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Abstract

Some images evoke bistable percepts: two different visual experiences seen in
alternation while continuously viewing an unchanged stimulus. The Necker
Cube and Rubin’s Vase are classic examples, each of which gives alternating
percepts of different shapes. Other bistable percepts are alternating colors
or directions of motion. Although stimuli that result in salient bistability are
rare and sometimes cleverly constructed to emphasize ambiguity, they have
been influential for over 150 years, since the work of von Helmholtz, who
considered them to be evidence for perceptual visual processes that inter-
pret retinal stimuli. While bistability in natural viewing is uncommon, the
main point of this review is that implicit ambiguity in visual neural repre-
sentations is pervasive. Resolving ambiguity, therefore, is a fundamental and
ubiquitous process of vision that routinely affects what we see, not an oddity
arising from cleverly crafted images. This review focuses on the causes of
widespread ambiguity, historical perspectives on it, and modern knowledge
and theory about resolving it.
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1. SEEING IS INTERPRETING: PERCEPTION REQUIRES
RESOLVING AMBIGUITY

Perceptual resolution of ambiguity is fundamental for seeing.VonHelmholtz’s (1867) well-known
concept of unconscious inference refers to processes of interpretation, which act on initial sensory
responses generated by an image on the retina and are necessary for perception. Gregory (1997,
p. 1122) similarly reminds us that “retinal images are inherently ambiguous,” so subsequent visual
neural processes must resolve the ambiguity.

Ambiguity is not unique to seeing. Ambiguity in language was recognized by Aristotle and
today remains an active research area. A modern conceptualization in that field identifies two
poles of ambiguity: plurality and doubt (Ossa-Richardson 2019). Plurality refers to the multiple
possible interpretations of a stimulus. Doubt is our perceived uncertainty of meaning caused by
recognition of plurality. Both plurality and doubt can affect interpretation, and when discussing
the ambiguity involved in vision, it is useful to distinguish these two aspects.

In the case of vision, ambiguity typically goes unnoticed because the perceptual interpretation
of a scene is stable and functionally adequate; that is, the properties of the percept correspond
well enough to those of the physical scene itself. The internal state of doubt, therefore, seldom
arises when perceiving a natural retinal stimulus. This, however, belies implicit plurality because
it suggests a direct correspondence between physical objects and what we perceive, an impression
that conceals two disconnects. First, retinal images (proximal stimuli) do not convey complete,
specific information about physical objects (distal stimuli) because a substantial amount of ob-
ject information is either not encoded or confounded with other aspects of a scene. This creates
ambiguity about the objects in view because different physical objects can generate an identical
retinal image, and conversely, a single object can deliver an infinity of different images to the eye
depending on, for example, viewing angle, distance, and occlusion. The second disconnect is be-
tween retinal images and the objects in our perception.The latter are richer than is determined by
the objects’ retinal image alone. Neural processes act on the retinal data in the process of creating
perception. In other words, even if we end up with reasonably good agreement between physi-
cal objects and perception of them, this result follows from a not-so-straightforward explanation:
Imperfect information at an initial encoding stage is followed by perceptual representations that
are extrapolated from the incomplete retinal information.

Doubt does arise in vision in some cases, which are helpful for illustrating the above points.
Many so-called optical illusions depend on creating doubt, for example, when a single stimulus
evokes two different visual experiences either over time, as when viewing a Necker cube (Long
& Toppino 2004, Necker 1832) (Figure 1a, subpanel i), or over space, as in Shepard’s (1990)

a b
i ii iii

Figure 1

(a) (i) A Necker cube. (ii, iii) The elements of the Necker cube separated into parts that include (ii) a truncated pyramid or (iii) seven
planar shapes. (b) The blue edges of the left box appear longer than the magenta ones, while the blue edges of the right box appear
shorter than the magenta ones. In fact, all blue edges and blue arrows are equal in length, and all magenta edges and magenta arrows are
equal in length. The blue arrow at the far right reveals that magenta edges are actually longer than blue ones. Panel adapted with
permission, © 2009 Lydia Maniatis; also appears in Maniatis (2017).
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“Turning the Tables” and Maniatis’ (2017) variant of it (Figure 1b). In particular, a Necker cube
stimulus gives the percept of a three-dimensional cube, and during steady viewing, one commonly
sees a left-facing and then a right-facing cube in alternation, an example of bistability. These two
percepts from a constant stimulus are interesting because they violate the maxim that seeing is
believing (in other words, the alternating percepts create doubt). Further reflection reveals that
many additional percepts are also consistent with the Necker cube’s retinal image, yet these per-
cepts usually are not experienced. This shows that perceptual resolution of ambiguity can result in
some alternating salient percepts but also, simultaneously, suppression of others. For example, the
Necker cube stimulus could be interpreted—that is, seen—as having two parts, one of which is a
truncated pyramid (Figure 1a, subpanel ii); alternatively, it could be interpreted as seven planar
shapes (four trapezoids, two triangles, and a square) (Figure 1a, subpanel iii).

Note that using the term optical illusion for images such as these is misleading. As mentioned
above, ambiguity in vision involves both a loss of information between distal and proximal stimuli
(a loss that is only partly caused by optics) and subsequent visual processes (unrelated to optics)
that determine one or more percepts evoked by the resulting retinal representation. Nonetheless,
such illusions form excellent starting points for learning about perception and ambiguity. For
instance, once one recognizes that perception of a Necker cube stimulus involves an alternation
between two interpretations at the expense of countless conceivable alternatives, it is a small step
to think of most everyday vision as involving a single, stable interpretation at the expense of all
alternatives. Such strong suppression of alternatives eliminates doubt and thus cloaks the visual
processes that resolve ambiguity.

2. THE UNAVOIDABLE PERVASIVENESS OF AMBIGUITY: WHY
EVERYDAY PERCEPTION REQUIRES AMBIGUITY RESOLUTION

Perception of our three-dimensional world is based on two-dimensional optical projections that
fall on the retina of each eye. A given retinal image can result from an infinite number of different
three-dimensional objects; accordingly, retinal images long have been recognized as ambiguous
with regard to three-dimensional space (discussed below in Section 3). This is not, however, the
only source of ambiguity.This section reviews several causes of ambiguous neural representations.

