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Abstract

Capacity limitations of perceptual surface completion were assessed using a simultaneous—
sequential method. Observers searched among multiple surfaces requiring perceptual completion
in front of other objects (modal completion) or behind other objects (amodal completion). In the
simultaneous condition, all surfaces were presented at once, whereas in the sequential condition,
they appeared in subsets of 2 at a time. For both modal and amodal surface completion,
performance was as good in the simultaneous condition as in the sequential condition, indicating
that surface completion unfolds independently for multiple surfaces across the visual field (i.e.,
has unlimited capacity). We confirmed this was due to the formation of surfaces defined by the
pacmen inducers, and not simply to the detection of individual features of the pacmen inducers.
These results provide evidence that surface-completion processes can be engaged and unfold
independently for multiple surfaces across the visual field. In other words, surface completion can
occur through unlimited-capacity processes. These results contribute to a developing
understanding of capacity limitations in perceptual processing more generally.
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The world consists of objects in three dimensions, making it unusual to view surfaces that
are unobstructed by other surfaces. In some cases, the alignment of explicit edges and
matched features gives rise to the appearance of a surface that is occluding other surfaces
(i.e., is between the observer and the other surface). The apparent white square in front of
four black disks in Figure 1a illustrates this kind of surface completion, which is known as
modal completion (Kanizsa, 1955, 1979). In other cases, the alignment of edges can give
rise to the representation of a completed surface behind an occluding object, though the
occluded surface is not perceived directly. The apparent white square viewed through four
apertures in Figure 1b illustrates this kind of surface completion, which is known as amodal
completion (e.g., Anderson, Singh, & Fleming, 2002; Ringach & Shapley, 1996). Critically,
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for both types of surface completion, there are no local stimulus correlates in the retinal
image to the completed parts of the surface.

Surface representation is recognized as a fundamental aspect of visual processing (Gibson,
1979; Marr, 1982; Nakayama, He, & Shimojo, 1995). Theories differ, however, whether the
initial establishment of surface representations depends on limited-capacity processes or
whether it can occur entirely through unlimited-capacity processes. Unlimited-capacity
processes are those that unfold independently for multiple stimuli. Limited-capacity
processes are ones that become less effective for a given stimulus as they are engaged by
more stimuli. Limited-capacity processes may be serial (i.e., only one stimulus can be
processed at a time); this is an extreme of limited capacity. However, limited-capacity
processes can also be parallel; multiple stimuli may be processed simultaneously, but they
are processed less effectively than when processed alone. The terms /imited versus unlimited
are indicators of dependence or independence of processing, respectively, rather than amount
of processing.

Many theories maintain that only processes that extract basic feature information (e.g.,
orientation, luminance contrast, color) are unlimited-capacity processes. According to these
theories, processes that combine, or otherwise transform, feature representations to allow for
object recognition and other functions are limited-capacity processes (e.g., Biederman,
1987; Treisman & Gelade, 1980; Wolfe, Cave, & Franzel, 1989). Others have argued that at
least some more complex representations, such as conjunctions of features and shape
information, can be established through unlimited-capacity processes (e.g., Davis & Driver,
1994; Rensink & Enns, 1995, 1998; Mordkoff & Danek, 2011).

Herein, we focused on the establishment of surface representations. One reason for this
focus is that the assertion that only feature extraction is achieved through unlimited-capacity
processes predicts that surface completion will show evidence of engaging limited-capacity
processes. This follows because there are no local stimulus correlates (i.e., something
defined by features) in the retinal image that corresponds to the surfaces that are perceived.
Surface completion, therefore, requires processing beyond feature extraction. Asking
whether surface completion requires limited-capacity processes can therefore test this
assertion. A related reason for the focus of this study derives from a view put forward by
Nakayama et al. (1995), which states that surfaces, not features, are the primary
representations of visual perception out of which more complex representations are formed
(see Nakayama et al., 1995, for a review). As such, surfaces are likely to be extracted
through processes that unfold independently across the visual field, that is, through
unlimited-capacity processes. Evidence of unlimited-capacity surface completion would
therefore be consistent with this view, and would be inconsistent with the view that only
features are primary representations.

To test whether surface completion can be achieved through unlimited-capacity processes,
we used a version of the simultaneous—sequential method (Eriksen & Spencer, 1969;
Shiffrin & Gardner, 1972) that was used by Scharff, Palmer, and Moore (2011a) to
demonstrate, in part, that contrast detection is unlimited capacity. The simultaneous—
sequential method minimizes concerns that are associated with other methods that have been
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used to assess capacity limitations, such as measuring the effects of increasing the number of
stimuli (i.e., set size; e.g., Davis & Driver, 1994; Grabowecky & Treisman, 1989; Li, Cave,
& Wolfe, 2008) or measuring the effects of dual over single tasks. Both of these other
methods can be problematic, because various aspects of task difficulty—separate from
capacity limitations—can contribute to the measured effects (Duncan, 1980; Eckstein,
Thomas, Palmer, & Shimozaki, 2000; Huang & Pashler, 2005; Palmer, 1994; Pashler, 1998;
Shaw, 1984; Townsend, 1990; Wolfe, 2003). Differences in the number of decisions that
must be made across conditions is an example. The simultaneous—sequential method
overcomes these concerns by equating both the number of tasks that must be done (always a
single task) and the number of stimuli to be processed across conditions. Critically, the total
amount of exposure time for any given stimulus is also equated across conditions. What
varies is how many stimuli must be processed at the same time, all of them (simultaneous
condition) or only subsets of them (sequential). Finally, exposure time is relatively brief
and/or stimulus quality is relatively poor in order to ensure that there is an advantage to be
gained in the sequential condition, assuming that processing is limited capacity. Unlimited-
capacity processing predicts no difference in performance between the simultaneous and
sequential conditions. This follows because, if a process is an unlimited-capacity process,
then, barring physical interference, it should make no difference how many stimuli must be
processed at any given time. In contrast, limited-capacity processing predicts an advantage
for sequential over simultaneous presentation, because processing capacity will be divided
across fewer stimuli in the sequential condition than in the simultaneous condition at any
given time.

