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The Ebbinghaus illusion modulates visual search
for size-defined targets: Evidence for preattentive
processing of apparent object size

ASTRID BUSCH and HERMANN J. MULLER
Ludwig-Maximilians-Universitat Miinchen, Muwich, Germany

Five search experiments investigated whether the apparent size of objects is, like their retinal size,
coded in preattentive vision. Observers searched for a target circle that was either larger or smaller
than distractor circles, with both types of test circles surrounded by context circles modulating ap-
parent size (i.e., the Ebbinghaus illusion). The size ratio between the test and the context circles was
manipulated in such a way that the test circles were surrounded by, for example, smaller context cir-
cles (making the larger target appear even larger) or by larger context circles (making the smaller dis-
tractors appear even smaller). Under optimal conditions, the detection reaction times were indepen-
dent of the number of test circles in the display, and the Ebbinghaus illusion facilitated the detection
of the target even in comparison with control conditions without any context circles. This finding is
consistent with preattentive, spatially parallel processing of apparent size.

Treisman and her colleagues (Treisman, 1988; Treis-
man & Gelade, 1980) proposed a model of visual search
that conceives of visual processing as a two-stage pro-
cess, with an early preattentive stage followed by a later
attention-dependent stage. A target object differing in a
distinctive visual attribute, or feature, from the distractor
objects in the search display is searched for in parallel.
The time taken to discern its presence—that is, the search
reaction time (RT)—does not increase markedly with in-
creasing numbers of objects in the display (i.e., the dis-
play size), and the target is experienced as “popping out”
of the display. Target detection is thought to be mediated
by a unique activation in a map of feature detectors tuned
to the particular (feature) value the target takes on within
its defining (feature) dimension. It is known that visual
search for a variety of feature targets can operate effi-
ciently, including targets defined by orientation, color,
motion, (stereoscopic) depth, and, most important in the
present context, size (see Wolfe, 1998, for a review).
Studies that have demonstrated efficient search for size-
defined targets (e.g., Miiller, Heller, & Ziegler, 1995)
have given rise to the notion of parallel preattentive pro-
cessing of object size.

In contrast to search for distinctive feature targets,
search for a target differing from the distractors by a con-
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junction of features defined within different dimensions
(e.g., orientation and color) is less efficient, with search
RTs increasing linearly with increasing display size.
Treisman and Gelade (1980) interpreted such search RT
functions as reflecting serial, object-by-object search.
However, subsequent findings that different types of con-
junction search produce RT functions with slopes rang-
ing from shallow to steep have led to the conception of
search efficiency in terms of a continuum (rather than the
parallel-serial dichotomy), and several theories have
been advanced to explain how this continuum is gener-
ated (e.g., Cave & Wolfe, 1990; Duncan & Humphreys,
1989; Pashler, 1987; Treisman & Sato, 1990).

In a number of experiments, Treisman and Gormican
(1988) have demonstrated search asymmetries. In their
studies, search was more efficient when observers searched
for a target defined by the presence or greater value of a
special attribute than when observers searched for a tar-
get defined by the absence or lesser value of the same at-
tribute. For example, for size-defined targets, Treisman
and Gormican obtained shallower RT function slopes
when search was for a large target in a display of smaller
distractors than when search was for a small target in a
display of larger distractors. Furthermore, they found
slopes that were shallower for size-defined targets that
were easier to discriminate than for those that were more
difficult to discriminate. Found (1997) confirmed their
results for size-defined targets.

Thus, the presence of a differently sized target object in
a search display can be discerned efficiently, in parallel,
provided that the target is bigger than the distractors and
the size difference between them is sufficiently large. It
is, thus, clear that size information is derived and repre-
sented in some form in preattentive vision. However, it
remains an open issue whether not only the image-based
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(retinal) size but also the perceived (apparent) size of ob-
jects is computed preattentively. The distinction between
retinal and apparent object size refers to the phenomenon
that, for example, an object of a given retinal size that is
perceived to be farther from the observer appears larger
than an object of the same retinal size perceived to be
nearer. That is, the apparent size of an object takes into ac-
count its perceived distance from the observer. Most stud-
ies that have investigated search for size targets have
used simple two-dimensional displays. In the relationship
between retinal and apparent size, this represents a special
case. Since two-dimensional displays contain no depth in-
formation, observers in these studies would have assumed
that all of the items were at the same distance. Thus, any
differences in apparent size between items would have
been entirely concomitant with differences in retinal size.

However, in several recent studies (Aks & Enns, 1996;
Found & Miiller, 2001; Humphreys, Keulers, & Donnelly,
1994), the apparent size of the display objects was manip-
ulated by presenting them on a background texture gra-
dient that provided secondary depth cues. If the apparent
size of the display object is influenced by this scenic
context, it should be easier to detect a size-defined tar-
get (e.g., the largest object) when its retinal size differ-
ence relative to the distractor objects is consistent with
its apparent size (i.e., the large target object positioned
farther from the observer). In agreement with this hy-
pothesis, Aks and Enns reported effects of target posi-
tion that varied according to whether the target object
was smaller or larger than the distractor objects: Small
near and large far targets were responded to more quickly
than were small far and large near targets. These effects
are explicable in terms of the apparent size of a target
object reinforcing its retinal size. Although some evi-
dence that the apparent size of display objects is derived
and represented preattentively was provided in that study,
the results were not entirely conclusive. In particular, the
apparent size manipulation did not influence the slope of
the search RT functions (as the apparent size difference
between the target and distractor objects increased, slopes
should have decreased), but rather influenced their
y-intercept. It is possible that observers searched for the
target object on the basis of retinal size differences, deriv-
ing apparent size information and modulating responses
after having localized the target (i.e., not preattentively).
Similar problems beset the findings of Humphreys et al.
(1994) and Found and Miiller (2001). Search rate differ-
ences would have been expected in their studies if the
discriminability of the target relative to the distractor ob-
jects had been altered by the depth manipulation. This
would have increased search efficiency in consistent
conditions, in which the positioning of the display ob-
jects supported the size contrast between the target and
the distractors (e.g., large far target among small near
distractors) and decreased it in inconsistent conditions
(see Found & Miiller, 2001, for a detailed discussion).

