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The Psychophysical Evidence Review
for a Binding Problem
in Human Vision

subjects that their primary task was to report the two
digits, so that their attention would be diverted from the
colored shapes. Subjects were very accurate in re-
porting the digits, but their reports of the stimuli between
the digits included a large number of illusory conjunc-
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tions. Illusory conjunctions occurred with both lettersUniversity of Southampton
and abstract shapes and included all the features testedHighfield
(color, shape, size, and solidity). Treisman and SchmidtSouthampton SO17 1BJ
concluded that when attention is not available to com-United Kingdom
bine features correctly, they can be put together to form
combinations not actually present in the stimulus.

Illusory conjunctions have arisen in a variety of differ-
ent visual tasks. For instance, Prinzmetal (1981) pre-What Is “Binding” and Why Might It Be a Problem?
sented subjects with arrays of circles, with two of theImagine that you are looking at two women. One has
circles each containing a single horizontal or verticalan oval face with striking green eyes framed by long
line. Although the lines were at different locations, sub-blond hair. The other has a round face with piercing blue
jects sometimes perceived them as forming a plus sign.eyes framed by wavy red hair. Long before we reach the
Interestingly, the two lines were more likely to combinerealms of social psychology, several potential problems
into an illusory plus sign if they were both part of thepresent themselves to the visual system. Did those blue
same perceptual group of circles. Prinzmetal and Millis-eyes go with the blond hair? Was that blond hair wavy?
Wright (1984) demonstrated a different grouping effectIf one woman is Lynn and the other is Anne, which
in a task in which subjects searched for one of twois which? Coherent perception of even a single object
target letters in an array and then reported its color.requires that the properties of that object be coordinated
Subjects’ reports included more illusory conjunctionsor bound together. As discussed elsewhere in this issue
when the letters formed a word or a pronounceableof Neuron, information about these properties appears
nonword than when the letter string was unpronounce-to be distributed across many different brain areas. This
able. Treisman and Paterson (1984) found that someseparation of different types of information about a sin-
subjects perceived an arrow when presented with arraysgle object raises the possibility of a “binding problem.”
containing the appropriate shape components (a lineThis paper will review some of the psychophysical evi-
and an angle). Some of their subjects could also com-dence indicating that this is a real problem that is faced
bine an angle and a line into an illusory triangle, but onlyand, under most circumstances, solved by the visual
if circles were also present in the array, presumably tosystem. We will also discuss contrary evidence that sug-
supply a closure feature (for additional demonstrationsgests that the visual system has no such binding prob-
of illusory conjunctions, see Prinzmetal et al., 1986; Bri-lem. Finally, we will provide a theoretical framework
and and Klein, 1987; Cohen and Ivry, 1989).within which to understand these apparently contradic-

While illusory conjunctions have been demonstratedtory data. (Other issues like texture grouping and con-
with a number of different methods by a number oftour completion might be considered to be examples
different experimenters, there is disagreement over

of binding. In this paper, however, we are restricting
what these errors tell us about visual processes and

ourselves to the binding of features to objects.)
representations. In the original formulation of Treisman’s
Feature Integration Theory (Treisman and Gelade, 1980),

Evidence that There Is a Binding Problem illusory conjunctions were taken as evidence that bind-
Illusory Conjunctions ing features into the representation of an object required
Some of the most striking evidence for a binding prob- attention. Preattentively, features were somehow “free
lem in vision comes from a class of apparent mispercep- floating” and, consequently, capable of arbitrary re-
tions labeled “illusory conjunctions.” When subjects arrangement if attention was diverted.
must report on the identity of items in briefly presented Various aspects of this position have been challenged.
arrays of colored shapes, they often report seeing a For example, Tsal (1989) argued that features could be
stimulus made up of the color from one array element correctly conjoined without attention and the presence
and the shape from a different array element. Appar- of attention might not always assure correct feature
ently, perceptual features can become unbound from combinations. He and others have argued that illusory
their original objects and can be recombined to form a conjunctions might reflect a coarse coding of some as-
new object representation. pects of feature information (Cohen and Ivry, 1989; Prinz-

In Treisman and Schmidt’s (1982) classic version of metal and Keysar, 1989; Ashby et al., 1996). A second
the illusory conjunction paradigm, subjects viewed a important point raised by Tsal and echoed elsewhere is
line of colored shapes or letters, flanked by two black that illusory conjunctions might be failures of memory
digits (see Figure 1). Treisman and Schmidt told the as much as failures of vision. In a standard illusory con-

junction display, the stimuli are presented briefly and
the subject is asked to describe what was seen (but see‡ To whom correspondence should be addressed (e-mail: wolfe@

search.bwh.harvard.edu). Prinzmetal et al., 1995).
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These linkages may be built and maintained by attention,
at least at some levels, thus preventing illusory conjunc-
tions.
Dissociating Detection and Localization of Features
If binding is a problem, then it should be possible to
find evidence of unbound features. What would such
evidence look like? If some process like attention is
needed in order to associate features with the correct
locations, then it should be possible to dissociate the
identification and localization of features. The strongFigure 1. Illusory Conjunction Demonstration
form of this hypothesis would hold that there exists a(1) There are two large numbers on the left and right of this figure.
preattentive stage of processing at which features areDetermine if they are both odd and then read ahead for more instruc-
identified but represented completely independently oftions.

(2) Without looking back at the figure, ask yourself if it contains the location. Original Feature Integration Theory argued for
letters “R,” “P,” or “Q”? Did you see a vertical yellow bar? Did you a position of this sort. Treisman and Gormican (1988),
see a horizontal green bar? If you thought you saw an “R,” a “Q,” for example, argued that detection of features and local-
or a horizontal green bar, you have made an “illusory conjunction” ization of features were separate operations, though
error.