2.1. The Inverse Optics Problem

Projecting a three-dimensional object in a two-dimensional space is a straightforward applica-
tion of linear algebra. Of course, some information about the three-dimensional object usually is
lost in a two-dimensional projection. This causes the inverse optics problem faced by the visual
system (Palmer 1999): construction of three-dimensional object percepts from two-dimensional
retinal images formed by the eyes’ optics. Mathematically, achieving this inverse is underdeter-
mined, which implies ambiguity about the objects in the physical world that generate any retinal
image.

The primary information missing in two-dimensional retinal images is depth. The retinal im-
age size of a projected object depends on its distance from the eye, so uncertainty about depth also
causes ambiguity about size.While an observer’s stereoscopic pair of two-dimensional images can
provide information about depth, perceived depth also depends on many additional factors, in-
cluding oculomotor cues, blur, perspective, shading, and the known size of familiar objects (Banks
et al. 2011, Howard 2012), none of which depend on corresponding binocular neural responses.
In terms of coding, some cortical neurons respond similarly to either a stereoscopic-pair depth
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Figure 2

(a) Jeune homme à sa fenêtre (Young Man at His Window) by Gustave Caillebotte (painted in 1875) (public
domain). (b) (Top) The top-left and bottom-right corners appear to be under lower illumination because of
the diagonal edges interpreted as shadow boundaries. This causes area A to appear lighter than area C
although they in fact reflect the identical amount of light to the eye. (Bottom) The same image as above but
with no shadow boundaries. Areas A and C appear to have the same lightness. Figure courtesy of P.
Cavanagh, adapted with permission.

cue or a texture-gradient depth cue (Tsutsui et al. 2002). In general, depth can be inferred from
cues in a monocular view, so depth is constructed in the process of perception, rather than being
fixed by retinal disparity.

2.2. Objects Are Illuminated

Nearly every object that we see in the natural world is illuminated by an external light source, such
as the sun (Figure 2a), a burning candle, or a light bulb.While some organisms generate light, for
example, fireflies and some marine life (bioluminescence), most natural objects in our daily lives
can only be seen with an external source of illumination. The illuminating light is reflected from
the objects into the eyes. (While traffic signals and video screens are self-luminous, they are not
natural objects.) Illumination causes ambiguity because the light from an object reaching the eyes
depends on both the features of the object itself and the physical properties of the light source.
Functional vision depends on perceiving stable object properties in spite of varying light-source
properties.

An example is perceived lightness of achromatic surfaces (seeMurray 2021), which varies along
a continuum from black to gray to white and generally follows the relative proportion of il-
luminating light reflected from a surface to the eye. If the overall level of illumination falling
on all surfaces is increased by a factor of 10, then retinal light stimulation from each surface
in view also rises by a similar factor. The perceived lightness of the surfaces, however, is nearly
unchanged.
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Importantly, lightness perception depends on the illumination as inferred by the observer
(Adelson 1993), not necessarily on what is physically present. An observer’s subjective interpreta-
tion of illuminating light affects visual mechanisms at several neural levels (even preretinally by
altering pupil size; Castellotti et al. 2020). When the inferred level of illuminating light reaching
a surface is reduced, but retinal illumination from that surface is fixed, this leads to greater per-
ceived lightness (i.e., the inference that a greater proportion of light is reflected by the surface). An
illustration comes from the perception of shadows.When regions of equal retinal illumination are
separated by an edge with the properties of a cast shadow (areas A and C in Figure 2b, top), this
results in the percept of two differentially illuminated regions (C being under higher illumina-
tion than A), each with a different lightness (A’s lightness being greater than that of C). However,
when no such edge is present, then illumination is inferred to be equal everywhere, so lightness
is perceived as equal (areas A and C in Figure 2b, bottom). In general, retinal illumination from a
surface is ambiguous in terms of surface lightness because lightness depends on both the retinal
illumination and the inferred illumination of the surface.

Achromatic lightness varies along a single dimension, so resolution of lightness ambiguity is
a one-dimensional problem. The range of ambiguity is much greater for the resolution of color,
for which light reaching the eye depends on the full emission spectrum of the illuminant (i.e., the
relative amount of energy from the light source at each wavelength in the visible spectrum), as well
as the full reflectance spectrum of the object (the relative amount of energy at each wavelength
reflected by the object). When viewing a given object against a dark background, the full domain
of perceived colors that can be achieved by varying the object’s emission spectrum is limited by the
responses of the three cone photoreceptor types (trichromatic color matching) (Smith & Pokorny
2003). The domain of colors that one may see is even broader, however, when multiple objects are
in view, so that contrast may evoke dark-color percepts (e.g., brown, maroon, navy blue) (Shevell
2003).

If objects took on colors according to only the light that reaches the eyes at their retinotopic
location, then an object’s color could shift dramatically with a change in the emission spectrum of
the illuminant (Shevell & Kingdom 2008). Spectral illumination varies in natural environments
(Webster 2020,Webster & Mollon 1997), yet the human visual system compensates for different
illuminants reasonably well, although incompletely (Foster 2011). The result is that illuminated
objects in many situations maintain a fairly constant perceived color due to neural processes that
resolve the ambiguity. The ambiguity caused by the entanglement of inferred illumination and
object reflectance is seldom noticed in color perception, although in certain situations, it can lead
to stark differences in perceived color between individuals and, therefore, widespread doubt (for
example, in the case of #thedress; Aston & Hurlbert 2017, Toscani et al. 2017).