In our study, observers searched for a single target surface among a set of three distractor
surfaces (see Figure 1). The target was elongated, either horizontally or vertically, by
rotating the pacmen inducers (Ringach & Shapley, 1996). The distractors were square.
Surfaces were defined either on the basis of modal completion (Experiment 1) or amodal
completion (Experiment 2). Thus, to do this task, surface completion must occur. In the
simultaneous condition, all search items were presented at the same time (see Figure 2a). In
the sequential condition, the same search items were presented in subsets of two, one subset
at a time (see Figure 2b). Notice that any given surface was available for exactly the same
amount of time across these two conditions. Following Scharff et al. (2011a), we included a
repeated condition, which was the same as the simultaneous condition, except that the whole
display was repeated a second time, thereby providing twice the amount of time available to
sample the stimulus (see Figure 2c). Observing an advantage in the repeated condition over
the simultaneous condition is critical to the logic. It ensures that there was an advantage to
be gained through more processing time and, therefore, if no difference in performance
occurs between the simultaneous and the sequential conditions, it is not because the timing
was such that all stimuli could be processed regardless of capacity limitations. The repeated
condition also allows for a test of a specific version of limited capacity. If completion
processes are extremely limited capacity, such that only a fixed amount of information (e.g.,
a single surface) can be processed at one time (i.e., it is fixed capacity), then the sequential
condition may be as good as the repeated condition (see Scharff et al., 2011a, for a formal
account of these predictions).
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Experiments 1 and 2: Testing the Processing Capacity Limitations of Modal

and Amodal Surface Completion

Method

Observers.—Ten observers from the University of lowa were tested in each of the first two
experiments (Experiment 1: two men, eight women, age range: 20-43 years; Experiment 2:
two men, eight women, age range: 19-43 years). All were volunteers from within the
laboratory. Two of the coauthors participated in the experiment while the remaining
observers were naive as to the purpose of the study. All observers reported normal or
corrected-to-normal visual acuity and color vision.

Equipment.—Stimuli were displayed on a flat-screen CRT monitor (19-inch ViewSonic
G90fB) controlled by a Macintosh Pro (Mac OS X) with a 512MB NVIDEA GeForce 8800
GT graphics card (1024 x 768 pixels, viewing distance = 65 cm, horizontal refresh rate =
100 Hz). Stimuli were generated using the Psychophysics Toolbox, Version 3.0.8 (Brainard,
1997; Pelli, 1997) for MATLAB, Version 7.5 (The MathWorks, Natick, MA). Observers
were seated in a height-adjustable chair in front of the display, and used an adjustable chin
rest to maintain a constant distance from the monitor.

Stimuli.—Displays consisted of 16 black (4 cd/m?) pacmen inducers (1.2° in diameter with
a 90° segment) presented on a gray (71 cd/m2) background. Each inducer was 1.2° in
diameter with a 90° segment (“mouth”) removed. The inducers were configured to give rise
to the perception of four surfaces centered 3.1° from fixation. The shape of the surfaces (i.e.,
square, horizontal, or vertical) was manipulated by the angle rotation of the pacmen inducers
(Kanizsa, 1955, 1979; Ringach & Shapley, 1996). No rotation of the inducers produced a
square distractor, while a 6° angle of rotation in the appropriate directions produced a
curvilinear rectangle that was oriented either horizontally or vertically.

The pacman closest to fixation was 1.8° away, and the pacman furthest from fixation was
4.9° away. The surfaces were separated horizontally and vertically by 1.6° measured edge-
to-edge. To support amodal completion in Experiment 2, a black arc was drawn across the
open segment of the inducers. The addition of these arcs removed the subjective square,
which biased the implied surfaces to be seen through apertures (Anderson et al., 2002;
Ringach & Shapley, 1996).

Task.—The task was to find and report whether the curvilinear item (the farger) was
horizontal or vertical by pressing the “F” or “J” key, respectively. Observers were instructed
to maintain central fixation and to respond as accurately as possible.

Procedure.—Observers completed eight 45-min sessions on separate days. Each of the
eight sessions consisted of 288 experimental trials divided into six blocks (96 observations
per condition). The first two sessions were considered practice and served to familiarize
participants to the task. All practice sessions were excluded from the data analysis. This
resulted in 576 observations per display per observer.
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Trials began with a centrally located black fixation cross (0.8° x 0.8°) for 500 ms. In the
simultaneous condition, this was followed by the four surfaces for 20 ms, and then a blank
screen until response. In the sequential condition, fixation was followed by two surfaces for
20 ms presented along either the positive or the negative diagonal, a blank interstimulus
interval (ISI) of 1,100 ms, the other two surfaces for 20 ms presented along the opposite
diagonal, and a blank screen until response. The repeated condition was the same as the
sequential condition, except that all four surfaces appeared in both of the two 20 ms
displays. Written feedback was given in the form of words “correct” or “incorrect” at
fixation following each response. The next trial automatically began 1,000 ms after the
presentation of feedback.