Treisman’s more recent views are less absolute (Treis-
man, 1996). Still, one of the main claims of Feature Inte-
gration Theory (Treisman and Gelade, 1980) and relatedIn a somewhat similar vein, Butler, Mewhort, and
models like Guided Search (Wolfe, 1994a) is that theBrowse (1991) claimed that illusory conjunction errors
features belonging to visual objects cannot be accu-demonstrate more about the encoding strategy used in
rately bound together into object representations in thea particular task than about the basic properties of visual
early, preattentive stage of visual processing.representations. They showed that the same stimuli

Treisman and Gelade (1980) originally predicted thatcould produce different patterns of errors depending on
subjects performing a feature search might be able tosubjects’ expectations. When subjects knew that they
report the presence of a target feature in a display evenwould see only uppercase letters in each trial, they
if they were unable to localize the target. The featurewould sometimes combine a bar from a letter Q with a
would be detected preattentively without the localizingletter P and report a letter R. However, when subjects
effects of spatial attention. In conjunction search, how-did not know whether to expect upper- or lowercase
ever, this dissociation would not be possible becauseletters, then their errors with the same uppercase stimuli
conjunctions could not be detected without spatial at-consisted mainly of mislocating entire letters rather
tention. Thus, if a subject could detect a conjunctionthan combining features from different letters. Butler,
target, then they should also be able to localize it. Treis-Mewhort, and Browse concluded that subjects encode
man and Gelade tested their prediction in two experi-the stimuli as features in the first task and as letters in
ments in which each search array contained one of two

the second task.
possible targets. In the feature search condition, the

Illusory conjunctions are not limited to basic preatten-
target had a color or shape not shared by any of the

tive features: just as features can travel from object to
distractors. Here, accuracy in reporting the target fea-

object, letters can travel from word to word (Mozer, ture was above chance, even on those trials with large
1983; McClelland and Mozer, 1986). When Mozer’s sub- errors in the report of the target location. However, in
jects viewed the two words “LINE” and “LACE,” they the conjunction search task, subjects did not report the
sometimes reported seeing “LICE” or “LANE.” As in the conjunction features accurately unless they also cor-
earlier demonstrations of illusory conjunctions, these rectly reported the location of those features.
letter migrations occurred more often when attention Nissen (1985) provided additional evidence that color
was diverted to other stimuli. They were also more likely and shape features from an object were combined via
to occur when the two words shared some letters, and location. She presented subjects with an array of four
they occurred just as often whether the letters in the objects, each with a unique shape and unique color. In
two words matched in case or not, indicating that the one condition, one of the four possible locations was
confusion occurred within abstract word representa- cued before each trial, and the subject reported the
tions rather than between representations of individual color and shape at that location. Nissen predicted that
letters or features (see also Treisman and Souther, 1986; accuracy of the color and shape reports should be inde-
Fang and Wu, 1989). Even more abstract errors ap- pendent of one another, because subjects did not need
peared in experiments by Virzi and Egeth (1984), in which to determine one feature in order to determine the other.
subjects confused the color named by a word and the The data were consistent with that prediction. In a sec-
color of the ink with which it was written (see also In- ond condition, a color was cued at the beginning of
traub, 1985; Goolkasian, 1988). each trial. Subjects were asked to report the location

To summarize, illusory conjunctions are clear evi- and the shape of the object with the cued color. In this
dence for some sort of problem with the correct binding condition, Nissen predicted that the accuracy of the
of features to objects. The original conception of “free shape reports would depend in part on the accuracy of
floating” preattentive features bound together by the the location reports, because subjects would have to
glue of attention has been replaced by a view that illu- determine the target location before they could deter-
sory conjunction phenomena can occur when linkages mine its shape. The data showed that the shape and

accuracy reports were not independent, and that shapebreak down at any of a number of levels of processing.
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accuracy was very low when the location was reported
incorrectly. From the first condition, Nissen estimated
the proportion of targets for which the shape would be
correctly reported once the location was known. Using
this estimate and the proportion of correctly reported
locations in the second condition, she was able to work
out predictions for the second condition that corre-
sponded fairly closely to the actual results.

Taken together, the Treisman and Gelade (1980) and
Nissen (1985) results suggested that features could be

Figure 2. Feature and Conjunction Searchrepresented without being bound to their locations, so
It is very easy to find the red and vertical items on the left of thisthat subjects could report feature identities without lo-
figure. On the right, the item defined by the conjunction of red andcations. Subsequent work, however, has raised ques-
vertical does not “pop out” in the same way.tions about these free-floating features. Johnston and

Pashler (1990) questioned whether Treisman and Gelade
this line of research (Saarinen, 1996a, 1996b). The areawere correct in concluding that features could be identi-
suffers from a pair of seemingly insurmountable prob-fied without being located. They suggested that even
lems. First, accuracy and reaction time data, the mea-if a feature’s location had been correctly determined,
sures of choice, can be readily altered by task manipula-subjects might not always be able to report its position
tions. Second, data about the state of vision prior toaccurately using Treisman and Gelade’s system for re-
the deployment of attention are derived from measuresporting location. They also conjectured that accuracy
taken after the stimulus is gone, just as in the illusoryin reporting features may have been deceptively high
conjunction experiments. This makes it hard to know ifin Treisman and Gelade’s experiment, because when
a failure to report the locus or identity of a stimulus issubjects were unable to detect either of the possible
the result of a failure to process or a failure to remember.target features, they might guess and report the target
We cannot be sure if subjects misperceive a combina-that was more difficult to detect (a “negative informa-
tion of two features or misremember that combination.tion” strategy). Johnston and Pashler performed their

To summarize this section, there is some evidenceown version of the experiment in which the stimulus
for a dissociation between identification and localizationelements were arranged so that each location occupied
of basic feature information. For present purposes, thisa unique corner or side, making it easier to remember
evidence supports the notion that there is a bindingand report each location. They also tried to equalize
problem in early vision. However, interpretation of thesethe discriminability of each of the two target features
data has proven to be ambiguous and the experiments,(although they concluded from their results that they
taken as a whole, make for a somewhat unsatisfyingwere only partially successful). They found only weak
meal. Clearer evidence that the visual system facesevidence for identification without localization and con-
problems in binding features into object representationscluded that the phenomenon was rare, at best.
comes from the visual search literature.Just as Johnston and Pashler (1990) raised doubts
Search for Conjunctions of Basic Featuresabout Treisman and Gelade’s evidence for unbound fea-
One of the pillars of support for the existence of a bindingtures, a later study by Monheit and Johnston (1994)
problem in human vision was the apparent inefficiencyraised doubts about Nissen’s claims for the independent
of searches for targets defined by conjunctions of basicreporting of color and shape. With a careful analysis of
features. A search for a target among distractors is veryNissen’s task, Monheit and Johnston demonstrated that
easy if the target is defined by a single salient feature.any effects of nonindependence between color and
Thus, as shown in Figure 2, it is easy to find the red itemshape would be very small if the subjects used a reason-
among green distractors or the horizontal item amongable guessing strategy when they failed to identify the
vertical distractors. However, Treisman and Geladefeatures present. They then conducted their own ver-
(1980) reported that the same features failed to producesions of Nissen’s experiments with some changes to
efficient search when those features conjunctively de-increase their ability to detect nonindependence effects.
fined the target (see the right side of Figure 2). TheyThey increased the number of trials per subject, and
found that a search for a red vertical target among redthey selected their stimulus elements from a set of six
horizontal and green vertical distractors produced ancolors and six shapes (rather than the four used by
inefficient search, consistent with a serial, self-terminat-Nissen) to limit the effects of guessing. They found the
ing search through the items. In the original Featurenonindependence effects they expected: in many trials,
Integration Theory, this apparent seriality was taken assubjects either reported both the color and shape cor-
evidence that features were unbound prior to the arrivalrectly or got them both wrong.
of attention.The experiments discussed here are only a small por-

