features together by focusing attention information or using top-down signals that may control
on a region of interest (see Reynolds and Desimone, a parameter (equivalent to locally raising q or C) that
1999; Wolfe and Cave, 1999 [both in this issue of Neu- switches off the “competition” between inputs in loca-
ron]). However, we can perfectly well perform very com- tions outside the “focus of attention.” Several experi-
plex object recognition tasks (e.g., determining whether ments suggest that the visual system uses a MAX or
an image contains a certain object) without focusing softmax operation to select bottom-up among different
attention on a specific part of space (cf. Thorpe et al., inputs: for instance, there is evidence that a MAX-like
1996). Our model is bottom-up and does not require an operation is used in tasks involving object recognition
explicit top-down signal but is consistent with its use in context (Sato, 1989). As discussed by Nowlan and
in certain situations. To explain the latter point, we will Sejnowski (1995), the same active selection mechanism
briefly describe a possible approximate implementation underlying preattentive perceptual phenomena may
of the MAX operation in terms of cortical microcircuits also be used by top-down overt attentional signals—for
of lateral, possibly recurrent, inhibition between neurons instance, when focusing attention to a specific part of

visual space (Lee et al., 1999; Reynolds et al., 1999).in a cortical layer. A specific example is a circuit based
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The MAX mechanism performs an input-driven selec- feature dectectors in C2. The actual number of cells
tion (and possibly scanning) operation over its inputs required to perform the tasks is likely to be lower—in
that might have interesting implications for the pop-out fact, a model with bigger pooling ranges in C1 resulting
effect (Treisman and Gelade, 1980; cf. the review by in about one-fourth the number of S2 cells has been
Wolfe and Cave, 1999): as the MAX operation is per- shown to have very similar recognition rates. The crucial
formed in parallel over many neurons, detection of stim- observation is that if additional objects are to be recog-
uli does not require an attention-controlled “focused” nized irrespective of scale and position, the addition of
search, as described above, if surrounding stimuli do only one unit in the top layer, with sparse connections
not interfere with the VTU’s preferred object. Therefore, to the (256) C2 units, is required. Furthermore, in the
for objects that activate different features (such as a case of a distributed code, where individual neurons
square amid circles), recognition is possible without se- participate in the coding of several objects, require-
quential search—the stimuli “pop out.” However, in the ments are likely to be even less. This does not appear
case of interference, as in a display consisting of many to be specific to the class of paperclip objects: the exact
similar paperclips, detection might require “focusing at- same model described in this paper has already been
tention” (as discussed by Reynolds and Desimone, applied successfully (with the only difference being the
1999) to reduce the influence of competing stimuli. In appropriate setting of the weights from the C2 units
this case, there would be no pop-out, but rather sequen- to the VTUs) to the recognition of computer-rendered
tial search would be required to perform successful rec- images of cars (Riesenhuber and Poggio, 1996b). Thus,
ognition. the recognition of different classes of objects would only

The observed invariance ranges of IT cells after train- require the addition of more view-tuned units in the top
ing with one view are reflected in the architecture used layer of the network.
in our model: one of its underlying ideas is that invari- How could stimulus qualities other than shape, such
ance and feature specificity have to grow hierarchically as color, be added to the model? There are two straight-
so that view-tuned cells at higher levels show sizable forward options, both of which have some experimental
invariance ranges even after training with only one view, support: (1) to make cells in the first layer color selective,
as a result of the invariance properties of the afferent i.e., to have additional sets of S1 cells, at each orienta-
units. The key concept is to start with simple localized tion and scale, for different colors; or (2) to have “blob”
features—since the discriminatory power of simple cells in S1 that respond to a certain color, in addition
features is low, the invariance range has to be kept to the present noncolor-selective S1 cells. Driven by the
correspondingly low to avoid the cells being activated demands of the task in the same way composite features
indiscriminately. As feature complexity and thus dis- would be learned in a shape-only model, higher S layers
criminatory power grows, the invariance range, i.e., the would combine units selective to different colors, or
size of the receptive field, can be increased as well. units tuned to a certain orientation and blobs responding
Thus, loosely speaking, feature specificity and invari- to a certain color, respectively. So far, there are no sys-
ance range are inversely related, which is one of the tematic physiological studies investigating the extent of
reasons the model avoids a combinatorial explosion in color tuning of IT cells to a degree similar to the studies
the number of cells: while there is a larger number of on shape tuning: current studies, such as Missal et
different features in higher layers, there do not have to al. (1997), have mainly limited themselves to global
be as many neurons responding to these features as in changes of object color. Once more detailed data are
lower layers, since higher-layer neurons have bigger available, it will be interesting to see which of the two
receptive fields and respond to a greater range of scales. schemes, or if a combination of both, can yield the re-
Notice also that the cells in the model are not binary but quired color specificity.
have continuous response functions, greatly increasing Although clearly further work is required to determine
the representational power of the system (which is why

whether the generality and power of a representational
“hallucinations” do not occur).