Display condition (simultaneous, sequential, repeated), target type (horizontal, vertical), and
target position (upper-left, upper-right, lower-left, lower-right) were randomly mixed within
blocks of trials and appeared equally often. Which of the two diagonally opposite positions
were presented first in the sequential display was constant for a given observer, but varied
across observers. The purpose of this was to eliminate uncertainty of presentation positions.

The results of Experiment 1 were consistent with an unlimited-capacity modal of surface
completion. Figure 3a shows the mean percent correct as a function of condition collapsed
across observers for Experiment 1. Overall, there was a significant effect of display

condition, A2, 18) = 16.25, p < .001, mean square error (MSE) = 4.44, ;712) = 0.64. As

predicted by unlimited-capacity processing, accuracy was not reliably greater in the
sequential condition (82.8%) than in the simultaneous condition (83.1%), #9) = 0.55, 7s,
however, accuracy was significantly greater in the repeated condition (87.6%) compared
with the sequential condition, {9) = 4.26, p< .01.

The results of Experiment 2, summarized in Figure 3b, were also consistent with unlimited-
capacity surface completion, in this case, amodal completion. Again, there was a significant

effect of display condition, A2, 18) = 14.21, p< .001, MSE =9.48, ;712) = 0.61. Accuracy was

not reliably greater in the sequential condition (82.6%) than in the simultaneous condition
(82.4%), £9) = 0.13, ns. Accuracy was significantly greater in the repeated condition
(88.9%) than in the sequential condition, £9) = 3.93, p< .01

A critical assumption of the simultaneous—sequential method is that the conditions differ
only with respect to when the stimuli are processed. However, in the simultaneous condition,
the target always appeared in the “first” frame because there was only one frame, whereas,
in the sequential condition, the target could appear in either the first or the second frame.
This difference could provide an advantage to the simultaneous condition due to memory
differences across the two conditions. To assess this, we compared performance in the
sequential condition for trials in which the target appeared in the first and second frames. No
reliable differences were observed, Experiment 1: 82.2% (first frame) versus 83.5% (second
frame), {9) = 0.38, ns; Experiment 2: 80.7% (first frame) versus 84.6% (second frame), #9)
=1.29, ns.
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In summary, we found evidence of unlimited-capacity processing when we used stimuli that
supported both modal and amodal surface completion. Furthermore, the reliable difference
in performance for repeated over sequential conditions ensures that there was an advantage
to be gained through more processing time. The repeated advantage also demonstrates that
these experiments had the power to detect a fixed-capacity limit.

Experiment 3: Target Identification Depends on Forming a Surface
Representation

The similar performance across the simultaneous and sequential conditions in Experiments 1
and 2 was taken as evidence that both modal and amodal surface completion can be done
entirely through unlimited-capacity processes. It is possible, however, that the task could be
done based on simple features. Specifically, the horizontal and vertical targets differed with
respect to the edge curvature of the local pacmen inducers, in addition to the global
orientation defined by the emerging surface (Ringach & Shapley, 1996). A concern,
therefore, is that observers adopted the strategy simply to search for particular angles of
local pacmen inducers that defined the horizontal and vertical targets (see Figure 1) and
could report “horizontal” versus “vertical” without depending on surface completion. What
looks like evidence of unlimited-capacity surface completion, therefore, might instead
reflect unlimited-capacity feature detection.

Experiment 3 was conducted to address this possibility. We prevented observers from using
local pacmen angles by changing the displays and the task such that any single pacman was
uninformative with regard to target identity (see Figure 4). The wedges of the pacmen
mouths were increased or decreased from the original 90° to form a new set of targets and
distractors. Specifically, they were increased from 90° to 105° to create an illusory surface of
a horizontally elongated target or decreased from 90° to 75° to create a vertically elongated
surface. One of these targets was randomly chosen and presented among three distractor
surfaces. Distractors contained both types of increased-from-90° or decreased-from-90°
angle types, producing surfaces that appeared to bow left or bow right. Because the target
and distractors within each display contained identical angle types, it was not possible to
perform the task on the basis of any single inducer.

Method

The methods were the same as in Experiment 1, with the following exceptions.

Observers.—Six observers participated in this experiment (one man, five women, age
range: 21-44 years). All were volunteers from within the laboratory, and reported normal or
corrected-to-normal visual acuity and color vision. All observers were naive to the purpose
of the experiment prior to being tested, except for the two coauthors.

Stimuli.—The mouths of the pacmen inducers were either increased or decreased from 90°
by 15° to create acute or obtuse angles. The vertical target was composed of all acute
inducer angles, while the horizontal target was composed of all obtuse inducer angles. Of the
four inducers that formed each distractor surface, two had acute and two had obtuse angles
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(see Figure 4). Acute angles appeared either on the left or the right side of each distractor
surface, forming the perception of surfaces that either bowed right or bowed left,
respectively. Which distractor appeared (i.e., bowed left or bowed right) in the remaining
three locations was chosen randomly trial-to-trial.

Observers completed eight 45-min sessions on separate days. Excluding two practice
sessions, this resulted in 576 observations per display per observer.