Subsequent research complicated the picture fromtion of the literature on the independence or lack of
independence between identification and localization the vantage point of the binding problem. Houck and

Hoffman (1986) demonstrated that unattended conjunc-tasks. The Treisman and Nissen studies argue for a
precedence for identification over localization. Other tions of color and orientation could produce a McCol-

lough effect, a visual aftereffect dependent on the con-studies have argued for the opposite (Sagi and Julesz,
1985; but see also Folk and Egeth, 1989) or for an equal- tingent relationship between color and orientation. Even

more troubling was the data from numerous labs show-ity between the operations (Green, 1992). Saarinen has
argued that it is futile to search for a clear answer in ing efficient search for conjunctions (e.g., Nakayama
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Figure 3. Texture Segmentation by Feature
and Conjunction

In the left half of the figure, it is quite easy to
see the triangle formed by the three oblique
elements. On the right, the three red vertical
elements never form a triangle of comparable
clarity.

and Silverman, 1986b; Quinlan and Humphreys, 1987; defined by conjunctions of color and orientation, as
they are on the right side of this figure, no impressionWolfe et al., 1989; Zohary and Hochstein, 1989; Treisman

and Sato, 1990; Cohen and Ivry, 1991; McLeod et al., of a triangle was instantly available. Instead, subjects
seemed to need to attend to each red vertical in turn in1991). At first, it appeared that these results might be

specific exceptions to the general rule of inefficient order to describe the position of the triangle as a whole.
In a brief presentation, the task was essentially impos-conjunction search (Nakayama and Silverman, 1986a;

McLeod et al., 1988). However, subsequent work indi- sible.
Figure 4 shows a second illustrative case. Wolfe andcates that any search for conjunctions of basic features

is efficient if the features are salient enough (see discus- Bennett (1997) had subjects search for red vertical lines
in displays similar to those shown here. On the left ofsions in Wolfe, 1994a, 1998). Indeed, there are several

published reports of conjunction searches that yield Figure 4 is a typical conjunction search. On the right,
the same elements have been combined into “pluses.”search efficiencies that are indistinguishable from those

produced by basic features (e.g., Wolfe, 1992; von der Search was much less efficient in the latter case. Wolfe
and Bennett argued that this case represented conjunc-Heydt and Dursteler, 1993; Theeuwes and Kooi, 1994).

Do these findings argue against the existence of a tion search in the absence of useful guidance. On the
left, it is possible to guide attention toward “red” itemsbinding problem? Do they show that features are con-

joined prior to the arrival of attention? Perhaps not. Effi- and toward “vertical” items. On the right, all items con-
tain “red” and “vertical.” Prior to the arrival of attention,cient search for conjunctions can occur even if features

cannot be bound together without attention. Consider each plus is the same preattentive bundle of “red” and
“green” and “vertical” and “horizontal.” It is only whenthe search for a red vertical item among green vertical

and red horizontal items. Suppose that a parallel color attention is deployed to an item that it is possible to
correctly bind colors and orientations.processor biases the deployment toward red items and

an orientation processor biases the deployment of at- To summarize this section, recent research supports
a modified version of Treisman’s position on conjunc-tention toward vertical items. Even though color and

orientation are being handled entirely separately, the tions. When Feature Integration Theory was first pro-
posed, it was unclear if subjects searched from objectcombination of these two sources of attentional guid-

ance will tend to deploy attention to loci containing both to object in the visual field or from location to location.
In that context, Treisman could propose that featuresred and vertical. This concept of guidance is, not surpris-

ingly, at the heart of the eponymous Guided Search were initially “free floating.” As will be discussed later
in this paper, subsequent work has made it clear thatmodel (Wolfe et al., 1989; Cave and Wolfe, 1990; Wolfe,

1994a; Wolfe and Gancarz, 1996). It is also a part of search generally proceeds from object to object (e.g.,
Behrmann and Tipper, 1994; Tipper et al., 1994; Veceralater versions of Feature Integration Theory (e.g., Treis-

man and Sato, 1990) and the more recent FeatureGate and Farah, 1994; Wolfe, 1994b, 1996; Yantis and Gibson,
1994; Wolfe and Bennett, 1997; Tipper and Weaver,model (Cave, 1999) and is anticipated by the work of

Hoffman (1979; see also Tsotsos et al., 1995).
These developments in the understanding of conjunc-

tion search render ambiguous the role of attention in
conjoining features. Is item-by-item attention needed to
bind features into objects or not? More recent conjunc-
tion experiments suggest that Treisman’s original claim
is correct even if the original empirical support for the
claim is open to reinterpretation.

The first case, illustrated in Figure 3, is derived from
Wolfe et al. (1995). On the left side of the figure, the
three items of odd orientation form a virtual triangle that
is detected without noticeable effort (Nothdurft, 1992). Figure 4. Preattentive Objects Are Just Bundles of Features
Wolfe et al. (1995) had subjects describe the orientation

Search for red vertical items. On the left side of this figure, the task
of a briefly presented triangle of this sort. The task was is a relatively easy “guided” search. On the right, the same red
easy even when three different orientations formed the vertical element is very difficult to find because all of the elements

contain the features “red,” “green,” “vertical,” and “horizontal.”vertices of the triangle. However, when the vertices were
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after attention is deployed to an object. However, as
noted above, features are not entirely independent in
the absence of attention. Houck and Hoffman (1986),
cited earlier, showed that attentional manipulation did
not disrupt the McCollough effect, an aftereffect depen-
dent on a firm, contingent relationship of color and orien-
tation (McCollough, 1965). If preattentive features were
utterly unbound, it should not be possible to produce
an effect that requires the association of, say, red and
vertical (Dodwell and Humphrey, 1992).