scheme such as the one outlined here could ultimately
This hierarchical buildup of invariance and feature

account for the vast representational abilities of thespecificity greatly reduces the overall number of cells
brain, we believe that the model provides evidence thatrequired to represent additional objects in the model:
“the binding problem,” as commonly conceived, maythe first layer contains a little more than one million cells
only be a problem in the eye of the beholder, but it(160 3 160 pixels, at four orientations and 12 scales
is not necessarily a problem for all object recognitioneach—for simplicity, dense sampling was used at all
devices and perhaps may not be one for the brain.scales). Connections in higher levels are in principle

subject to learning, driven by the input ensemble and
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deCharms, R., and Merzenich, M. (1996). Primary cortical represen- model-based cues for segmentation of video sequences. In WCNN
tation of sounds by the coordination of action-potential timing. Na- 1996 (San Diego: Lawrence Erlbaum).
ture 381, 610–613. Eckhorn, R., Bauer, R., Jordan, W., Brosch, M., Kruse, W., Munk,
DeCharms, R.C., Blake, D.T., and Merzenich, M.M. (1998). Optimiz- M., and Reitboeck, H.J. (1988). Coherent oscillations: a mechanism

for feature linking in the visual cortex? Biol. Cybern. 60, 121–130.ing sound features for cortical neurons. Science 280, 1439–1443.



Neuron
114

Eckhorn, R., Frien, A., Bauer, R., Woelbern, T., and Kehr, H. (1993). Folk, C.L., and Egeth, H. (1989). Does the identification of simple
features require serial processing? J. Exp. Psychol. Hum. Percept.High frequency 60–90 Hz oscillations in primary visual cortex of
Perform. 15, 97–110.awake monkey. Neuroreport 4, 243–246.

Foster, K.H., Gaska, J.P., Nagler, M., and Pollen, D.A. (1985). SpatialEdelman, G.M. (1978). Group selection and phasic reentrant signal-
and temporal frequency selectivity of neurones in visual corticaling: a theory of higher brain function. In The Mindful Brain: Cortical
areas V1 and V2 of the macaque monkey. J. Physiol. (Lond.) 365,Organization and the Group-Selective Theory of Higher Brain Func-
331–363.tion. G.M. Edelman and V.B. Mountcastle, eds. (Cambridge, MA:

MIT Press). Franz, V., Gegenfurtner, K.R., Fahle, M., and Buelthoff, H.H. (1999).
Grasping visual illusions: no evidence for a dissociation betweenEdelman, G.M. (1987). Neural Darwinism: The Theory of Neuronal
perception and action. Psychol. Sci., in press.Group Selection (New York: Basic Books).
Freeman, W.J. (1975). Mass Action in the Nervous System (NewYork:Edelman, G.M. (1989). The Remembered Present: A Biologoical The-
Academic Press).ory of Consciousness (New York: Basic Books).
Freeman, W.J., and Skarda, C.A. (1985). Spatial EEG-patterns, non-Edwards, D.P., Purpura, K.P., and Kaplan, E. (1995). Contrast sensi-
linear dynamics and perception: the neo-Sherrington view. Braintivity and spatial frequency response of primate cortical neurons in
Res. Rev. 10, 147–175.and around the cytochrome oxidase blobs. Vision Res. 35, 1501–

