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Due to the movement of our body and objects in our en-
vironment, our visual system is confronted with visual in-
formation that contains objects that are fully visible at one 
moment and partially or totally occluded by other objects 
at another moment. However, both primate and nonpri-
mate visual systems are highly efficient in representing 
and recognizing objects across the variability created 
by occlusion (for completion in nonhumans, see Fujita, 
2001; Kanizsa, Renzi, Conte, Compostela, & Guerani, 
1993; Nagasaka & Wasserman, 2008). Visual completion 
serves as a mediating mechanism, enabling objects to be 
completed behind occluding surfaces and allowing the oc-
cluded object to appear as a single object that continues 
behind the occluder (Kanizsa, 1975; Michotte, Thinès, & 
Crabbé, 1964/1991).

Visual completion processes have been shown to oper-
ate quickly on the basis of bottom-up image information; 
in most situations, higher level cognitive operations are 
not required to infer the shape of an occluded object (e.g., 
Davis & Driver, 1998; He & Nakayama, 1992; Moore, 
Grosjean, & Lleras, 2003; Rensink & Enns, 1998). For 
example, in Figure 1A, observers subjectively experi-
ence an elongated occluded horse, although the percept 
violates the knowledge that such an animal is not pos-
sible in the real world (see Kanizsa & Gerbino, 1982, for 
a similar demonstration). Image cues that support visual 
completion include good contour continuation (Wouter-
lood & Boselie, 1992) and cotermination and T-junctions 
(Rensink & Enns, 1998). Visual completion also has been 
described as the result of interpolating between the vis-

ible segments of occluded objects (Kellman & Shipley, 
1991).

More objective results for potent image-based comple-
tion come from Pratt and Sekuler (2001), who demon-
strated that previous exposure to a scene did not affect 
completion. In their experiments, observers saw a preview 
display containing four rectangles, followed by an oc-
cluder (Figure 1B). When the occluder was present, only 
the ends of the four rectangles were visible, and phenom-
enologically, the display appeared to contain two longer, 
occluded rectangles (not four separated rectangles). Next, 
a peripheral cue summoned attention to the end of one of 
the rectangles, followed by several shapes that appeared 
inside the rectangles. Observers were asked to report the 
identity of the largest shape. Such object-based attention 
tasks reveal faster responses to uncued (or invalidly cued) 
targets appearing at the other end of the cued object than 
to those invalidly cued targets appearing on the other, un-
cued object (Egly, Driver, & Rafal, 1994; Vecera, 1994). 
Pratt and Sekuler showed that an object-based attentional 
benefit based on a completed image was present even 
when observers saw the preview display containing four 
distinct objects. These findings indicate that image cues 
such as T-junctions and colinear lines easily override ob-
servers’ knowledge of four disconnected objects behind 
an occluder.

Although most research on visual completion supports 
a bottom-up view, some findings suggest that later vi-
sual processes can influence completion or the outputs 
of completion processes. Visual memory may comple-
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port the completion of the occluded portion of the object, 
as is widely discussed in the literature. But we highlight 
another possibility beyond completion alone: In addition 
to a completion process, when an object is fully visible and 
later occluded, the occluded portion of the object might be 
maintained in visual memory. (Such maintenance would 
certainly be necessary for an object that became com-
pletely occluded, because no image information would 
exist to support completion.)

Some of the work reviewed above suggests that visual 
memory processes might also help maintain the occluded 
portion of an object. Such maintenance could involve vi-
sually rehearsing information about the occluded portion 
of the object (e.g., Awh, Jonides, & Reuter-Lorenz, 1998) 
or directing spatial attention to the occluded region. We 
focused on spatial short-term memory (SSTM) because of 
the tight linkages between this memory system and both 
spatial attention and spatial rehearsal (see Awh & Jonides, 
2001; Awh et al., 1998). Specifically, we asked whether 
either spatial attention to or SSTM for the locations later 
occupied by the occluded portion of an object would allow 
the object to be maintained behind the occluder, even in 
the face of strong perceptual cues that would alone sup-
port visual completion. That is, can spatial memory pro-
cesses affect the maintenance of an occluded portion of 
an object even when image-based completion cues (e.g., 
T-junctions) remain fully visible?