Like the Houck and Hoffman experiments, there are
other studies showing a relationship between features
in the absence of attention. We would argue that theseFigure 5. An Example of Inefficient Search for a Shape
studies show that features of an object are bundledFrom Wolfe and Bennett (1997).
together preattentively but that explicit knowledge of
the relationship of one feature to another requires spatial
attention.1998) (more specifically, attention appears to be di-
Features Linked to Other Featuresrected to locations defined by objects; reviewed by Cave
of the Same Objectand Bichot, 1999). In this light, we can describe the
A number of studies demonstrating object-based atten-preattentive world as populated by unrecognized bun-
tion suggest that all of the features belonging to andles of features loosely held together by virtue of their
object are bundled and selected together. For instance,shared location. Thus, all of the pluses in Figure 4 are
Treisman, Kahneman, and Burkell (1983) asked subjectsbundles of red, green, vertical, and horizontal. Attention
to perform two tasks: reading a word aloud and localiz-is required to correctly bind the features into a red–
ing the gap in a rectangle. Performance was better whenvertical, green–horizontal plus or into its 908 rotation.
the rectangle surrounded the word, making them a sin-Similarly, while objects like faces may be composed of
gle object. This advantage could not be attributed tobasic features that are processed without attention, it is
distance, because the distance between the word andonly with the deployment of attention that these features
the gap was the same whether the rectangle surroundedcan be bound together into a representation that can
the word or not.be recognized (Nothdurft, 1993; Suzuki and Cavanagh,

Further evidence for object-based attention came1995; Cave and Bichot, 1999).
from another dual-task experiment by Duncan (1984).Objects as Bundles of Features
The stimuli consisted of a diagonal line and a rectangleThe idea that objects are represented only as bundles
superimposed. Depending on the condition, subjectsof basic features prior to the arrival of attention can be
reported either two properties of the line, two propertiesused to explain failures to search efficiently for targets
of the rectangle, or one property of each. Reports weredefined by the spatial arrangement of their parts.
more accurate when both properties were from the sameSearches for Ts among Ls and for Ss among mirror-
object. Because the objects were superimposed, Dun-reversed Ss are standards of inefficient search (e.g.,
can argued that the same-object advantage could notBraun and Julesz, 1998; Kwak et al., 1991), though there
result from selecting the object’s location. Many subse-are some reports of efficient search for targets defined
quent studies have produced similar results (for a usefulby spatial relations (Wang et al., 1994) or even by their
review, see Goldsmith, 1998; see also Tipper et al., 1994;conceptual category (Jonides and Gleitman, 1972; but
Vecera and Farah, 1994; Lavie and Driver, 1996; Tippersee Duncan, 1983; Dixon and Shedden, 1987; but then
and Weaver, 1998) (although Cave and Kosslyn, 1989,see Krüger, 1984).
argued that the object is selected by a very specificThe same pattern is seen in objects that are not alpha-
selection of locations).numeric characters. Target shapes that are quite differ-

Recent evidence about the extent of feature bundlingent from distractor shapes yield inefficient search if they
can be found in the experiments by Luck and Vogelare composed of the same bundle of features. For exam-
(1997). On each trial, their subjects viewed two multiele-ple, a closed curve and a squiggle, as shown in Figure
ment displays, with a delay of less than a second be-5, can be combined to make two very different objects.
tween them, and monitored one feature dimension forNevertheless, because they are both composed of the
changes between the two displays. With set sizes of upsame preattentive bundle of features, search for one of
to four, subjects could keep track of the color or shape orthese among the other is quite inefficient (Wolfe and
size or orientation of four objects without much trouble.Bennett, 1997).
Interestingly, performance was just as good when sub-
jects had to look for changes that could occur in any ofEvidence that There Is Not an Absolute
the four features. Seemingly, subjects were now remem-Binding Problem
bering 16 pieces of information. We know, however, thatThe evidence discussed thus far indicates that the visual
subjects could not remember the colors of 16 distinctsystem struggles with a binding problem and sometimes
objects, so the results suggest that visual short-termloses. Prior to the arrival of attention, the features of an
memory can hold approximately four objects and that allobject seem to be rather loosely affiliated with each
of the features of each object are recorded and bundledother. The relationship of color to orientation or squiggle

to closed curve seems to be properly appreciated only together.
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When Is Binding a Problem? a mouth. If attention did not regulate the input into the
face recognizer, it might receive six eyes, three noses,The psychophysical research reviewed here makes it

clear that there is a binding problem in human vision. and three mouths. In the absence of the tight spatial
information of earlier visual stages, it might be quiteThere are circumstances under which observers behave

as if basic features that are tightly linked in the world unable to associate the correct facial features with each
other.are, at best, loosely linked in the visual system. At the

same time, the orderly and reasonable nature of routine Thus, across the great bulk of the visual field, unrecog-
nized objects are held together by the spatial organiza-visual perception demonstrates that the visual system

solves the binding problem successfully most of the tion of the early visual system. At later stages, a recog-
nized object is held together by the explicit binding oftime. By “successfully,” in this case, we mean that the

problem does not interfere with our usual uses of our a selected set of features. Working in tandem, these
processes of bundling and binding deliver a coherentvisual systems. The visual system may be rife with un-

bound features but, under normal circumstances, they perceptual world. The data described above suggest
that problems in feature binding arise in two circum-do not intrude. Why not?

We propose that there are two answers to this ques- stances. The first occurs when explicit representations
of feature combinations are needed before the objectstion: a preattentive or, perhaps, unattended answer and

an attentive answer. In the early stages of visual pro- have been selected. This situation can happen in visual
searches for targets defined by feature combinations.cessing (i.e., primary visual cortex), visual information

is represented within spatially organized maps of the We can’t easily search for one face in a field of distractor
faces with similar features, because the featural configu-visual field. Each feature is represented as occupying a

fairly specific location, and thus location serves as a ration for each face cannot be represented until that
face is individually selected and its representation ismeans for linking all of the features belonging to a single

object. Although the representations at this level contain built in the later stages of the visual system. Guidance
by basic features limits this problem in most cases.all of the information necessary to determine the rela-

tionships between the features in an object, those rela- Thus, the search for a face is only noticeably inefficient
if there are many faces. Otherwise, basic feature infor-tionships are not explicitly represented at this level.

