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The binding problem 
Anne Treisman 

Perceptual representations depend on distributed neural 

codes for relaying the parts and properties of objects. Some 

mechanism is needed to ‘bind’ the information relating 

to each object and to distinguish it from others. Possible 

candidates include cells tuned to conjunctions of features, 

spatial attention, and synchronized firing across separate but 

interconnected areas of the brain. Deficits in neurological 

patients suggest a role for the parietal cortex in the binding 

process. Several current models combine these ideas. 
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Introduction 
The world that we effortlessly-and usually accurately- 
perceive consists of complex objects that are characterized 
by their shapes, colors, movements, and other properties. 
To identify an object, we must specify not only its parts 
and properties, but also how those parts and properties are 
combined. What mechanisms ensure that we normally see 
the correct conjunctions, for example, a blue shirt as blue, 
with gray pants as gray, and not the reverse? The binding 
problem comes in many different forms, which may not 
share the same solution. There are at least seven different 
types of binding: 

Property binding, in which different properties 

(e.g. shape, color, and motion) must be bound to 

the objects that they characterize. The ‘binding 

problem’ arises here because different aspects of 

the scene are coded in specialized visual areas, with 

the size of visual receptive fields increasing at later 

levels of the coding hierarchy (see e.g. [l-3]). 

Part binding, in which the parts of an object must 

be segregated from the background, and bound 

together, sometimes across discontinuities resulting 

from partial occlusion. This form of binding breaks 
down in apperceptive agnosics [4,5]. 

Range binding, in which particular values on a 

dimension (e.g. purple on the color dimension, or 

tilted 20” for orientation) are signalled by ratios of 

activity in a few distinct populations of neurons 

(e.g. those sensitive to blue and to red to signal 

purple). Any system using ‘coarse coding’ with just a 

few distinct populations of broadly tuned detectors 

to represent fine distinctions along a full range 

of properties must combine, and therefore bind, 

different levels of firing in cells with overlapping 

sensitivities to represent particular points on the 

dimension in question [6]. 

Hierarchical binding, in which the features of shape- 

defining boundaries (e.g. orientation, curvature, and 

closure) are bound to the surface-defining properties 

that carry them (e.g. luminance, color, texture, 

motion, and stereoscopic depth) [7]. 

Conditional binding, in which the interpretation 

of one property (e.g. direction of motion) often 

depends on another (e.g. depth, occlusion or trans- 

parency) [8,9]. 

Temporal binding, in which successive states of 

the same object must be integrated across temporal 

intervals, in real and apparent motion, and other 

transformations. 

Location binding, in which objects are bound 

to their current locations. Objects and locations 

appear to be separately coded in ventral and dorsal 

pathways, respectively [lO,ll], raising what may be 
the most basic binding problem: linking ‘what’ to 
‘where’. 

Most modeling efforts have focused on the binding of 
parts or properties. A number of possible mechanisms have 
been envisaged, including: ‘grandmother cells’ responding 
to specific conjunctions of features that uniquely identify 
a particular object (see e.g. [12]); local cell assemblies 
onto which the pathways from different feature maps 
converge, perhaps with adjustable connections allowing 
flexible routing of signals (see e.g. [13]); a serial scan of 
different spatial areas selected by an adjustable attention 
window, conjoining the features that each contains and 
excluding features from adjacent areas (see e.g. [14-161); 
detection of temporal contiguity- parts and properties 
whose onset, offset or motion coincide probably belong to 
the same object; synchronized firing of cells responding to 
features of the same object, perhaps assisted by oscillatory 
neural activity (see e.g. [ 17,18,19”]). These mechanisms 
are not mutually exclusive. 
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When paying attention, we can see without difficulty 
any novel conjunction of properties. Although stored 
representations of familiar objects certainly bind their 
properties, matching to these ‘templates’ cannot provide 
perceptual binding for unfamiliar conjunctions. Tempo- 
rary object representations must be formed to mediate 
perception of novel objects, and also of familiar objects 
in current, possibly novel instantiations. These temporary 
representations must be compared to previously learned 
representations to allow recognition or classification where 
possible. They must also be capable of activating any 
motor program to allow the flexible choice of any arbitrary 
response to any perceived object (in addition to ‘pre-wired’ 
connections to biologically useful actions). 