2.2.1. Interreflection. Interreflection among two or more surfaces causes light reflected from
one surface to illuminate another surface in the scene. This can add a further component to the
factors that determine retinal illumination, as the light falling on a surface can be a combination
of illumination directly from the light source and the interreflected light. In general, the visual
system tends to discount illumination from interreflection,much as it does for overall illumination.
Importantly, experiments show that inferred, not actual, interreflected light mediates resolution of
ambiguity. When the left half of a V-shaped folded card is magenta and the right half white (Bloj
et al. 1999) (Figure 3a), some light from the source falling on themagenta surface is reflected on to
the white surface. This interreflected light is weighted toward wavelengths selectively reflected by
themagenta side of the card, so the result is that light from the white surface reaching the eyes has a
spectrum biased toward the longer wavelengths reflected from the magenta surface. Nonetheless,
as long as the concave V shape is apparent to the observer, as in Figure 3b, the interreflected light
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a   Concave card b   Actual corner shape c   Apparent roof shape

11 cm

70°

70°
70°

WhiteMagenta

Figure 3

(a) A folded V-shaped concave card standing on end, with a magenta surface on the left and white surface on the right. (b) Card viewed
directly. Illumination from the light source (green arrows) is reflected off each surface on to the other surface. Light reflected off the
magenta surface has a spectrum biased toward longer wavelengths. (c) When the card is viewed through a pseudoscope, the physics of
illumination and interreflection is still as in panel b, but the percept becomes a roof-shaped convex card, which is physically
incompatible with interreflection between the two surfaces. Panel adapted with permission from Bloj et al. (1999).

that reaches the white side causes little change in the perceived color. A simple change in viewing
optics, however, restores the substantial color shift predicted by the physical interreflection from
the magenta surface. When the retinal image in each eye is left–right reversed using an optical
device (a pseudoscope) but otherwise unchanged, the physics of light interreflection is the same,
but the percept becomes a roof-shaped convex card instead of the concave V shape (Figure 3c).
The perceived color of the white surface in this case is found to shift substantially toward magenta.
The perceived convex shape is inconsistent with the physics of interreflection between the two
surfaces, so the ambiguity implicit in the interreflected light is resolved as a property of surface
spectral reflectance, not interreflected illumination.

2.2.2. Specular reflection. Depending on the smoothness of a reflecting surface, the reflected
light that reaches the eyemay come nearly uniformly from all parts of the surface or include a small
area with substantially higher retinal illumination. The latter typically corresponds to mirror-like
reflection from a smooth surface that reflects the illuminating light in a specific direction (angle of
incidence from the illuminant equals angle of reflection toward the eye), unlike diffuse reflection
from an unpolished surface that causes light to reflect off the surface in many different directions
(as is the case for the interreflection from the V-shaped card in Figure 3). The ambiguity implicit
in such local peaks in light reaching the eye from a particular region of a reflecting surface results
from uncertainty about whether the peaks are indeed local mirror-like reflections of the illuminat-
ing light or, instead, due to locally different reflectance properties of the object’s surface (D’Zmura
& Lennie 1986, Yang &Maloney 2001). Disambiguating a fixed pattern of retinal illumination as
a specular reflection or local change in surface reflectance can depend on the motion or perceived
shape of a surface, demonstrating that the disambiguation process incorporates perceived object
features beyond the retinal light pattern (Doerschner et al. 2011, Marlow & Anderson 2016).

2.2.3. Shadows. Shadows directly reduce the illumination reaching a surface or object, as dis-
cussed above, but also can introduce ambiguity beyond the percepts of lightness and color. In
general, a shadow requires (a) a light source (illumination), (b) an object that casts a shadow, and
(c) a surface on which the shadow falls. A shadow is directly affected by an object’s size, position,
shape, and motion and thus conveys information about properties of the object. However, be-
cause these properties are entangled with those of the illuminating light and the surface where
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a bb

Figure 4

(a) A shadow depends on properties of the object, the illuminant, and the surface on which the shadow is
cast. (b) The car appears to float above the floor because the darker floor area is interpreted as a shadow cast
by the car. In fact, the darker area is a feature of the floor itself, as appreciated by viewing the figure upside
down. Figure courtesy of P. Cavanagh; image credit Honda.

the shadow is cast (Figure 4a), inferring object properties from a shadow requires resolving am-
biguity, for example, by invoking assumptions about objects or the surface (Casati & Cavanagh
2019). In addition, an object’s position can be misperceived when the viewer erroneously inter-
prets a region of reduced retinal illumination as a cast shadow instead of a local change in surface
reflectance (Figure 4b). Finally, shadows share a property of silhouettes: Front versus back orien-
tation is implicitly ambiguous (Troje 2017).

Many of the ambiguities caused by illumination are painstakingly depicted in art. Gustave
Caillebotte’s Jeune homme à sa fenêtre (Young Man at His Window), painted in 1875 (Figure 2a),
captures several ambiguities resulting from daylight: shadows affecting surface illumination (on a
Paris street, on the carpet) and suggesting a concave opening (a building’s windows at top center),
interreflection of sunlight reflected off the open window’s glass, and specular reflection (the top
of the chair’s arm at its wooden tip). A painting, of course, portrays light reflected from objects
and surfaces in each part of the scene and thus does not eliminate ambiguity. The artist depends
on the observer to disentangle illumination and surface reflectance for each part.

2.3. Competing Neural Representations for the Percept at a Single
Location in the Visual Field

When two very different images are presented in the same retinotopic location of each eye, for
example, a face to the left eye and a house to the right (Tong et al. 1998), one sees the two images in
alternation. The stimuli establish binocular rivalry, as described byWheatstone (1838), and reveal
another cause of perceptual bistability: incompatible proximal stimuli in the two eyes.

As described above, bistability does not require binocularly rivalrous stimuli. It can occur
also with monocular viewing of two superimposed images (Breese 1899, O’Shea et al. 2009) or
when both eyes view identical stimuli (e.g., Figure 1a). For present purposes, a useful distinction
is between interocularly rivalrous (i.e., dichoptic) stimuli and bistable (or multistable) percepts.
Perhaps surprisingly, dichoptic stimuli are common in natural viewing, even if they seldom cause
a bistable percept. Consider an object that forms an image on the retina of the left eye but
not the right because of an intervening occluder between the object and only the right eye (a
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natural occluder can be the nose). In this situation, a particular retinotopic area has, in one eye,
an image of the object but, in the other eye, an image of the occluder. Typically, the occluder
is seldom, if ever, seen (Arnold 2011a,b; Shimojo & Nakayama 1990). Nonetheless, the near
complete suppression of the occluder, resulting in the absence of doubt, does not diminish the
basic problem created by unequal, competing neural representations for the same retinotopic
area. The plurality introduced by naturally occurring stimuli is well documented, even if it is
rarely experienced perceptually. In fact, “the ubiquity of diplopic [i.e., nonfusible] images away
from fixation was discovered. . .in the eleventh century” (O’Shea 2011, p. 1).