ment image information in completing occluded objects 
(e.g., Joseph & Nakayama, 1999; Lee & Vecera, 2005). 
We previously demonstrated that objects stored in visual 
short-term memory (VSTM) interfered with visual com-
pletion based on salient image features (Lee & Vecera, 
2005). Observers were presented with four unconnected 
rectangles, each of which had a color patch at its end (Fig-
ure 1B). An occluder appeared and covered the gaps that 
separated the rectangles, allowing the four rectangles to 
be completed into two longer rectangles. However, when 
observers stored the four color patches and rectangles in 
VSTM, there was no evidence of visual completion, even 
though the occluded display provided strong image cues 
for completion. These results suggest that higher level 
cognitive processes such as VSTM can influence visual 
completion. Actively remembering objects that were vis-
ible prior to occlusion can influence completion, allowing 
prior knowledge of the four rectangles to trump image-
based completion cues. VSTM could affect completion 
either by altering completion processes themselves or 
by allowing the memory representation to take priority 
over the perceptual representation based on completion 
processes.

In the present experiments, we investigated the main-
tenance of objects that were initially perceived and later 
occluded. When a previously visible object becomes oc-
cluded, perceptual cues alone (e.g., T-junctions) can sup-
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Figure 1. (A) An example supporting the bottom-up account of visual completion. (B) Displays from Pratt and Sekuler 
(2001) and Lee and Vecera (2005). Each pattern at the ends of the rectangles indicates a different color.



848    lee and Vecera

Each target shape (circle or square) occurred equally often within 
each display.

The memory items that marked the to-be-remembered locations 
were placed randomly in a 6º 3 6º region of display centered around 
fixation; these locations did not overlap with the locations occu-
pied by the rectangles in the preview display. In Experiment 1A, no 
occluded rectangle appeared, and in Experiment 1B, an occluded 
rectangle appeared behind the rectangles that contained the targets 
and distractors.

Figure 2A depicts the sequence of events. A fixation cross ap-
peared for 500 msec, followed by the memory array for 1,000 msec. 
In Experiment 1A, no occluded rectangle appeared, so the two 
task-relevant rectangles appeared for an additional 500 msec. In 
Experiment 1B, the occluded rectangle was presented behind the 
task- relevant rectangles for 500 msec. Next, the cue appeared for 
100 msec, followed by the target and three distractors for 50 msec. 
The target was the single large shape, and observers reported the tar-
get’s identity as quickly and as accurately as possible via a keypress. 
RTs were measured from the onset of the target/ distractor items. 
Participants responded via a keypress with their dominant hand. 
After a response, feedback on the response’s accuracy appeared for 
500 msec. The memory test array appeared after the feedback. On 
half of the trials, the memory test array was identical to the memory 
array; on the other half of the trials, one item changed its location 
to a new, randomly selected location. The observers made an un-
speeded change/no-change response to the memory test.

The participants were given 20 practice trials, followed by 192 tri-
als, with breaks after every 48 trials. The entire experiment lasted 
about 1 h.

Results and Discussion
We analyzed only those trials with correct responses 

for both the target discrimination task and the memory 
task. RTs less than 150 msec or greater than 2,500 msec 
were excluded from the analyses (,1% of trials). Valid 
trials were not analyzed, because they were not theoreti-
cally relevant. However, across all of our experiments, 
the valid condition exhibited shorter RTs than did the in-
valid conditions, replicating the results in previous stud-
ies (Egly et al., 1994; Vecera, 1994). Valid trial RTs and 
accuracy data for the SSTM task appear in Table 1.