Single neurons may play a role, although they are unlikely 
to provide a complete solution to the binding problem 
for complex objects. There are too few neurons to code 
individually the combinatorial explosion of arbitrary con- 
junctions that we are capable of seeing. Nevertheless, most 
neurons do respond best to conjunctions of properties, 
such as a particular orientation with a particular spatial 
frequency or direction of movement. Selective adaptation 
to conjunctions can occur, giving rise to contingent 
aftereffects [ZO], which are retinotopic and specific to the 
adapted eye. Many single neurons in the inferior temporal 
cortex (IT) respond to more complex conjunctions, such 
as a face or a striped patch with flanking black spots 
[Zl]. Note, however, that selectivity along more than one 
dimension need not imply that a neuron independently 
signals a particular conjunction: its role may be as part 
of a network coding different properties by patterns 
of activity in different subgroups. The neural evidence 
to be reviewed here suggests a distributed code for 
conjunctions, such as temporary ceil assemblies, possibly 
selected through focused attention and possibly linked 
by synchronized activity in specialized but interconnected 
visual areas. 

Recent reviews in this journal have discussed the neural 
substrate [ZZ] and computational models [23] of binding; 
the present review focuses primarily on psychological and 
neuropsychological evidence. This evidence should con- 
strain the neural models, and suggest possible mechanisms 
they might instantiate. 

Psychological research 
The spatial attention hypothesis has generated consider- 
able behavioral research. The suggestion is that binding 
‘what’ to ‘where’ through a serial scan of locations also 
binds the properties and parts of the individual ‘whats’. 
According to feature integration theory (FIT) [14,15,24], 
a scalable ‘window of attention’ scans a ‘master map’ 
of locations, selecting the features currently active in 
corresponding locations of various specialized feature 
maps, and suppressing those in other locations to prevent 
erroneous binding. The selected features are assembled 
to form an ‘object token’ and are compared to stored 

representations to identify the object. (See [ZS] for a 
connectionist simulation of a similar idea.) 

The theory was proposed to account for the following 
observations. First, illusory conjunctions (ICs) are fre- 
quently seen when exposures are brief, and focused 
attention to each object, in turn, is prevented [26,27]. 
(An IC is a binding error in which a feature of one 
object is seen as characterizing another. For example, 
the presentation of a green X and a red 0 might yield 
the illusory percept of a red X or green 0.) Second, 
directing attention in advance to the location of a target 
improves identification more for conjunctions than for 
simple features [24,28], even when overall difficulty is 
matched. Third, search appears to be serial (with focused 
attention to each item in turn) when the target is uniquely 
specified only by a conjunction of features (e.g. target 
green H among green Xs and brown Hs) [14]. Fourth, 
search is also serial for targets defined by the absence of 
a feature (e.g. 0 among Qs), or for less salient features 
among more salient features, whereas search for the 
presence of the same feature (Q among OS), or for more 
salient features among less salient features, is clearly 
parallel. The less salient targets may require attentional 
binding of features to locations [29]. A competing attention 
task greatly impairs performance with less salient features, 
leaving the more salient features intact [30*], as do V4 
lesions in monkeys [31]. Finally, in dynamic displays, 
repetition priming across short intervals of time is object 
specific, where objects are defined by their spatio-temporal 
coordinates rather than by their properties or identity [32]. 
For example, an ‘S’ primes perception of a subsequent ‘S’ 
only if it is seen as part of the same object, whether in the 
same location or in a new location linked to the first by 
the perceived path of its motion in the interval. 