Therefore, in the present study we reinvestigated the
representation of apparent size in preattentive vision.

However, the experiments, rather than being designed to
use secondary depth cues to manipulate the apparent size
of display objects, instead were designed to exploit a
geometric optical illusion of apparent size: that produced
by Ebbinghaus configurations. Such figures, described
by Ebbinghaus (1913), consist of an inner (test) circle
surrounded by several (context) circles. Smaller context
circles make the test circle appear larger in comparison
with an identical control circle without any context cir-
cles. In contrast, a test circle surrounded by larger con-
text circles appears smaller. Psychophysical studies of
this illusion have shown that the extent of misjudgment
of the test circle increases with an increase in the size
difference between test and context circles (Massaro &
Anderson, 1971). But these effects decrease, or even dis-
appear, when context and test circles are presented suc-
cessively (Cooper & Weintraub, 1970; Jaeger & Pollack,
1977).

One account of the Ebbinghaus apparent size illusion
assumes that the test and context circles are perceived to
lie in different depth planes. Depth-based interpretations
have been shown to play a role with stereoscopically pre-
sented Ebbinghaus configurations. For example, Coren
(1971) reported that context circles positioned farther
from the observer were perceived as larger than were the
context circles positioned closer. Furthermore, test cir-
cles surrounded by context circles of the same retinal
size as the test circle but positioned in different depth
planes were perceived as differentially large: Test circles
surrounded by more distant (i.e., larger) context circles
were perceived as smaller than were test circles sur-
rounded by closer (i.e., smaller) context circles. How-
ever, in a study that compared monocularly visible with
purely cyclopean Ebbinghaus configurations, Papathomas,
Feher, Julesz, and Zeevi (1996) showed that “the [appar-
ent size] illusion is clearly stronger for monocularly vis-
ible stimuli than for the cyclopean stimuli, but the effect
of depth [i.e., differential retinal disparity between test
and context circles] is small for [monocularly visible]
objects. . .. The illusion is strongest when test and [con-
text] circles are at or near the same depth, and its strength
decreases as the depth difference increases” (pp. 787—788).
This suggests that a depth-based interpretation of the
configurations contributes little to the Ebbinghaus ap-
parent size illusion (and that an account in terms of size
contrast is more appropriate).

In the present (visual search) experiments, observers
were presented with displays consisting of varying num-
bers of Ebbinghaus configurations (there were also con-
trol conditions in which only the inner, or test, circles of
the Ebbinghaus configurations were displayed). The tar-
get to be detected was a test circle (surrounded by con-
text circles) that was, for example, larger than the dis-
tractor test circles (surrounded by context circles). If the
apparent size of the target and distractor test circles is
derived and represented preattentively, spatially in parallel
(like the retinal sizes of the target and distractor test cir-
cles), then target detection should be facilitated, relative
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to the control condition, by the context circles, which re-
inforce the retinal size difference between the target and
distractor test circles, with the facilitatory effect being
independent of display size. If the context circles make
the target test circle appear substantially larger (or smaller)
and if observers can exploit this illusion, then target de-
tection might be successful even if the target and dis-
tractor test circles without any context circles are hard to
discriminate on the basis of their retinal size alone (dif-
ficult search task). If the presence of context circles in-
terferes with the processing of the target and distractor
test circles and if this interference can be reduced by, for
instance, advance presentation of the context circles, vi-
sual search in the experimental conditions should be
similar to that in the control conditions. These hypothe-
ses were tested in five experiments.

EXPERIMENT 1

Experiment 1 was designed to examine whether effi-
cient search for a size-defined target test circle among
distractor test circles (characterized by flat search RT
functions) is enhanced by the context circles surround-
ing the test circles; that is, whether efficient search for a
target test circle retinally larger or smaller than the dis-
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tractor test circles is sensitive to the apparent size mod-
ulation of the test circles by the context circles. There
were two types of context circle conditions: context cir-
cle size consistent and inconsistent with the search in-
struction (see Figure 1). In the consistent conditions, ob-
servers searched for a target larger than the distractors,
with all test circles surrounded by smaller context cir-
cles, or for a target smaller than the distractors, with test
circles surrounded by larger context circles. That is, the
context circle size was consistent with the search instruc-
tion, because the target test circle remained the largest or
smallest stimulus in the display. In the inconsistent con-
ditions, observers searched for a target larger than the
distractors, with all test circles surrounded by larger con-
text circles, or for a target smaller than distractors, with
test circles surrounded by smaller context circles. That
is, the context circle size was inconsistent with the search
instruction, because the target test circle was no longer
the largest or smallest stimulus in the display.

In both conditions, it was expected that, if search per-
formance is sensitive to the apparent size modulation,
target detection should be enhanced by the context cir-
cles, which reinforce the size difference between the tar-
get and distractor test circles. For instance, in the large
target condition, although smaller context circles (i.e.,
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Figure 1. Examples of displays for control, consistent, and inconsistent search conditions for the small and large
target conditions, respectively. With search for large targets, smaller context circles were presented in consistent
conditions and larger context circles were presented in inconsistent conditions. By contrast, with search for small
targets, larger context circles were presented in consistent conditions and smaller context circles were presented in
inconsistent conditions. In both consistent and inconsistent conditions, the apparent size modulation was expected
to reinforce the retinal size difference between the target and distractor test circles in line with the instructed di-
rection of the search in consistent conditions and against the instructed direction in inconsistent conditions.
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consistent conditions) would make both the target and
the distractor test circles appear larger, the increase in
apparent size would be greater for the target (because of
the larger size contrast between the target test and its sur-
rounding context circles; Massaro & Anderson, 1971),
thereby increasing the apparent size difference between
the target and the distractors and expediting target de-
tection. Larger context circles in the large target condi-
tion (i.e., inconsistent conditions) would make both the
target and the distractor test circles appear smaller, but
the apparent size modulation would be stronger for the
distractors (because of the larger size contrast between
the distractor test and the surrounding context circles),
again increasing the apparent size difference between the
target and distractors.