Figure 2B shows the accuracy and mean RTs for Ex-
periments 1A and 1B. Both experiments showed shorter 
RTs to targets appearing at the aligned end than at the un-
aligned end: Aligned end targets were discriminated faster 
than unaligned end targets in Experiment 1A [894 vs. 
920 msec; F(1,19) 5 4.79, p , .05, η2 5 .201] and Ex-
periment 1B [866 vs. 889 msec; F(1,19) 5 4.83, p , .05, 
η2 5 .203]. Similar ANOVAs on the error data revealed 
similar results. In Experiment 1A, there was a significant 
error rate difference between aligned end (9.4%) and un-
aligned  end (11.7%) trials [F(1,19) 5 4.78, p , .05, η2 5 
.201]. In Experiment 1B, there was no significant accu-
racy difference between aligned end (9.9%) and unaligned 
end (11.0%) trials [F(1,19) 5 1.78, p . .1, η2 5 .086], 
although the accuracy data paralleled the RT results.

Observers responded more quickly for aligned end 
targets than for unaligned end targets, indicating an in-
tact object-based effect under a spatial memory load. The 
present results demonstrate that SSTM does not affect 
object-based attention in this cued discrimination task and 
that these two tasks can be used simultaneously to inves-

We used a dual-task procedure to investigate the role of 
SSTM in the representation of occluded objects. Observ-
ers viewed displays containing two rectangles, followed 
by an occluder. We measured whether the occluded por-
tion of the rectangles was represented by using an object-
based attention task. Before the preview display, four 
black squares appeared, and observers were instructed to 
remember the locations of these squares. After ensuring 
that SSTM and object-based attention did not interfere 
with one another (Experiment 1), we manipulated the po-
sition of the to-be-remembered locations (Experiment 2). 
The to-be-remembered locations either did not overlap 
or did overlap with the locations of the occluded objects. 
By manipulating the location of the to-be-remembered 
locations, we can determine whether directing SSTM 
processes to the occluded regions of objects affects the 
maintenance of those objects.

The object-based attention task provides a measure of 
how strongly represented the occluded portions of the ob-
jects are; this task also allows for an indirect measure of 
object representation. On the critical trials, after attention 
was directed to one end of a rectangle, a target appeared in 
either the end that was aligned or unaligned with the cued 
end. If the occluded portion of an object was represented 
(i.e., maintained) behind the occluder, we should observe 
strong object-based effects (i.e., shorter reaction times 
[RTs] to targets in the aligned end than to those in the 
unaligned end). Weak representation of the object behind 
the occluder should produce weak or nonexistent object-
based effects.

Because SSTM and attention are tightly linked in 
some tasks (e.g., Awh et al., 1998), we first ensured that 
an SSTM load did not abolish object-based attentional 
effects. In Experiment 1, observers maintained four lo-
cations in SSTM and performed an object-based atten-
tion task on unoccluded rectangles (Experiment 1A) or 
on rectangles in which an “occluder” appeared behind 
the rectangles (Experiment 1B). In both cases, we found 
object- based effects, indicating that an SSTM load does 
not interfere with object-based attentional selection.

ExPERimEntS 1A AnD 1B

method
Participants. There were 20 observers in each experiment. The 

observers were University of Iowa undergraduates who volunteered 
for course credit and had normal or corrected-to-normal vision.

Stimuli and Procedure. Preview displays contained two out-
lined rectangles that measured 1.4º 3 8.8º of visual angle from a 
viewing distance of 60 cm. The rectangles were aligned either hori-
zontally or vertically; the far edge of each rectangle was 4.4º from 
fixation. In Experiment 1B, another occluded rectangle, measuring 
1.9º 3 10.5º, was added to the display to match the effects of an 
abruptly appearing occluder in Experiment 2. The memory items 
were four black squares measuring 0.6º 3 0.6º. The peripheral cue 
highlighted one end of a rectangle with a 0.1º thick line.

For the object-based attention measure, four search stimuli were 
used as a target and distractors, with one shape centered at each of 
the four ends of the rectangles. Three small shapes (0.4º in diameter) 
and one large shape (0.9º in diameter) appeared, and the target was 
the lone large stimulus that appeared among three small distractors. 
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if only image-based cues (e.g., T-junctions) support object 
maintenance, we should find no differences between the 
overlap and no-overlap conditions.