Recent psychophysical evidence from both normal par- 
ticipants and brain-injured patients supports this account 
in general, but also suggests some modifications and 
elaborations to the theory. Experiments on binding errors 
in the report of brief multi-element displays, on search for 
visual targets, and on the perception of dynamic displays 
all provide relevant results. 

Binding errors 
High rates of ICs occur even with fovea1 presentation 
when exposures are brief and attention is overloaded [26]. 
Thus, when several colored shapes were flashed at fixation, 
flanked by two digits to be reported first, participants saw 
many recombinations of features that actually belonged 
to different objects. Contrary to earlier results, new 
experiments suggest that proximity increases the risk 
of binding errors (see e.g. [33]). The binding process 
is also constrained by both perceptual and conceptual 
grouping [34**]. More ICs are formed within than between 
perceptual groups [35-371, and within morphological and 
orthographic units in words [38]. They are also more 
frequent between objects with similar than dissimilar 
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features [39]. Whether these are direct effects on binding 
or an indirect result of attention being allocated to 
perceptual groups of elements as units is not yet clear. 

The poor acuity and reduced spatial resolution of periph- 
eral vision can also give rise to binding failures when 
the subject fixates centrally and stimuli are presented 
peripherally [40*], even with long exposures and no 
competing attention task. A trade-off was shown in 
binding accuracy between the effects of attention load and 
the effects of spatial uncertainty attributable to distance 
from the fovea. Items presented closer to fixation but with 
a competing attention task gave ihe same rate of ICs as 
items presented more peripherally without a competing 
task. Even with the competing task, the objects giving 
rise to ICs required responses and, therefore, presumably 
attracted some attention. In a task that required the 
relevant stimuli to be ignored completely, there was 
no evidence that binding was any more accurate than 
chance (N Lavie, personal communication). In this study, 
the participants classified a central colored shape, and 
ignored a pair of flanking stimuli. Response latencies 
were slowed equally when one complete flanker was 
associated with the competing response and when one 
feature from each flanker would, if conjoined, evoke 
the competing response. The implication is that the 
features of the unattended flankers were as likely to be 
incorrectly as correctly conjoined, supporting the idea that 
attention is needed for accurate binding. Although there 
is continuing debate on the interpretation of ICs [41*,42], 
the preponderance of evidence supports the claim that, at 
least with fovea1 presentation, they result from failures to 
focus attention. 

Binding does not require synchronous presentation of 
the elements. ICs can occur between successive items 
within the same location, as well as between simultaneous 
items in different locations [43,44]. When time and 
location were pitted against each other as determinants of 
binding or segregation, location clearly won [45]. Spatial 
mis-alignments were critical determinants of parsing 
in an ambiguous figure, whereas substantial temporal 
asynchronies left binding intact [46*]. The results leave 
open the possibility that internally generated synchrony of 
neural firing acts as a binding mechanism. 

Search for targets 
Early results suggested that search for targets defined 
by a unique feature can be parallel, whereas search 
for a conjunction of features must be serial [14]. This 
conclusion has been modified by more recent research. 

Some features of surfaces and depth can be detected 
without focusing attention: thus, parallel detection is 
possible for properties defined by stereoscopic depth (471, 
constancy scaling of brightness [48], and geometric forms 
seen as three-dimensional objects lit from a particular 
direction [49]. These properties conjoin many simple 

retinal cues, in apparent conflict with the claim that 
serial attention is needed for binding. One resolution is 
that parallel search reflects not preattentive processing 
but global attention to the scene as a whole, with no 
individuation of separate elements [15]. A discrepant 
object is seen as a break in the global structure of the 
three-dimensional array. Similarly, a face can be seen as 
a global whole without requiring serial processing of each 
feature in turn. 