Without explicit representations of the feature combina- mation can guide attention to the few faces in the scene.
Similarly, recognition of a specific car in the parking lottions, target objects defined by a combination of fea-

tures cannot be found easily in visual search, although requires explicit binding of its features. However, in the
search for your yellow Volkswagon (Weisstein, 1973),a feature combination may produce some form of prim-

ing or adaptation. We can think of the features at this attention will be guided to items of the appropriate color.
The visual search examples that point to failures of bind-early level as being loosely “bundled” together rather

than tightly “bound.” ing (e.g., the pluses of Figure 4) must be carefully con-
trived to require binding without permitting guidance.In the absence of visual attention, the spatially orga-

nized maps of the visual field would prevent features The second set of circumstances that produces a
binding problem is exemplified by illusory conjunctions.from becoming truly “free floating.” However, without

the explicit representation of the relationships among When information is presented briefly or when sustained
information is not recoded into memory, the spatial gluefeatures, or “binding,” permitted by the deployment of

attention, it may not be possible to recognize these that holds bundled features together becomes de-
graded. Basic features with uncertain positions canspatially correlated bundles of features. The processes

of object recognition require that features be tightly combine to produce illusory conjunctions. Recall that
the stimuli are gone in most cases of illusory conjunc-“bound” rather than loosely “bundled,” as they were in

the earlier levels. The binding, however, is only possible tions, making accurate updating of spatial position im-
possible.for objects selected by attention, and not for all of the

objects present at unselected locations in the visual We make no specific claims here about the neural
substrate of binding. This account neither requires norfield.

The simple spatial association used in early vision contradicts a feature binding role for oscillations or
some other form of synchronous neural firing, as hasmay not help in later stages of object recognition (i.e.,

the inferior temporal lobe), because specific information been proposed in a number of different contexts (e.g.,
von der Malsburg, 1981; Crick and Koch, 1990a, 1990b).about the location of each feature is no longer available.

In order to avoid the combinatorial disaster of represent- Whatever the mechanism, we would be surprised if it
did not produce an early, parallel bundling of featuresing all objects in all orientations at all locations, cells

with complex response properties respond to those into objects at specific spatial locations followed by a
later selection of one or more of those bundles for moreproperties across large portions of the visual field. If

information from multiple objects in the visual field were precise binding.
In summary, this paper has described some of therepresented simultaneously at this level, it would be

difficult to determine which features belonged to which psychophysical evidence for binding problems in human
vision. Other papers in this issue deal with the physiolog-objects. Selective attention is the apparent solution to

this aspect of the binding problem. If visual selection ical and/or computational solutions to these problems.
Psychophysics points to two aspects of those solutions.mechanisms allow only selected objects or locations to

be represented at this level, then the specific relation- Early stages of visual processing appear to be able to
divide the world into proto-objects that are little moreships among features can be represented explicitly. In

this way, a mechanism that is specialized for face recog- than loosely organized feature bundles at specific loca-
tions in space. These initial object parsing operationsnition, for example, can receive two eyes, a nose, and
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are apparently performed in parallel across the visual
field and prevent features from floating freely by tying
them to spatial locations. Later stages, responsible for
object recognition, require tighter, more accurate bind-
ing of features and more explicit representations of the
relationships among the features. This more demanding
stage is capacity limited. Attentional selection is used
to restrict this more complete binding to the current
object (or objects) of atttention.
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Markram, H., Lübke, J., Frotscher, M., and Sakmann, B. (1997). Miltner, W.H.R., Braun, C, Arnold, M., Witte, H., and Taub, E. (1999).
Regulation of synaptic efficacy by coincidence of postsynaptic APs Coherence of gamma-band EEG activity as a basis for associative
and EPSPs. Science 275, 213–215. learning. Nature 397, 434–436.
Marr, D. (1982). Vision (San Francisco: Freeman). Minsky, M. (1961). Steps toward artificial intelligence. Proc. Inst.

Radio Engr. 49, 8–30.Marsalek, P., Koch, C., and Maunsell, J.H.R. (1997). On the relation-
ship between synaptic input and spike output jitter in individual Missal, M., Vogels, R., and Orban, G. (1997). Responses of macaque
neurons. Proc. Natl. Acad. Sci. USA 94, 735–740. inferior temporal neurons to overlapping shapes. Cereb. Cortex 7,

758–767.Mason, A., Nicoll, A., and Stratford, K. (1991). Synaptic transmission
between individual pyramidal neurons of the rat visual cortex in Moore, G.P., Segundo, J.P., Perkel, D.H., and Levitan, H. (1970).
vitro. J. Neurosci. 11, 72–84. Statistical signs of synaptic interactions in neurones. Biophys. J.

10, 876–900.Massad, A., Mertsching, B., and Schmalz, S. (1998). Combining mul-
tiple views and temporal associations for 3-D object recognition. In Moran, J., and Desimone, R. (1985). Selective attention gates visual

processing in the extrastriate cortex. Science 229, 782–784.Proceedings of the ECCV 1998, Volume 2 Stockholm.



References for Reviews
119

Motter, B.C. (1993). Focal attention produces spatially selective pro- Niebur, E., Kammen, D.M., and Koch, C. (1990). Phase-locking in
1-D and 2-D networks of oscillating neurons. In Nonlinear Dynamicscessing in visual cortical areas V1, V2, and V4 in the presence of

competing stimuli. J. Neurophysiol. 70, 909–919. and Neuronal Networks, H.G. Schuster, ed. (Weinheim: VCH Pub-
lishers).Motter, B.C., and Mountcastle, V.B. (1981). The functional properties

of the light-sensitive neurons of the posterior parietal cortex studied Niebur, E., Koch, C., and Rosin, C. (1993). An oscillation-based
model for the neuronal basis of attention. Vision Res. 33, 2789–2802.in waking monkeys: foveal sparing and opponent vector organiza-

tion. J. Neurosci. 1, 3–26. Nobre, A.C., Sebestyen, G.N., Gitelman, D.R., Mesulam, M.M.,
Frackowiak, R.S., and Frith, C.D. (1997). Functional localization ofMountcastle, V.B. (1978). An organizing principle for cerebral func-

tion: the unit module and the distributed system. In The Mindful the system for visuospatial attention using positron emission tomog-
raphy. Brain 120, 515–533.Brain, G.M. Edelman and V.B. Mountcastle, eds. (Cambridge, MA:

MIT Press). Nothdurft, H.C. (1992). Feature analysis and the role of similarity in
pre-attentive vision. Percept. Psychophys. 52, 355–375.Movshon, J.A., Adelson, E.H., Gizzi, M.S., and Newsome, W.T.