Task.—Observers searched for either a vertically or a horizontally elongated target among
three distractor items. Observers reported which one of two targets was present by pressing
“F” or “J” on the computer keyboard. Instructions emphasized to maintain central fixation
and to respond as accurately as possible without trying to make responses quickly.

Results

The results of Experiment 3 were consistent with unlimited-capacity processing. Figure 5a
shows the mean percent correct as a function of condition collapsed across observers.
Overall, there was a significant effect of display condition, A2, 10) = 5.91, p< .05, MSE =

8.93, ’75 = 0.54. As predicted by unlimited-capacity processing, accuracy was not reliably

greater in the sequential condition (84.0%) than in the simultaneous condition (83.9%), £5)
= 0.08, ns;, however, accuracy was significantly greater in the repeated condition (89.1%)
compared with the sequential condition, {5) = 2.89, p<.05.

For sequential trials, performance did not differ reliably when the target appeared in the first
frame (84.7%) compared with the second frame (83.3%), #5) = 0.31, ns, indicating that
targets presented first did not suffer from more memory loss than targets presented closer in
time to response.

In summary, we found evidence of unlimited-capacity processing even when observers could
not complete the task on the basis of individual inducers.

Although unlikely, it is possible that observers in this control experiment still bypassed
searching among surfaces, completing the task instead by searching through the relative
orientation of two pacmen angles from either the top half or bottom half of each surface-
forming group. To rule out this concern, we conducted a follow-up experiment in which we
removed either the bottom two (lower left, lower right) or the top two (top left, top right)
pacmen from each surface. This forced observers to use only one half of the display to do
the task. If this experiment fails to produce evidence of unlimited-capacity processing, we
can safely conclude that the unlimited-capacity processing observed in Experiment 3 was
not caused by observers relying on only part of the display.

The follow-up experiment yielded evidence of fixed-capacity processing. Figure 5b shows
the mean percent correct as a function of condition collapsed across observers. There was a

significant effect of display condition, A2, 6) = 6.82, p< .05, MSE = 20.066, ;75 = 0.70. As

predicted by fixed-capacity processing, accuracy was not reliably greater in the sequential
condition (81.5%) than in the repeated condition (84.6%), {3) = 1.05, ns, however, accuracy
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was significantly lower in the simultaneous condition (73.3%) compared with the repeated
condition, 43) = 6.491, p < .01. For sequential trials, targets presented first (85.7%) did not
suffer from more memory loss than targets presented closer in time to response (77.3%), 43)
= 1.396, ns. This result strengthens our case that strategies that involve isolating the
orientation of the local pacmen inducers did not drive our unlimited capacity finding in
previous experiments. Thus, participants must have formed a surface representation. Further,
this follow-up to our control experiment demonstrates that it is possible to obtain evidence
of limited capacity using the simultaneous—sequential method.

Experiment 4: Generalizing From Four Surfaces to Six Surfaces

In a fourth experiment, we generalized the results from the previous experiments by
extending the total number of surfaces from four to six. A concern with the simultaneous—
sequential method is that if too many stimuli are used, there can be differences due to
sensory interference, such as masking or crowding, between the simultaneous and sequential
conditions that do not reflect differences in the process in question. However, to demonstrate
the generality of the unlimited-capacity finding for surface completion, we increased the
total number of surfaces from four to six. A total of six modally defined surfaces were
presented in the simultaneous condition, whereas three sets of two modally defined surfaces
were presented, one subset at a time, in the sequential condition.

Method

The methods were the same as in Experiment 1, with the following exceptions.

Observers.—Four observers participated in this experiment (one man, three women, age

range: 21-46 years). All were volunteers from within the laboratory and reported normal or
corrected-to-normal visual acuity and color vision. All observers were naive to the purpose
of the experiment prior to being tested, except for two coauthors.

Stimuli.—Example stimuli are shown in Figure 6. Twenty-four black pacmen inducers
were configured to give rise to the perception of six surfaces arranged along an imaginary
circle around fixation. Each inducer was 1.2° in diameter with a 90° segment removed. The
centers of the implied surfaces were 4.0° from fixation. The pacman closest to fixation was
2.2° away, and the pacman furthest from fixation was 5.3° away. The surfaces were
separated horizontally and vertically by 0.9° measured edge-to-edge. Note that each
additional surface increased the number of items in the display by four. For this reason, it is
difficult to increase the display size beyond six without introducing factors unrelated to
surface processing, such as sensory interference and crowding.

Procedure.—In simultaneous displays, six stimuli—a single target and five distractors—
were presented in the same frame for 20 ms. In sequential displays, the six stimuli were
presented two at a time in diagonally opposite positions for 20 ms, separated by a blank
frame of 1,100 ms. The order in which the diagonals were presented was fixed for a given
observer, but counterbalanced across observers. In repeated displays, all six items were
presented in the same configuration across three sequential displays, which provided three
chances to find the target.
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As before, the shape of the surfaces (i.e., square, horizontal, or vertical) was manipulated by
the angle rotation of the pacmen inducers (Ringach & Shapley, 1996). No rotation of the
inducers produced a square distractor, while a 6° angle of rotation in the appropriate
directions produced a curvilinear rectangle that was oriented either horizontally or vertically.
Each session consisted of 216 trials divided into six blocks (72 observations per condition).

Task.—Observers searched for either a vertically or a horizontally elongated target among
five distractor items. Observers reported which one of two targets was present by pressing
“F” or “J” on the computer keyboard. Instructions emphasized to maintain central fixation
and to respond as accurately as possible without trying to make responses quickly.