1523. Freiwald, W.A., Kreiter, A.K., and Singer, W. (1995). Stimulus depen-
dent intercolumnar synchronization of single unit responses in catEggers, H., and Blakemore, C. (1978). Physiological basis of an
area 17. Neuroreport 6, 2348–2352.isometropic amblyopia. Science 201, 264–267.
Friedman-Hill, S.R., Robertson, L.C., and Treisman, A. (1995). Pari-Elder, J., and Zucker, S. (1993). The effect of contour closure on
etal contributions to visual feature binding: evidence from a patientthe rapid discrimination of two-dimensional shapes. Vision Res. 33,
with bilateral lesions. Science 269, 853–855.981–991.
Friedman-Hill, S., Maldonado, P.E., and Gray, C.M. (1999). TemporalEngel, A.K., König, P., Gray, C.M., and Singer, W. (1990). Stimulus-
dynamics of neuronal activity in the striate cortex of alert macaque:dependent neuronal oscillations in cat visual cortex: inter-columnar
I. Incidence and stimulus-dependence of oscillations. J. Neurosci.,interaction as determined by cross-correlation analysis. Eur. J. Neu-
in press.rosci. 2, 588–606.
Frien, A., Eckhorn, R., Bauer, R., Woelbern, T., and Kehr, H. (1994).Engel, A.K., König, P., Kreiter, A.K., and Singer, W. (1991a). Inter-
Stimulus-specific fast oscillations at zero phase between visual ar-hemispheric synchronization of oscillatory neuronal responses in
eas V1 and V2 of awake monkey. Neuroreport 5, 2273–2277.cat visual cortex. Science 252, 1177–1179.
Fries, P., Roelfsema, P.R., Engel, A.K., König, P., and Singer, W.Engel, A.K., Kreiter, A.K., König, P., and Singer, W. (1991b). Synchro-
(1997). Synchronization of oscillatory responses in visual cortex cor-nization of oscillatory neuronal responses between striate and extra-
relates with perception in interocular rivalry. Proc. Natl. Acad. Sci.striate visual cortical areas of the cat. Proc. Natl. Acad. Sci. USA
USA 94, 12699–12704.88, 6048–6052.
Fuji, H., Ito, H., Aihara, K., Ichinose, N., and Tsukada, M. (1996).Engel, A.K., König, P., and Singer, W. (1991c). Direct physiological
Dynamical cell assembly hypothesis-theoretical possibility ofevidence for scene segmentation by temporal coding. Proc. Natl.
spatio-temporal coding in the cortex. Neural Network 9, 1303–1350.Acad. Sci. USA 88, 9136–9140.
Fujita, I., Tanaka, K., Ito, M., and Cheng, K. (1992). Columns forEngel, A.K., König, P., and Singer, W. (1992a). Reply to: The func-
visual features of objects in monkey inferotemporal cortex. Naturetional nature of neuronal oscillations. Trends Neurosci. 15, 387–388.
360, 343–346.

Engel, A.K., König, P., Kreiter, A.K., Chillen, T.B., and Singer, W.
Fukushima, K. (1980). Neocognitron: a self-organizing neural net-(1992b). Temporal coding in the visual cortex: new vista on integra-
work model for a mechanism of pattern recognition unaffected bytion in the nervous system. Trends Neurosci. 15, 218–225.
shift in position. Biol. Cybern. 36, 193–202.

Engel, A.K., Roelfsema, P.R., Fries, P., Brecht, M., and Singer, W.
Gallant, J.L., Connor, C.E., Rakshit, S., Lewis, J.W., and Van Essen,(1997). Role of the temporal domain for response selection and
D.C. (1996). Neural responses to polar, hyperbolic, and cartesian

perceptual binding. Cereb. Cortex 7, 571–582.
gratings in area V4 of the macaque monkey. J. Neurophysiol. 76,

Eskandar, E.N., and Assad, J.A. (1999). Dissociation of visual motor 2718–2739.
and predictive signals in parietal cortex during visual guidance. Nat.

Gattass, R., Sousa, A.P., and Gross, C.G. (1988). Visuotopic organi-
Neurosci. 2, 88–93.