(1985). The analysis of moving visual patterns. Exp. Brain Res. 11, Nothdurft, H.C. (1993). Faces and facial expression do not pop-out.
117–151. Perception 22, 1287–1298.
Movshon, J., Eggers, H., Gizzi, M., Hendrickson, A., Kiorpes, L., and Nowak, L.G., Munk, M.H., Girard, P., and Bullier, J. (1995a). Visual
Boothe, R. (1987). Effects of early unilateral blur on the macaque’s latencies in areas V1 and V2 of the macaque monkey. Vis. Neurosci.
visual system. III. Physiological observations. J. Neurosci. 7, 1340– 12, 371–384.
1351. Nowak, L.G., Munk, M.H., Nelson, J.I., James, A.C., and Bullier, J.
Mozer, M.C. (1983). Letter migration in word perception. J. Exp. (1995b). Structural basis of cortical synchronization. I. Three types
Psychol. Hum. Percept. Perform. 9, 531–546. of interhemispheric coupling. J. Neurophysiol. 74, 2379–2400.
Mozer, M. (1991). The Perception of Multiple Objects: A Connec- Nowak, L.G., Munk, M.H., James, A.C., Girard, P., and Bullier, J.
tionist Approach (Cambridge, MA: MIT Press). (1999). Cross-correlation study of the temporal interactions between

areas V1 and V2 of the macaque monkey. J. Neurophysiol. 81, 1057–Munk, M.H.J., Roelfsema, P.R., König, P., Engel, A.K., and Singer, W.
(1996). Role of reticular activation in the modulation of intracortical 1074.
synchronization. Science 272, 271–274. Nowlan, S., and Sejnowski, T. (1995). A selection model for motion

processing in area MT of primates. J. Neurosci. 15, 1195–1214.Murata, A., Gallese, V., Kaseda, M., and Sakata, H. (1996). Parietal
neurons related to memory-guided hand manipulation. J. Neuro- Okada, K, Steffens J., Maurer, T., Hong, H., Elagin, E., Neven, H.,
physiol. 75, 2180–2186. and von der Malsburg, C (1998). The Bochum/USC face recognition

system and how it fared in the FERET phase III test. In Face Recogni-Murthy, V.N., and Fetz, E.E. (1996a). Oscillatory activity in sensori-
motor cortex of awake monkeys: synchronization of local field po- tion: From Theory to Applications, H. Wechsler, P.J. Phillips, V.

Bruce, F. Fogelman-Souli, and T.S. Huang, eds. (New York: Springer-tentials and relation to behavior. J. Neurophysiol. 76, 3949–3967.
Verlag).Murthy, V.N., and Fetz, E.E. (1996b). Synchronization of neurons

during local field potential oscillations in sensorimotor cortex of O’Keefe, L.P., and Movshon, J.A. (1998). Processing of first- and
second-order motion signals by neurons in area MT of the macaqueawake monkeys. J. Neurophysiol. 76, 3968–3682.
monkey. Vis. Neurosci. 15, 305–317.Nakayama, K., and Silverman, G.H. (1986a). Serial and parallel pro-

cessing of visual feature conjunctions. Nature 320, 264–265. Oliva, A., and Schyns, P.G. (1997). Coarse blobs or fine edges?
Evidence that information diagnosticity changes the perception ofNavon, D. (1975). Forest before trees: the precedence of global
complex visual stimuli. Cogn. Psychol. 34, 72–107.features in visual perception. Cogn. Psychol. 9, 353–383.
Olshausen, B.A., Anderson, C.H., and Van Essen, D.C. (1993). ANeisser, U. (1963). Decision-time without reaction-time: experiments
neurobiological model of visual attention and invariant pattern rec-in visual scanning. Am. J. Psychol. 76, 376–385.
ognition based on dynamic routing of information. J. Neurosci. 13,Neisser, U. (1967). Cognitive Psychology (New York: Appleton-Cen-
4700–4719.tury-Crofts).
Olshausen, B., Anderson, C., and Van Essen, D. (1995). A multiscaleNeisser, U., and Becklen, R. (1975). Selective looking: attending to
dynamic routing circuit for forming size- and position-invariant ob-visually specified events. Cogn. Psychol. 7, 480–494.
ject representations. J. Comput. Neurosci. 2, 45–62.

Nelson, J.I., Salin, P.A., Munk, M.H.J., Arzi, M., and Bullier, J. (1992).
Orban, G.A., Kennedy, H., and Bullier, J. (1986). Velocity sensitivitySpatial and temporal coherence in cortico-cortical connections: a
and direction selectivity of neurons in areas V1 and V2 of the monkey:cross-correlation study in areas 17 and 18 in the cat. Vis. Neurosci.
influence of eccentricity. J. Neurophysiol. 56, 462–480.9, 21–38.
Pal, N.R., and Pal, S.K. (1993). A review of image segmentationNeuenschwander, S., and Singer, W. (1996). Long-range synchroni-
techniques. Pattern Recog. Lett. 26, 1277–1294.zation of oscillatory light responses in the cat retina and lateral
Palm, G. (1981). Towards a theory of cell assemblies. Biol. Cybern.geniculate nucleus. Nature 379, 728–733.
39, 181–194.Neuenschwander, S., Castelo-Branco, M., and Singer, W. (1999).
Palm, G. (1990). Cell assemblies as a guideline for brain research.Synchronous oscillations in the cat retina. Vision Res. 39, 2485–
Concepts Neurosci. 1, 133–137.2497.
Palm, G., Aertsen, A., and Gerstein, G.L. (1988). On the significanceNeven, H., and Aertsen, A. (1992). Rate coherence and event coher-
of correlations among neuronal spike trains. Biol. Cybern. 59, 1–11.ence in the visual cortex: a neuronal model of object recognition.

Biol. Cybern. 67, 309–322. Parker, A.J., and Newsome, W.T. (1998). Sense and the single neu-
ron: probing the physiology of perception. Annu. Rev. Neurosci. 21,Newsome, W.T., Britten, K.H., and Movshon, J.A. (1989). Neuronal
227–277.correlates of a perceptual decision. Nature 341, 52–54.
Perkel, D.H., Gerstein, G.L., and Moore, G.P. (1967). Neuronal spikeNicolelis, M.A.L., and Chapin, J.K. (1994). Spatiotemporal structure
trains and stochastic point processes. I. The single spike train. Bio-of somatosensory responses of many-neuron ensembles in the rat
phys. J. 7, 391–418.ventral posterior medial nucleus of the thalamus. J. Neurosci. 14,

3511–3532. Perrett, D., and Oram, M. (1993). Neurophysiology of shape pro-
cessing. Imag. Vis. Comput. 11, 317–333.Nicolelis, M.A., Ghazanfar, A.A., Stambaugh, C.R., Oliveira, L.M.,

Laubach, M., Chapin, J.K., Nelson, R.J., and Kaas, J.H. (1998). Simul- Perrett, D., and Oram, M. (1998). Visual recognition based on tempo-
ral cortex cells: viewer-centred processing of pattern configuration.taneous encoding of tactile information by three primate cortical

areas. Nat. Neurosci. 1, 621–630. Z. Naturforsch. 53c, 518–541.