3. ADVANCES IN UNDERSTANDING VISUAL AMBIGUITY:
FROM ANTIQUITY TO NEUROSCIENCE

The sources of ambiguity discussed above have always been present in everyday life and have
served as an indicator that perception amounts to more than can be explained by sense data alone.
However, most people throughout the ages, including today, probably shared the intuition of a
direct correspondence between perceptual objects and their counterparts in the physical world
(Section 1). How have ideas developed about the distinctions between the external world, the
proximal stimulus, and our perceptual world, and how have scholars viewed the associated am-
biguity and resulting need to resolve it? With regard to the latter question, we focus in this sec-
tion on the ambiguity that arises from experiencing a three-dimensional world through a two-
dimensional projection (Section 2.1) because this type of ambiguity has attracted attention since
ancient Greece.

Several schools of thought in antiquity formalized the intuitive notion that perception
corresponds directly to the external world. The Greek atomists argued that objects shed three-
dimensional simulacra of themselves that, upon entering the eye, communicate the properties
of the original objects to the soul of the observer (Hatfield & Epstein 1979, Lindberg 1976). In
Aristotelian thinking, which was influential well into the European Middle Ages, the sense organ
quite literally takes on the qualities of the thing looked at (Meyering 1989). Accordingly, Aristotle
wrote about the sentient object: “at the end of the process [of being acted upon by the external
object] it has become like that object, and shares its quality” (quoted in Lindberg 1976, p. 58).

Even in antiquity, however, the difficulty of a three-dimensional percept rooted in two-
dimensional impressions was recognized. Ptolemy (circa 100–170 AD) worked in the extramis-
sionist tradition, which approached vision primarily from a geometrical perspective, conceiving
of a cone of rays with its apex in the eye and its base on the surface of the viewed object. Each
ray conveyed properties of part of the object’s surface, and the ordering of rays within the cone
conveyed information about spatial layout. Ptolemy appreciated that this ordering communicates
only shape in the plane orthogonal to the rays, not shape along the rays or distance from the eye.
Thus, perception of those qualities would require some further process. Consistent with the ex-
tramissionist view that the rays emanate from the eye to the object, Ptolemy asserted that the eye
can sense the length of the rays directly, providing an answer as to what that process could be
(Hatfield 2002).

Several advances were made in approximately 1000 AD by the Arab scholar known in theWest
as Alhazen (circa 965–1040). He combined extramissionist geometry with an intromissionist
physics in which rays enter the eye, a combination made possible by the still-accepted notion that
each point on an object sends rays in all directions such that those rays that reach the pupil form
a cone (Lindberg 1976, Meyering 1989, Sabra 1978). Alhazen recognized not only the ambiguity
associated with three-dimensional vision but also the ambiguity involved in lightness and color
perception (Section 2.2; Hatfield 2002, Howard 1996). Even more important in the present
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context is that Alhazen’s examination of the path between object and eye (what we would call
optics) was supplemented by an equally important examination of unconscious processes that
elaborate the eye’s image to create perception (what we would call psychology or, more recently,
neuroscience); thus, Alhazen’s work represents a precursor to the theory of unconscious inference
800 years before von Helmholtz (Cavanagh 2011, Howard 1996, Sabra 1978). In Alhazen’s writ-
ings, then, object, sense data, and percept are each separate, even though boundaries between them
are sometimes blurry, as when Alhazen asserts that a veridical and noninverted image of the exter-
nal object must be transmitted from the eye to the brain, or when he describes this transmission
in terms that are quasi-optical (Hatfield & Epstein 1979, Lindberg 1976, Meyering 1989).

European scholars up to the sixteenth century followed Greek tradition in largely identify-
ing the full process of vision with the path between object and eye (Meyering 1989). Even when
translations of Alhazen’s work reached the West, his followers primarily adopted his teachings on
optics rather than those on postoptical processes (Cavanagh 2011, Howard 1996, Lindberg 1976,
Meyering 1989). Accordingly, scholars viewed (parts of ) the eye itself as the seat of vision, and al-
though opinions differed on other matters, it was generally agreed that rays entering the eye could
not intersect before causing sensation, as an inverted proximal stimulus is inconsistent with the
notion that sense data and percept are effectively the same (Lindberg 1976, Meyering 1989). For
example,Roger Bacon (circa 1214–1292),who was instrumental in spreading Alhazen’s ideas in the
West, included as a necessary condition for vision that the impression of the visible object be ori-
ented properly (Matthews 1978). Similarly, when both Henry of Langenstein (circa 1325–1397)
and Francesco Maurolico (1494–1575) independently criticized Bacon and his contemporaries,
they did not dispute the necessity of a properly oriented impression. They did quite the opposite:
Their criticism was that Bacon’s ideas on the path of rays into the eye could not explain how this
critical requirement was met (Lindberg 1976, Meyering 1989).

It was not until the seventeenth century that attention was redirected to postoptical processes
and to the relationship between sense data and percept (Lindberg 1976,Meyering 1989). This was
due in part to Kepler (1571–1630) and his essentially modern conception of the eye as a measuring
device with a lens that projects a focused but inverted image onto the retina. Even Kepler himself
was sufficiently troubled by the inversion to search in vain for a second crossing of rays before
the sensitive surface (Lindberg 1976), but he eventually concluded that there must be further
transmission beyond the retina that was not optical but that, instead, belonged to “the realm of
the wonderful” (quoted in Hatfield & Epstein 1979, p. 373).

From that point, gradual developments often foreshadowed von Helmholtz’s theory of uncon-
scious inference of 1867. The predominant view transitioned from viewing sense data as direct
knowledge to the modern notion of sense data as abstract information, containing evidence that
needs interpretation. For instance,Descartes (1596–1650) likened the signs through which nature
makes us feel the sensation of light to words that make conceivable the things that they represent
but that in no way resemble them (Meyering 1989), quite in contrast to the Aristotelian view dis-
cussed above. In this period, considerable theorizing on perception centered on the problem of
seeing three-dimensional space. Berkeley (1685–1753), for instance, echoed Ptolemy by stating,
“Distance. . .immediately cannot be seen. . . . Being a line directed endwise to the eye it projects
only one point [which] remains invariably the same, whether the distance be longer or shorter”
(Berkeley 1709, p. 1). He then argued, preceding von Helmholtz in emphasizing the role of expe-
rience, that depth perception needs to be learned based on repeated co-occurrence of visual ideas
with tactual ones (Hatfield & Epstein 1979).

