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Abstract

When image fragments are taken to correspond to the visible portions of a single occluded

object, the object is said to `amodally complete' behind the occluder. Kellman and Shipley

(Kellman, P. J., & Shipley, T. F. (1991). A theory of visual interpolation in objective per-

ception. Cognitive Psychology, 23, 144±221) argued that when the virtual contour extensions

of such image fragments subtend an obtuse or right angle, the contours are `relatable' and

therefore complete. However, edge and surface relatability are neither necessary nor su�cient

for completion to be perceived (Tse, P. U. (1999) Volume completion. Cognitive Psychology).

Evidence is o�ered that completion is not driven directly by image cues such as contour re-

latability, but is driven, rather, by intermediate representations, such as volumes that are

inferred from global image cue relationships. Evidence suggests that several factors, none of

which is necessary for amodal completion to occur, contribute to the perceived strength of

amodal completion, including similarity of pattern or substance, proximity, and good volume

continuation or complete mergeability. Two partially occluded volumes are completely

mergeable when they can be extended into occluded space along the trajectory de®ned by their

visible surfaces such that they merge entirely with each other. Mergeability is not measurable

in the image because it describes an inferred relationship among volumes that must themselves

be inferred from the image. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Several authors (e.g., Kanizsa, 1979, 1955; Michotte, Thin�es & Crabb�e, 1964/
1991) have o�ered demonstrations that the visual system links image fragments into
larger regions in a bottom-up or stimulus-driven manner (e.g., Fig. 1(a)). When those
fragments are taken to be the visible portions of an occluded object, the object is said
to `amodally complete' behind the occluder. There has been a great deal of debate
regarding the cues that the visual system uses to determine whether two partially
occluded objects amodally complete into a single object behind an occluder. Broadly
speaking, there have been three types of theories to account for amodal completion:
(1) those that argue that completion occurs when certain conditions are satis®ed
among local image cues, such as contour orientations and junctions, (2) those that
argue that completion occurs when certain conditions are satis®ed among global
image cues, such as symmetry, regularity, or simplicity of form or pattern and (3)
those that argue that completion occurs when certain conditions are satis®ed among
internal representations, such as surfaces and volumes, which must be inferred from
image cues.

More speci®cally, theories of type (1) have generally argued that completion oc-
curs because of good continuation (Wertheimer, 1923) among image contours that
terminate at an image tangent discontinuity such as a T-junction (e.g. Kellman &
Shipley, 1991; Takeichi, Nakazawa, Murakami & Shimojo, 1995; Wouterlood &
Boselie, 1992). Type (1) theories are essentially local in nature because the initiating
conditions for contour interpolation are local tangent discontinuities. Initiated
contour interpolations can link up at a distance with other interpolated contours if
they meet the condition of good contour continuation. Theories of type (2) have
challenged the notion that completion takes place because of local cues, such as
contour orientations and discontinuities, and have emphasized instead the impor-
tance of global regularities such as symmetry in the patterns of completing image
regions (e.g., Bu�art, Leeuwenberg & Restle, 1981; Moravec & Beck, 1986; Sekuler,
1994; Sekuler, Palmer & Flynn, 1994; Van Lier, van der Helm & Leeuwenberg, 1994;
Van Lier, van der Helm & Leeuwenberg, 1995). Most type (2) theories emphasize,
global regularities in the inputs to completion processes, whereas others (Attneave &

Fig. 1. Contours are relatable in (a) but not in (b). Amodal completion takes place in (a) but not in (b).
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Arnoult, 1956; Bu�art et al., 1981; Hochberg & Brooks, 1960) emphasize the im-
portance of regularity and simplicity in the outputs of completion processes. Tra-
ditional theories of type (3) have emphasized that amodal completion occurs because
of surface completion on a common depth plane (e.g. Nakayama & Shimojo, 1992;
Nakayama, Shimojo & He, 1995; Nakayama, Shimojo & Silverman, 1989). A more
recent type (3) approach has emphasized the importance of volume completion (Tse,
1998, 1999; Tse & Albert, 1998; Van Lier, 1999; Van Lier & Wagemans, 1999).

These three positions are not mutually exclusive. For example, according to the
account of completion developed here, the visual system uses both (1) local and (2)
global image cues to generate representations of (3) volumes that may occlude one
another under constraint of (2) learned or innate priors that minimize output
complexity. This paper describes empirical evidence for a new type (3) account of
completion (Tse, 1998, 1999) that subsumes the ¯at surface approach as a degenerate
case and emphasizes the importance of surface edges, curved surfaces, surface self-
occlusions, and volumes in completion processes. According to this view, while the
contour relationships emphasized by type (1) theories and global pattern regularities
emphasized by type (2) theories play an important role in amodal completion, they
are not direct cues to amodal completion. Rather, they and other image cues are used
to infer edge, surface, and volume relationships in the world, and completion occurs
at a level where these relationships are analyzed.

2. Contour and surface relatability

Kellman and Shipley (1991) argued that the image projection of partially occluded
regions will amodally complete when their visible contours in the image are `rela-
table'. Contours are relatable when they can be virtually extended so that their in-
tersection subtends a 90° or larger angle in the image. Contours are relatable in Fig.
1(a), but not in Fig. 1(b). Thus, as predicted by Kellman and ShipleyÕs theory of
completion, the two partially occluded bars appear to be a single long bar in Fig. 1(a)
but appear to be two separate bars in Fig. 1(b).

The proposal that completion is based upon contour relatability held broad ap-
peal because one could determine whether contours were relatable just by comparing
contour orientations in the image. A comparison of image contour orientations is the
sort of algorithm that could be implemented in a reasonably straightforward manner
using local operators. This suggested that one of the fundamental sources of image
ambiguity, occlusion, might be overcome in a local and stimulus-driven manner,
without recourse to complex global representations or higher-level knowledge. If
image ambiguity due to occlusion could be overcome in a local, and stimulus-driven
manner, perhaps other types of image ambiguity could also be overcome in this way.
It might then be possible to maintain the reductionistic program of modeling vision
as an entirely stimulus-driven succession of information processing stages over local
cues.

It would indeed be computationally simplest if there were some locally measurable
invariant cue in the image that was always present when the image depicted an
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occlusion scene and was never present otherwise. The visual system could then
search for this occlusion cue and know with certainty that an object was occluded.
Since Helmholtz (1962/1867) many researchers have maintained that image tangent
discontinuities such as T-junctions approximate an invariant cue to occlusion, be-
cause these are always present in images depicting occlusion scenes (Clowes, 1971;
Hu�man, 1971; Kellman & Shipley, 1991; Lowe, 1985; Malik, 1987; Nakayama
et al., 1989; Waltz, 1975). While it is true that T-junctions are generically present in the
image when one surface occludes another surface separated in depth, T-junctions are
not necessarily present in cases of perceived occlusion where one surface conforms to
another (Tse & Albert, 1998). Similarly, it was suggested that contour relatability
might also be an image cue generically present in all images projected from occlusion
scenes (Kellman & Shipley, 1991). But this is also not true. Although contour re-
latability may be a useful cue to completion, it is neither necessary nor su�cient for a
percept of amodal completion to take place (Tse, 1999; compare also Boselie &
Wouterlood, 1992). For example, consider Figs. 2(a) and 2(b) reproduced from Tse
(1999). In Fig. 2(a) completion occurs in the absence of relatable contours, and in
Fig. 2(b), completion fails in the presence of relatable contours. Since the two most
likely candidates for a necessary image cue to occlusion are T-junctions and relatable
contours, and neither is a necessary or su�cient cue, it seems likely that no single
image cue is necessarily present in the image projection of an occlusion scene.
Likewise, there does not appear to be any image cue that is su�cient to infer a re-
lationship of occlusion in the world. Thus a purely local image cue-driven account of
completion is inadequate. Instead, completion should be understood to be a type of

Fig. 2. In (a) amodal completion takes place in the absence of relatable contours or surfaces. In (b)

amodal completion fails in the presence of both relatable contours and surfaces.

168 P.U. Tse / Acta Psychologica 102 (1999) 165±201



perceptual construction. Image cues are used to construct intermediate representa-
tions, and completion takes place over these representations.