Conjunctions of parts may create emergent features, 
such as closure, which also allow parallel detection 
[27,50]. Extensive practice may form new conjunction 
detectors that mediate efficient search [51,52], suggesting 
the possibility that ‘grandmother cells’ or local ‘cell 
assemblies’ may develop to solve the binding problem for 
familiar sets of items such as letters [53*], or for useful 
components of more complex shapes. Indeed, there is 
evidence that single units in monkey area IT change their 
selectivity with experience [54,55]. 

Search even for arbitrary conjunctions can, in certain 
conditions, be more efficient than was initially observed 
(see e.g. [16,56]). In recent versions of FIT, strategies 
of feature-based inhibition [57] or ‘guided search’ [16] 
supplement serial attention in solving the binding prob- 
lem. When the component properties are highly discrim- 
inable, conjunction targets may emerge without binding, 
through the separate inhibition or activation of disjunctive 
sets of features. For example, a red X will stand out from 
a background of green Xs and red OS if areas containing 
green and areas containing OS are separately inhibited. 

Recent evidence continues to support the idea that 
binding depends on attention unless one or other of these 
special conditions holds. Search times for conjunctions 
of less discriminable features increase linearly with the 
number of non-targets [58]. Search also remains serial 
for conjunctions of values within a dimension (e.g. Ts 
among Ls in varied orientations [59], or bi-colored squares 
[60]), unless the components are hierarchically organized 
with one color characterizing a part of another colored 
object [61]. Even with practice and highly discriminable 
features, arbitrary conjunctions cannot be rejected without 
attention: thus, search for any of six color-orientation-size 
conjunctions, defined as an ‘odd one out’, remained 
serial in displays containing mixtures of two well-learned 
conjunction distracters [57]. Finally, it is impossible to 
use three conjunction-defined objects to define a virtual 
triangle in a larger display, although this task is easy with 
feature-defined objects [62**]. 

An alternative account of search in terms of similarity 
has been proposed, in which similarity among distracters 
determines the strength of perceptual grouping, and 
similarity between target and distracters determines the 
ease of segregating the target from the distracters [63,64]. 
But similarity may itself create binding problems. Without 
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attention, only coarsely coded feature information is 
available [29,65,66]. Intermediate values-for example, 
a steeply tilted orientation or the color purple-may 
be coded as conjunctions of activity in different groups 
of neurons -for example, those responding to vertical 
with those responding to diagonal, or those responding to 
red with those responding to blue-and, as such, may 
require serial attention. Indeed, binding errors generating 
illusory intermediate values often occur when exposures 
are brief [67]. 

Temporal binding 
Evidence exists that bound features form object tokens 
that are defined by their spatio-temporal continuity [32]. 
Up to four independently moving identical elements can 
be tracked, probably as a single bound token [68]. Both 
onsets and interruptions may disrupt the current binding 
and trigger a new one. For example, attention can be 
‘captured’ by the sudden appearance of a new object 
[69’], which then takes priority in processing, or by the 
disappearance (for at least 75 ms to 100 ms) of the currently 
attended object. The same critical interval determines 
the organization seen in an ambiguous (Ternus) apparent 
motion display [6Y], where the two possible percepts 
reflect continuity versus change of binding. 

In sum, behavioral research has elaborated on the role 
of attention in binding in two ways: first, by showing 
conditions in which attentive binding can be by-passed, 
and second, by clarifying the factors that constrain the 
allocation of attention. 

Parietal involvement in binding 
Failures of binding related to specified brain damage may 
throw light on the underlying mechanisms. The finding 
of a correlation between performance in a spatially cued 
attention task and the incidence of ICs, observed among 
left-brain-damaged patients, has suggested a link between 
attentional binding and the parietal lobes [70”,71]. A 
patient with bilateral parietal lesions also made many ICs 
when asked to report the color and identity of either of two 
letters, even with presentations as long as 10s [72”]. His 
other symptoms, typical of Balint’s syndrome, included an 
inability to localize objects or to see more than one or two 
objects at a time (simultanagnosia). The pattern of deficits 
suggests that the same parietal spatial map mediates 
explicit localization of objects, individuation of objects, 
and binding of features through selective attention. 