ExPERimEnt 2

method
Participants. The observers were 40 University of Iowa un-

dergraduates who volunteered for course credit and had normal or 
corrected-to-normal vision. Half participated in the no-overlap con-

tigate the role of SSTM rehearsal in the representation of 
occluded objects.

We now ask whether remembering locations that are 
later occupied by the occluded portions of an object al-
lows for stronger maintenance of the occluded object than 
when other locations are remembered. In Experiment 2, 
observers remembered four locations in SSTM, but these 
locations fell away either from the regions occupied by 
occluded objects (no-overlap condition) or within the 
regions occupied by these objects (overlap condition). 
Figure 3A depicts the relative locations of the memory 
items and the occluded objects. Importantly, in both the 
no-overlap and overlap conditions, there are ample image 
cues (T-junctions and colinearity) to support completion. 
If these visible cues alone dictate the representation of the 
occluded portion of the objects, we should find no differ-
ences between the no-overlap and overlap conditions.

In contrast, on the basis of previous studies investigat-
ing SSTM and visual attention (e.g., Awh et al., 1998), 
if SSTM rehearsal influences the maintenance of the 
occluded portions of objects, we should observe larger 
object- based effects when the to-be-remembered locations 
fall within the regions occupied by the occluded objects 
than when they fall away from these locations. In contrast, 
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table 1 
mean Reaction times (Rts, in milliseconds; With Standard 

Errors) and Percentages Correct for Valid Conditions  
and Percentages of Errors (PEs) for the Spatial Short-term 

memory (SStm) task in Experiments 1 and 2

 
RT

 
PE

SSTM 
Accuracy

  M  SE   M  SE  M  SE

Experiment 1A 838 40.3 7.9 1.6 82.3 1.9
Experiment 1B 786 42.1 9.8 2.5 82.6 1.6
Experiment 2
 No-overlap condition 851 39.7 9.8 1.4 78.3 2.0
 Overlap condition  808.7  49.3  8.5  1.5  78.8  2.0
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slightly shorter RTs for aligned end trials (889 msec) than 
for unaligned end trials (906 msec). The main effect for 
memory location was not significant [F(1,38) 5 1.1, p . 
.05, η2 5 .028]. Importantly, the interaction between trial 
type and memory location was significant [F(1,38) 5 5.0, 
p , .05, η2 5 .117].

One-factor ANOVAs investigated the object-based ef-
fects in each memory location condition. In the no-overlap 
condition, invalid targets in the aligned end were discrimi-
nated no faster than those appearing in the unaligned end 
[930 vs. 926 msec; F(1,19) 5 .084, p . .1, η2 5 .004]. 
However, in the overlap condition, targets at the aligned 
end were discriminated significantly faster than those ap-
pearing at the unaligned end [847 vs. 885 msec; F(1,19) 5 
9.78, p , .01, η2 5 .340].

There were no significant effects in the error data, and 
there was no difference in SSTM accuracy between the 
no-overlap and overlap conditions. Interestingly, there was 
a substantial difference between the valid trials in the no-
overlap and overlap conditions (see Table 1), suggesting 
that the location of the to-be-remembered locations might 
have affected the breadth of attention, which, in turn, af-
fected the representation (viz. maintenance) of the oc-
cluded portions of objects.

Experiment 2 clearly demonstrates that SSTM influ-
ences the maintenance of the occluded portions of objects. 
When locations held in memory do not overlap with the 
occluded objects, the occluded regions are maintained 

dition, and half in the overlap condition. We used a between-subjects 
manipulation to ensure that memory for one set of locations (e.g., 
those that overlapped the rectangles) did not affect memory for a 
different set of locations (e.g., those that did not overlap with the 
rectangles).

Stimuli and Procedure. The stimuli and procedure were similar 
to those in Experiment 1, with the following exceptions: First, pre-
view displays contained three rectangles: two outlined rectangles 
that would be occluded (hereafter, rectangles) and an occluding 
rectangle (hereafter, the occluder). Second, the occluder appeared 
to cover the two rectangles that were visible in the preview display. 
Third, in the overlap condition, the memory items were located ran-
domly at the locations occupied by the following two rectangles, 
extending 1.4º 3 5.7º centered at each rectangle.