Perhaps completion could be based on constructing and relating surfaces without
having to go to a volume level of representation. However, even `surface relatability'
(among surface extensions into 3D occluded space) is neither necessary nor su�cient
for amodal completion to be perceived (Tse, 1999). For example, in Fig. 2(a) there is
amodal completion in the absence of both relatable edges or surfaces. That is, there
are no partially occluded contours or regions (in the image) or edges and surfaces (in
the world) that can be extended along their respective visible trajectories (in the
image or into occluded 3D space, respectively) such that they will link up with other
partially occluded contours, regions, edges or surfaces. Conversely, in Fig. 2(b), both
relatable edges and relatable surfaces can be inferred, yet amodal completion fails,
apparently because a surface cannot belong to two volumes at the same time.

These counter examples to `traditional' contour- and surface-based theories of
completion raise the fundamental question motivating the present investigation. If
contour and region relatability in the image, as well as edge and surface relatability
in the world, are not necessary and not su�cient for completion to take place, might
there be some other more general principle that will allow us to predict when the
visual system will amodally complete partially occluded volumes into whole volumes
and when it will not? The proposed answer to this question for amodally completing
surfaces and volumes is `complete mergeability'.

3. Complete mergeability

An animal whose visual system completed occluded objects solely on the basis of
image contour relatability might make fatal mistakes. Contours can be relatable in
the image yet project from edges or surfaces that are not relatable in the world. Such
a visual system might assume the existence of an occluded object when none was
present, as in Fig. 2(b), or fail to complete a partially occluded object that really was
a uni®ed whole, as in Fig. 2(a), where there are no relatable contours. Similarly, an
animal whose visual system only represented visible surfaces might make fatal mis-
takes because animals must move about and manipulate objects that self-occlude as
well as occlude. For example, a monkey does not only swing from the visible surfaces
of a branch, but must grasp according to the presumed form of the whole branch,
including the occluded far side of the branch. The monkey must therefore have some
internal representation of volumetric extent before it grabs the branch. Since an
occlusion scene is generally comprised of 3D objects, a visual system that determined
occlusion (including self-occlusion) relationships at a level where the spatial prop-
erties of objects are represented would not make such mistakes. In particular, vol-
umetric extent and surface layout information for partially occluded objects is
necessary to determine the extent and surface layout of the whole occluded object.
For ecological reasons, it would behoove the visual system to use image cues to
generate internal representations of volumes in order to determine the occlusion
relationships that may exist among the volumes of the world.
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In Tse (1999) it was argued that amodal completion takes place when partially
occluded volumes are completely mergeable. `Volume', by de®nition, means a
bounded and uniformly connected enclosure such as a surface plus the inside space
that it encloses. `Complete mergeability' means that the virtual volume extension of a
partially occluded volume can completely merge behind the occluder with the virtual
volume extensions of volumes partially occluded by the same occluder. More spe-
ci®cally, `complete mergeability' means that the unbounded surface and inside of a
volume (or the interior of a ¯at surface in the degenerate case) can be extended into
occluded space along the trajectory de®ned by its visible surfaces as they head under
the occluder such that this unbounded volume extension merges entirely with other
unbounded volume extensions. This can be thought of as `good volume continua-
tion', as opposed to good contour continuation. We shall see that several factors
contribute to the strength of mergeability, including the proximity of partially oc-
cluded volumes, and the relative orientation of virtual volume extensions. How
volume extensions behind an occluder merge will be explored in greater detail after
several examples of amodal completion over volumes have been considered.

It must be stressed at the outset that complete mergeability, in contrast to contour
relatability, is not measurable in the image and is not an image cue. This is because
there are no volumes in the image. Volumes and their surfaces are inferred entities
that must be constructed based on image cues. Complete mergeability is itself an
inferred relationship among inferred entities derived from the image on the basis of
various image cues to volume.

Fig. 3 depicts some examples of complete and incomplete mergeability for the de-
generate case of surfaces that do not enclose space because they are ¯at. Since the
principle of complete mergeability applies to both this degenerate domain and
the more general domain of volumes, ¯at surfaces are depicted here because they are
the traditional type of example used when discussing amodal completion and may be
more familiar to the reader. Some corresponding demonstrations for the volume
domain will be given later. The (a) side of this ®gure depicts the information
available in the image. The (b) side depicts the type of information that might be
inferred by the visual system given (a).

When a surface is partially occluded it can continue behind the occluder because it
is unbounded and can link up behind the occluder with other unbounded surfaces
(Nakayama et al., 1989, 1995; Nakayama & Shimojo, 1992). When there is only one
unbounded surface as in Fig. 3(1a), that surface may extend, at least in potentia,
under the occluder for some distance, as depicted in 3(1b). For the degenerate case of
¯at surfaces, the trajectory of the surface into occluded space is speci®ed by the depth
and trajectory of visible edge extensions into occluded space, providing overlap with
traditional theories based on good contour continuation.

When a surface extension behind an occluder meets another surface extension
such that their edges exactly coincide, as in Fig. 3(2b) or Fig. 3(6b) the probability
that partially occluded surfaces will be perceived to complete is high because both
extensions completely merge with the other. When a surface extension behind an
occluder meets another surface extension such that some part of it does not merge
with this other extension, it is `partially unmergeable' with this other extension.
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Fig. 3. Column (a) shows examples of occlusion, and column (b) shows how the partially occluded visible

surfaces might extend into occluded space. In (1) the extension has nothing to link up with. Its extent is

unspeci®able and may attenuate with distance. The traditional case of an amodally completing bar is

shown in (2). Both contours are relatable and both bars are completely mergeable with one another in (2)

and (6). In (3) complete mergeability fails both ways. In (4) and (5) complete mergeability is satis®ed for

the small bar, but is not satis®ed for the large bar.
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When an extension is partially unmergeable the extent of the unmerged portion
behind the occluder is not determined. This is indicated in Fig. 3 with arrows and
question marks. If two surface extensions meet such that both are partially un-
mergeable with the other, as in Fig. 3(3b), completion will generally fail, although
this is a probabilistic claim, and the probability that completion will fail increases to
the extent that complete mergeability is not satis®ed. If only one extension is par-
tially unmergeable, but the other is completely mergeable, as in Fig. 3(4b) and Fig.
3(5b), then completion will generally be perceived, albeit perhaps less compellingly
than in cases where complete mergeability is satis®ed both ways, as in Fig. 3(2a).

Amodal completion is not an all or nothing a�air. For example, completion in
Fig. 3(2a) may appear stronger than completion in Fig. 3(4a). If extensions behind
an occluder attenuate with distance, it would seem reasonable to predict that the
perceived strength of amodal completion will decrease with increases in the width of
the intervening occluder. It would also seem reasonable to predict that the strength
of perceived amodal completion will depend on the degree to which complete
mergeability is satis®ed. One might also wonder whether the length of the visible
portions of a partially occluded surface has some in¯uence on the degree to which it
can extend into occluded space. These basic and preliminary issues were tested in
Experiments 1 and 2 using stimuli from the traditional domain of ¯at surfaces.

4. General method: Experiments 1, 2, 4 and 5

Experiments 1, 2, 4 and 5 in this paper are actually the interleaved conditions of a
single two alternative forced choice experiment run on 20 naive observers who had to
respond whether two non-adjacent image regions appeared to amodally complete
behind an occluder. Each observer was told: ``Please decide whether there appears to
be a single object behind the gray occluder or two separate objects behind the oc-
cluder. You may be able to see some stimuli either way. In this case, please respond
according to which of the two percepts seems stronger to you. Indicate your percept
by writing the ®rst letter of your ®rst name on the back of those sheets where the
partially occluded regions appear to link up as a single object. Make no mark on the
back of the sheet when the ®gure appears to be comprised of two separate occluded
objects. Make your perceptual decision before turning the page, since other ob-
servers' marks may or may not be on the back of the page, and we do not want you
to be biased by other observers' responses''. Results were tallied by adding up the
marks on the back of each page after all 20 observers had run.