However, it may be more difficult to exploit the appar-
ent size modulation in inconsistent conditions, because
the target is intermediate in size between the context and
the distractor test circles, with search for “in-between”
targets being especially hard (e.g., Treisman & Gelade,
1980; Wolfe, 1994, 1998). Consequently, the increased
search difficulty under inconsistent conditions may out-
weigh any facilitation produced by the Ebbinghaus ap-
parent size illusion. The effects of context circles were
assessed against a control condition in which target and
distractor test circles were presented on their own (i.e.,
without any context circles). At least the consistent con-
ditions were expected to produce benefits, relative to the
control condition. If the apparent size illusion is coded
preattentively and in parallel, at least the benefits were
expected to be independent of display size.

Method
Participants. Fourteen Leipzig University students (11 female;
ages ranged from 19 to 26 years) participated as observers in a sin-
gle experimental session. All had experience with visual search
tasks. All reported normal or corrected-to-normal vision. The ob-
servers were paid or received course credit for their participation.
Apparatus. The displays were presented on an AcerView 77¢
monitor driven by a personal computer. The laboratory was dimly
illuminated. RTs were measured from the onset of the test circles.
The responses were recorded from a mouse (right button for target-
present response; left button for target-absent response) with the
tracking ball removed to improve the accuracy of timing (Sega-
lowitz & Graves, 1990). The observers viewed the display from a
distance of 60 cm, which was maintained by the use of a chinrest.
Stimuli. The stimulus displays consisted of filled black test cir-
cles (0.40 cd/m?) and unfilled context circles (with black outline)
presented on a white background (17.0 cd/m2). The observers had
to decide whether one of the black test circles (target test circle)
was larger or smaller than were the other black circles (distractor
test circles). On half of the trials, the target test circle was present
in the display, with target position varying randomly across trials.
The target test circle was either 10 mm and the distractor test cir-
cles 6 mm, or vice versa. In the control conditions, only the target
and distractor test circles were presented (i.e., there were no context
circles). In the experimental conditions, each test circle was sur-
rounded by six context circles that were equidistant from the test
circle and from each other. The context circles were either 3 or
16 mm in diameter, and all were equal in size in a given search dis-
play.! For a given size of context circle, the center-to-center distances
between the test and the context circles were equivalent (13 and

21 mm for small and large context circles, respectively; since con-
text circles were equally sized in a given trial display, the center-to-
center distances between the test and the context circles were equiv-
alent for all configurations within the display). For a given test
circle size, the perimeter-to-perimeter distances between the test
and context circles were equivalent (10 and 8 mm for small and
large test circles, respectively). The shorter center-to-center dis-
tances for small context circles than for large context circles were
introduced to ensure that the context circles were perceptually
grouped with the test circles (forming an Ebbinghaus configuration),
whereas the greater distances with large context circles were intro-
duced to avoid overlap between the context circles and between the
context and test circles.2 By manipulating the size difference be-
tween target test and target context circles, both consistent and in-
consistent search conditions were realized.

Each search display (see Figure 1 for examples) consisted of a
central fixation cross and three, five, or seven configurations of test
circles surrounded by context circles. The configurations were po-
sitioned on an imaginary circle (with a radius of 70 mm) around the
center of the screen, with equal separations between the configura-
tions. The number of configurations was limited to a maximum of
seven, in order to avoid overlapping of the configurations (with
numbers greater than seven, the configurations would have over-
lapped, at least with large context circles). The overall display di-
mensions were 20° of visual angle in height X 20° in width.

Design and Procedure. The independent variables in Experi-
ment 1 were as follows: size of target test circle (small or large), dis-
play size (three, five, or seven Ebbinghaus configurations), target
(present or absent), and size of context circles (zero [i.e., no context
circles], small, or large).

An experimental session consisted of 900 test trials (25 trials for
each of the 36 sizes of target circles X display size X target X size
of context circles conditions) and lasted approximately 1 h. The ses-
sion was subdivided into 18 blocks of 50 trials. In half of the blocks,
the target test circle was larger than the distractor test circles; in the
other half, the target test circle was smaller. The order of target size
blocks was counterbalanced across observers. The display size was
kept constant throughout each block but varied across blocks. The
size of the context circles was varied within each block. Each block
started with six (unrecorded) practice trials (one trial for each of
the six different trial types presented within the block). The ob-
servers initiated a block by pressing one of the mouse bottoms.

Each trial began with the presentation of a small black cross in
the center of the screen, which the observers were instructed to fix-
ate and around which the display elements would appear later. The
display elements were presented 750 msec after the fixation cross
and remained visible until the observer gave a response. After an in-
correct response, the observer received an acoustic feedback signal
(beep) for 200 msec. Following a correct response, the screen went
blank (white) for an intertrial interval of 750 msec; following an in-
correct response, the interval was increased to 1,750 msec. Then
the next trial began, unless the end of a block had been reached.

The observers were instructed to respond target-present or target-
absent as quickly and as accurately as possible. Before each half-
session, the observers were informed about the upcoming target
condition (search for a target test circle smaller or larger than the
distractor test circles).

Results

RT analysis. For each observer, mean RTs and asso-
ciated standard deviations (SDs) were calculated for
each experimental condition. Next, RTs outside the range
of +£2.5 SDs from the mean were eliminated as outliers be-
fore the mean RTs were recalculated for further data analy-
sis. This procedure produced a loss of 4.6% of the data.
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RT analysis was restricted to target-present trials. For
target-absent trials, no differential effects of the context
circles and, therefore, no apparent size modulations were
expected. Figure 2 presents the group mean correct target-
present RTs as a function of display size for the small and
large target (test circle) conditions, respectively. Table 1
presents a summary of the search rates and base RTs (i.e.,
the slopes and y-intercepts of the search RT functions).

As can be seen from Figure 2, target-present RTs were
differentially modulated by the context circles in the
large (but not the small) target condition: Relative to the
control condition, RTs were expedited across display
size in the consistent condition (small context circles)
and slowed in the inconsistent condition (large context
circles).