zation and extent of V3 and V4 of the macaque. J. Neurosci. 8,
Fahle, M., and Koch, C. (1995). Spatial displacement, but not tempo- 1831–1845.
ral asynchrony, destroys figural binding. Vision Res. 35, 491–494. Gawne, T.J., Kjaer, T.W., and Richmond, B.J. (1996). Latency: an-
Fahle, M., and Poggio, T. (1981). Visual hyperacuity: spatio-temporal other potential code for feature binding in striate cortex. J. Neuro-
interpolation in human vision. Proc. R. Soc. Lond. B Biol. Sci. 213, physiol. 76, 1356–1360.
451–477. Geesaman, B.J., and Andersen, R.A. (1996). The analysis of complex
Fang, S.-P., and Wu, P. (1989). Illusory conjunctions in the percep- motion patterns by form/cue invariant MSTd neurons. J. Neurosci.
tion of Chinese characters. J. Exp. Psychol Hum. Percept. Perform. 16, 4716–4732.
15, 434–447. Geisler, W.S., and Albrecht, D.G. (1995). Bayesian analysis of identifi-
Felleman, D.J., and Van Essen, D.C. (1987). Receptive field proper- cation performance in monkey visual cortex: nonlinear mechanisms
ties of neurons in area V3 of macaque monkey extrastriate cortex. and stimulus certainty. Vision Res. 35, 2723–2730.
J. Neurophysiol. 57, 889–920. Georgopoulos, A.P., Ashe, J., Smyrnis, N., and Taira, M. (1992). The
Felleman, D.J., and van Essen, D.C. (1991). Distributed hierarchical motor cortex and the coding of force. Science 256, 1692–1695.
processing in the primate cerebral cortex. Cereb. Cortex 1, 1–47. Gerstein, G.L., Bedenbaugh, P., and Aertsen, M.H. (1989). Neuronal
Ferrera, V.P., and Lisberger, S.G. (1995). Attention and target selec- assemblies. IEEE Trans. Biomed. Eng. 36, 4–14.
tion for smooth pursuit eye movements. J. Neurosci. 15, 7472–7484. Gerstner, W., and van Hemmen, J.L. (1993). Coherence and incoher-
Ferrera, V.P., Rudolph, K.K., and Maunsell, J.H.R. (1994). Responses ence in a globally coupled ensemble of pulse-emitting units. Phys.
of neurons in the parietal and temporal visual pathways during a Rev. Lett. 7, 312–315.
motion task. J. Neurosci. 14, 6171–6186. Gerstner, W., Kempter, R., Van Hemmen, J.L., and Wagner, H. (1996).
Fetz, E., Toyama, K., and Smith, W. (1991). Synaptic interactions A neuronal learning rule for sub-millisecond temporal coding. Nature
between cortical neurons. In Cerebral Cortex, A. Peters and E.G. 383, 76–78.
Jones, eds. (New York: Plenum Press). Ghose, G.M., and Freeman, R.D. (1992). Oscillatory discharge in the
Fodor, J.A., and Pylyshyn, Z.W. (1988). Connectionism and cognitive visual system: does it have a functional role? J. Neurophysiol. 68,

1558–1574.architecture: a critical analysis. Cognition 28, 3–71.



References for Reviews
115

Ghose, G.M., and Freeman, R.D. (1997). Intracortical connections Gray, C.M, Engel, A.K., Koenig, P., and Singer, W. (1990). Stimulus-
dependent neuronal oscillations in cat visual cortex: receptive fieldare not required for oscillatory activity in the visual cortex. Vis.

Neurosci. 14, 963R–979R. properties and feature dependence. Eur. J. Neurosci. 2, 607–619.

Gray, C.M., Engel, A.K., Koenig, P., and Singer, W. (1992). Synchroni-Ghose, G.M., and Maunsell, J. (1999). Specialized representations
in visual cortex: a role for binding? Neuron 24, this issue, 79–85. zation of oscillatory neuronal responses in cat striate cortex: tempo-

ral properties. Vis. Neurosci. 8, 337–347.Ghose, G.M., and Ts’o, D.Y. (1997). Form processing modules in
primate area V4. J. Neurophysiol. 77, 2191–2196. Green, M. (1992). Visual search: detection, identification and local-

ization. Perception 21, 765–777.Gibson, J.R., and Maunsell, J.H.R. (1997). The sensory modality
specificity of neural activity related to memory in visual cortex. J. Gregory, R.L. (1970). The Intelligent Eye (London: Weidenfield and

Nicholson).Neurophysiol. 78, 1263–1275.

Gilbert, C.D., and Wiesel, T.N. (1979). Morphology and intracortical Gross, C.G., Cowey, A., and Manning, F.J. (1971). Further analysis
of visual discrimination deficits following foveal prestriate and infe-projections of functionally characterised neurones in the cat visual

cortex. Nature 280, 120–125. rotemporal lesions in rhesus monkeys. J. Comp. Physiol. Psychol.
76, 1–7.Gilbert, C.D., and Wiesel, T.N. (1983). Clustered intrinsic connections

in cat visual cortex. J. Neurosci. 3, 1116–1133. Gross, C.G., Rocha-Miranda, C.E., and Bender, D.B. (1972). Visual
properties of neurons in inferotemporal cortex of the macaque. J.Gilbert, C.D., and Wiesel, T.N. (1989). Columnar specificity of intrin-
Neurophysiol. 35, 96–111.sic horizontal and cortico-cortical connections in cat visual cortex.