Observers sat in a chair at a table and viewed the stimuli at rest on the table at a
viewing distance of approximately 57 cm. Each trial consisted of a single gray scale
image printed in the center of a standard 8.5 in. ´ 11 in. piece of white paper. The 178
trials for Experiments 1, 2, 4 and 5 were randomly interleaved. They were ran-
domized by the author by blind shu�ing the stimuli for 5 min before presenting the
entire set of stimuli to each new observer. The author shu�ed the stimuli by turning
the stack of 178 sheets so that the side with the stimuli lay face-down. He then di-
vided the stack into 20 piles of approximately equal numbers of sheets and then
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recombined these small stacks into a single large stack by picking them up in arbi-
trary order. This shu�ing procedure was performed at least twice for each observer.
The observer ran through 178 trials on 178 pieces of paper in a single sitting of
approximately 30 min by ¯ipping through the unstapled pages at his or her own
pace. The observer could view each trial for as long as necessary though most ob-
servers took no more than a few seconds per trial to make a perceptual decision
about amodal completion. The data will be described below separately as if they
were separate experiments, since, at least in concept, they were. This `interleaved'
design was used so that new types of stimuli considered here would be judged in the
context of traditional examples of amodal completion. The results of this experiment
for the traditional domain will serve as a benchmark against which we can judge the
strength of amodal completion in later experiments involving partially occluded
volumes.

5. Experiment 1: testing contour relatability

This experiment tested the traditional claim that contour relatability is an im-
portant cue to amodal completion and also tested the possibility that the length of
partially occluded visible surfaces contributes to the likelihood of amodal comple-
tion. Length was considered here to determine whether global factors play a role in
this traditional domain, since global factors seem to play an important role in the
volume domain, as suggested by Figs. 2(a) and 2(b).

5.1. Methods

Trials were randomly interleaved with those of Experiments 2, 4 and 5 as de-
scribed above. A standard rectangular occluder (2.50 ´ 14.00 cm2) and partially
occluded bars of four lengths (1.00 ´ 0.62, 1.00 ´ 1.25, 1.00 ´ 2.50 and 1.00 ´ 5.00 cm2)
were tested, as shown in Fig. 4. Four bar lengths were tested in order to test the
possibility that the longer the `relating' visible bars, the stronger the percept of
completion might be. The position of the left bar was held constant across trials. The
position of the right bar for each bar length was varied around coalignment with the
left bar, as shown in Fig. 1. Positions tested for the right-hand bar were 0.15, 0.30,
0.45, 0.60, 0.75, 0.90, 1.05, 1.35, 1.95 cm away from principal (central) axis co-
alignment in both the upward and downward directions. Including the coaligned
position there were 19 positions tested per condition. The amount of displacement
between bars shown for the 4x case was the same used in the 1x, 2x and 8x bar length
cases, respectively.

5.2. Results and discussion

When the left and right bars were coaligned, amodal completion was at or near
100% for all four bar lengths, as would be expected purely on the basis of contour or
edge relatability. As the bars deviated from coalignment, the percentage of observers
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who reported seeing the two bars amodally complete fell o� rapidly to approxi-
mately zero. The data for the four bar length conditions was tested to see whether
the four sets of bar length data shown in Fig. 4 were statistically drawn from a
common population or a di�erent population of scores. Two v2 tests were per-
formed on the data. The ®rst compared observed versus expected percentages for the
central 13 displacements along the x-axis. The data for the three displacement values
at either end of the x-axis were discarded because all curves in these outlying regions
seemed to lie in the neighborhood of 0%, and any di�erences between conditions
would be most detectable in the region of small displacements away from coalign-
ment. The result of the v2 test was equal to 21.5, which at 36 degrees of freedom
(d.f.), was far from signi®cant. A second v2 test was performed by examining only
data for the central nine displacement values, since these were judged to be the
region where a signi®cant di�erence, if there was one, might be found. The result of
this v2 test was equal to 10.3, which at 24 d.f., was also far from signi®cant. The null
hypothesis that all data points were drawn from a common population of scores
could therefore not be rejected. Thus the length of the bars did not play a signi®cant
role in determining whether observers would report the bars to amodally complete
in these con®gurations. It would seem that only the alignment of partially occluded
edges in the immediate neighborhood of the occluder were used by amodal com-
pletion processes.

Fig. 4. The y-axis indicates the percentage of subjects who saw the con®gurations shown on the x-axis as

amodally completing. Right-hand extensions were varied around coalignment (center case). Four bar

lengths were tested. The displacement around coalignment was the same for each extension length.
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6. Experiment 2: measuring the e�ect of occluder width

This experiment examined whether the width of the occluder plays a role in
amodal completion as predicted by the idea that surface extensions into occluded
space attenuate with distance, as depicted in Fig. 3(b). If the strength of extensions
attenuates with distance, we would expect the likelihood of amodal completion to
decrease with increasing occluder width, holding the amount of bar displacement
from coalignment constant.

6.1. Methods

Trials were randomly interleaved with those of Experiments 1, 4 and 5, as de-
scribed above. Three rectangular occluders were used for each bar displacement
value. The widths were 1.25 ´ 14.0, 2.50 ´ 14.0 and 5.00 ´ 14.0 cm2. Only a single bar
length of 1.00 ´ 0.62 cm2 was tested, as shown in Fig. 5. The 2x width case here was
the same as the 1x bar length case of Experiment 1, and the same data is shown in
Fig. 5 for this case. The position of the left bar was held constant across trials. The
position of the right bar for each bar length was varied around coalignment with the
left bar, as shown in Fig. 5. Positions tested for the right-hand bar were 0.15, 0.30,
0.45, 0.60, 0.75, 0.90, 1.05, 1.35, 1.95 cm away from coalignment in both the upward

Fig. 5. The shortest length horizontal extension shown in Fig. 4 was tested over three occluder widths.

Displacements of the right extension relative to the left one are the same for all occluder widths. The

position of the left extension was held constant.
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and downward directions. Including coalignment, there were thus 19 tested positions
per condition. The same amount of displacement was used for all occluder width
levels.

6.2. Results and discussion

Again, when the left and right bars were coaligned, amodal completion was at or
near 100% for all three occluder lengths, as would be expected purely on the basis of
contour relatability. As the bars deviated from coalignment, the percentage of ob-
servers who reported seeing the two bars amodally complete fell o� rapidly to ap-
proximately zero. The data for the three occluder width conditions was tested to see
whether the three sets of occluder width data shown in Fig. 5 were statistically drawn
from a common population or a di�erent population of scores. Two v2 tests were
performed on the data as in Experiment 1. The ®rst compared observed versus ex-
pected percentages for the central 13 displacements along the x-axis. The result of the
v2 test was equal to 13.3, which at 24 d.f., did not reach signi®cance. A second v2 test
was performed by examining only data for the central nine displacement values. The
result of this v2 test was equal to 8.5, which at 16 d.f., was also not signi®cant. Thus
occluder width does not appear to play a signi®cant role in determining whether
observers report the bars to amodally complete, at least for the con®gurations
considered here.

In general the data from Experiments 1 and 2 support the traditional view that
amodal completion is strongly dependent on contour relatability in the image or
edge relatability in the world. Note, however, that contour relatability is confounded
in this stimulus con®guration with complete mergeability. That is, extending the
interiors of the two partially occluded bars (rather than just their contours) along the
trajectory de®ned by their visible contours, will lead to a complete merging of those
interiors. In order to test whether complete mergeability makes a contribution to
amodal completion that is independent of contour relatability, stimuli that satisfy
complete mergeability but lack contour relatability were constructed for Experi-
ments 3, 4 and 5.

7. Experiment 3: isolating complete mergeability

The null result of Experiment 2 is perhaps surprising because it seems unlikely
that extension strength would continue unabated with distance. If the occluder were
many times wider than the 4x width tested, perhaps the likelihood of amodal
completion would decrease. This null result may be due to a variety of factors. First,
the strength of an extension behind an occluder may only fall o� beyond a certain
threshold of distance and the occluder widths tested in Experiment 2 were insu�-
cient to probe this. Second, the visual system may be highly sensitive to coaligned
contours even over large visual angles. Perhaps if observers had to respond to
stimuli that lacked coaligned contours their responses would better re¯ect the pre-
sumed attenuation of surface extensions behind an occluder. Lastly, the two alter-
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native forced choice method used in Experiments 1 and 2 may not be a su�ciently
sensitive experimental paradigm to probe the perceived strength of amodal com-
pletion. Perhaps observers set a low threshold for saying that they perceived amodal
completion. A more sensitive experimental paradigm might therefore be a task
where observers rate the perceived strength of amodal completion among stimuli
that lack coaligned visible contours. This is the paradigm used in the present
experiment.