The observers’ mean correct target-present RTs were
examined by a repeated measures analysis of variance
(ANOVA), with size of target test circle (small or large),
display size (three, five, or seven), and size of context
circles (zero, small, or large) as factors. All main effects
were revealed to be significant [F(1,13) = 21.137,p <
.001, for size of target test circles; F(2,26) = 9.217,p <
.004, for display size; and F(2,26) = 36.597, p < .001,
for size of context circles]. Furthermore, the size of target
test circle X display size interaction [F(2,26) = 12.315,
p < .001] and the size of target test circle X size of con-
text circles interaction [F(2,26) = 41.255, p < .001]
were significant. Target-present RTs were slower when the
observers searched for a target test circle that was smaller
than the distractor test circles than when they searched
for a target test circle that was larger than the distractor
test circles (i.e., significant search asymmetry). Overall,
RTs increased with an increase in the size of the context
circles and were affected by display size. However, dis-
play size significantly influenced target detection when
the observers searched for a small target test circle, but
not when they searched for a large one (size of target test
circle X display size interaction). Furthermore, the sig-
nificant interaction between size of target test circle and
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size of context circles indicated that the various sizes of
context circles had differential effects on search perfor-
mance in the two consistency conditions.

This interaction was explored further by two ANOVAs
conducted separately for the two target size conditions
(small and large), with display size (three, five, or seven)
and size of context circles (zero, small, or large) as fac-
tors. These analyses revealed a significant main effect of
display size when the target test circle was smaller than
the distractor test circles [F(2,26) = 23.554, p < .001],
but no main effect of display size when the target test cir-
cle was larger [F(2,26) = 0.336, p = .721]. When the
participants searched for a small target test circle, RTs
increased significantly with increasing display size (about
5.4 msec/item), but when they searched for a large tar-
get test circle, the search functions remained flat (about
0.5 msec/item).

Overall, detection RTs were influenced by whether or
not the test circles were surrounded by context circles
and by the size of context circles. Comparisons between
the consistent and inconsistent search conditions showed
significantly faster RTs for consistent displays when the
target test circle was large (i.e., faster RTs when the target
and distractor test circles were surrounded by smaller,
rather than larger, context circles) for all display sizes
[combined across display size, the RT difference was
32 msec; t(13) = —5.812, —8.088, and —4.914 for dis-
play sizes of three, five, or seven, respectively; all ps <
.001]. But there were no significant differences between
consistent and inconsistent conditions when the target test
circle was small [across display size, the difference was
0 msec; #(13) = —0.692, 0.515, and 0.519, respectively].

For the large target test circle, smaller context circles
increased the perceived target—distractor difference, mak-
ing the target test circle appear even larger and, thus, eas-
ier to detect among the distractor test circles. Indeed, in
two of the three display size conditions, the presence of
smaller context circles significantly expedited the de-
tection of a large target even relative to the control con-
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Figure 2. Mean target-present search reaction times (RTs, in milliseconds) in Experiment 1
for (panel A) large and (panel B) small target test circles. Control, consistent, and inconsis-
tent conditions are represented by solid, broken, and dotted lines, respectively.
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Table 1
Base Reaction Times (in Milliseconds), Search Rates (in Milliseconds/Item), and Miss and False Alarm
Rates (in Percentages) as a Function of Display Size, Separately for the Large and Small Target
Conditions and the Context Conditions (Control, Consistent, and Inconsistent) in Experiment 1

Context Base Rate Misses False Alarms
Condition Present Absent Present Absent 3 5 7 3 5 7
Large Target
Control 433 452 1.07 0.55 3.42 2.85 3.71 3.71 2.85 1.42
Consistent 430 489 —-0.41 —2.57 2.28 0.85 1.14 3.71 2.57 3.14
Inconsistent 456 466 091 1.62 3.42 6.00 4.85 342 2.28 342
Small Target
Control 443 470 0.82 4.96 2.00 3.14 2.57 4.28 3.71 1.71
Consistent 450 482 6.64 8.26 4.85 4.28 428 2.00 3.14 2.57
Inconsistent 441 491 8.66 4.55 3.71 6.28 4.28 2.57 2.28 2.28

dition without context circles [¢#(13) = 2.569, p < .012
for the display size of five; #(13) = 2.458, p < .015 for
the display size of seven; #(13) = 0.872, p = .200 for the
display size of three]. Combined across display size, the
RT benefit for the consistent condition relative to the con-
trol condition was 10 msec.

Error analysis. Table 1 presents the error rates for all
experimental conditions. An ANOVA of the error data,
with the factors size of target test circle, display size, tar-
get, and size of context circles, revealed no significant
main effects, but a number of interactions reached sig-
nificance. Error rates—in particular, target miss errors—
were, overall, higher in inconsistent conditions than in
consistent conditions [target size X size of context cir-
cles, F(2,26) = 4.653, p < .032; target size X target
present/absent X size of context circles, F(2,26) = 3.901,
p < .050]. Furthermore, differences in error rates be-
tween consistent and inconsistent conditions increased
with increasing display size [target size X display size X
target present/absent X size of context circles, F(2,26) =
4.687, p < .022]. Thus, the pattern of errors confirms
the RT effects.

Discussion

The results show that, in simple visual search, detec-
tion of a large target object among smaller distractor ob-
jects is independent of display size, a finding that is con-
sistent with earlier studies (e.g., Miiller et al., 1995). The
flat search functions under optimal conditions confirm
that object size is processed efficiently—that is, preat-
tentively. Furthermore, there was a search asymmetry in
such a way that search was more efficient with large target
objects among smaller distractor objects than with small
target objects among larger distractor objects. In addi-
tion, although large target objects were detected effi-
ciently at all display sizes, search for small target objects
was strongly affected by display size in the experimental
conditions. This pattern of effects replicates that re-
ported by Treisman and Gormican (1988, Experiments 1
and 1A). According to Treisman and Gormican, search
asymmetries reflect the differential efficiency of search for
the presence versus search for the absence of a target-

defining feature. Pop-out depends on the presence of
feature-based activity on a “silent” background, and search
is more efficient when the target produces greater activ-
ity in the population of feature detectors relative to the
background rather than vice versa.

RTs were faster when the target and distractor test cir-
cles were presented on their own (control conditions) than
when they were surrounded by (inconsistent) context cir-
cles. This indicates that the presence of context objects
generally interferes with search performance. The inter-
ference is likely to arise because the task-irrelevant con-
text objects, which are similar to the test objects that are
to be searched for a size difference, clutter the search dis-
play. Thus, it is reasonable to suppose that, for search to
be directed to relevant (test) objects, the context objects
must be suppressed to overcome their interference (which
may be particularly marked under inconsistent context
circle conditions).