J. Neurosci. 9, 2432–2442. Grossberg, S. (1995). The attentive brain. Am. Scientist 83, 438–449.

Grossberg, S. (1999a). The link between brain learning, attention,Givre, S.J., Arezzo, J.C., and Schroeder, C.E. (1995). Effects of wave-
length on the timing and laminar distribution of illuminance-evoked and consciousness. Conscious. Cogn., in press.
activity in macaque V1. Vis. Neurosci. 12, 229–239. Grossberg, S. (1999b). How does the cerebral cortex work? Spat.

Vis., in press.Gizzi, M.S., Newsome, W.T., and Movshon, J.A. (1983). Directional
selectivity of neurons in macaque MT. Invest. Ophthal. Vis. Sci. 24 Grossberg, S., and Somers, D. (1991). Synchronized oscillations
(suppl.), 107. during cooperative feature linking in a cortical model of visual per-

ception. Neural Networks 4, 453–466.Gizzi, M.S., Katz, E., Schumer, R.A., and Movshon, J.A. (1990). Selec-
tivity for orientation and direction of motion of single neurons in cat Haenny, P.D., Maunsell, J.H.R., and Schiller, P.H. (1988). State de-
striate and extrastriate visual cortex. J. Neurophysiol. 63, 1529– pendent activity in monkey visual cortex. II. Retinal and extraretinal
1543. factors in V4. Exp. Brain Res. 69, 245–259.
Goldsmith, M. (1998). What’s in a location? Comparing object-based Hata, Y., Tsumoto, T., Sato, H., and Tamura, H. (1991). Horizontal
and space-based models of feature integration in visual search. J. interactions between visual cortical neurones studied by cross-cor-
Exp. Psychol. 127, 189–219. relation analysis in the cat. J. Physiol. 441, 593–614.
Goldstone, R.L. (1998). Perceptual learning. Annu. Rev. Psychol. 49, Hatsopoulos, N.G., Ojakangas, C.L., Paninski, L., and Donoghue,
585–612. J.P. (1998). Information about movement direction obtained from

synchronous activity of motor cortical neurons. Proc. Natl. Acad.Goodale, M. (1993). Visual pathways supporting perception and ac-
tion in the primate cerebral cortex. Curr. Opin. Neurobiol. 3, 578–585. Sci. USA 95, 15706–15711.

Hayek, F.A. (1952). The Sensory Order (Chicago: University of Chi-Goodale, M., and Humphrey, G. (1998). The objects of action and
perception. Cognition 67, 181–207. cago Press).

Hebb, D.O. (1949). The Organization of Behavior (New York: Wiley).Goodale, M.A., and Milner, A.D. (1992). Separate visual pathways
for perception and action. Trends Neurosci. 15, 20–25. Heeger, D. (1992). Normalization of cell responses in cat striate

cortex. Vis. Neurosci. 9, 181–197.Goodale, M.A., Milner, A.D., Jakobson, L.S., and Carey, D.P. (1991).
A neurological dissociation between perceiving objects and grasp- Hellwig, B., Schuz, A., and Aertsen, A. (1994). Synapses on axon
ing them. Nature 349, 154–156. collaterals of pyramidal cells are spaced at random intervals: a Golgi

