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Issue: Competitive Visual Processing Across Space and Time
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Perception is substantially facilitated by top-down influences, typically seen as predictions. Here, we outline that
the process is competitive in nature, in that sensory input initially activates multiple possible interpretations, or
perceptual hypotheses, of its causes. This raises the question of how the selection of the correct interpretation from
among those multiple hypotheses is achieved. We first review previous findings in support of such a competitive
nature of perceptual processing, and then propose which neural regions might provide a platform for rising and
using expectations to resolve this competition. Specifically, we propose that it is the rapid extraction and top-down
dissemination of a global context signal from the frontal cortices, particularly the orbitofrontal cortex, that affords
the quick and reliable resolution of the initial competition among likely alternatives toward a singular percept.
Keywords: perceptual hypothesis; perceptual task; expectations; top-down; object recognition; orbitofrontal cortex;
biased competition

Competition as an integrative part of
visual recognition
The traditional view of visual recognition has been
hierarchical, in that processing advances from the
bottom up and analysis gradually increases in
complexity. But the input to the visual system is
often noisy and ambiguous—objects in natural
visual scenes appear with occlusion, suboptimal
illumination conditions, motion, and changing
viewpoints, hampering an unequivocal mapping
from input to object representation. Those obstacles make it seem less likely that an exclusively
bottom-up process will be sufficient for efficient
and fast visual recognition. Accordingly, a growing
body of theoretical work and empirical evidence
support the idea that this process is facilitated by
top-down expectations.1–5 However, where in the
brain expectations arise remains a key question to
be addressed. We extend this evolving top-down
perspective of visual processing here by emphasizing the competitive aspect in visual recognition,
suggest how it is resolved by global contextual
information, and propose a key neural region that
might fulfill the role of meditating such top-down
information.

Intuitively, the enormous amount of sensory information around us creates a competition, as we
cannot look at everything simultaneously. On the
level of single cells, sensory stimuli compete for
receptive fields, which become increasingly sparse
the higher that visual information is processed in
the cortical hierarchy. Researchers have proposed
attention as the mechanism that biases such competition toward the most relevant stimuli in the external world.6 This was elegantly demonstrated by
presenting two visual stimuli within the same receptive field, while a monkey’s attention was oriented
to only one of the stimuli.7 It was observed that,
in this condition, the neuronal response mimicked
the cell’s response when the attended stimulus was
presented alone. Similar effects were also found in
humans using functional magnetic resonance imaging (fMRI).8,9 However, competition does not end
with the selection of the most relevant information
from the external world. Competition has been extensively investigated in the context of multistable
perception and binocular rivalry (for a review, see
Ref. 10). Here, an ambiguous visual pattern such as
the Necker cube elicits alternating visual percepts
(i.e., one perceives either one or the other point of
view and interpretation of the cube). It has been
doi: 10.1111/nyas.12680
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shown that a large fraction of neurons in the striate and early extrastriate areas maintain a relatively
constant level of activity for both interpretations,
suggesting ongoing competition between the two
different representations.11 But multistable perception is an extreme case, with two interpretations
being equally likely.12,13 We, however, elaborate a
proposal that rests upon the assumption that every sensory input is inherently ambiguous because
it is not possible to unequivocally determine a label to the input elicited by a particular object, as it
might map onto different neuronal patterns stored
in memory.
From a more formal point of view, the drift–
diffusion model or related conceptualizations of
perceptual decision making have proposed a (competitive) race among multiple candidates until a
threshold is reached toward one interpretation.14,15
Such models usually incorporate previous knowledge or expectations by postulating some sort of
initial bias or, in Bayesian terms, a prior that is assumed to increase the baseline evidence for one candidate or to accelerate its drift rate.16,17 However, just
like Bayesian frameworks, owing to their formal nature, such models remain silent about where such
priors originate. We here build upon the idea that
competition is a generic part of object recognition
and that it constitutes an important problem that
needs to be resolved during perceptual inference.