Further evidence for a parietal role in spatial attention 
comes from a study of positron emission tomography 
(PET) activation [73-l. Continuous attention to motion, 
color or shape gave enhanced activity in different ex- 
trastriate areas, but tasks that required active shifting of 
attention between locations gave rise to activity in superior 
parietal areas. Parietal areas were also active in a task 
requiring feature binding (conjunction search [73*]). When 
participants viewed complex colored geometric designs, 

PET activation was seen not only in the occipital and 
temporal lobes, but also in the parietal lobe [74]. The 
stimuli did not involve depth or motion or any explicit 
requirement for spatial localization, but they certainly 
posed a binding problem. 

Recent event-related potential (ERP) studies have 
explored differences between feature and conjunction 
search. A negative (NZpc) component contralateral to 
the target is associated with spatial filtering and the 
suppression of distracters [75’]. The Pl component is 
reduced in response to a probe stimulus located where a 
non-target in conjunction search had just appeared [76”]. 
These event-related potential changes in search closely 
resemble those found in spatial cueing and sustained 
attention, suggesting that the same attentional mechanism 
is involved in conjunction search as in the overtly 
attentional tasks. Luck and Hillyard [75-l propose that 
after rapid initial processing of the search array, location 
information from the parietal cortex “is used to send 
a signal back into occipital cortex, perhaps through the 
pulvinar, which activates a filtering process that attenuates 
the flow of information from distracters surrounding the 
selected item.” These findings are consistent with the 
spatial attention account of feature integration. 

Binding and synchronized firing 
Most recent neuroscience research on the binding problem 
has focused on the hypothesis that binding is achieved 
by synchronized activity of cells responding to different 
properties of the same object, an idea earlier proposed 
by Mimer [17] and von der Malsburg (see [77], and 
see [19**,23,78] for reviews). Binding by synchrony has 
the advantage that it is flexible and dynamic, can 
operate over large separations between areas, and is likely 
to facilitate neural transmission and learning of bound 
objects. Attention limits may be set by the number of 
clearly distinct firing rates available to code separate 
objects. Accidental synchronies are likely to increase with 
the number of objects present and could give rise to ICs, 
explaining why these occur mainly when the attention load 
is high. 

The synchronized activity observed by neuroscientists 
is sometimes associated with oscillations around 40Hz, 
especially in cats. Most importantly, it is stimulus de- 
pendent: units with spatially separate receptive fields fire 
synchronously in response to a single object, but not in 
response to two independently moving or two separately 
oriented objects [79,80]. Recent findings have thrown 
more light on this phenomenon. In strabismic animals, 
synchrony is reduced for activity driven by the amblyopic 
eye, despite normal amplitudes of firing, implying a de- 
pendency on learning and normal visual processing [81**]. 
Both subcortical+ortical and cortico-cortical connections 
appear to be involved in generating synchrony. Sillito 
et a/. [W] have demonstrated feedback effects from 
the cortex on thalamic relay cells, providing a source 
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of top-down modulation through induced synchrony. 
Correlated firing between single neurons in the frontal 
cortex of monkeys can evolve extremely rapidly in the 
course of a behavioral task [83*], suggesting direct as 
well as subcortical connections. Negative correlations also 
develop between more distant groups; thus, concurrently 
activated groups of neurons can be dissociated, allowing 
the representation of more than one object at a time. 
Oscillations are most often present when synchrony is seen 
across separations of more than Zmm, perhaps because 
they play a role in creating the synchrony [84’]. Synchrony 
can be achieved even for cells that are not optimally 
activated, as would be required for coarse coding [85’]. 