Results

The results of Experiment 4 were consistent with unlimited-capacity processing. Figure 7
shows the mean percent correct as a function of condition collapsed across observers.
Overall, there was a significant effect of display condition, A2, 6) = 8.10, p=.02, MSE =

22.02, 175 = 0.73. As predicted by unlimited-capacity processing, accuracy was not reliably

greater in the sequential condition (78.6%) than in the simultaneous condition (78.0%), £3)
= 0.18, ns, however, accuracy in the repeated condition was significantly higher than in the
sequential condition (89.9%), £3) = 3.572, p< .05.

We compared performance within sequential trials when the target was presented in the first
frame and when the target was presented in the third frame. We found that performance
across both frames were statistically equal, 77.1% (first frame) versus 78.8% (third frame),
4(3) = 0.22, ns, suggesting that targets presented first did not suffer from more memory loss
than targets presented closer in time to response.

In summary, we found evidence of unlimited-capacity processing. Participants searched
through two surfaces at a given time just as accurately as they searched through six surfaces
at once. These results demonstrate the generality of the unlimited-capacity finding when
more than four surfaces require representation.

General Discussion

Applying the simultaneous—sequential method to whether surface completion can occur
through unlimited-capacity processes, we found evidence that it can. Observers were able to
process up to six surfaces that required perceptual completion simultaneously just as well as
they were able to process them in subsets of two sequentially. This is the hallmark pattern of
unlimited-capacity processing (Shiffrin & Gardner, 1972).

These findings are consistent with previous claims that surface completion is spatially
parallel and that it occurs early within the stream of visual information processing (Davis &
Driver, 1994; Gurnsey, Humphrey, & Kapitan, 1992; He & Nakayama, 1992; Kimchi &
Peterson, 2008; Moore, Elsinger, & Lleras, 2001; Peterhans & von der Heydt, 1991; Rensink
& Enns, 1995, 1998; von der Heydt, Zhou, & Friedman, 2003). The surfaces in this study
must have been processed in parallel because the alternative—serial processing—is an
extreme form of limited-capacity processing, and no evidence was observed for any kind of
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limited-capacity processing. The current findings are consistent with claims that surface
completion occurs early within the stream of visual information processing, insofar as late
processing tends to be limited capacity. Finally, a specific version of the hypothesis that
surface representations are established in parallel and early within the stream of visual
information processing is the assertion of Nakayama et al. (1995) that surfaces are the
primary visual representations, rather than features. The current results lend further credence
to that view in that they show that surface representations, like feature representations, can
be established through unlimited-capacity processes.

The application of the simultaneous—sequential method to surface completion also
contributes to a developing picture of capacity limitations in perceptual processing more
generally. An early application of the extended version of this method (i.e., inclusion of the
repeated condition) compared contrast discrimination and word categorization because these
two tasks were, on the surface, expected to have extremely different capacity limitations
(Scharff et al., 2011a). Confirming this expectation, contrast discrimination yielded results
that were consistent with unlimited-capacity processing, whereas word categorization
yielded results that were consistent not just with limited capacity, but with fixed-capacity
processing, something that is predicted by serial models of reading (e.g., Rayner &
Posnansky, 1978). Thus, these two tasks—contrast discrimination and word categorization—
constitute extreme conditions, representing unlimited-capacity processing, on the one hand,
and maximally limited-capacity (i.e., fixed-capacity) processing, on the other. In contrast to
word categorization, Shiffrin and Gardner (1972) had found evidence of unlimited-capacity
letter identification. Together, the results indicate that at some point in processing, between
letter identification and word categorization, a severe processing limitation ensues.

Returning to nonverbal stimuli, another study applied the extended simultaneous—sequential
method to object categorization (e.g., photographs of foxes vs. deer) and found, like word
categorization, evidence of fixed-capacity processing (Scharff, Palmer, & Moore, 2011b). It
is possible that the severe processing limitation is related to accessing semantic
representations, something that word and picture categorization have in common. The
hypothesis that semantic access is the only severe processing limitation, however, can be
rejected on the basis of another study in which the method was applied to an abstract shape-
identification task. Three-dimensional meaningless shapes—made out of Lego blocks, foam
blocks, or crumpled paper—were photographed from different points of view, and observers
had to categorize a given picture as being of a particular target object (Scharff, Palmer, &
Moore, 2013). This task, which required minimal semantic categorization, yielded evidence
of fixed-capacity processing. The difficulty with this shape task does not seem to be related
to the processing of abstract stimuli in general because Huang, Pashler, and Junge (2004)
found evidence using the simultaneous—sequential method of unlimited-capacity symmetry
detection when the patterns were abstract formations of dots.

Taken as a whole, this body of work using the simultaneous—sequential method is consistent
with at least two general hypotheses of capacity limitations in perceptual processing. One is
that there are two fixed-capacity limitations in perceptual processing, one involving word
processing and the other involving object formation. The other is that the fixed-capacity
limitation in word categorization and shape categorization are caused by a common
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limitation in perceptual-unit formation. This is essentially a generalized characterization of
object formation to include verbal stimuli as well. None of the evidence to date can
discriminate between these two hypotheses, though parsimony argues in favor of the latter.
Notice that both hypotheses suggest an analogical, if not a deeper, comparison between the
verbal tasks and object-perception tasks: letters are to words as surfaces are to objects.