With von Helmholtz, this gradual development culminated in a conception of perception that
embraces the ambiguity of sensory data and that emphasizes the need for learned psychological
processes that work toward informed but tentative perceptual interpretations. Von Helmholtz’s
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theory incorporated the then-recent idea of specific sense energies, according to which stimulation
of a given nerve has specific effects. Arguably a distant descendant of Descartes’s idea of signs (and
an ancestor of the modern principle of univariance; Rushton 1972), this theory implies that a
nerve’s effects do not relate directly to the external stimulus: A given effect can result from various
external stimuli that may excite the nerve (e.g., seeing light when pressing one’s eyeball), and a
given external stimulus can have various effects depending on which nerves it manages to excite
(e.g., literally feeling a low bass tone).VonHelmholtz concluded that relating nerve signals back to
plausible external stimuli requires a fast and unconscious process of interpretation, and he posited
a prominent role for learning and development in shaping this process (Meyering 1989).

It is noteworthy that von Helmholtz’s ideas did not immediately find broad acceptance. Her-
ing, for instance, held a contrasting position that emphasized innate mechanisms and a direct link
between retinal sensations and perception (see Boring 1942, Meyering 1989). More recently, the
Gestaltists opposed vonHelmholtz’s views (Hatfield 2002,Hochberg 1981,Meyering 1989).Nev-
ertheless, key aspects of von Helmholtz’s theory are visible in present-day theories of vision and
of perception more generally.

Modern theories that may be considered part of von Helmholtz’s legacy include predictive
coding theories (Rao & Ballard 1999), Bayesian inference theories (Aitchison & Lengyel 2017,
Lee & Mumford 2003), and adaptive resonance theory (Carpenter & Grossberg 2003). These
theories all share the central feature that the neural process of perception is viewed fundamentally
as a process that matches incoming sensory data to existing knowledge of the world. According to
several such theories, this matching process takes place via a combination of feedforward and feed-
back signals throughout a hierarchy of cortical processing stages, in which each successive stage
encodes more abstract or more general aspects about the perceptual world than the stage before
it (Friston 2005, Mumford 1992, Penny 2012, Rao & Ballard 1999). The fundamental principle
is that each stage uses the feedforward signal it receives from the prior stage to inform a model
of the cause of that signal. This model, in turn, forms the basis of a feedback signal that encodes
a prediction of what the prior stage may be receiving as its input. Then, the feedforward signal
sent from the prior stage encodes the discrepancy between this prediction and the actual input.
This process continues as the system iteratively adjusts its models (across all stages) to converge
on a good match between feedforward signals and feedback predictions. There are clear traces
of von Helmholtz’s ideas in these modern conceptualizations. First, the central role of existing
knowledge fits well with von Helmholtz’s emphasis on prior experience. Second, the process of
iteratively adjusting an internal model of the world to fit the available data can be seen as one way
of implementing von Helmholtz’s inference process, and it is a small step to think of the product
of this process—an internal model that fits the data well—as the computational counterpart of
perception.

4. PERCEPTUAL RESOLUTION OF AMBIGUITY FROM CONTEXT

An emphasis above is on the idea that local retinal signals are insufficient for reliably inferring
their distal source. What other information, then, provides the context that is combined with
those signals on the way to perception?

4.1. Context from a Different Time

Visual perception depends on prior history. Arguably the best-known example of this is visual
adaptation: Prior exposure to a stimulus with certain features (e.g., a grating tilted 10° clockwise
from vertical) can cause subsequent stimuli to be perceived as more dissimilar to that initial
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stimulus than they actually are (e.g., a vertical grating might appear to have a 4-degree an-
ticlockwise tilt) (Parker 1972). Similarly, such prior exposure often causes the same stimulus,
upon repeated presentation, to become more difficult to detect. In bistable perception, a similar
repulsive phenomenon is observed: Following exposure to a nonbistable stimulus that induces a
given interpretation, an observer is less likely to experience a similar interpretation when faced
with a bistable stimulus (Chopin & Mamassian 2012, Kanai & Verstraten 2005, Long et al. 1992,
Pastukhov et al. 2013b, Pearson & Clifford 2005a, Wolfe 1984).

Interestingly, when the prior stimulus is, itself, also bistable, an attractive effect often occurs in-
stead: Prior perception of a given interpretation usually increases the probability of an observer ex-
periencing that same interpretation again (Brascamp et al. 2008,Kanai&Verstraten 2005,Leopold
et al. 2002, Pastukhov & Braun 2008, Pearson & Clifford 2005a). Outside of the realm of bistable
stimuli, attractive effects occur also in some conditions (e.g., improved detection or attractive per-
ceptual shifts) (Chopin & Mamassian 2012, Fischer & Whitney 2014, Fritsche et al. 2017, Maus
et al. 2013, Oruç & Barton 2010, Tanaka & Sagi 1998).

The existence of both positive and negative forms of history dependence in perception (for a
schematic overview, see Figure 5) suggests that the visual system is organized to meet multiple
competing demands in the way in which it incorporates prior information in its disambiguation
of present input. To better understand what these demands might be, consider the differences
between positive and negative forms of history dependence in terms of the stimuli and tasks that
give rise to them.

The first difference relates to what might be called stimulus strength. As mentioned above, for
bistable stimuli, prior stimulation has a repulsive effect, while prior perception typically has an
attractive effect. However, there are instructive exceptions. Brief and/or faint nonbistable stimuli
can facilitate subsequent perception of the corresponding percept during bistability (Brascamp

Time

Subsequent
stimulus

Initial
stimulus

Subsequent
stimulus

Positive Negative
History effect

Same as initial

Similar to initial

More clear Less clear

More like initial Less like initial

Matching initial Not matching initial

?