The extent of the interference depended both on the
size of the context circles and the size of the target test
circle to be detected. With search for a large target test cir-
cle, RTs increased with increasing size of context circles;
in contrast, with search for a small target test circle, RTs
were increased with any context circles. Performance was
worst overall in inconsistent conditions, when the target
test circle was in between the distractor test and context
circles in size. This is in line with previous studies that
have shown search for in-between targets to be harder
than search for targets defined by the largest or the small-
est feature value in the display (e.g., Treisman & Gelade,
1980; Wolfe, 1994, 1998). The increased search diffi-
culty arising from this may have swamped any facilitation
produced by the Ebbinghaus apparent size illusion.

However, there was evidence of facilitation with search
for a large target test circle under consistent conditions
(i.e., with test circles surrounded by small context cir-
cles, increasing especially the target’s apparent size), for
which detection RTs were expedited not only with re-
spect to the inconsistent conditions (i.e., with test circles
surrounded by large context circles, decreasing especially
the distractor’s apparent size), but also with respect to the
control conditions (with five- and seven-item displays).
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This indicates that the apparent size illusion created by
the context circles can help to overcome the general inter-
ference caused by the very same circles.

Concerning the issue of how apparent size (as op-
posed to retinal size) information is processed, the con-
text circle effects obtained in Experiment 1 are reveal-
ing: Target detection is expedited in search for a large
target object if the context objects affect the target’s ap-
parent size in a consistent manner—that is, if its per-
ceived size and, thus, the target—distractor difference is
magnified by small context objects. Of course, the small
context objects would not only make the large target test
circle but also the smaller (relative to the target) distrac-
tor test circles appear larger. However, crucially, the ap-
parent size modulation is larger for the target than for the
distractor test objects. This is the implication from Mas-
saro and Anderson (1971), who demonstrated that the
magnitude of the size contrast between test and context
circles determines the magnitude of the size misjudg-
ment in the Ebbinghaus illusion.

With search for a large target, the facilitative effect of
consistent context circles was manifested not only in
comparison with the inconsistent conditions but also in
comparison with the control conditions, even though the
mere presence of context objects can be supposed to
have affected search adversely. The expedition of target
detection in consistent conditions relative to control con-
ditions was independent of display size (if anything, it
was more marked with larger display sizes), indicating
spatially parallel processing of the context objects. This
provides evidence that apparent size information, giving
rise to the Ebbinghaus illusion, is computed and repre-
sented preattentively.

However, before accepting that the Ebbinghaus ap-
parent size illusion is causal for enhanced detectability
of the large target surrounded by smaller context circles
(relative to the control condition), alternative accounts
must be considered. One alternative might be that per-
formance was based on a measurement of the distance
between the critical target test circle and the context cir-
cle (i.e., based on the observers applying this measure-
ment in parallel to all configurations in the display). For
a given size of context circle, the center-to-center dis-
tances were equivalent for target and distractor configu-
rations, so that the critical distance would have had to be
the perimeter-to-perimeter distance. However, this dis-
tance was equivalent for consistent and inconsistent con-
text circle conditions (for a given blocked target circle
size), and so no differential context effects should have
been expected on this account; in fact, performance should
have been superior to the control condition in both the
consistent and inconsistent conditions, which was not
the case.

Another alternative is that the observers compared all
display configurations in parallel with a memory tem-
plate of the large target test circle surrounded by smaller
context circles (only this configuration produced faster
detection RTs relative to the control condition). How-
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ever, such a strategy would have been nonoptimal be-
cause this configuration was presented on only one third
of the target-present trials within a block. Furthermore,
if the observers had applied such a strategy in the large
target condition, why did they not operate a similar strat-
egy in the small target condition (which failed to produce
any context circle effects)?

One reason why the observers might have preferred
the large target surrounded by smaller context circles
could have been that this target configuration is a better
Gestalt than are the alternative configurations. This was
investigated in a follow-up study in which 20 observers
were asked to judge the goodness of the various config-
urations. All configurations were presented simultane-
ously but at randomized locations on the display monitor,
and observers had to rank-order the various configura-
tions in terms of their Gestalt goodness. This study re-
vealed no evidence of a preference by the observers for
the large target with small context circles configuration.
The mean rank for this configuration was 2.95, which
was equivalent to the rank for the small test with small
context circles and the rank for the small test with small
context circles configurations (2.90 and 2.70, respec-
tively), whereas the large test with large context circles
configuration was ranked highest (1.45). Thus, when ob-
servers searched for the large target among small distrac-
tor test circles surrounded by small context circles, there
was no difference in ranked Gestalt goodness between
the target and distractor configurations. Therefore, the
efficient search in this condition cannot be attributed to
greater Gestalt quality of the target configuration. How-
ever, when observers searched for the large target among
small distractor test circles surrounded by large context
circles, the Gestalt goodness was significantly greater
for the target relative to the distractor configurations. De-
spite this difference, search performance in this condi-
tion was relatively inefficient. This pattern indicates that
search performance was not determined by the subjec-
tive Gestalt goodness of the various configurations.?

In a follow-up experiment with search for a large target
only (reported in Miiller & Busch, 2004), observers were
presented with isoluminant but differently colored test
and context circles (red and green, respectively, and vice
versa) to test whether the RT modulation in the experi-
mental conditions was caused by luminance differences
between both types of circle. This experiment produced
results similar to those of the present Experiment 1. That
is, relative to the control condition without context circles,
RTs were faster in the consistent condition (with smaller
context circles) and slower in the inconsistent condition
(with larger context circles). However, critically, with
same-colored test and context circles, search RT's signif-
icantly increased with increasing display size, and the
consistency effects were insignificant, indicating that the
context circles interfered with search performance.

Thus, it would appear that the most plausible explana-
tion for the enhanced detectability of the large target sur-
rounded by smaller context circles is in terms of the par-
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allel coding of the Ebbinghaus apparent size illusion re-
inforcing the physical size differences between the target
and distractor test circles.