While it is possible to `will' to see amodal completion between the rectangle and
triangle in Fig. 6, this appears to be a fairly low probability con®guration, as will be
demonstrated in this experiment. We can imagine the unbounded sides of the
rectangle and triangle extending into occluded space at a common `rate'. In order
for the rectangle in Fig. 6 to merge with the triangle it would have to extend far
enough to merge with the triangle `before' the triangle closed at the point de®ned by
the intersection of its two unbounded contour extensions. While there are no
grounds to assert that the visual system propagates surface extensions over space
and time in this manner, this might o�er a reasonable rule of thumb for estimating
the strength of perceived amodal completion. Con®gurations where one partially
occluded surface can close up `before' another unbounded surface extension can
merge with it may be con®gurations where amodal completion is weak if it is per-
ceived at all.

Fig. 6. Amodal completion between the partially occluded triangle and rectangle may appear weak here if

it takes place at all.
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In Fig. 7(a), amodal completion may appear to take place more compellingly than
in Fig. 6(a). This may be because the rectangle can merge with the triangle of Fig.
7(a) `before' it closes up, whereas this is not true for the triangle of Fig. 6(a),
assuming a common rate of extension. If the two surfaces extended behind the oc-
cluder at the same rate they would meet at approximately the con®guration depicted
in Fig. 7(b). If they extended at di�erent rates, such that the rectangle extended
`faster' than the triangle, the con®guration might look something like Fig. 7(c).
While this is not an impossible solution, it may be less probable than the solution
shown in Fig. 7(b).

Fig. 7(a) might undergo amodal completion more compellingly than Fig. 6(a) for
another reason as well. The deepness of the concavity where the triangle's presumed
extension meets the presumed extension of the rectangle is greater in Fig. 6(a) than
in Fig. 7(a). Several authors (e.g. Ho�man & Richards, 1984; Ho�man & Singh,
1997) have suggested that we divide objects into parts at points of deep concavity
along the bounding contour, and that the likelihood of dividing objects into parts
increases with the deepness of the concavity where a potential part meets the whole.
Thus, at least two possible mechanisms may account for why Fig. 7(a) appears to
undergo amodal completion more readily than Fig. 6(a). This experiment will show
that both factors make signi®cant contributions to the perceived strength of amodal
completion.

7.1. Methods

Eight naive observers viewed the stimuli shown in Fig. 8. The stimuli were
comparable in size to those used in previous experiments, and each of the 24 con-
®gurations used was printed in gray scale in the center of an 8.5 in. ´ 11 in. piece of
paper as in Experiments 1, 2, 4 and 5. Three occluder widths were tested. The widths
were 1.30 ´ 11.50, 2.60 ´ 11.50 and 3.90 ´ 11.50 cm2. The size of the left-hand bar was
held constant at 2.7 ´ 4 cm2 and its position was held constant at the center of the left
side of the occluder. The black surface on the right side of the occluder was drawn so
that it might be the visible portion of an isosceles triangle. Moving from left to right
in Fig. 8, the common angle of the visible portions of the isosceles triangle was 90°,
81°, 78°, 73°, 60°, 50°, 40° and 30°. The width of the visible portion of the virtual
isosceles triangle was held constant at 4 cm. Stimuli were randomized by blind
shu�ing the papers for 1 min for each new observer. Each trial consisted of a single
page. Observers viewed the stimuli at a table from a viewing distance of approxi-
mately 57 cm. Instead of performing a two alternative forced choice task as in the
other experiments in this paper, observers responded by assigning an integer between
0 and 10 corresponding to the perceived strength of amodal completion for each
trial. 10 was assigned if the triangle and rectangle de®nitely appeared to be a single
object behind the occluder. 0 was assigned if they de®nitely appeared to be two
di�erent partially occluded objects. On each of the 24 pieces of paper was written a
number between 1 and 24. Observers recorded their response next to the corre-
sponding number on a separate sheet of paper that had the numbers 1 through 24
printed on it corresponding to the 24 trials.
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Fig. 7. Amodal completion in (a) may appear stronger than in Fig. 6 for reasons described in the text. If

the surfaces extend into occluded space at the same `rate' they might merge as in (b). If they extend at

di�erent rates they might merge as in (c).

P.U. Tse / Acta Psychologica 102 (1999) 165±201 179



F
ig

.
8

.
A

ll
st

im
u

lu
s

co
n

®
g

u
ra

ti
o

n
s

u
se

d
in

th
e

ex
p

er
im

en
t

a
re

sh
o

w
n

b
el

o
w

th
e

g
ra

p
h

.
T

h
e

ra
w

sc
o

re
o

b
ta

in
ed

fo
r

ea
ch

st
im

u
lu

s
is

sh
o

w
n

to
it

s
lo

w
er

le
ft

.
T

h
e

w
h

it
e

ci
rc

le
,

g
ra

y
tr

ia
n

g
le

a
n

d
b

la
ck

sq
u

a
re

in
d

ic
a

te
st

im
u

li
in

th
e

to
p

,
m

id
d

le
a
n

d
b

o
tt

o
m

ro
w

,
re

sp
ec

ti
v
el

y
.

S
ta

n
d

a
rd

er
ro

rs
a
ro

u
n

d
th

e
m

ea
n

fo
r

Z
-s

co
re

s
a
re

in
d

ic
a
te

d
b

y
th

e
to

p
a

n
d

b
o

tt
o

m
p

o
in

ts
o

f
th

e
ci

rc
le

,
tr

ia
n

g
le

a
n

d
sq

u
a
re

.

180 P.U. Tse / Acta Psychologica 102 (1999) 165±201



7.2. Results and discussion

Normalized scores are shown in the graph in Fig. 8. Z-scores are shown in the
®gure because observers utilized the 0 to 10 scale di�erently. The white circles, gray
triangles and black squares correspond to the thin, medium and wide occluder cases
respectively. The top and bottom of each white circle, gray triangle, or black square
in the graph indicate the locations of one standard error around the mean.

An ANOVA (total d.f.� 191, error d.f.� 98) was performed on raw scores that
considered up to two-way interactions among factors. Factors that absorbed vari-
ance were triangle shape (TS), observers (Ob) and width (W) of the occluder. Av-
erage raw scores are shown to the lower left of each case in Fig. 8. F(7,98) for the Ob
factor was 14.78 (p < 0.0001). F(7,49) for the TS factor was 27.82 (p < 0.0001). Thus,
as we move from left to right along each row, the likelihood that an observer will
report the partially occluded black triangle and rectangle to amodally complete
behind the occluder into a single object behind the occluder decreases signi®cantly.
This `column e�ect' might be due to at least two factors. First, as we move from left
to right, the sharpness of the deep concavity that the extension of the partially oc-
cluded triangle makes with the extension of the partially occluded rectangle in-
creases. Second, as we move from left to right along each row, the extension of the
partially occluded triangle closes into a triangle further towards the right-hand side
of the occluder. We can test for the relative contributions of these two possible
causes of the column e�ect by comparing the three rows.

For each column comprised of the three cases where the triangle has a given
visible angle, the angle of the concavity made by the extension of the triangle with
the extension of the rectangle remains constant. However, as we move from the top
(white circle) row down to the bottom (black square) row, the extension of the
partially occluded triangle closes further to the right because the occluder is greater
in width. For example, in stimuli with a white background in Fig. 8, the virtual
triangle extension would close beyond the left side of the occluder and therefore
de®nitely merge with the rectangle. In the cases with a dotted background, the tri-
angle extension would close behind the half of the occluder closer to the visible
portion of the partially occluded rectangle. In the cases with a uniform gray back-
ground, the triangle extension would close behind the half of the occluder closer to
the visible portion of the partially occluded triangle. (In fact, all stimuli were shown
on a white background). If `speed of closure' makes a signi®cant contribution to the
perception of amodal completion we would expect there to be a `row e�ect', such
that the wider the occluder the less likely amodal completion would be perceived for
a given column. F(2,14) for W was 8.48 (p� 0.0039).