Bistable hi

a

b

Figure 5

Schematic depiction of positive and negative history effects in perception. (a) Exposure to an initial stimulus
is followed by a subsequent stimulus. (b) The prior exposure to an initial stimulus can have the positive effect
(center column) of making that same stimulus more easily detectable or clear when presented again (top row);
of making subsequent stimuli appear more like the initial stimulus than they actually are (center row); or, in
cases where the subsequent stimulus is bistable, of prompting perceptual dominance of the interpretation
that matches the prior stimulus (bottom row). However, prior exposure to an initial stimulus can also have
negative effects (right column), which are the opposite of the positive effects.
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et al. 2007, Kanai & Verstraten 2005, Long & Toppino 1994, Long et al. 1992). Conversely,
extensive perception of the same interpretation of a bistable stimulus can reduce the probability
of experiencing that interpretation yet again (Brascamp et al. 2009, Noest et al. 2007, Pastukhov
& Braun 2008). A similar rule appears to apply outside the realm of bistability: Attractive effects
on, for example, detection are often limited to cases where prior stimulation was brief and/or
faint (Fischer & Whitney 2014, Huber & O’Reilly 2003, Oruç & Barton 2010, Tanaka & Sagi
1998).

There is also evidence that attractive and repulsive effects tend to be associated with different
processing stages. For instance, attractive effects on orientation judgments have less retinal speci-
ficity than repulsive effects (Fischer & Whitney 2014, Fritsche et al. 2017), consistent with the
former being associated with a higher processing stage. In addition, in at least one case of bistable
perception, attractive effects carry over best between objects that match in terms of shape (a prop-
erty encoded atmoderately advanced processing stages) (Pastukhov et al. 2013a),whereas repulsive
effects do not (Pastukhov et al. 2013b). Also consistent with this division between lower-level re-
pulsion and higher-level attraction is the finding that repulsive effects that result from previewing
a stimulus can become attractive effects if the participant imagines the stimulus instead (DeBruine
et al. 2010, Pearson et al. 2008; although see Winawer et al. 2010). Computational modeling of
attractive history effects also suggests that they arise uniquely from processing stages where al-
ternative representations compete, whereas repulsive effects primarily originate at levels that feed
into those stages (Noest et al. 2007). Finally, functional imaging results show that stimulus rep-
etition in bistable perception is associated with altered early visual responses, whereas percept
repetition is reflected in higher visual and integration areas (Schwiedrzik et al. 2014).

4.2. Context from a Different Place

Just as sensory data are structured over time, they are also structured spatially, and these regulari-
ties can help disambiguate local data. Spatial dependencies in perception showmarked similarities
to temporal ones (Schwartz et al. 2007); again, both attractive and repulsive effects are observed
(Paffen et al. 2006, Polat & Sagi 1993, Tadin et al. 2003, Xing & Heeger 2001).

For perception of bistable stimuli, spatial interactions can be readily observed in displays such as
that in Figure 6. Showing several copies of the same stimulus side by side (Lorenz andTinbergen’s
hawk and goose; Schleidt et al. 2011) tends to cause correlated perceptual alternations across
the display, rather than multiple independent perceptual sequences in parallel (Attneave 1968,
Freeman &Driver 2006, Grossmann &Dobbins 2003, Klink et al. 2009, Ramachandran & Anstis

Figure 6

When multiple similar bistable stimuli are shown side by side, perception is often correlated across stimuli,
consistent with the visual system’s use of spatial context for perceptual disambiguation. In this example the
observer may perceive either a flock of waterfowl lifting off or four raptors in a hunting stoop but rarely a
group made up of raptors and waterfowl going in opposite directions.
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Dichoptic patchwork stimuli

Frequent percepts  

Left eye Right eye

OR

Figure 7

(Top) Rivalrous chromatic objects. In each eye, eight objects have one chromaticity, and the other eight have
another chromaticity (patchwork rivalry). Chromatic rivalry is maintained at all 16 retinotopic locations.
(Bottom) The resulting percept often consists of all 16 objects appearing the same color, sometimes all red
and sometimes all green.

1983). This suggests that disambiguation in this case involves integration of information over
relatively large visual distances.

When multiple binocularly rivalrous stimuli (Section 2.3) occupy different parts of the visual
field simultaneously, each resulting in the same pair of bistable percepts, they too can undergo
correlated perceptual alternations (Shevell 2019). Figure 7 shows an example with 16 separate
chromatically rivalrous objects, each with the same pair of rivalrous chromaticities (so each object
sometimes appears red and sometimes green). The fused percept is often all objects of the same
color, either all red or all green (Kovács et al. 1996, Slezak & Shevell 2018). Two extensions of
standard rivalry point to a binocularly driven neural mechanism of disambiguation.First, note that,
in Figure 7 (top), half of the discs in each eye are red, and the other half are green, with stimuli in
the opposite eye arranged for chromatic rivalry at every retinotopic location (so-called patchwork
rivalry; see Kovács et al. 1996). In this case, monocular eye dominance would not lead to seeing all
16 objects with the same color. Second, the stimuli in each eye can be swapped between the two
eyes approximately eight times per second (chromatic interocular switch rivalry) (Christiansen
et al. 2017). Despite rapid swapping between the eyes, the percept often is sustained, with the 16
objects all appearing red or green (Slezak & Shevell 2018) (Figure 7, bottom). This is an attractive
(positive) form of spatial correlation (Figure 5).

A repulsive (negative) form of spatial interaction also is found with rivalry in that two bistable
objects in view may appear maximally different from each other, rather than alike. Consider two
objects in view with rivalry in both color and grating orientation (Peiso & Shevell 2020), thus
allowing four possible percepts: (a) Both objects are the identical color and orientation (attractive
spatial correlation), (b) the two objects mismatch in both color and orientation (repulsive spatial
interaction), (c) the objects match in color but not orientation, and (d) the objects match in ori-
entation but not color. All four percepts sometimes occur, but the most frequent one, seen well
above chance, is the two objects being mismatched in both color and orientation, thus enhancing
their perceived dissimilarity, as would be advantageous for discriminating them from each other.
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4.3. Context from Other Senses

The use of contextual information for interpreting sensory data is not limited to information
from within the same sensory system. A striking example is the McGurk effect: The speech that
we hear a person utter can change depending on how we see the person’s mouth move (McGurk
& MacDonald 1976). Influences in the opposite direction, from auditory information to visual
perception, also occur, as when a visual flash is presented simultaneously with a rapid volley of
auditory beeps. This can result in the visual perception of multiple flashes, matching the number
of beeps (Shams et al. 2000). In general, which sense will most strongly drive the perception of
a polysensory stimulus depends on the reliability of the signal in each sense, with the sense with
the highest reliability factoring most heavily into the percept (Alais & Burr 2004, Ernst & Banks
2002, Ernst & Bülthoff 2004). This same principle also applies to the combination of different
cues within a single modality (Atkins et al. 2001, Hillis et al. 2004, Young et al. 1993).