Perrett, D.I., Smith, P.A.J., Potter, D.D., Mistlin, A.J., Head, A.S.,Nicoll, A., and Blakemore, C. (1993). Single-fiber EPSPs in layer 5
of rat visual cortex in-vitro. Neuroreport 4, 167–170. Milner, A.D., and Jeeves, M.A. (1984). Neurones responsive to faces



Neuron
120

in the temporal cortex: studies of functional organization, sensitivity Pulvermüller, F., Birbaumer, N., Lutzenberger, W., and Mohr, B.
(1997). High frequency brain activity: its possible role in attention,to identity and relation to perception. Hum. Neurobiol. 3, 197–208.
perception and language processing. Prog. Neurobiol. 52, 427–445.Perrett, D.I., Smith, P.A.J., Potter, D.D., Mistlin, A.J., Head, A.S.,

Milner, A.D., and Jeeves, M.A. (1985). Visual cells in the temporal Purves, D., and LaMantia, A.-S. (1990). Number of ‘blobs’ in the
primary visual cortex of neonatal and adult monkeys. Proc. Natl.cortex sensitive to face view and gaze direction. Proc. R. Soc. Lond.

B Biol. Sci. 223, 293–317. Acad. Sci. USA 87, 5764–5767.

Qian, N., and Andersen, R.A. (1994). Transparent motion perceptionPerrett, D.I., Mistlin, A.J., and Chitty, A.J. (1987). Visual neurones
responsive to faces. Trends Neurosci. 10, 358–364. as detection of unbalanced motion signals. II. Physiology. J. Neu-

rosci. 14, 7367–7380.Perrett, D., Oram, M., Harries, M., Bevan, R., Hietanen, J., Benson, P.,
Quinlan, P.T., and Humphreys, G.W. (1987). Visual search for targetsand Thomas, S. (1991). Viewer-centred and object-centred coding of
defined by combinations of color, shape, and size: an examination ofheads in the macaque temporal cortex. Exp. Brain Res. 86, 159–173.
the task constraints on feature and conjunction searches. Percept.Peterhans, E., and von der Heydt, R. (1993). Functional organization
Psychophys. 41, 455–472.of area V2 in the alert macaque. J. Neurosci. 5, 509–524.
Rafal, R.D. (1997). Balint syndrome. In Behavioral neurology andPeters, A., and Sethares, C. (1991). Organization of pyramidal neu-
Neuropsychology, T.E. Feinberg and M.J. Farah, eds. (New York:rons in area 17 of monkey visual cortex. J. Comp. Neurol. 306, 1–23.
McGraw-Hill).

Peters, A., and Yilmaz, E. (1993). Neuronal organization in area 17
Rager, G., and Singer, W. (1998). The response of cat visual cortex toof cat visual cortex. Cereb. Cortex 3, 49–68.
flicker stimuli of variable frequency. Eur. J. Neurosci. 10, 1856–1877.

Phillips, W.A., and Singer, W. (1997). In search of common founda-
Raiguel, S.E., Lagae, L., Gulyas, B., and Orban, G.A. (1989). Re-tions for cortical computation. Behav. Brain Sci. 20, 657–722.
sponse latencies of visual cells in macaque areas V1, V2 and V5.

Phillips, W.A., Hancock, P.J.B., Willson, N.J., and Smith, L.S. (1988). Brain Res. 493, 155–159.
On the acquisition of object concepts from sensory data. In Neural

Rainer, G., Asaad, W.F., and Miller, E.K. (1998). Memory fields ofComputers. R. Eckmiller and C. von der Malsburg, eds. (Heidelberg:
neurons in the primate prefrontal cortex. Proc. Natl. Acad. Sci. USASpringer).
95, 15008–15013.

Phillips, P.J., Moon, H., Rizvi, S., and Rauss, P. (1998). The FERETE
Recanzone, G.H., Wurtz, R.H., and Schwarz, U. (1997). Responsesvaluation. In Face Recognition: From Theory to Applications. H.
of MT and MST neurons to one and two moving objects in theWechsler, P.J. Phillips, V. Bruce, F. Fogelman-Souli, and T.S. Huang,
receptive field. J. Neurophysiol. 78, 2904–2915.eds. (New York: Springer-Verlag).
Reitboeck, H.J., Eckhorn, R., and Pabst, M. (1987). A model of figure/Platt, M.L., and Glimcher, P.W. (1997). Responses of intraparietal
ground separation based on correlated neural activity in the visualneurons to saccadic targets and visual distractors. J. Neurophysiol.
system. In Synergetics of the Brain, H. Haken, ed. (New York:

78, 1574–1589.
Springer).

Plenz, D., and Kitai, S.T. (1996). Generation of high-frequency oscil-
Rensink, R.A., and Enns, J.T. (1995). Preemption effects in visual

lations in local circuits of rat somatosensory cortex cultures. J.
search: evidence for low-level grouping. Psychol. Rev. 102, 101–130.

Neurophysiol. 76, 4180–4184.
Reyes, A.D., and Fetz, E.E. (1993). Two modes of interspike interval

Poggio, T., and Edelman, S. (1990). A network that learns to recog-
shortening by brief transient depolarizations in cat neocortical neu-

nize 3D objects. Nature 343, 263–266.
rons. J. Neurophysiol. 69, 1661–1672.