Specifically, we postulate that ambiguous information that is available initially gives rise to multiple
possible interpretations of the input or perceptual
hypotheses. These hypotheses compete, and (conscious) perception is not possible before a selection
of one of them is made. In the following sections, we
will describe this competition in further detail and
propose a neural framework for its efficient resolution with context.
To shed light on postsensory competition and
its resolution more broadly, it might be helpful to
consider a framework that was suggested in motor
control. The affordance competition hypothesis18
suggests that the brain specifies several actions in
parallel while further information is collected to
bias this competition toward a singular response.
This idea was developed on the basis of an intriguing
experiment in which neuronal activity in the dorsal
premotor cortices of monkeys was recorded during
a reach-selection task.19 First, the monkey received
a cue (cue 1) that indicated two opposite potential
reaching actions, only one of which would later be
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indicated as the correct one by an additional, nonspatial cue (cue 2). Interestingly, they found that,
during the period of ambiguity, even after cue 1
vanished, the neural population simultaneously encoded two potential and opposing directions until
cue 2 finally specified the correct direction. After
cue 2, the representation of the chosen direction was
strengthened, while that of the unchosen direction
was suppressed. These data suggest that motor control is inherently competitive, and that top-down
signals play the part of a sculptor, by pruning overall activity and eliminating irrelevant activity to bias
neuronal response toward the organism’s current
motor goal. These findings provide an intriguing
analogy to the idea that we will outline below in that
a top-down signal, reminiscent of cue 2 from the experiment described above, also shapes and prunes
ongoing visual processes, by inhibiting alternative
perceptual hypotheses in favor of the most likely interpretation of the current sensory input. What kind
of signal would that be, and where would it be actively maintained to bias ongoing visual information
processing? In the next section, we will argue that,
from a functional point of view, visual context offers
the necessary breadth and degree of abstraction to
serve as such a top-down signal to bias a large set of
ongoing perceptual processing toward a singular interpretation of the visual input. We further propose
that the orbitofrontal cortex (OFC) might be the
best candidate to represent and possibly maintain
such information.
The dual role of context in generating
predictions and in resolving competition
As opposed to highly artificial laboratory settings,
objects in our environment never appear in isolation, but rather in typical contexts, together with
other objects that usually share the same context,
and often with typical spatial and temporal relations. The brain stores these statistical regularities learned with repetitive exposure, possibly in
memory structures we have termed context frames.20
Hence, when we know where we are, or where we are
about to be, we can, by association, gain from information stored in memory to anticipate the range of
the most likely objects, events, and occurrences. In
the context of a bathroom, for example, one might
expect items like a hairdryer, toothpaste, and a towel,
and much less a computer, a phone, or a television.
There is ample evidence from behavioral studies
that contextual information indeed facilitates visual
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perception (for a review, see Ref. 21). For example, the efficiency of visual search and recognition of objects greatly benefits from contextual
information.22–25 Similarly, objects that violate contextual expectations in a scene are processed more
slowly and with more errors.26 Context information
affords expectations that facilitate and accelerate interpretation of not only what is in front of us, but
also about what is in our more global spatial and
temporal vicinity.20 Interestingly, similar ideas have
also been expressed and tested in relation to lowerlevel processing (e.g., contour integration) in earlier
parts of the visual cortex (for a review, see Ref. 27).
One role of context, therefore, is preactivating likely
object representations and thereby triggering and
generating top-down expectations about identities
and relations.