EXPERIMENT 2

Experiment 2 was designed to further test this expla-
nation by following an alternative approach. In an initial
psychophysical experiment (Experiment 2A), the appar-
ent sizes of the test circles in the various experimental
conditions of Experiment 1 were determined, to ascer-
tain that there were indeed differences in the test circles’
apparent sizes depending on the size of the context cir-
cles. Subsequently, a visual search RT experiment (Ex-
periment 2B) was carried out to examine whether the ex-
pedited detection of the larger target in the consistent
conditions of Experiment 1 was based on a preattentive
representation of the test circles’ apparent size. If so, a
direct correspondence was expected between the effi-
ciency of target detection under search conditions with
context circles (i.e., with effects of the Ebbinghaus illu-
sion) and the efficiency under adapted control condi-
tions (without context circles), in which the retinal size
of the test circles matched the apparent size of the test
circles (estimated in the psychophysical Experiment 2A).

Experiment 2A
Method

Participants. Twenty-four students of the Universities of Leipzig
and Munich (20 female; ages ranged from 20 to 51 years) took part
in Experiment 2A. The Leipzig observers participated in two exper-
imental sessions; the Munich observers participated in only one ses-
sion (performing half the number of trials of the Leipzig observers).

Stimuli and Task. Each stimulus display consisted of one Ebbing-
haus configuration and one comparison circle, positioned 6 cm to
the right and the left of the screen center and with the positions of
the Ebbinghaus configuration and comparison circle varying ran-
domly. The Ebbinghaus configuration consisted of a filled test cir-
cle either 6 or 10 mm in diameter, surrounded by six unfilled con-
text circles that were 0 (i.e., no context circles), 3, 6, 10, or 16 mm
in diameter. The size of the (filled) comparison circle varied in
0.5-mm steps between 3 and 9 mm and, respectively, 7 and 13 mm,
depending on the size of the test circle. The observers were in-
structed to indicate which of the two filled circles appeared larger
by pressing the corresponding left or right mouse button (non-
speeded response).

Design and Procedure. The independent variables were size of
test circle (6 or 10 mm), size of context circles (0, 3, 6, 10, or
16 mm), and size of the comparison circle (varying in 13 steps of
0.5 mm). The observers performed the required judgments with dis-
plays of all 130 factorial combinations of these variables, presented
in random order across an experimental session (10 trials per com-
bination per session). The sessions consisted of 20 blocks of 65 tri-
als, which took 45 min to complete.

Results and Discussion

Figure 3 presents the group mean frequency of the fest
circle larger than comparison circle response as a func-
tion of size of comparison circle, separately for the small
and large test circle conditions. The size of the compar-

ison circle at which the frequency of test circle larger
than comparison circle responses was 50% was taken as
representing the apparent size of the test circle in each
condition (point of subjective equality). Table 2 summa-
rizes the resulting apparent size estimates. As can be
seen, a test circle of 6-mm diameter, for example, ap-
peared to be 6.3 mm when surrounded by 3-mm context
circles, but it appeared to be 5.63 mm when surrounded
by 16-mm context circles. A test circle of 10-mm diam-
eter appeared to be 10.25 mm when surrounded by 3-mm
context circles, but it appeared to be 9.13 mm when sur-
rounded by 16-mm context circles. Thus, as was expected,
the apparent size of the test circles varied systematically,
depending on the size of the context circles: A test circle
surrounded by smaller context circles appeared larger,
whereas a test circle surrounded by larger context circles
appeared smaller. Linear regression analyses (one-tailed
tests) revealed a roughly linear dependence of the esti-
mated Ebbinghaus illusion (i.e., a difference between ap-
parent and retinal sizes of test circle) on the size difference
between the test and context circles (#2 = .701, p = .081
for small test circles; 2 = .990, p < .002 for large test
circles). This is consistent with Massaro and Anderson’s
(1971) results.

Experiment 2B

Method

Participants. Sixteen students of the Universities of Leipzig and
Munich (12 female; ages ranged from 21 to 36 years) took part
in Experiment 2B. All the observers participated in two 45-min
sessions.

Stimuli. The stimulus displays were the same as those in Exper-
iment 1, except for the size of the test circles in the control condi-
tions. In the experimental conditions, the target was 10 mm and the
distractors were 6 mm, or the target was 6 mm and the distractors
were 10 mm; the context circles were 3, 6, 10, or 16 mm (henceforth
referred to as e3, e6, el0, and e16, respectively). On the basis of the
estimated apparent sizes in Experiment 2A, the (retinal) sizes of the
test circles in the control conditions were as follows. In the control
for the 3-mm experimental condition (henceforth referred to as ¢3),
the test circles were 10.2 and 6.3 mm, respectively; in the c¢6 con-
dition, the test circles were 10.1 and 5.8 mm; in the ¢/0 condition,
they were 9.7 and 5.8 mm; and in the ¢/6 condition, 9.1 and 5.6 mm.

Design and Procedure. The independent variables were size of
target test circle (large or small), display size (three, five, or seven
items), test condition (control or experimental), context condition
(3,6,10,0r 16—i.e.,c3,c6,cl0, orcl6, and e3, €6, 10, or e16, re-
spectively), and target (present or absent).

The procedure was generally the same as that used in Experi-
ment 1. In one session, the target test circle was larger than the dis-
tractor test circles; in the other session, the target test circle was
smaller. The order of sessions was counterbalanced across ob-
servers. The display size was kept constant throughout each trial
block but varied across blocks. Context condition was varied within
each block. In contrast to Experiment 1, the control and experi-
mental conditions were blocked within each session (in Experi-
ment 1, control condition trials were randomly interleaved with
consistent and inconsistent condition trials within the same block).
Each of the two sessions consisted of 18 blocks of 74 trials (in-
cluding seven or eight initial practice trials)—that is, a total of
1,200 test trials (25 trials per condition).
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Figure 3. Mean frequency of test circle appears larger than comparison circle responses (in
percentages) in Experiment 2A for (panel A) large and (panel B) small test circles. The size
of context circle conditions are represented by different line types.