Poggio, G.F., and Fischer, B. (1977). Binocular interaction and depth Reyes, A., Rubel, E., and Spain, W. (1994). Membrane properties
sensitivity in striate and prestriate cortex of behaving rhesus mon- underlying the firing of neurons in the avian cochlear nucleus. J.
key. J. Neurophysiol. 40, 1392–1405. Neurosci. 14, 5352–5364.
Poggio, T., Reichardt, W., and Hausen, W. (1981). A neuronal cir- Reyes, A., Rubel, E., and Spain, W. (1996). In vitro analysis of optimal
cuitry for relative movement discrimination by the visual system of stimuli for phase-locking and time-delayed modulation of firing in
the fly. Naturwissenschaften 68, 443–466. avian nucleus laminaris neurons. J. Neurosci. 16, 993–1007.
Polat, U., Sagi, D., and Norcia, A. (1997). Abnormal long-range spatial Reynolds, J.H., and Desimone, R. (1999). The role of neural mecha-
interactions in amblyopia. Vision Res. 37, 737–744. nisms of attention in solving the binding problem. Neuron 24, this
Polat, U., Mizobe, K., Pettet, M.W., Kasamatsu, T., and Norcia, A.M. issue, 19–29.
(1998). Collinear stimuli regulate visual responses depending on a Reynolds, J., Chelazzi, L., and Desimone, R. (1999). Competitive
cell’s contrast threshold. Nature 391, 580–584. mechanisms subserve attention in macaque areas V2 and V4. J.
Pomerantz, J. (1981). Perceptual organization in information pro- Neurosci. 19, 1736–1753.
cessing. In Perceptual Organization, M. Kubovy and J. Pomerantz, Rhodes, P., and Gray, C.M. (1994). Simulations of intrinsically burst-
eds. (Hillsadle, NJ: Lawrence Erlbaum Associates). ing neocortical pyramidal neurons. Neural Comput. 6, 1086–1110.
Potter, M. (1975). Meaning in visual search. Science 187, 565–566. Ribary, U., Joannides, A.A., Singh, K.D., Hasson, R., Bolton, J.P.R.,
Potter, M.C., and Levy, E.I. (1969). Recognition memory for a rapid Lado, F., Mogilner, A., and Llinas, R. (1991). Magnetic field tomogra-
sequence of pictures. J. Exp. Psychol. 81, 10–15. phy of coherent thalamocortical 40 Hz oscillations in humans. Proc.

Natl. Acad. Sci. USA 88, 11037–11041.Pouget, A., and Sejnowski, T.J. (1997). A new view of hemineglect
based on the response properties of parietal neurones. Philos. Riehle, A., Grun, S., Diesmann, M., and Aertsen, A. (1997). Spike
Trans. R. Soc. Lond. B Biol. Sci. 352, 1449–1459. synchronization and rate modulation differentially involved in motor

cortical function. Science 278, 1950–1953.Prinzmetal, W. (1981). Principles of feature integration in visual per-
ception. Percep. Psychophys. 30, 330–340. Riesenhuber, M., and Poggio, T. (1998a). Just one view: invariances

in inferotemporal cell tuning. In Advances in Neural Information Pro-Prinzmetal, W., and Keysar, B. (1989). Functional theory of illusory
cessing Systems, Volume 10, M. Jordan, M. Kearns, and S. Solla,conjunctions and neon colors. J. Exp. Psychol. Gen. 118, 165–190.
eds. (Cambridge, MA: MIT Press).Prinzmetal, W., Presti, D.E., and Posner, M.I. (1986). Does attention
Riesenhuber, M., and Poggio, T. (1998b). Modeling Invariances inaffect visual feature integration? J. Exp. Psychol. Hum. Percept.
Inferotemporal Cell Tuning, Technical Report 1629 (Cambridge, MA:Perform. 12, 361–369.
MIT Artificial Intelligence Laboratory).Prinzmetal, W., Henderson, D., and Ivry, R. (1995). Loosening the
Riesenhuber, M., and Poggio, T. (1999a). Are cortical models reallyconstraints on illusory conjunctions: assessing the roles of exposure
bound by the “binding problem”? Neuron 24, this issue, 87–93.duration and attention. J. Exp. Psychol. Hum. Percept. Perform. 21,

1362–1375. Riesenhuber, M., and Poggio, T. (1999b). Hierarchical models of
object recognition in cortex. Nat. Neurosci., in press.Prut, Y., Vaadia, E., Bergman, H., Haalman, I., Slovin, H., and Abeles,

M. (1998). Spatiotemporal structure of cortical activity: properties Rizzolatti, G., Fogassi, L., and Gallese, V. (1997). Parietal cortex:
from sight to action. Curr. Opin. Neurobiol. 7, 562–567.and behavioral relevance. J. Neurophysiol. 7, 2857–2874.



References for Reviews
121

Robertson, L., Treisman, A., Freidman-Hill, S., and Grabowecky, M. Salin, P.A., and Bullier, J. (1995). Corticocortical connections in the
visual system: structure and function. Physiol. Rev. 75, 107–154.(1997). The interaction of spatial and object pathways: evidence

from Balint’s syndrome. J. Cogn. Neurosci. 9, 254–276. Sanes, J.N., and Donoghue, J.P. (1993). Oscillations in local field
potentials of the primate motor cortex during voluntary movement.Rock, I., and Brosgole, L. (1964). Grouping based on phenomenal

proximity. J. Exp. Psychol. 67, 531–538. Proc. Natl. Acad. Sci. USA 90, 4470–4474.

Sato, T. (1989). Interactions of visual stimuli in the receptive fieldsRockel, A.J., Hiorns, R.W., and Powell, T.P.S. (1980). The basic
uniformity in structure of the neocortex. Brain 103, 221–244. of inferior temporal neurons in awake monkeys. Exp. Brain Res. 77,

23–30.Rockland, K.S. (1997). Elements of cortical architecture: hierarchy
revisited. In Cerebral Cortex: Extrastriate Cortex in Primate, K. Rock- Schein, S.J., and Desimone, R. (1990). Spectral properties of V4

neurons in the macaque. J. Neurosci. 10, 3369–3389.land, J. Kaas, and A. Peters, eds. (New York: Plenum Publishing
Corporation). Schein, S.J., Marrocco, R.T., and de Monasterio, F.M. (1982). Is

there a high concentration of color-selective cells in area V4 ofRockland, K.S., and Lund, J.S. (1982). Widespread periodic intrinsic
connections in the tree shrew visual cortex. Science 215, 1532–1534. monkey visual cortex? J. Neurophysiol. 47, 193–213.

Schiller, J., Schiller, Y., Stuart, G., and Sakmann, B. (1997). CalciumRockland, K.S., and Van Hoesen, G.W. (1994). Direct temporal-
occipital feedback connections to striate cortex (V1) in the macaque action potentials restricted to distal apical dendrites of rat neocorti-

cal pyramidal neurons. J. Physiol. 505, 605–616.monkey. Cereb. Cortex 4, 300–313.

Rodman, H.R., and Albright, T.D. (1989). Single-unit analysis of pat- Schmidt, K.E., Goebel, R., Löwel, S., and Singer, W. (1997a). The
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