We propose that context also plays a second important role in perception, which is the resolution of
competition. A simple example illustrates this idea:
an input that initially maps to multiple hypotheses, such as a lamp, a mushroom, and an umbrella,
will be biased toward the lamp in the context of a
living room. In other words, contextual information might be put in the service of constraining
the perceptual hypothesis space about the causes
of sensory input and bias processing in favor of
the most likely hypothesis, given the current context. Support for this idea would be to demonstrate
that context facilitates perception under ambiguity, that is, a condition where multiple perceptual
hypotheses about the causes of sensory input are
likely to co-exist. Indeed, there is behavioral evidence that context enables an initially ambiguous
object to become recognizable if another object that
shares the same context is placed in a typical spatial
relation to it.20 Similarly, moving multistable stimuli can be stabilized by providing a specific motion
of background,28 and Necker cube alternations can
be modulated by providing viewpoint information
by the background.12 Similarly, in binocular rivalry,
context has been shown to influence perception of
rivalrous stimuli.29
A framework for top-down biased
competition in visual recognition
To address the aspect of competition and its resolution, we propose extensions of a previously suggested top-down model.5 The model focused on
processing of singular objects, and proposed that,
192

based on initial, gist-like information extracted
from low spatial frequencies (LSFs), early visual
areas send information directly to the OFC. In
this region, predictions about the most likely interpretation of this input are activated and are
then back-propagated to inferior temporal (ITa ) regions, where slowly arriving high spatial frequencies (HSFs) contribute to the exact representation
of a specific exemplar (for illustration see Fig. 1,
left side). By providing LSF-driven predictions, the
top-down process guides (and significantly constrains) the analysis that needs to be performed by
the bottom-up process. Those predictions highlight
a subset of the object representations to be considered. That is, rather than all tens of thousands
of objects in our memory having equal weight of
probability to be considered against the input, only
the handful of initial guesses need to be considered as likely interpretations. In that model, we did
not assume a mutual competition in a narrow sense
among neuronal representations; rather, the framework was more abstract, and top-down processes
were assumed to provide information concerning
what objects have to be considered from memory
(i.e., where to allocate resources in posterior regions
of the brain).
Here, we present critical extensions of those ideas,
with an emphasis on context, rather than singular
isolated objects, which we rarely encounter in the
real world. We concede that bottom-up sensory input itself already constrains the options to be considered for further analysis, because it elicits a specific
neuronal response. Thus, not all possible interpretations from memory need to be considered, but just a
few candidates that resemble the neuronal response
and the input it represents. Second, we propose that
the OFC extracts a global context signal based on
LSFs. Finally, we suggest that the role of top-down
a

Here, we use IT as an abbreviation, but note that the
human homology to the monkey IT cortex is likely to be
the cortex around the human lateral occipital cortex (for
a review, see Ref. 30). We also note that studies in the
context of binocular rivalry have demonstrated that most
responses in the inferiotemporal cortex were correlated
with the conscious percept (i.e., the currently dominant
interpretation), while early extrastriate areas such as V4
and MT mostly do not cease firing completely when currently nondominant.11 Therefore, the competitive processes might be more pronounced for those regions.
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Figure 1. Left: The focus of the original model was on singular objects. We have suggested that early visual areas directly project to
the orbitofrontal cortex (OFC), on the basis of gist-like information extracted from low spatial frequencies (LSFs). Here, predictions
about the most likely interpretation of this input are activated and are then fed back to inferior temporal (IT) lobe regions. By
providing LSF-driven predictions, the analysis that needs to be performed by the bottom-up process is significantly constrained.
Here, we did not assume that all possible objects from memory compete for processing; rather, top-down information was considered
to allocate resources toward only the most likely candidates or “slots” (therefore, object candidates are illustrated transparently).
Right: Extensions of the model with focus on context and competition. Here, bottom-up sensory input already constrains the
options to be considered for further analysis, as it elicits a specific neuronal response. Thus, not all possible interpretations or
objects in the world need to be considered, but just a few candidates that resemble the neuronal response. As opposed to the
extraction of a subset of object candidates, we suggest that the OFC computes a global context signal based on LSFs. The role of
this top-down information is to bias the competition by enhancing relevant and suppressing irrelevant interpretations elicited by
bottom-up information in posterior visual regions.

information, particularly implemented by the OFC,
is to bias the competition elicited by bottom-up
information in posterior regions of the brain (for
illustration, see Fig. 1, right side). This is the first
account where we explicitly consider the competition between alternative hypotheses and propose a
mechanism for how it is resolved.