Only one of the three two-way interactions among the factors reached signi®-
cance. F(49,98) for Ob ´ TS was 2.99 (p < 0.0001). Interactions that did not reach
signi®cance were as follows. F(14,98) for Ob ´ W was 1.65 (p� 0.078), and F(14,98)
for W ´ TS was 1.40 (p� 0.166). Thus observers utilized the subjective scale signi®-
cantly di�erently for the column e�ect, but not for the row e�ect.

This experiment shows that complete mergeability makes a contribution to the
percept of amodal completion that is not reducible to an e�ect of contour
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relatability. Moreover, it shows, in contradiction to the null result of Experiment 2,
that occluder width and/or `speed of closure' makes a signi®cant contribution to the
perceived strength of amodal completion.

8. Experiment 4: complete mergeability in the absence of coalignment

Coaligned bars of the same width, such as the center cases in Experiments 1 and 2,
have both completely relatable contours and are completely mergeable with one
another. Coaligned identical bars thus do not provide a crucial test between the
predictions made by the principles of complete mergeability, on the one hand, and
image contour relatability, on the other. In Experiment 3, column 1 of Fig. 8 con-
sisted of bars of two di�erent widths. Amodal completion was perceived to a high
degree despite the absence of relatable contours. Since this con®guration satis®es the
principle of complete mergeability in the absence of relatable contours, it seems that
complete mergeability can give a more general account of amodal completion than
can contour relatability. However, the three examples in the ®rst column of Fig. 8 are
nonetheless coaligned, because they share a common principal or central axis. If the
principle of complete mergeability is correct, even when the principal axes are not
coaligned, completion should take place as long as at least one of the bars is com-
pletely mergeable with the other. This experiment shows that this is indeed the case.

8.1. Methods

The stimuli used in this experiment were randomly interleaved with the stimuli
used in all experiments except Experiment 3. The occluder was the same as that used
in Experiment 1 (2.50 ´ 14.00 cm2). The position of the left bar (1.00° ´ 2.50°) was
held constant at the center of the left side of the occluder, while the right-hand bar
(3.70 ´ 2.50 cm2 or 1.85 ´ 2.50 cm2) was varied in distance from the center of the right
side of the occluder. Positions tested for the right-hand bar were 0.15, 0.30, 0.45,
0.60, 0.75, 0.90, 1.05, 1.35, 1.95 and 2.55 cm away from the center of the right side of
the occluder.

8.2. Results and discussion

The data for the case where the right-hand bar is 3.70 ´ 2.50 cm2 are shown in Fig.
9. Those for the case where the right-hand bar is 1.85 ´ 2.50 cm2 are shown in Fig. 10.
In both cases the left-hand bar can undergo complete mergeability with the right-
hand bar as long as the upper (lower) edges of both bars are relatable to one another.
These points are indicated with arrows in both Figs. 9 and 10. Note that all positions
between these two extremes were seen to amodally complete by a majority of ob-
servers. Complete mergeability follows because the left-hand bar's interior can fully
merge with that of the right-hand bar, even in the absence of contour or edge re-
latability. Once the left-hand bar's upper (lower) edge gets above (below) that of the
right-hand bar's upper (lower) edge, extending the left-hand edge to the right would
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not lead to a complete merging of all the left-hand bar's interior with that of the
right-hand bar's interior.

Note that complete mergeability only works here for the left-hand bar; Extending
the right-hand bar to the left does not lead to a complete merging of its interior with
that of the left-hand bar's interior. This does not eliminate the possibility of amodal
completion since it only appears necessary that complete mergeability work in at
least `one direction'. Stimuli to the left of the left arrow or to the right of the right
arrow failed complete mergeability both ways. Not surprisingly, the percentage of
observers who reported seeing a single object behind an occluder in these con®gu-
rations was close to zero. When both bars' edges are entirely aligned on top and
bottom, complete mergeability works in both directions, and may account for the
greater strength of perceived amodal completion in the traditional cases shown be-
low the central x-axis position in Figs. 4 and 5. While the strength of amodal
completion in Figs. 9 or 10 never reaches the 100% strength found in the case of
perfectly aligned edges or contours shown in Fig. 4, complete mergeability appears
to make a contribution to amodal completion that is not reducible to contour re-
latability. Indeed, contour relatability appears to fail to generate a percept of amodal
completion when complete mergeability fails. For example, when the upper contour
of one bar is relatable to the lower contour of another, as in the second 4x case from
the left in Fig. 4, amodal completion is not perceived. Thus, amodal completion is

Fig. 9. Amodal completion in the absence of contour relatability takes place because of complete

mergeability. The arrows indicate stimuli where there is both partial contour relatability and complete

mergeability. All stimuli between the arrows are mergeable from left to right.
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perceived when there is complete mergeability in the absence of contour relatability,
but amodal completion is not perceived when there is contour relatability in the
absence of complete mergeability. This suggests that surface or volume mergeability
rather than contour (or edge) relatability is the more fundamental principle gov-
erning amodal completion over surfaces and volumes.

It could be that contour or edge relatability would enhance a percept of amodal
completion given that the principle of complete mergeability is satis®ed. Note, for
example, that more observers reported a percept of amodal completion in the case in
Fig. 9 indicated with the right-hand arrow. In this case the lower contours of both
the wide and narrow partially occluded bars coalign. However, this did not hold true
for the case indicated by the left-hand arrow. Moreover, there was no apparent
contribution of contour relatability above and beyond that made by complete
mergeability in the two corresponding cases indicated with arrows in Fig. 10.
Overall, then, it does not seem that contour relatability enhances the strength of
completion, although it may do so weakly.

9. Experiment 5: complete mergeability in the volume domain

The examples shown in ®gures up to this point have involved amodal completion
between ¯at surfaces that appear to lie at the same depth. The examples described in

Fig. 10. The same experiment as shown in Fig. 9 was carried out with a narrower right-hand extension. All

stimuli at and between the arrows are mergeable from left to right.
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Experiment 5, shown in Figs. 11±13, are drawn to appear volumetric. That is, their
surfaces appear to enclose space. Thus, in the volume domain complete mergeability
can refer not only to the merging of the interior regions of surfaces, as in previous
experiments, but also to the merging of the insides of a volume (Tse, 1999).

9.1. Methods

These stimuli were randomly interleaved with the stimuli for Experiments 1, 2 and
4. The dimensions of the occluder used for the data set shown in Fig. 11 was
1.25 ´ 13.20 cm2 The width of the left-hand `peg' was 1.60 cm at its widest, and the
right-hand peg was 3.60 cm wide at its widest. The height of the left-hand peg was 1.4
cm and of the right-hand peg was 2.2 cm at its highest. The position of the left-hand
peg remained ®xed at the center of the left-hand side of the occluder for all trials. The
position of the right-hand peg was displaced from the center of the right side of the
occluder by 0.00, 0.35. 0.71, 1.17, 1.68 and 2.20 cm in the upward and downward
directions for a total of 11 trials.

Fig. 11. The visible portions of the partially occluded surfaces appear to be volumetric pegs. All stimuli at

and between the arrows are mergeable from left to right.
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The six stimuli shown in Fig. 12 consisted of identical left-hand and right-hand
portions of a partially occluded `worm'. Both portions were moved up and down
around the center of the `pole' as shown in the ®gure.

The ®ve stimuli shown in Fig. 13 consisted of a drawing of a cylinder whose front
surface was 14 cm high and 2.4 cm wide. The position of the left-hand blob was ®xed,
while that of the right-hand blob was varied as shown in the ®gure.

9.2. Results and discussion

The case shown in Fig. 11 replicates the ¯at surface examples of Experiment 4,
except that the amodally completing image regions are drawn as silhouettes that
evoke a percept of cylindrical pegs for most observers. Amodal completion here
seems to occur with roughly the same strength as in the ¯at surface examples of Figs.