Results

RT analysis. Prior to analysis, outlier RTs (2.8%)
were eliminated from the data. Figure 4 presents the
group mean correct target-present RTs as a function of
display size for the experimental and control conditions,
respectively, separately for large and small target test cir-
cles. Table 3 (left-hand side) presents summary search
rate and base RT parameters. The results revealed that,
with search for a large target test circle, RTs increased
with increasing context in the control conditions (i.e.,
from c3 to c16) and with increasing size of context cir-
cles in the experimental conditions (i.e., from e3 to e16),
with a larger context (circle) effect in the experimental
conditions. With search task for a small target test circle,
the context condition effects were reversed but were less
clear-cut (at least in the experimental conditions).

Figure 4 shows that, in both search (i.e., size of target
test circle) conditions, the RT modulation caused by the
varying context conditions was comparable in the ex-
perimental conditions (with context circles) with the cor-
responding control conditions (without context circles).

The observers’ mean correct target-present RTs were
examined by a repeated measures ANOVA, with size of

target test circle (large or small), test condition (experi-
mental or control), display size (three, five, or seven),
and context condition (3, 6, 10, or 16) as factors.

This ANOVA revealed the main effects to be (border-
line) significant for all factors [F(1,15) = 4.441, p =
.052 for size of target test circle; F(1,15) = 87.127, p <
.001 for test condition; F(2,30) = 3.466, p = .060 for
display size; and F(3,45) = 6.306, p < .007 for context
condition]. Furthermore, the following interactions were
significant: target size X test condition [F(1,15) = 11.612,
p < .004], target size X display size [F(1,15) = 8.861,
p <.003], and target size X context condition [F(2,30) =

Table 2
Apparent Sizes (in Millimeters) of the Test Circles as a
Function of Size of Context Circles in Experiment 2A

Test Circles (mm)

Context Circles (mm) 6 10
0 6.09 10.03
3 6.31 10.24
6 5.83 10.09
10 5.77 9.66
16 5.64 9.12
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Figure 4. Mean target-present search reaction times (RTs, in milliseconds) in Experi-
ment 2B for (panels A and C) large and (panels B and D) small target test circles, separately
for the different context circle conditions. Panels A and B present the RTs for control condi-
tions (without context circles), and panels C and D present RT's for the experimental conditions

(with context circles).

29.005, p < .001]. RTs were faster in the control than in
the experimental conditions, and somewhat faster for
large than for small target test circles. However, the RT
advantage for control conditions was larger for small than
for large target test circles. Furthermore, RTs increased
slightly with increasing display size, owing to increasing
RTs for small target test circles. Finally, RTs depended
on the context condition. RTs increased with increasing
context (from c3 to c16) and increasing size of context
circles (from e3 to el6) for large targets, but decreased
(although less clearly) for small target test circles.

The interactions were examined further by two
ANOVAs conducted separately for the two target size
conditions (small or large), with test condition (experi-
mental or control), display size (three, five, or seven),
and context condition (3, 6, 10, or 16) as factors. For the
large target condition, the ANOVA revealed significant
main effects of test condition [F(1,15) = 46.975, p <.001]
and context condition [F(3,45) = 25.592, p < .001], and
a significant interaction between both factors [F(3,45) =
9.129, p < .002]. RTs were faster overall in control than
in experimental conditions. Most important, RTs in-
creased with increasing context in the control conditions
(from c3 to c16; see Figure 4A) and with increasing size

of context circles in the experimental conditions (from
e3 to el6; see Figure 4C). This context (circle) effect was
larger in the experimental conditions.

For the small target condition, the ANOVA revealed all
main effects to be significant: test condition [F(1,15) =
62.979, p < .001], display size [F(2,30) = 5.620, p <
.016], and size of context circles [F(3,45) = 14.720,p <
.001]. However, there were no significant interactions.
RTs were faster under control than under experimental
conditions, increased with increasing display size, but
decreased with increasing context (see Figure 4B) or
with increasing size of context circles (see Figure 4D).
Thus, the context (circle) effects were generally reversed
relative to search for large target test circles (although
less clearly so in the experimental conditions).

Error analysis. Table 3 (right-hand side) presents the
error rates in Experiment 2B. An ANOVA of the error
data with the factors size of target test circle, test condi-
tion, display size, target, and size of context circles re-
vealed a number of significant effects. Target misses
were more frequent than were false alarms [4.07% vs.
2.41%; target main effect, F(1,15) = 75.150, p < .001].
More errors—in particular, target misses—were made in
experimental than in control conditions (4.64% vs. 3.49%
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Table 3

Base Reaction Times (in Milliseconds), Search Rates (in Milliseconds/Item), and Miss and False Alarm
Rates (in Percentages) as a Function of Display Size, Separately for the Large and Small Target

Conditions and the Test Conditions (Control, Experimental) in Experiment 2B
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Test Base Rate Misses False Alarms
Condition Present Absent Present Absent 3 5 7 3 5 7
Large Target
c3 439 483 —1.97 —4.04 1.75 2.75 3.50 3.00 2.50 2.50
c6 453 472 —2.80 —4.17 3.75 3.75 5.25 4.25 3.25 1.25
cl0 435 470 —0.36 —-3.39 5.75 3.50 3.00 2.75 1.75 2.00
clé 457 465 —1.69 —3.95 3.75 3.50 4.00 1.00 1.50 0.50
e3 459 518 —0.84 —-3.77 2.50 1.25 2.75 3.75 2.00 1.50
e6 482 501 —1.53 —2.81 4.00 4.00 2.50 1.00 2.50 1.75
el0 496 515 —2.79 —2.59 4.25 5.00 3.25 3.25 2.75 3.75
el6 475 514 3.81 —0.53 5.00 5.25 5.00 1.00 2.75 3.00
Small Target
c3 445 459 3.11 —1.00 3.50 3.75 5.00 3.25 1.00 1.75
c6 434 461 3.55 0.78 4.75 3.00 3.75 2.00 1.00 1.25
cl0 438 462 2.14 0.33 2.75 2.75 2.00 4.25 3.50 1.25
clé 425 479 2.77 1.08 2.50 3.25 2.50 5.25 4.25 3.00
e3 449 509 14.45 1.56 4.50 6.00 11.00 2.25 2.25 1.50
€6 473 460 10.47 13.94 3.75 6.75 5.50 3.00 2.50 1.00
el0 490 432 7.47 18.09 6.50 6.25 8.50 2.00 1.75 0.75
el6 484 456 4.12 20.98 2.50 2.75 2.50 4.00 3.75 1.50
misses, 2.31% vs. 2.42% false alarms; test condition Discussion

main effect, F(1,15) = 8.260, p < .012; test condition X
target interaction, F(1,15) = 11.613, p <.004]. Although
target misses tended to increase with display size, false
alarms tended to decrease [display size X target, F(2,30) =
8.396, p < .004]. Both the test condition and the display
size effects were more marked with small target test circles
[5.54% vs. 3.29% misses, experimental vs. control, for the
small targets; 3.73% vs. 3.69% misses, experimental vs.
control, for the large targets; size of target test circle X test
condition X target, F(1,15) = 11.630, p < .004; size of tar-
get test circle X target X display size, F(2,30) = 7.241,
p < .007; size of target test circle X test condition X tar-
get X display size, F(2,30) = 5.062, p < .022].