Finally, we end with a discussion of the contrast between processing capacity (the degree to
which a process can be engaged independently by multiple stimuli; Broadbent, 1958; Estes
& Taylor, 1964; Rumelhart, 1970; Shiffrin & Gardner, 1972) and storage capacity (the
amount of information that can be maintained in memory; Alvarez & Cavanagh, 2004; Awh,
Barton, & Vogel, 2007; Luck & Vogel, 1997). Many recent studies have investigated the
storage capacity of visual working memory. In an initial article, Luck and Vogel (1997) used
a simple change-detection method to estimate whether observers were able to hold
approximately three stimuli in visual working memory. This study led to a flurry of follow-
up studies asking questions about the nature of this capacity limitation, such as whether it is
limited by the number of objects that can be held or the degree of precision with which
stimuli can be remembered, or both. Because estimates of storage capacity from these
studies tend to be on the order of 2.5 to four items (see Brady, Konkle, & Alvarez, 2011, for
a review), one might criticize the use of the simultaneous—sequential method with conditions
that vary from two-at-a-time presentations (sequential) to four-at-a-time presentations
(simultaneous) because both two and four fall within the range of most people’s “capacity.”
It is critical to remember, however, that the simultaneous—sequential method is assessing
processing independence versus dependence, not storage capacity. If stimulus presentation
conditions are such that performance is limited by how much information can be extracted
from the display (e.g., because stimuli are presented briefly), then limited-capacity
processing predicts a difference between simultaneous versus sequential even for one versus
two items. Two versus four has been used to minimize contamination from differences in eye
movements across conditions, but the logic is identical. We extended our conditions to six
items to demonstrate generality, but it is important to note that the logic does not depend on
this extension. Finally, if equal performance across the simultaneous and sequential
conditions resulted from the system’s ability to store four items at a glance, despite the
processing mechanisms those stimuli engage, then evidence of limited capacity with only
four items should rarely, if ever, occur. Yet there are examples of limited-capacity processing
using the simultaneous—sequential method in which the simultaneous condition includes
only four items, such as in tasks requiring shape identification, spatial configuration, object
categorization, and word categorization (Huang & Pashler, 2005; Scharff et al., 20113,
2011b, 2013). We conclude that the extended version of the simultaneous-sequential method
is sensitive to detect limitations in processing capacity where they exist, even with the
presentation of only four items. Using this method, we find that surface completion engages
only unlimited-capacity processes.

Acknowledgments

Supported by a National Science Foundation Graduate Research Fellowship and a National Science Foundation
grant (Grant BCS-0818536).

J Exp Psychol Hum Percept Perform. Author manuscript; available in PMC 2020 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Attarha et al.

Page 12

References

Alvarez GA, & Cavanagh P (2004). The capacity of visual short-term memory is set both by visual
information load and by number of objects. Psychological Science, 15, 106-111. doi:10.1111/j.
0963-7214.2004.01502006.x [PubMed: 14738517]

Anderson BL, Singh M, & Fleming R (2002). The interpolation of object and surface structure.
Cognitive Psychology, 44, 148-190. doi:10.1006/cogp.2001.0765 [PubMed: 11863323]

Awh E, Barton B, & Vogel EK (2007). Visual working memory represents a fixed number of items
regardless of complexity. Psychological Science, 18, 622—-628. doi:10.1111/j.
1467-9280.2007.01949.x [PubMed: 17614871]

Biederman | (1987). Recognition-by-components: A theory of human image understanding.
Psychological Review, 94, 115-147. doi:10.1037/0033-295X.94.2.115 [PubMed: 3575582]

Brady TF, Konkle T, & Alvarez GA (2011). A review of visual memory capacity: Beyond individual
items and toward structured representations. Journal of Vision, 11(5), 4. doi:10.1167/11.5.4

Brainard DH (1997). The psychophysics toolbox. Spatial Vision, 10, 433-436. doi:
10.1163/156856897X00357 [PubMed: 9176952]

Broadbent DE (1958). Perception and communication. New York, NY: Pergamon Press. doi:
10.1037/10037-000

Cousineau D (2005). Confidence intervals in within-subject designs: A simpler solution to Loftus and
Masson’s method. Tutorials in Quantitative Methods for Psychology, 1, 42-45.

Davis G, & Driver J (1994). Parallel detection of Kanizsa subjective figures in the human visual
system. Nature, 371, 791-793. d0i:10.1038/371791a0 [PubMed: 7935838]

Duncan J (1980). The locus of interference in the perception of simultaneous stimuli. Psychological

Review, 87, 272-300. doi:10.1037/0033-295X.87.3.272 [PubMed: 7384344]

Eckstein MP, Thomas JP, Palmer J, & Shimozaki SS (2000). A signal detection model predicts the
effects of set-size in visual search accuracy for feature, conjunction and disjunction displays,
Perception & Psychophysics, 62, 425-451. doi:10.3758/BF03212096 [PubMed: 10909235]

Eriksen CW, & Spencer T (1969). Rate of information processing in visual perception: Some results
and methodological considerations. Journal of Experimental Psychology, 79, 1-16. doi:10.1037/
h0026873

Estes WK, & Taylor HA (1964). A detection method and probabilistic models for assessing
information processing from brief visual displays. Proceedings of the National Academy of
Sciences of the United States of America, 52, 446-454. doi:10.1073/pnas.52.2.446 [PubMed:
14208323]

Gibson JJ (1979). The ecological approach to visual perception. Boston, MA: Houghton Mifflin.