Context as a perceptual task and the OFC
We propose that context is used to constrain the
space of perceptual hypotheses. But how is such
an intuitively appealing idea implemented in the
brain? Our laboratory has conducted some of the
first steps toward answering this question. We compared brain activity for stimuli that are strongly
linked to unique contextual associations (e.g., a
bowling pin) with activity for stimuli that are only
weakly related to unique context (e.g., a fly) in that
they can be expected in many different settings.31,32
In several studies, we found that processing of

strong contextual associations elicits activity within
the parahippocampal cortex (PHC), the retrosplenial complex, the medial prefrontal cortex/medial
OFC, and the transverse occipital sulcus, which together we accordingly termed the context network
(for a recent review, see Ref. 33). Here, we propose
that rapidly extracted information allows the broad
dissemination of global context signals that improve
predictions and resolve competition. In our studies
so far, however, the contrasts we computed were
parametric (strong versus weak), and therefore it is
conceivable that global context signals have been
subtracted out. Therefore, the questions of how
global contextual knowledge is represented in the
brain and, most importantly, how it facilitates ongoing processing of visual information remain to be
addressed. We propose here that initial, coarse information triggers, in parallel, both the activation
of multiple object hypotheses and the activation of a
global context signal, which helps to quickly resolve
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the competition among those multiple hypotheses.
Such a global visual context signal is reminiscent of
the signal of a task set. The psychological construct
of a task refers to a configuration of perceptual, attentional, mnemonic, and motor processes, which
contains rules of specific associations and cognitive
operations for accomplishing a certain task or to
achieve a specified goal (for a review, see Ref. 34).
Such rule-specific activity was primarily identified
in the dorsolateral prefrontal and ventrolateral prefrontal cortices.35,36 It was argued that, owing to
extensive connectivity with both sensory and motor
systems, frontal structures can simultaneously bias
processing in different brain systems toward a common theme. We propose that the OFC is the analogy
in the domain of perception, which provides such
global, constraining and facilitating context signal
that biases ongoing perceptual analysis elsewhere in
the cortex.
The OFC is a multimodal, extensively connected
association structure that receives input from multiple areas of the brain, including visceral, somatic, olfactory, and visual regions.37 The OFC is also highly
connected to the object-recognition regions in the
IT cortex in monkeys and in humans (for reviews,
see Refs. 38 and 39). Structurally, this massive interconnectedness makes the OFC a prime candidate for
broadcasting information widely and for biasing ongoing processing in domain-specific areas. Indeed,
several studies indicate that the OFC is relevant for
processing of contextual top-down information. In
a study with words, for instance, presented nouns
were preceded by predicting or nonpredicting picture primes.40 The authors found that, before the
noun was presented, predictive primes triggered enhanced activation in the OFC, supporting its role
in providing top-down–based interpretation of the
subsequently presented noun in the fusiform wordform area. In another domain, it was demonstrated
that the OFC is sensitive to contextual information that facilitates face categorization.41 In an fMRI
study, individuals were asked to categorize faces’
race based on only brief exposures. The faces were
surrounded by Caucasian, neutral, or Asian scene
contexts. Contextual congruent information facilitated categorization of faces by speeding up response
times. In addition, the OFC exhibited highly sensitive, graded responses to the compatibility of facial
and contextual cues. Specifically, the OFC showed
linearly increasing responses as a face became more
194

Caucasian when in an American context, and linearly increasing responses as a face became more
Asian when in a Chinese context.