Fig. 12. The percentage of subjects who saw the two halves of the `worm' complete for various con®g-

urations shown along the x-axis.
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9 and 10 even though the left-hand and right-hand pegs cannot have surfaces that lie
at the same depth as each other if they are seen to be volumetric. If the pegs are the
same size, then they must lie at radically di�erent depths. If they are di�erent sizes,
and their principal axes lie at a common depth, then at least some portions of the
larger peg are not completely mergeable with the smaller peg, assuming that the large
peg extends behind the occluder along the trajectory speci®ed by its visible curved
surfaces. However, because of the nature of these stimuli it is possible that the black
visible surfaces in Fig. 11 are still being treated as ¯at rather than curved surfaces.
The following examples, however, force the visual system to treat the visible surfaces
as curved surfaces.

The cases shown in Fig. 12 are further examples of amodal completion in the
absence of relatable contours. Here observers generally reported seeing a `worm'
wrapped around a pole. The worm completes despite quite radical displacements of
the two visible portions of the worm. The worm that completes is considerably
thicker in the rightmost case than in the leftmost. In the second case from the left
in Fig. 12 the contours of the two visible portions of the worm are actually rela-
table as contours. Indeed, for 95% of observers the two portions here were per-
ceived to link up. But the visual system does not seem to link these two contours
up per se, because the resulting single contour would violate complete mergeability.
This follows because the interiors of the two extensions would lie on opposite sides
of that linked contour and therefore fail to merge. Instead, the visual system ap-
pears to prefer to link the two visible portions together as a very thin volume. In
this case the two relatable contours of the two visible portions interpolate a very

Fig. 13. The percentage of subjects who saw the two blobs complete for various con®gurations is shown

along the x-axis.
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thin tube rather than a single contour. Remarkably, even for the leftmost case,
where the contours of the two visible portions of the worm are not relatable, nearly
half of all observers reported seeing the two visible portions interpolate a very thin
tube behind the occluder. For ambiguous cases, this may be because the visual
system tends to assume connectedness as its default, as described in the next
section.

In Fig. 13 it is not possible to treat the visible portions as ¯at surfaces because they
appear to have self-occlusions, and ¯at surfaces cannot have self-occlusions. These
occlude any contours that might have been relatable. This, then, is another example
of amodal completion in the absence of contour relatability. The data in Fig. 13
reveal the remarkable ¯exibility of the amodal completion process. Amodal com-
pletion takes place in each case for most observers despite quite radical displace-
ments of the partially occluded volumes relative to one another along the cylindrical
occluder. Similar displacements in the ¯at surface domain would abolish the percept
of amodal completion, as the data in Fig. 4 make clear. However, here, in the volume
domain, the visual system seems quite liberal in assuming amodal completion. In-
deed, even the extreme ends of this stimulus continuum are perceived to amodally
complete with a higher proportion than the optimal stimulus con®gurations found in
Figs. 9 or 10.

10. Defaults of completion

It may be that the visual system assumes amodal completion as its default, in the
absence of image contour cues that expressly dispel that possibility (Tse, 1999). On
this `connected unless proven disconnected' view, image cues are cues of denial
rather than cues of permission. Such a view would account for the ®nding here that
the interpolated form of the entire volume is very di�erent in each of the ®ve cases
shown in Fig. 13 even though the two amodally completing visible portions are the
same in each case. In Fig. 13 there are no relatable contours or contours that are
partially occluded by the occluder. Therefore, none of the visible contours can act as
cues of permission for amodal completion. As mentioned before, it is possible that
contours could also act as cues of permission if they actively enhanced the perceived
strength of amodal completion rather than just failed to inhibit it. It was noticed in
the discussion of Fig. 9 that where both complete mergeability and contour rela-
tability are satis®ed, contour relatability may have a weak enhancing e�ect on the
perceived strength of amodal completion, although this was not observed in Fig. 10.
Image contours and other cues may therefore serve a dual role, as cues of permission
and cues of denial. The evidence presented in this paper, however, suggests that they
serve primarily as cues of denial.

There can be positive evidence that two image regions correspond to connected
objects in the world and there can be positive evidence that they correspond to
disconnected objects. Positive evidence that two image regions (that abut a common
region projected from their presumed common occluder) correspond to a single
connected object may be any relevant commonality of image information or
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information inferred from image information. Conversely, positive evidence that two
regions correspond to disconnected objects may be any relevant di�erence of image
information or information inferred from image information. In an idealized anal-
ysis, there would be situations where the visual system has no positive evidence that
two things are connected, and there would be other situations where the visual
system has no positive evidence that they are disconnected. The visual system can
make four possible assumptions in these circumstances. (1) When there is no positive
evidence that they are disconnected, assume that they are connected by default. (2)
When there is no positive evidence that they are disconnected, assume that they are

Fig. 14. Image cues can serve as cues of denial or permission for completion. Various possible assump-

tions that the visual system might make in the absence of cues of denial or cues of permission are sche-

matized here and discussed in the text.
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disconnected by default. (3) When there is no positive evidence that they are con-
nected, assume that they are disconnected by default. Or ®nally, (4) when there is no
positive evidence that they are connected, assume that they are connected by default.

An example where there would be no positive contour evidence that they are
disconnected would arise when there are no visible relatable contours in an image
cast from an occlusion situation where even if relatable edges were present in the
world, they would not be visible. This is the situation in Fig. 13, and is shown again
at the top of Fig. 14. A graphic depiction of assumptions (1) and (2) is drawn for this
case. The data in Fig. 13 make clear that assumption (2) is not made by the visual
system.

An example where, at least according to the contour relatability view, there would
be no positive contour evidence that the partially occluded objects are connected
would arise when there are no relatable contours in an image of an occlusion scene,
but where all relevant edges are visible as they head under the occluder. A graphic
depiction of assumptions (3) and (4) is drawn for this case in Fig. 14. Since the visual
system completes as in (3b), obeying one default, but completes as in (4a), obeying a
mutually exclusive default, it should be obvious that completion must be occurring
here on the basis of a type of evidence other than that provided by contour rela-
tability. In particular, mergeability can account for the way completion occurs in all
of these examples. Example (4a) satis®es complete mergeability, so completes,
whereas example (3b) does not, so does not complete.

11. The meaning of mergeability

If `mergeability' were merely de®ned as the ability of partially occluded volumes
to merge behind an occluder, the de®nition would be circular. In order for the term
`mergeability' to have meaning we must specify how partially occluded volumes
extend into occluded space and what relationships must hold between volume ex-
tensions behind an occluder in order for the partially occluded volumes to be
mergeable. It might be thought that the mergeability of volume extensions can be
estimated by the relatability of the principal axes of partially occluded volumes. On
this approximation, principal axes would have to intersect behind an occluder.
Moreover, the likelihood that volume extensions would merge would fall o� as the
angle between the extensions of their principal axes deviated from 180°, in the spirit
of Kellman and Shipley's (1991) de®nition of contour relatability. However, volume
completion behind an occluder seems to be much more ¯exible than this sort of
relatability constraint would allow. For example, the principal axes of most of the
examples in Fig. 9 between the two arrows are not relatable and do not intersect. The
top portion of Fig. 2(a) might not even have a well-de®ned principal axis, yet
completes with the lower portion. Fortunately, we do not need to limit our con-
ception of mergeability to one of intersecting principal axes in order to formalize the
role played by good continuation in the volume domain. We might argue, for ex-
ample, that as the angle between any two intersecting lines running inside and
parallel to the surfaces of their respective virtual volume extensions approaches 180°,
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the percept of amodal completion will be strengthened, and as it approaches 0° it will
be weakened. Or, since the strength of mergeability and amodal completion appears
to be inherently probabilistic in nature, we can formalize the notion of good volume
continuation using the notion of probability distributions or `clouds'. Such clouds
may attenuate with distance behind an occluder and have an oriented core of highest
probability. We can then apply some generalized relatability criterion to this oriented
core.