Results and Discussion
We analyzed the data as in Experiment 1. RTs less than 

150 msec or greater than 2,500 msec were excluded from 
the analyses (,1% of trials). Valid trials were not ana-
lyzed, because they were not theoretically relevant. Valid 
trial RTs and accuracy data for the SSTM task appear in 
Table 1.

RTs from the invalid trials are shown in Figure 3B. 
These results were analyzed with a mixed-model ANOVA, 
with trial type (aligned end vs. unaligned end trials) as a 
within-subjects factor and memory location (no-overlap 
vs. overlap conditions) as a between-subjects factor. The 
analyses revealed a marginally significant main effect for 
trial type [F(1,38) 5 3.3, p 5 .08, η2 5 .079], suggesting 
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gating the outputs of completion processes, if not affect-
ing those processes directly.

We should acknowledge that our experiments focused 
only on SSTM and that we did not directly examine the 
link between spatial attention and completion processes. 
Although SSTM and spatial attention are interrelated 
(e.g., Awh & Jonides, 2001; Awh et al., 1998), we chose 
to focus on SSTM because of its relationship to other ex-
periments that have examined memory-based inputs to 
completion (Lee & Vecera, 2005). But our results could 
have been produced by participants’ initially attending 
the to-be-remembered locations or maintaining those lo-
cations. However, we have initial evidence that suggests 
that transient spatial attention to to-be-occluded locations 
may be insufficient to maintain the occluded regions of 
objects. In our previous work, we asked participants to 
attend four locations (as in Experiment 2 above) and to re-
port the highest digit; this attentional report was followed 
by two objects and an occluder, as in the present experi-
ments. We found no object-based component, suggesting 
that the occluded objects were not maintained behind the 
occluder, although further work is needed to verify these 
preliminary findings, because they are based on a small 
number of observers.

The view that spatial attention and SSTM help maintain 
occluded objects appears to stand in contrast to several 
studies suggesting that visual completion occurs preatten-
tively on the basis of image information (Davis & Driver, 
1998; He & Nakayama, 1992; Moore et al., 2003; Rensink 
& Enns, 1998) and, presumably, without the need for at-
tention (or SSTM). Most tasks used to assess visual com-
pletion and other preattentive processes, however, rely on 
tasks that require attention to stimuli in a display (e.g., 
visual search), as when attention is directed to an occluded 
object to determine whether it is a target or nontarget. It 
is possible that attention affects completion (or its out-
puts) in such tasks because the stimuli are attended during 
search for the target, an interpretation broadly consistent 
with our present results. Claims regarding the relation-
ship between spatial attention or SSTM and completion 
should come from tasks that make indirect measurements 
of completion, as in the present study and others (e.g., 
Moore et al., 2003; see also Kimchi & Peterson, 2008).

A more challenging finding for the view that spatial at-
tention and SSTM are involved in representing occluded 
objects comes from an inattentional blindness task. Moore 
et al. (2003) used inattentional blindness as an operational 
definition of unattended. Observers were instructed to re-
port as quickly as possible whether the line at the center of 
the display was dashed or solid. The background contained 
unattended and task-irrelevant Pacman-like figures that 
could induce the perception of modally completed bars 
oriented either horizontally or vertically. The completed 
bars could cover the gaps in the dashed target line, so that 
the line looked a single, solid line, instead of a dashed line. 
The observers were slow to respond to the dashed line 
when it appeared to be a solid line due to the placement 
of the modally completed bars. This completion occurred 
despite observers’ inability to explicitly report the identity 

weakly, if at all, as evidenced by the lack of an object-
based effect. Importantly, this maintenance failure occurs 
despite the presence of salient image-based T-junctions 
and colinearity cues that could have allowed the object 
to be maintained behind the occluder. Also, the failure to 
maintain the occluded objects is not due to general SSTM 
interference, because when memory rehearsal is directed 
at locations that are later occupied by the occluded por-
tions of objects (i.e., the overlap condition), we find a reli-
able object-based effect. Objects are maintained behind an 
occluder only when SSTM processes are directed to loca-
tions that overlap with the occluded portion of an object.