OFC and LSF information
If the OFC extracts a context signal, to what kind
of sensory information would it be sensitive? It has
been demonstrated computationally that LSFs are
generally sufficient for scene categorization,42 and
numerous findings with humans have demonstrated
that LSFs are relevant for rapid scene categorization
or the extraction of the gist of a scene.43–47 Accordingly, it follows that a region that extracts and represents gist-like context signals should be preferentially activated by LSF information. Our laboratory
has gathered evidence that LSF information is indeed favored by the OFC. In one experiment, we
compared fMRI activation patterns elicited by images of objects filtered to contain primarily LFSs
versus HSFs.48 We controlled for recognition difficulty by matching reaction-time differences to those
images, and found that LSF object images activated
the OFC significantly more than HSF images. It is
important to note that, although the stimuli used in
this study were isolated objects devoid of any visual
context, it is possible that the OFC is simply more
sensitive to LSF information. Such an increased sensitivity might explain the (more) successful recognition. In other words, although the stimuli were isolated objects devoid of any surrounding (which we
rarely encounter in the real world), it is possible to
explain the findings by the possibility that the OFC
is sensitive to LSFs, because it normally uses such information for the computation of the gist of a scene.
In addition, as shown with magnetoencephalography (MEG) signals in the same study, pictures in
LSFs contributed to significantly higher synchrony
between the OFC and the occipital visual areas
and fusiform gyrus, suggesting a dedicated role of
such information for top-down–guided processing
of visual perception. In another study, we demonstrated indirect evidence for a preference of the OFC
for LSFs by showing sensitivity to stimuli that are
conveyed by the magnocellular pathway.49 There is
evidence from physiological findings that indicate
that magnocellular pathways convey LSF information early and rapidly.46 The cells of this pathway
(M cells) have large receptive fields and fast conduction velocities, but are not color selective or able
to resolve fine details.50,51 In contrast, cells of the
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parvocellular pathway (P cells) have small receptive
fields that are color sensitive and have low conduction velocities compared with that of the M cells.52
We capitalized upon this and created stimuli that
were either M-biased (achromatic, low luminance
contrast) or P-biased (isoluminant, high chromatic
contrast) and found that the M-biased stimuli activated the OFC significantly more, while the P-biased
stimuli activated the higher-level object-recognition
regions to a greater extent. Finally, we recently
demonstrated with fMRI that the OFC is engaged
only when such LSF information matches preexisting memory associations (i.e., the stimuli resembled
known visual objects as compared to meaningless,
oriented gratings).53 This further supports the proposal that the OFC uses LSF information as a guide
to facilitate higher-level interpretation of sensory
input. Taken together, the results from those studies
strongly support the notion that the OFC preferentially processes coarse LSF information. Here, we
propose that this information is used for extracting global context signals to bias and refine visual
recognition of objects in the IT.
If so, LSF information has to be extracted rapidly,
even before object recognition is finished. Individuals can rapidly understand a visual scene with brief
exposure durations of around 100–150 ms, even
in the near absence of attention.54,55 Indeed, there
is ample evidence for temporal precedence of LSF
processing over HSF in the visual cortex56–58 and
that LSFs take precedence over HSFs during scene
perception.59 The authors of the latter study created
hybrid images made of two superimposed scenes.
One of those two scenes primarily contained LSFs,
and the other scene HSFs. It was shown that, for
short presentation times (30 ms), a participant’s
decision was significantly biased toward the scene
in LSFs, while the opposite was found for HSF information at longer presentation times (150 ms).
If the OFC processes and conveys such global context signals, it must do so rapidly and in parallel,
or even before object recognition is completed. Indeed, we have shown with MEG that OFC activity
precedes the activity in the IT by 50–80 ms.48 Such
an early activation of the OFC suggests that it is well
positioned to provide top-down information that
facilitates and constrains the perceptual analysis required for the recognition of individual objects in
posterior regions of the brain.