Grabowecky M, & Treisman A (1989). Attention and fixation in subjective contour perception
[Abstract]. Investigative Ophthalmology & Visual Science, 30(Suppl.), 457.

Gurnsey R, Humphrey GK, & Kapitan P (1992). Parallel discrimination of subjective contours defined
by offset gratings. Perception & Psychophysics, 52, 263-276. doi:10.3758/BF03209144 [PubMed:
1408638]

He ZJ, & Nakayama K (1992). Surfaces vs. features in visual search. Nature, 359, 231-233. doi:
10.1038/359231a0 [PubMed: 1528263]

Huang L, & Pashler H (2005). Attention capacity and task difficulty in visual search. Cognition, 94,
B101-B111. [PubMed: 15617666]

Huang L, Pashler H, & Junge J (2004). Are there capacity limitations in symmetry perception?
Psychonomic Bulletin & Review, 11, 862-869. doi:10.3758/BF03196713 [PubMed: 15732695]

Kanizsa G (1955). Margini quasi-percettivi in campi con stimolazione omogenea [Quasi-perceptual
margins in homogeneously stimulated fields]. Rivista di Psicologia, 49, 7-30.

Kanizsa G (1979). Organization in vision. New York, NY: Praeger

Kimchi R, & Peterson MA (2008). Figure-ground segmentation can occur without attention.
Psychological Science, 19, 660-668. doi: 10.1111/j.1467-9280.2008.02140.x [PubMed:
18727781]

J Exp Psychol Hum Percept Perform. Author manuscript; available in PMC 2020 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Attarha et al.

Page 13

Li X, Cave KR, & Wolfe JM (2008). Kanizsa-type subjective contours do not guide attentional
deployment in visual search but line termination contours do. Perception & Psychophysics, 70,
477-488. doi:10.3758/PP.70.3.477 [PubMed: 18459258]

Luck SJ, & Vogel EK (1997). The capacity of visual working memory for features and conjunctions.
Nature, 390, 279-281. doi:10.1038/36846 [PubMed: 9384378]

Marr D (1982). Vision: A computational investigation into the human representation and processing of
visual information. San Francisco, CA: Freeman.

Moore CM, Elsinger CL, & Lleras A (2001). Visual attention and the apprehension of spatial relations:
The case of depth. Perception & Psychophysics, 63, 595-606. doi:10.3758/BF03194424 [PubMed:
11436732]

Mordkoff JT, & Danek RH (2011). Dividing attention between color and shape revisited: Redundant
targets coactivate only when parts of the same perceptual object. Attention, Perception, &
Psychophysics, 73, 103-112. doi:10.3758/s13414-010-0025-2

Morey RD (2008). Confidence intervals from normalized data: A correction to Cousineau (2005).
Reason, 4(2), 61-64.

Nakayama K, He ZJ, & Shimojo S (1995). Visual surface representation: A critical link between
lower-level and higher level vision In Kosslyn SM& Osherson DN(Eds.), Vision: An invitation to
cognitive science (pp. 1-70). Cambridge, MA: MIT Press.

Palmer J (1994). Set-size effects in visual search: The effect of attention is independent of the stimulus
for simple tasks. Vision Research, 34, 1703-1721. doi:10.1016/0042-6989(94)90128-7 [PubMed:
7941377]

Pashler HE (1998). The psychology of attention. Cambridge, MA: MIT Press.

Pelli DG (1997). The Video Toolbox software for visual psychophysics: Transforming numbers into
movies. Spatial Vision, 10, 437-442. doi: 10.1163/156856897X00366 [PubMed: 9176953]

Peterhans E, & von der Heydt R (1991). Subjective contours — Bridging the gap between
psychophysics and physiology. Trends in Neurosciences, 14, 112-119. doi:
10.1016/0166-2236(91)90072-3 [PubMed: 1709535]

Rayner K, & Posnansky CJ (1978). Stages of processing in word identification. Journal of
Experimental Psychology: General, 107, 64-80. doi:10.1037/0096-3445.107.1.64 [PubMed:
624917]

Rensink RA, & Enns JT (1995). Preemption effects in visual search: Evidence for low-level grouping.
Psychological Review, 102, 101-130. doi:10.1037/0033-295X.102.1.101 [PubMed: 7878160]

Rensink RA, & Enns JT (1998). Early completion of occluded objects. Vision Research, 38, 2489—
2505. doi:10.1016/S0042-6989(98)00051-0 [PubMed: 9798011]

Ringach DL, & Shapley R (1996). Spatial and temporal properties of illusory contours and amodal
boundary completion. Vision Research, 36, 3037-3050. doi:10.1016/0042-6989(96)00062-4
[PubMed: 8917767]

Rumelhart DE (1970). A multicomponent theory of the perception of briefly exposed visual displays.
Journal of Mathematical Psychology, 7, 191-218. doi:10.1016/0022-2496(70)90044-1

Scharff A, Palmer J, & Moore CM (2013). Divided attention limits perception of 3-D object shapes.
Journal of Vision, 13(2), 18. doi: 10.1167/13.2.18

Scharff A, Palmer JP, & Moore CM (2011a). Extending the simultaneous-sequential paradigm to
measure perceptual capacity for features and words. Journal of Experimental Psychology: Human
Perception and Performance, 37, 813-833. do0i:10.1037/a0021440 [PubMed: 21443383]

Scharff A, Palmer JP, & Moore CM (2011b). Evidence of fixed capacity in visual object
categorization. Psychonomic Bulletin & Review, 18, 713-721. doi:10.3758/s13423-011-0101-1
[PubMed: 21538202]

Shaw ML (1984). Division of attention among spatial locations: A fundamental difference between
detection of letters and detection of luminance increments In Bouma H & Bouwhuis EG (Eds.),
Attention and Performance X (pp. 106-121). Hillsdale, NJ: Erlbaum.