As Figs. 12 and 13 make apparent, the shape of the occluded volume extensions
depends on the spatial relationship between the two visible partially occluded vol-
umes. Since the shape of a partially occluded volumeÕs extension into occluded space
is not determined solely by the visible portions of that partially occluded volume, we
cannot determine local rules for how volume extensions should continue into
occluded space. Rather, we can say that a visible partially occluded volume is con-
sistent with a multitude of possible volume extensions. The strongest or most
probable ones may be ones that continue visible surfaces and insides along their
visible trajectory into occluded space. But trajectories that involve curving away
from this most likely trajectory may be realized in the volume completion process
in a way that depends on the relative location of completing parts. Since it would be
impossible for the visual system to explicitly represent an in®nity of possible volume
extensions for each partially occluded volume, it appears that a purely bottom-up
approach based on inferring volume extensions from local cues is untenable. Volume
extensions are generated in interaction with global information about the scene,
including information about distal partially occluded volumes. We can assign a cost
to trajectories that deviate from the path most consistent with visible surface or
principal axis curvatures, but we must accept that the completion process is
inherently global and probabilistic. Indeed, even the shape of the occluded regions
of the amodally completed ®gures in Fig. 13 are not precisely perceived (Tse, 1999).

There does not appear to be a simple way of formalizing the notion of
mergeability according to a set rule that is either met or not met. Contour rela-
tability was a rule that unambiguously separated images into those that permit
amodal completion and those that do not. It could be formulated in more or less
straightforward mathematical terms because it described conditions that were to be
met by measurable image entities. In contrast, volumes are not measurable in the
image, and volume extensions and completed forms seem to be inherently am-
biguous and probabilistic in nature. It is natural to want hard and fast `laws' that
describe visual processing, since we wish to describe that processing with maximal
certainty. Unfortunately, no such laws seem possible here because completion
percepts come in degrees, and amodal completion seems to be in¯uenced by
multiple factors (Tse, 1999; see also van LierÕs discussion of fuzzy completion in
this issue). By comparison, most linguists and philosophers of language gave up
the search for necessary and su�cient conditions that would de®ne a word that
speci®es class membership a few decades ago, and instead accepted that boundaries
between classes are inherently probabilistic and ill-de®ned (See, e.g., Wittgenstein's
(1958) discussion of `family resemblances'). For example, in Fig. 13, when the
blobs are close together, as in the central case, completion seems unambiguous.
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However, as the two partially occluded blobs are displaced from one another, the
strength of perceived amodal completion falls o�. At some arbitrarily large dis-
placement all observers would probably agree that completion fails. But there is no
®xed boundary between the class of images that permit amodal completion and the
class that does not. The best we can hope for is a list of the factors that a�ect the
perceived strength of amodal completion, and a weighting of their respective
contributions.

12. Other factors a�ecting completion

Complete mergeability is a more general explanatory principle for amodal com-
pletion over surfaces and volumes than contour relatability, even if it is probabilistic
and non-measurable in nature rather than precise and measurable. However, there
are other factors that contribute to the perceived strength of amodal completion than
mergeability or good volume continuation. For example, in Fig. 15(a) amodal
completion may seem weaker than in Fig. 3(4a) or the central case of Fig. 9 because
the surface properties of the two bars are di�erent. Similarly, amodal completion
may seem weaker in Fig. 15(b) than in Fig. 1(a). Yin, Kellman and Shipley (1997)
have provided evidence that similarity of surface features makes a contribution to
the perception of amodal completion. This ®nding may be due to the fact that

Fig. 15. Amodal completion is weakened if partially occluded surfaces are given di�erent attributes.
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partially occluded volumes are not just enclosures of space, but extended material.
The visual system may be biased to link up partially occluded volumes of a common
substance, and biased against linking up partially occluded volumes of a di�erent
perceived substance. Image regions with di�erent features may entail surfaces with
di�erent properties, and surfaces with di�erent properties are likely to be made of
di�erent material.

If this view is correct, then we would expect the visual system to determine amodal
completion only once shape and material properties had been determined. If the
visual system determines completion at the level of image properties, the rectangles
behind the two cylinders in Fig. 16 should be judged to amodally complete with
approximately equal strength since they have identical image properties. However, if
the shadow is discounted before or during completion, then the rectangle in partial

Fig. 16. Amodal completion appears stronger for the pair of rectangles behind the left-hand cylinder,

suggesting that completion occurs only once surface properties have been determined based on global

factors. In this case shadow information was discounted, allowing the left and right rectangles to have the

same re¯ectance. This is not true for the rectangles in the right-hand case, since there is no shadow here,

and color di�erences must be due to di�erences in re¯ectance.
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shadow might have the same re¯ectance as the rectangle on the left side of the oc-
cluder. In that case, amodal completion should be stronger for the left-hand cylin-
der's case. In a similar drawing ten observers were asked which pair of rectangles
appeared more like a uni®ed object. Of these ten, all reported that the left-hand case
appeared stronger. While more formal experiments need to be done, this again
suggests that completion occurs at a level of information inferred from the image
rather than over image information directly. Indeed, this result suggests that volume
completion occurs after or in concert with a `post-constancy' level of processing
where shadows, illumination, and perhaps image size information has been dis-
counted in order to recover the `true' structure of the world that has generated an
image.

In addition to surface features, the shape of contours clearly in¯uences our per-
cept of substance. Straight contours with sharp corners may tend to look like a
harder material than smoothly curving contours because, in general, only a hard
substance can support such angularity despite opposing natural forces, such as
gravity. Thus, if the contours of the lower portion of Fig. 2(a) are altered so that it
no longer appears to be a ¯owing gel, as in Fig. 17, the strength of the amodal
completion percept may be weakened. Again, of the same ten observers, all reported
that amodal completion was stronger in Fig. 2(a) than Fig. 17.

Several authors have challenged local-cue-driven accounts of completion like
those of Kellman and Shipley (1991) or Wouterlood and Boselie (1992) and tried
instead to explain completion in terms of global regularities in the patterns of

Fig. 17. The strength of amodal completion is weakened if the contours of the lower portion of Fig. 2(a)

are modi®ed so that it and the upper portion appear to be made of di�erent substances.
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completing objects (e.g., Bu�art et al., 1983; Moravec & Beck, 1986; Sekuler,
1994; Sekuler et al, 1994; Van Lier et al., 1994, 1995). While global regularities
may play a role in the decision whether partially occluded objects complete,
amodal completion can take place in the absence of relatable contours, relatable
surfaces, or global regularities, as in Fig. 2(a). This example completes because of
complete mergeability. Nonetheless, the contribution of global geometric or pat-
tern regularities (Van Lier et al., 1994; see Van Lier (1999)) to the percept of
amodal completion can probably not be reduced to or derived from complete
mergeability. In Fig. 18(a) the cross does not appear to amodally complete behind
the gray square (into a small black square with two long `appendages' emanating
from its upper left corner) despite relatable contours and mergeable interiors.
However, in Fig. 18(d), the black region appears to amodally complete more
strongly behind the gray square. There are two possible reasons why the cross
(Fig. 18(a)) may complete behind the occluder less strongly than the case in Fig.
17(d). First, the cross is symmetric. If the symmetry of the cross in Fig. 18(a)
`blocks' amodal completion, this would tell us that symmetry is one type of
regularity in the image that the visual system seeks out and uses to generate a
percept of objects in space. The second reason may be `parallelism'. According to
Lowe (1987) and Albert (1993) the closer that two parallel image contours are, the
more likely that those contours will be regarded as intrinsic to (i.e. as projections
from the edges of) the inferred surface that projects the region lying between the
two parallel contours. It seems that parallelism may be more important than
symmetry in blocking amodal completion here, because in Fig. 18(b), amodal
completion is blocked in the absence of symmetry. Perhaps symmetry and par-
allelism both contribute to the blocking of amodal completion on the basis of
mergeability here.