GEnERAL DiSCuSSiOn

The present results, along with our previous findings 
(Lee & Vecera, 2005), suggest a role for higher level visual 
processes in representing occluded objects. Representing 
and maintaining the occluded regions of objects may in-
volve directing either SSTM rehearsal or spatial attention 
to locations behind the occluder. The present results indi-
cate stronger maintenance for occluded objects when ob-
servers remembered locations that would be occupied later 
by the occluded portion of an object. The maintenance of 
occluded objects was absent when observers remembered 
locations that were not occupied by the occluded portion 
of an object. We hypothesize that in everyday viewing, ob-
jects are attended and tracked; when these objects become 
occluded, spatial attention, SSTM processes, and image-
based information all operate to preserve the visual repre-
sentation of the occluded objects.

Previously, we suggested that VSTM for objects might 
directly influence completion processes themselves (Lee 
& Vecera, 2005). The present results could be explained 
with such an interactive account in which SSTM could 
provide top-down feedback to the perceptual represen-
tations of objects. When to-be-remembered locations 
overlap with occluded objects, the additional inputs from 
SSTM allow an occluded object to be maintained. We 
should point out that noninteractive accounts are also pos-
sible. For example, SSTM and completion processes pro-
vide independent inputs to a later representation—perhaps 
akin to a “master map” that guides attention (e.g., Wolfe, 
1994). Under such an account, completion occurs on the 
basis of image-based features, but the results of comple-
tion processes may be weighted less than the results of 
SSTM processes in ultimately guiding behavior (for rel-
evant models, see Massaro & Friedman, 1990; Oden & 
Massaro, 1978). Alternatively, SSTM might modify the 
outputs of completion processes but not alter those pro-
cesses themselves. Additional work will be required to 
distinguish the interactive and noninteractive accounts, 
although distinguishing such accounts can be notoriously 
difficult (see McClelland, 1991). But we should note that 
SSTM plays an active role in guiding behavior. If image 
cues alone affected object-based attentional search, the 
location of the to-be-remembered locations should not 
have affected the results of Experiment 2. Instead, Ex-
periment 2 demonstrates that SSTM has a role in at least 
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of the modally completed shapes. These findings suggest 
that completion processes operate without attention.

Although Moore et al.’s (2003) results seem to conflict 
with our results, there are many differences between the 
two sets of results that need to be examined. For example, 
our present experiments examined the maintenance of an 
occluded object that was previously unoccluded, whereas 
Moore et al. investigated completion. Completion may be 
driven more by local bottom-up cues (e.g., T-junctions) 
than by influences from higher level visual processes, 
allowing completion to occur at unattended locations. 
Maintenance and rehearsal of an object that was visible 
initially and later occluded may require spatial attention 
and SSTM, although we acknowledge that there were suf-
ficient image cues to permit completion in our displays 
(i.e., there were suprathreshold T-junctions present at the 
intersection of the rectangles and occluder). Moreover, 
our task relies on object-based attention as an indirect 
measure of the “intactness” of the occluded object. This 
task likely requires the occluded object to drive shifts of 
attention, which might require more information about 
the occluded object than the response competition elicited 
in the inattentional blindness task used by Moore et al. 
Finally, another relevant issue is the amount of attention 
consumed by the primary task in inattentional blindness 
paradigms. If attention is conceptualized as a graded pro-
cess, a task could, in principle, be demanding enough to 
prevent an explicit report of unattended items, although 
those unattended items might receive some degree of at-
tentional processing (see Farah, O’Reilly, & Vecera, 1993, 
for a related view).

The present results have implications for our under-
standing of both visual completion processes and SSTM. 
Image-based information alone does not allow an oc-
cluded object to be maintained. SSTM may be a working 
memory system that operates to assist various perceptual 
processes, such as completion. The specific relationship 
between SSTM and perception remains to be worked out, 
however.
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