4.4. Context from Prior Knowledge

In one sense, the category of context from prior knowledge covers much of what is discussed
above: The very organization of perceptual systems reflects the structure of the data that they
process (Barlow 1961) and, in that sense, reflects prior knowledge. Similarly, general principles of
perceptual organization, such as the Gestalt laws, can be interpreted simply as appropriate use of
knowledge about statistical regularities of the world (Brunswik&Kamiya 1953,Elder &Goldberg
2002, Geisler et al. 2001).

However, perception is also dependent on more specific knowledge about objects and scenes.
One example comes from the perception of Necker cubes, discussed above in relation to
Figure 1a. The two percepts that we do typically perceive are those that correspond to frequently
encountered objects, while other interpretations, including those illustrated in Figure 1a, have lit-
tle a priori plausibility. Another example is the well-known hollow mask illusion (Gregory 1980):
When shown the inside of a mask, with its nose pointing away from the observer, there is a strong
tendency to perceive it as the outside of a mask, with its nose pointing toward the observer. This
perception reflects a lifetime of experience that faces are convex.

Whereas these examples demonstrate that perceptual principles often make sense given known
regularities in our environment, there is also direct evidence that experience with those regularities
can alter those principles. For instance, perception of object shape incorporates the assumption
that illumination usually comes from above (from the sun or overhead lighting), which means that
brighter parts of objects are usually perceived as facing upward, while darker parts are perceived as
facing down (Kleffner & Ramachandran 1992). However, this assumption is malleable: Exposing
observers to scenes in which light consistently comes from a different direction changes the visual
system’s expectations and, therefore, the perception of object shape (Adams et al. 2004).

5. RESOLUTION OF AMBIGUOUS REPRESENTATIONS FOR HOLISTIC
OBJECTS OR FOR THE OBJECTS’ FEATURES?

The result of ambiguity resolution is typically the perception of objects and other coherent scene
elements, each of which has a complete set of features (e.g., size, location, color, orientation, di-
rection of motion). A fundamental question is whether perceptual resolution of ambiguity occurs
for such coherent units or, instead, whether particular features can be disambiguated individually.

For the case of binocular rivalry (Section 2.3), this question has received substantial attention,
leading to the conclusion that neural competition can occur at several distinct levels of the visual
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system (Blake & Logothetis 2002, Kim et al. 2020, Lee & Blake 1999, Silver & Logothetis 2007,
Zhang et al. 2014; see also Section 4.1). In some cases, perceptual dominance is driven entirely by
signals originating from one eye at a time (eye dominance), which implies that neural competition
results in a holistic percept based on the dominant eye’s retinal image. Such percepts, however,
are not evidence of competition at the level of coherent units because eye dominance leads to the
same percept regardless of whether dominance is at the level of a coherent object or, instead, at the
level of all of the features composing the object. The phenomenon of eye dominance, therefore,
cannot address this question.

When a coherent global object or scene is presented in a mosaic fashion during rivalry, such
that separate spatial pieces of the object are shown to different eyes, observers may perceive the
coherent global object, implying that a different eye dominates perception in separate retinotopic
zones (Diaz-Caneja 1928; for a translation, see Alais et al. 2000).This reveals that a holistic percept
may drive the localized retinotopic zones where one eye or the other is dominant but does not
answer the broader question of whether visual competition within each zone is at the holistic
object level or at the feature level.

An alternative to eye-based rivalry is resolution of conflict between neural representations of
different stimuli, regardless of their eye of origin (stimulus rivalry) (Bartels & Logothetis 2010,
Brascamp et al. 2020, Logothetis et al. 1996, Pearson & Clifford 2005b, Stuit et al. 2011). Stim-
ulus rivalry can account naturally for some striking examples of dichoptic, rivalrous stimuli that
lead to percepts that integrate some signals from each eye, even within a single retinotopic zone,
implying that ambiguity resolution can take place at the level of individual features. For instance,
one feature, such as the color of a percept, can alternate over time due to rivalrous chromaticities
in the two eyes, while at the same time, the two monocularly presented forms are integrated to
give stereoscopic depth perception (Treisman 1962). A similar result is found with rivalrous di-
choptic orientations or spatial frequencies instead of rivalrous color (Andrews & Holmes 2011).
Furthermore, color competition can accompany stereoscopic depth perception even when identi-
cal (nonrivalrous) chromatic stimuli are presented to the two eyes if rivalry between different hues
is induced by chromatic contrast (Hong & Shevell 2008), showing that stereo depth perception
can accompany the bistability of color that originates at a neural level beyond encoding rivalrous
stimuli.