In general, `vision abhors a coincidence'. According to the `non-accidental
viewpoint assumption' (Barrow & Tenenbaum, 1981; Binford, 1981; Lowe, 1985;
Nakayama & Shimojo, 1992; Richards, Koenderink & Ho�man, 1987; Rock, 1984;
see also Feldman, 1999) the visual system operates as if it were making the as-
sumption that it is not perceiving an object from one of the few `accidental'

Fig. 18. In (a) observers tend to see a cross abutting a square, whereas in (d) amodal completion seems to

take place. In (c) the cross interpretation may `beat' the amodal completion interpretation, whereas in (e)

the opposite may be true. To the extent that amodal completion fails in (b) it may be because of parallelism

rather than symmetry.
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viewpoints from which an object's surface layout is not derivable from its projected
contours and other image cues. But an image is not solely a function of viewpoint.
It is also a function of the arrangement of objects in the world. It would therefore
be more accurate to speak of `accidental images' rather than accidental viewpoints.
An accidental image may be due to either an accidental viewpoint or a coincidental
arrangement of objects in the world. But what counts as a coincidental arrange-
ment for the visual system depends entirely on the types of regularities in the world
that the visual system is looking for. In Fig. 18(a) the visual system must choose
between two coincidences. Either the edges of the black cross exactly coincide with
the edges of the gray square, or, if the black region amodally completes, then the
appearance of a symmetrical cross or parallelism in the image is itself a coinci-
dence. It appears that the coincidence of coinciding edges is less `abhorred' than
the coincidence of symmetry or parallelism, so the abutting cross interpretation
`wins' for Fig. 18(a). However, for Fig. 18(d), the amodal completion interpr-
etation may win because the competing abutment interpretation is weakened by the
lack of symmetry. Similarly, in Fig. 18(c), there may be a tendency to see a cross,
but when symmetry is broken, as in Fig. 18(e), an amodally completing square
interpretation may tend to dominate. By comparing the relative strength of image
cues to object formation using a competition paradigm such as this, it may be
possible to determine the relative importance of the various image regularities
sought out by the visual system. Since there are many types of regularity in an
image, it should not be surprising that many factors a�ect amodal completion, and
that these factors can come into con¯ict. To the extent that they do con¯ict, the
percept may tend to be ambiguous or `¯ippable' between di�erent interpretations,
depending on mental set.

In Fig. 19(a), suggested by Rob van Lier, the global pattern appears to make a
contribution to the percept of amodal completion. Note that here the partially

Fig. 19. If amodal completion occurs in (a) and (b), it occurs in the absence of bilateral symmetry, contour

relatability, and complete mergeability. It may occur because of pattern completion.
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occluded black zigzagged bars satisfy neither contour relatability nor complete
mergeability, yet may appear to complete for some observers. Similarly, in Fig. 19(b)
the (upper) series of circles or discs on either side of the occluder appears to amodally
complete, as does the (lower) pattern of lines on either side of the occluder. Here
what is merging may not be volumes or surfaces, but patterns. Thus, pattern regu-
larities other than the regularity of bilateral symmetry may contribute to the percept
of amodal completion, and may re¯ect the outcome of grouping rather than com-
pletion procedures.

Whereas Fig. 19 demonstrated that pattern completion processes can contradict
edge, surface, and volume cues to completion, other examples demonstrate the op-
posite. Kanizsa (1979), (1955) gave examples where low-level cues to amodal com-
pletion appear to dominate the tendency to complete patterns. Kanizsa's insight can
be extended to the volume domain, as in Fig. 20, where the pattern of short worms or
separate blobs is overridden by stimulus-driven cues to amodal completion over
partially occluded volumes.

This suggests that commonality or di�erence (of form, surfaces, edges, texture,
color, luminance, depth, pattern and substance) may be the most fundamental

Fig. 20. Volume completion overrides the tendency to complete patterns.
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factor determining whether amodal completion takes place or not. Since com-
monality can be determined at various levels (e.g. at the level of color, contour or
volume analysis) it is possible that amodal completion is in¯uenced by similarity
decisions at multiple levels. Context may also play a role at various levels. For
example, if we were to come across two nearby objects in a desert we might assume
that they had something to do with each other simply because there was nothing
else around them that could account for the improbability of their proximity. In a
room full of objects, however, we might assume that they shared no special rela-
tionship, even when they shared the same spatial relationship as they did in the
desert context. The ultimate strength of the amodal completion percept may de-
pend on some interaction among multiple factors and levels of analysis that esti-
mate the probability of a causal or physical relationship among the objects in the
world that have generated inherently ambiguous image cues. However, it must be
noted that the visual system cannot know a priori what should be completed as,
say, just a pattern and what should be completed as a volume. Only by analyzing
all cases of potential amodal completion as potential cases of pattern, surface, and
volume completion, can some cases complete as volumes and others as patterns.
Although the patterns in Fig. 19(b) may not complete as surfaces or volumes, this
does not mean that they were never considered at a level of surface and volume
analysis. As Fig. 20 makes evident, volume completion tends to dominate pattern
completion, suggesting that pattern completion takes place only when no adequate
3D object interpretation is available. When amodal completion takes place over
partially occluded surfaces or volumes, rather than patterns, complete mergeability
must be satis®ed.

13. General discussion

The visual system has evolved to capture biologically relevant information about
the structure of the world. In order to accomplish this end, visual processing must be
constructive in nature. The visual system overcomes the inherent ambiguity of image
information by completing ambiguous or missing information so that completed
information re¯ects the most likely structure of the world. One of the fundamental
classes of image ambiguity that must be overcome in order to determine the shape
and layout of objects in the world is ambiguity due to occlusion and self-occlusion.
Since occlusion happens among 3D objects, it behooves the visual system to analyze
occlusion relationships over internal representations of volumes rather than just
contours, edges or visible surfaces.

Type (1) theories of amodal completion suggested that a percept of amodal com-
pletion is triggered by the existence of local image cues. For example, Kellman and
Shipley (1991) and Wouterlood and Boselie (1992) argued that amodal completion
follows from good contour continuation. Contour relatability, in particular, was an
attractive basis for a theory of completion precisely because contour relatability is a
measurable property of contours in the image. However, contour relatability is neither
necessary nor su�cient for amodal completion to take place (see discussion of Fig. 2).
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Indeed, there does not appear to be any image cue that is necessary or su�cient for
the perception of amodal completion. Type (1) theories of completion are therefore
inadequate. Type (2) theories emphasized the role of global pattern factors in
completion, such as symmetry and regularity. Evidence described here clearly indi-
cates that pattern-sensitive processes contribute to the perceived strength of amodal
completion. Type (3) theories of amodal completion have insisted that image cues
are ®rst used to generate internal representations of surfaces (e.g. Nakayama et al.,
1995) and volumes (Tse, 1998, 1999; Tse & Albert, 1998), and that amodal com-
pletion takes place only at the level where relationships among these internal rep-
resentations are analyzed.

According to the type (3) account of completion developed here, the visual system
uses both (1) local and (2) global image cues to generate representations of (3)
volumes that may occlude one another under constraint of (2) learned or innate
priors that minimize output complexity. According to this view, while the contour
relationships emphasized by type (1) theories and global pattern regularities em-
phasized by type (2) theories play an important role in amodal completion, they are
not direct cues to amodal completion. Rather, they and other image cues are used to
infer edge, surface, and volume relationships in the world, and completion occurs at
a level where these relationships are analyzed. In particular, it was postulated that
the volume extensions of partially occluded volumes must be able to completely
merge in order to complete into a larger volume. Even when a pattern cannot be
completed as a volume, it is likely that it at least gets processed as being potentially a
volume, since the visual system cannot know a priori what to complete as a pattern
and what to complete as a volume. Moreover, volume completion tends to dominate
pattern completion processes (Fig. 20). Thus, amodal completion over volumetric
representations appears to be a central process in the construction of our perception
of the 3D world.

In conclusion, vision involves construction of intermediate internal represen-
tations on the basis of global image information. A basic representational format
of intermediate vision appears to be volumetric form. Higher-level processes,
such as those involved in the determination of occlusion relationships, occur over
these intermediate representations rather than directly over image cues. Com-
pletion processes are inherently probabilistic in nature and are in¯uenced by
multiple factors, including proximity, global context, pattern, similarity of ma-
terial and form, relative orientation, and good volume continuation or merge-
ability.
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