Shiffrin RM, & Gardner GT (1972). Visual processing capacity and attentional control. Journal of
Experimental Psychology, 93, 72-82. doi:10.1037/h0032453 [PubMed: 5013342]

J Exp Psychol Hum Percept Perform. Author manuscript; available in PMC 2020 February 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Attarha et al.

Page 14

Townsend JT (1990). Serial vs. parallel processing: Sometimes they look like Tweedledum and
Tweedledee but they can (and should) be distinguished. Psychological Science, 1, 46-54. doi:
10.1111/j.1467-9280.1990.th00067.x

Treisman AM, & Gelade G (1980). A feature-integration theory of attention. Cognitive Psychology,
12, 97-136. doi:10.1016/0010-0285(80)90005-5 [PubMed: 7351125]

von der Heydt R, Zhou H, & Friedman HS (2003). Neural coding of border ownership: Implications
for the theory of figure-ground perception In Behrmann M, Kimchi R, & Olson CR (Eds.),
Perceptual organization in vision: Behavioral and neural perspectives (pp. 281-304. Mahwah, NJ:
Erlbaum.

Wolfe JM (2003). Moving towards solutions to some enduring controversies in visual search. Trends in
Cognitive Sciences, 7, 70-76. doi: 10.1016/S1364-6613(02)00024-4 [PubMed: 12584025]

Wolfe JM, Cave KR, & Franzel SL (1989). Guided search: An alternative to the feature integration
model for visual search. Journal of Experimental Psychology: Human Perception and
Performance, 15, 419-433. doi:10.1037/0096-1523.15.3.419 [PubMed: 2527952]

J Exp Psychol Hum Percept Perform. Author manuscript; available in PMC 2020 February 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Attarha et al. Page 15

Vertical Target Horizontal Target Distractors

€9 €9 ¢
¢d 9 ¢

€9 €95 €9
&I 9 &I

In Experiment 1, targets and distractors were modally completed surfaces (a). In Experiment
2, targets and distractors were amodally completed surfaces (b).
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Figure2.

On each trial, observers saw four surfaces (one target, three distractors) and reported
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whether the orientation of the target surface was “horizontal” or “vertical.” In this example,
the target is vertical and located in the upper left. Stimuli were presented in the following
three conditions. In the simultaneous condition, all four search items are presented at once
(@). In the sequential condition, the same search items are presented, but divided into subsets

of two across sequential frames (b). In the repeated condition, all four search items are

presented across sequential frames in the same configuration (c).
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Figure 3.
Mean correct responses as a function of display collapsed across observers in Experiments 1

and 2. We found equal performance across the simultaneous and sequential conditions, and a
reliable advantage in the repeated condition. This suggests that both modal (a) and amodal
(b) surface completion engage only unlimited-capacity processes. Error bars are within-
subject 95% confidence intervals (Cousineau, 2005; Morey, 2008).
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Figure 4.
Target and distractor surfaces used in Experiments 3. Observers searched for a vertically or a

horizontally elongated target among three distractor items. Bowed-left or bowed-right
distractor items were chosen randomly on a trial-to-trial basis to occupy the remaining three
locations. These stimuli eliminate a potential strategy to use the angle of single pacmen
inducers to perform the task because targets and distractors are 50% identical.
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Mean correct responses as a function of display collapsed across observers in Experiment 3.
Evidence consistent with unlimited capacity was obtained for surfaces that could not be
discriminated on the basis of single pacmen inducers (a). Evidence of fixed capacity was
obtained when either the top or bottom half of each surface from Figure 4 was removed and
participants were forced to complete the task by using the relative angle position of two
inducers (b). Based on the results of these control experiments, we concluded that observers
in Experiments 1 and 2 used a surface representation to perform the task and not the position
of either single inducers or the relative alignment of a couple inducers. Error bars are within-
subject 95% confidence intervals (Cousineau, 2005; Morey, 2008).
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Figure 6.

On each trial, observers saw six surfaces (one target, five distractors) and reported whether
the orientation of the target surface was “horizontal” or “vertical.” In this example, the target

is vertical and located in the upper right. Stimuli were presented in the following three

conditions. In the simultaneous display, all six search items were presented at once (a). In

the sequential display, the same search items were presented, but divided into subsets of two
across three sequential frames (b). In the repeated display, all six items were presented in the
same configuration across three sequential frames (c).

J Exp Psychol Hum Percept Perform. Author manuscript; available in PMC 2020 February 04.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Attarha et al.

95

90

85

80

75

70

Mean Correct Responses (%)

65

Figure7.

Page 21

-------------------- Fixed capacity

M- Meeeceeee Unlimited capacity

OO M @100 O BE

Simultaneous  Sequential Repeated

Condition

Mean correct responses as a function of display collapsed across observers in Experiment 4.
We demonstrated the generality of unlimited-capacity surface processing by showing equal
performance across the simultaneous and sequential conditions, even for six stimuli. Error
bars are within-subject 95% confidence intervals (Cousineau, 2005; Morey, 2008).
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