Conversely, form rivalry can exist while color perception remains stable. A classic report using
two postage stamps with different colors and forms, one stamp presented to each eye, revealed
that the seen forms alternate in perception, while a perceived hue, determined by both stamps’
chromaticities, is stable (Creed 1935). A more modern study with dichoptically presented gratings
that are rivalrous in both orientation and color revealed conditions resulting in a percept with
the orientation presented to one eye and the color presented to the other (Holmes et al. 2006).
Furthermore, with dichoptic orthogonal chromatic gratings that are equiluminant (for instance,
a magenta/gray horizontal grating in one eye and a green/gray vertical grating in the other), the
orientation is perceived to alternate, while the colors from both eyes are seen simultaneously
in separate bars of the grating (e.g., a magenta/green grating alternating in orientation between
horizontal and vertical) (Hong & Shevell 2009). A similar result occurs for rivalrous directions of
motion (clockwise or counter-clockwise) generated by dichoptic rotating windmills of a different
color in each eye: The percept is often a windmill rotating in one eye’s direction but with some
vanes at each of the colors presented to the two eyes (Maloney et al. 2013). In sum, the two eyes’
competing representations of a particular feature canmaintain their distinct neural representations
for later binocular integration despite complete eye dominance for another feature, providing
particularly clear evidence that, at least in the case of binocular rivalry, ambiguity resolution can
take place at the level of individual features.
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6. OPEN QUESTIONS

6.1. How Is Disambiguation Related to Attention and Awareness?

Almost inevitably, one thinks of the disambiguating processes discussed in this review as leading
to perceived interpretations, thus shaping what we consciously see. Does this imply a special re-
lationship between disambiguation and awareness? Is input still disambiguated when it does not
produce a percept, for instance, due to inattention? Existing work addresses these questions, al-
though a consistent picture is yet to emerge. For instance, some stimuli that normally give rise
to bistable perception apparently fail to elicit bistability’s characteristic neural signature when at-
tention is directed elsewhere (Brascamp & Blake 2012, Zhang et al. 2011). This seems not to
apply to other such stimuli, however (Dieter et al. 2016), raising the possibility of bistable pro-
cessing of nonperceived stimuli (Zou et al. 2016). Another relevant body of work concerns surface
segmentation. As an early step on the way from retinal data to interpreted scene, surface segmen-
tation transforms retinal neural signals into representations of regions corresponding to distinct
surfaces and also establishes those surfaces’ depth relations. Segmentation is strongly affected dur-
ing inattention (Mack et al. 1992, Poort et al. 2012, Roelfsema 2006) or lack of awareness of the
distinct regions (Lamme et al. 1998). Nonetheless, some segmentation does occur preattentively
and, indeed, seems to be required to define the units to which attention can be allocated (Driver
et al. 2001, Scholte et al. 2006, Von der Heydt 2004). In sum, work on these topics hints that
disambiguation, attention, and awareness are intertwined, but it cannot yet be said with certainty
whether this is generally the case.

6.2. Is There Optimal Ambiguity for Visual Neural Representations?

Perceptual interpretation limits the possible percepts that we see, even when it does not determine
a unique percept. Depending on the degree of suppression, there may be many different percepts
that reach consciousness (i.e., multistability) or only one, which raises the question of whether
there is an optimal degree of ambiguity. Too little flexibility undermines recognition because dif-
ferent objects can deliver an identical retinal image (Section 2). Too much flexibility may result
in failure to generate percepts with sufficient specificity to be functionally advantageous. Is there
an optimal level of ambiguity for seeing? This question is related to issues raised in the context
of Bayesian theories of perception, according to which representations need to encode not just a
singular judgment as to what is seen, but also a measure of the reliability of this judgment and the
plausibility of alternatives (Ernst & Banks 2002, Fiser et al. 2010, Jazayeri & Movshon 2006).

Studies of language provide a perspective. Linguists have long grappled with ambiguity in
phrases having multiple meanings. (Consider this advice during the COVID-19 pandemic about
leaving one’s house: “No mask is better than staying at home.”) Perhaps surprisingly, some degree
of ambiguity is considered beneficial in language:

First, where context is informative about meaning, unambiguous language is partly redundant with the
context and therefore inefficient; and second, ambiguity allows the reuse of words and sounds which
are more easily produced or understood. (Piantadosi et al. 2012, p. 281)

Ambiguity, therefore, can enhance the efficiency of communication when the role of context
is included. In the no-mask example above, context may lead to the intended meaning that there
exists no mask that protects someone as well as staying at home, rather than that leaving home
without a mask is preferable to not going out at all.Given the importance of context for perceptual
resolution of ambiguity in vision (Section 4), insights from language may be instructive.
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Assuming that both speakers and listeners aim to minimize effort (Zipf 1949), speakers should
prefer the shortest possible utterance (maximal ambiguity) because it takes the least exertion,while
listeners should want a clear and necessarily longer statement with a unique meaning that requires
no effort to work out the speaker’s message (minimal ambiguity). A compromise between speaker
and listener is a degree of ambiguity that improves efficiency. In vision, the neural representation of
a proximal stimulus is the speaker, and the percept (inferred meaning) is the listener. An advantage
of two or more alternating visual percepts from a constant stimulus (bistability), instead of a single
percept, is that viewers experience more than one percept at the same retinal location over a short
period of time, which may have more functional value than a single stable percept that may mask
useful information. At the same time, however, this introduces the cost (or perhaps benefit) of
instilling doubt.

SUMMARY POINTS

1. Perceptual resolution of ambiguity is pervasive in vision because perception requires
constructing three-dimensional object percepts from two-dimensional retinal images
formed by the eyes’ optics (the inverse optics problem) and also because properties of
objects in a scene must be disentangled from the light illuminating them.

2. In the history of vision research, the idea of pervasive ambiguity and its resolution is
famously associated with von Helmholtz’s theory of unconscious inference, but a grad-
ual movement toward that theory can be discerned starting in the seventeenth century
with the recognition of a separation between retinal image and percept. Elements of this
theory are visible even earlier, in the work of Alhazen more than 800 years before von
Helmholtz.

3. Although plurality (the existence of multiple interpretations) characterizes the retinal
impression of many everyday scenes, perceptual resolution is typically so effective and
fast that it precludes doubt (conscious recognition of the existence of alternative inter-
pretations) except in the case of various illusions that lay bare this plurality and provide
ways to study the processes of ambiguity resolution (notably, stimuli causing perceptual
bistability).

4. Studies of binocular rivalry, which causes a form of visual neural competition that can
lead to perceptual bistability, provide insight into the processes of ambiguity resolution
by, for instance, providing evidence that the visual system can, under some circumstances,
disambiguate various features of a scene independently.

5. The visual system resolves ambiguity using various sources of contextual information,
thereby exploiting redundancies in sensory data across space, across time, or across dif-
ferent senses.

6. The idea that ambiguity resolution is central to seeing is fundamental to several modern-
day theories of perception, which frame the neural process of perception as one that
matches inconclusive sensory data to existing knowledge of the world.
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