Predictions and competition

A context-related functional continuum in the
OFC
In our previous studies, two main foci of activation in the OFC were observed. In the recognition
of individual objects, it was primarily the inferior
part of the OFC that showed selectivity for recognition and for LSF information.48,54,60 On the other
hand, in studies of contextual recognition and associations, it was a more medial part of the OFC
that showed preferred activation, not overlapping
with the inferior OFC site.33 As described above,
we originally proposed that the inferior OFC sends
information back to the IT about the most likely object interpretations (e.g., drill, gun, hairdryer), either in the form of actual representations or rather
“look-up” information about what representations
to activate in the IT. The medial OFC activation, on
the other hand, was proposed to be more directly
related to contextual information proper, as part of
the broader contextual network involving the PHC
and the retrosplenial cortex. Here, we suggest an alternative whereby perceptual hypotheses about an
object identity are activated in the IT as a result of
a local process confined to the visual cortex. In this
alternative interpretation, both inferior and medial
OFC sites are suggested to be the ends of an anatomical and functional continuum that is involved in
the generation of a general context signal that is
extracted from individual objects, as well as from
complete scenes, and is disseminated downstream
for resolving competitions.
Supporting evidence for the idea of a continuum
in the OFC comes from a study that used contextually associative single objects and reported OFC
activation between the medial and the inferior sites
described above.61 However, there is also evidence
against a continuum, which comes from synchrony
analyses48 where the inferior OFC shows significant phase locking with the IT around 130 ms from
stimulus onset, whereas the medial OFC shows significant phase locking only around 370 ms, though
it is still conceivable that context is extracted and
disseminated earlier than synchrony is observed. In
either case, given how complicated the OFC is for exact localizations using fMRI (owing to susceptibility
artifacts), it is premature to draw strong functional
conclusions based on slight anatomical differences,
and this particular issue will have to be resolved in
the future.
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The OFC and reinforcement learning
It should also be noted that parts of the OFC (primarily the medial OFC, also referred to as ventromedial prefrontal cortex) were found to be activated
in a plethora of studies of reward learning in rats,
monkeys, and humans.62–64 It has therefore often
been suggested that the activation of the OFC in
vision could be related to recognition success.65 Indeed, there is evidence that OFC activity is correlated
with parameters such as subjective sense of perceptual coherence, confidence, and uncertainty in
perceptual decision making.66–68 However, we controlled for recognition success by matching reaction
times between LSF and HSF pictures.48 Additionally,
the exact role of the OFC in reinforcement learning is currently under active debate. Several studies
point to the interpretation that the representation
in the OFC is much more global than previously
assumed. Similar to other frontal areas, it has been
suggested that the OFC is more related to representing task-relevant and context-sensitive information
that guides value-based decision making.69 Recently,
a unifying theory of the OFC has been proposed that
suggests that this region constitutes a cognitive map
of task space that biases reward-related information
processing elsewhere in the cortex.70 These ideas
bear striking similarity to our proposal of the OFC
as processing global context signals to efficiently perform a perceptual task (i.e., object recognition) that
is accomplished elsewhere in the cortex (the IT).
Certainly, the exact role of the OFC and the nature
of its representations remain to be specified, and,
just like other frontal structures, may differ depending on the current task.71 A promising avenue for
the future is therefore to elaborate the functional
and neural common denominators between reward
processing and visual recognition and the orchestrating role of the OFC.
Summary and outlook
While briefly overviewing proposals pertaining to
the crucial role of top-down predictions in perception, we focused on the component of competition
in recognition. We postulated that, while several
perceptual hypotheses about the causes of sensory
input are elicited early and simultaneously, the role
of top-down signals is to ultimately select relevant
and suppress irrelevant hypotheses. We proposed
that visual context information provides global topdown signals that can bias ongoing processing to196

ward the most likely perceptual hypotheses. In line
with theories of integrative functions of the prefrontal cortex,72 we suggested that such a signal is
provided by frontal structures, primarily the OFC.
Future studies have to address how this biased competition is implemented mechanistically. A potential candidate mechanism is the ability of neuronal
populations to increase or decrease the synchrony
in their firing. For example, in a MEG study from
our own laboratory, we demonstrated enhanced ␤band activity for strongly contextual compared with
weakly contextual stimuli in the context network.73
Importantly, an elaborated understanding of such
context-based perception on neural grounds will
also shed light on a question that has not been
discussed in other predictive coding frameworks:74
namely, where predictions originate, and how topdown processing might be initiated.
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