study in the mouse cerebral cortex. Biol. Cybern. 71, 1–12.Goodale, M.A., Meenan, J.P., Bulthoff, H.H., Nicolle, D.A., Murphy,
K. J., and Racicot, C.I. (1994). Separate neural pathways for visual Herculano-Houzel, S., Munk, M.H., Neuenschwander, S., and Singer,
analysis of object shape in perception and prehension. Curr. Biol. W. (1999). Precisely synchronized oscillatory firing patterns require
4, 604–610. electroencephalographic activation. J. Neurosci. 19, 3992–4010.
Goolkasian, P. (1988). Illusory conjunctions in the processing of Hess, R., Campbell, F., and Greenhalgh, T. (1978). On the nature of
clock times. J. Gen. Psychol. 115, 341–353. the neural abnormality in human amblyopia: neural aberrations and
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Krüger, J., and Aiple, F. (1988). Multimicroelectrode investigation of tual effects in primate visual cortex. Nature 387, 73–76.
monkey striate cortex: spike train correlations in the infragranular Levitt, J.B., Kiper, D.C., and Movshon, J.A. (1994). Receptive field
layers. J. Neurophysiol. 60, 798–828. and functional architecture of macaque V2. J. Neurophysiol. 71,
Kwak, H., Dagenbach, D., and Egeth, H. (1991). Further evidence 2517–2542.
for a time-independent shift of the focus of attention. Percept. Psy- Levitt, J.B., Lund, J.S., and Yoshioka, T. (1996). Anatomical sub-
chophys. 49, 473–480. strates for early stages in cortical processing of visual information
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Würtz, R. (1997). Object recognition robust under translations, defor-Wang, D.L., Buhmann, J., and von der Malsburg, C. (1990). Pattern
mations, and changes in background. IEEE Trans. Pattern Anal.segmentation in associative memory. Neural Comput. 2, 94–106.
Machine Intell. 19.Wang, Q., Cavanagh, P., and Green, M. (1994). Familiarity and pop-
Yantis, S., and Gibson, B.S. (1994). Object continuity in apparentout in visual search. Percept. Psychophys. 56, 495–500.
motion and attention. Can. J. Exp. Psychol. 48, 182–204.Wehr, M., and Laurent, G. (1996). Odour encoding by temporal se-
Yen, S.-C., and Finkel, L.H. (1998). Extraction of perceptually salientquences of firing in oscillating neural assemblies. Nature 384,

162–166. contours by striate cortical networks. Vision Res. 38, 719–741.



References for Reviews
125

Yen, S.-C., Menschik, E.D., and Finkel, L.H. (1999). Perceptual
grouping in striate cortical networks mediated by synchronization
and desynchronization. Neurocomputing, in press.

Yeshurun, Y., and Carrasco, M. (1998). Attention improves or impairs
visual performance by enhancing spatial resolution. Nature 396,
72–75.

Yeshurun, Y., and Carrasco, M. (1999). Spatial attention improves
performance in spatial resolution tasks. Vision Res. 39, 293–306.

Ylinen, A., Sik, A., Bragin, A., Nadasdy, Z., Jando, G., Szabo, I., and
Buzsaki, G. (1995). Sharp wave-associated high-frequency oscilla-
tion (200 Hz). in the intact hippocampus: network and intracellular
mechanisms. J. Neurosci. 15, 30–46.

Yoshioka, T., Blasdel, G.G., Levitt, J.B., and Lund, J.S. (1996). Rela-
tion between patterns of intrinsic lateral connectivity, ocular domi-
nance, and cytochrome oxidase-reactive regions in macaque mon-
key striate cortex. Cereb. Cortex 6, 297–310.

Young, M.P., and Yamane, S. (1992). Sparse population coding of
faces in the inferotemporal cortex. Science 256, 1327–1331.

Young, M.P., Tanaka, K., Yamane, S. (1992). On oscillating neuronal
responses in the visual cortex of the monkey. J. Neurophysiol. 67,
1464–1474.

Yu, A.C., and Margoliash, D. (1996). Temporal hierarchical control
of singing in birds. Science 273, 1871–1875.

Yuste, R., and Tank, D.W. (1996). Dendritic integration in mammalian
neurons, a century after Cajal. Neuron 16, 701–716.

Zeki, S.M. (1978). Functional specialisation in the visual cortex of
the rhesus monkey. Nature 274, 423–428.

Zeki, S. (1983). The distribution of wavelength and orientation selec-
tive cells in different areas of monkey visual cortex. Proc. R. Soc.
Lond. B Biol. Sci. 217, 449–470.

Zeki, S., and Shipp, S. (1988). The functional logic of cortical connec-
tions. Nature 335, 311–317.

Zhang, X. (1999). Anticipatory inhibition: an intentional non-spatial
mechanism revealed with the distractor previewing technique. PhD
thesis, Princeton University, Princeton, NJ.

Zhang, L.I., Tao, H.W., Holt, C.E., Harris, W.A., and Poo, M. (1998). A
critical window for cooperation and competition among developing
retinotectal synapses. Nature 395, 37–44.

Zipser, K., Lamme, V.A.F., and Schiller, P.H. (1996). Contextual Mod-
ulation in Primary Visual Cortex. J. Neurosci. 16, 7376–7389.

Zohary, E., and Hochstein, S. (1989). How serial is serial processing
in vision? Perception 18, 191–200.

Zohary, E., Shadlen, M.N., and Newsome, W.T. (1994). Correlated
neuronal discharge rate and its implications for psychophysical per-
formance. Nature 370, 140–143.