These new findings increase the plausibility of binding by 
synchrony. There continue to be skeptical voices, however, 
reporting failures to find evidence for oscillations or for 
temporal coding, particularly in monkeys [86,87,88’]. It 
is not yet clear exactly how a temporal tagging code 
combines with the rate code by which specific neurons 
signal the degree to which the properties to which they 
are tuned are present. Moreover, the oscillations observed 
tend to involve large areas or relatively long periods of 
synchrony, whereas the binding problem arises primarily 
in the fine detail of differentiating local objects [89]. 

Models of binding 
A number of models have been proposed. Some use 
serially scanned locations to define the features to be 
bound; many use temporal coding to label the features that 
belong together. These could be complementary rather 
than conflicting ideas, as the first selects which features 
should be bound and the second proposes a way of coding 
the binding. Some models combine the two. 

Treisman’s FIT model [15] now uses three different 
spatially selective mechanisms to solve the binding prob- 
lem: selection by a spatial attention window, inhibition of 
locations from feature maps containing unwanted features, 
and top-down activation of the location containing the 
currently attended object. A neural implementation of 
such a model might use ‘reentrant’ connections to visual 
areas Vl or V2 [90-931. Damasio [91] proposes that 
conjunctions are specified for subsequent retrieval by units 
in a number of ‘convergence zones’ that reactivate the 
same areas initially involved in their sensory registration. 
One can apply the reentry idea to the three forms of 
selection proposed in FIT reentry from parietal areas, 
perhaps via the pulvinar, might mediate spatial attention; 
reentry from specialized extrastriate areas might mediate 
feature-based selection; and reentry from IT might 
mediate object-based selection. The reentry in each case 
would be to area Vl or VZ, depending on the precision of 
localization needed to ensure accurate binding in a given 
display. Similar ideas appear in Wolfe’s [94**] computer 

simulation of search, which combines parallel top-down 
activation of feature maps containing the target features 
and a serial feature integration process applied to the most 
active locations. The hypothesis is also compatible with 
Olshausen et al.5 [13] system of ‘shifter circuits’, which 
map signals from an attention window at the level of Vl to 
higher visual areas by dynamically changing the efficiency 
of the synapses in some pathways relative to others. 

Several recent models depend on temporal synchrony to 
label the elements to be bound perceptually. A simulation 
model for the perception of three-dimensional shape [95] 
uses synchrony to bind axes, blobs and vertices into 
‘geon units’ (elementary volumetric components [96]), and 
geon units into objects. A modified version of the model 
adds an initial ‘static’ binding of features to locations 
[97*]. In the model proposed by Niebuhr et a/. [98], an 
area within Vl is selected for attention by imposing an 
oscillatory modulation from subcortical structures, which 
also binds the information relating to the selected object 
at subsequent stages of processing. Schillen and Konig 
[99*] include desynchronizing connections to achieve the 
segregation of overlapping stimuli. Each of these ideas 
helps solve problems arising in earlier simpler accounts. 
Other models combining spatial selection and binding by 
synchrony have been proposed (see [100,101~,102~]). 

Conclusions 
The ideas reviewed here display considerable conver- 
gence. Models combining conjunction detectors, spatial 
selection, and synchronized firing meet many of the 
requirements to solve the ‘binding problem’ in its wide 
variety of guises. Multiple reentrant connections between 
areas could mediate the interactions between grouping 
and binding observed in psychological studies. Further 
research is needed on the links between perception, mem- 
ory, and response. Some memory models use different 
synchronies to keep several ideas active in short-term 
memory [103], but long-term memory for objects and 
events must use more permanent traces, such as binding 
codes in convergence zones [91]. Some flexible means 
is needed of connecting the output of perception to the 
choice of action (see [ 1041 for evidence of a winner-take-all 
mechanism in motion discrimination). The strongest 
evidence will come when changes in neural activity are 
found to coincide with perceived changes in binding, 
perhaps in ambiguous figures or in attentional capture. 
Eventually, a solution to the binding problem may also 
throw light on the deeper problem of the nature of 
conscious awareness [loo]. 
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