With large target test circles, error (miss) rates were
higher when test circles were surrounded by large con-
text circles; in contrast, with small target test circles,
error (miss) rates were higher when test circles were sur-
rounded by small context circles [size of target test cir-
cle X size of context circles, F(3,45) = 4.156, p < .029;
size of target test circle X size of context circles X tar-
get, F(3,45) = 9.381, p < .001].

For small targets, this (miss rate) effect was also depen-
dent on the size of the context circles and the display size,
particularly under experimental conditions [test condi-
tion X size of context circles X display size, F(6,90) =
4.120, p < .024; size of target test circle X size of con-
text circles X test condition, F(3,45) = 4.657, p < .020;
size of target test circle X size of context circles X tar-
get X test condition, F(3,45) = 3.582, p < .044; five-
way interaction, F(6,90) = 3.644, p < .035].

Thus, overall, the error and, in particular, miss rate ef-
fects were in agreement with the RT effects.

Detection of an apparently larger target was indepen-
dent of display size, whereas detection of a smaller tar-
get was dependent on display size. This pattern is con-
sistent with the pattern of results in Experiment 1.

Furthermore, detection RTs were slower overall in the
experimental relative to the control conditions, although
no difference had been expected. The RT slowing even
applied to the large target consistent condition (10-mm
target test circle, 3-mm context circles). Recall that, in
Experiment 1, detection RTs were significantly faster
under the large target consistent condition relative to the
unadjusted control condition.

However, although detection RTs were slower, over-
all, in the experimental than in the control conditions,
importantly, both conditions exhibited corresponding
patterns of effects. For the large target conditions, RTs
increased with increasing size of context circles in the
experimental conditions as well as the corresponding
control conditions; in contrast, for the small target con-
ditions, RTs decreased with increasing size of context
circles in the experimental conditions as well as the cor-
responding control conditions. This pattern of effects
suggests that, in the experimental conditions, visual search
was modulated by the apparent size of the test circles, in
correspondence with the adjusted target and distractor
circle sizes in the control conditions.

Yet RTs were slower, overall, in the experimental con-
ditions than in the control conditions by some 40 and
70 msec for the large and small target conditions, re-
spectively. This general slowing of RTs may be attribut-
able, at least in part, to the fact that, in Experiment 2B,
experimental conditions (with context circles) and con-
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trol conditions (without context circles) were presented
in separate trial blocks (in contrast, in Experiment 1, ex-
perimental and control conditions were presented in ran-
dom order within blocks) and that no context circles
were presented on half of the trials (in contrast, in Ex-
periment 1, only one third of the trials was without context
circles). Thus, the blocked (context circle) design of Ex-
periment 2B may have encouraged the observers to adopt
a strategy different from that in Experiment 1. In partic-
ular, in Experiment 2B, the observers would not have at-
tempted to suppress context circles on control condition
trials, because there were never any context circles in
(blocked) control conditions. In contrast, in Experiment 1,
the observers may have used a suppression strategy on
all—experimental and control—trials, since experimen-
tal trials were more frequent (two thirds as compared
with one third) and since control trials were randomly in-
terspersed with experimental trials. Thus, the overall
slower RTs in the experimental conditions of Experi-
ment 2B may reflect additional processes of suppressing
the (task-irrelevant) context circles that act as additional
distractors under these conditions.

Context circle suppression would also explain why,
with large target test circles, the differences in results
among the sizes of context circles were greater for ex-
perimental (with context circles) than for control (with-
out context circles) conditions. A possible cause of this
effect is that, with search for a large target test circle,
larger context circles require increased suppression.

EXPERIMENT 3

One problem with this account remains. Similar to the
results of earlier studies (e.g., Aks & Enns, 1996; Found
& Miiller, 2001; Humphreys et al., 1994), the evidence
for parallel coding of the Ebbinghaus apparent size illu-
sion provided by Experiments 1 and 2 rests on base RT
(intercept) rather than search rate (slope) effects. (With
search for large targets, slope effects were not expected,
given that the search rates were near 0 msec/item under
control conditions—see Tables 1 and 3—and, thus, could
not be improved by the operation of the Ebbinghaus ap-
parent size illusion.) The intercept effects leave the pos-
sibility that the observers detected the target test circle
on the basis of its retinal size difference relative to the
size of the distractor test circles and that they were de-
riving apparent size information and modulating their
RTs only after having deployed focal attention to the tar-
get. Thus, Experiments 1 and 2 do not conclusively an-
swer whether apparent size is computed separately for
each Ebbinghaus configuration in the display.

To address this issue, in Experiment 3, the observers
were presented with heterogeneous (rather than homoge-
neous) displays, each of them containing the following in
equal numbers: test circles surrounded by small context
circles, test circles surrounded by large context circles,
and test circles without context circles. Any of the three
types of test circle was equally likely to be the target ob-

ject on a given trial. The heterogeneous context circles
were intended to make it harder for the observers to base
their search solely on retinal size comparisons of the test
circles (because it would be harder to direct suppression
to heterogeneous context circles). If, nevertheless, the
same pattern of results would be obtained as that in (the
homogeneous context circle conditions of ) Experiment 1,
the case would be strengthened for the suggestion that ap-
parent size is computed separately for each test circle.

Method

Participants. Twelve students of the Ludwig-Maximilians-
Universitat Miinchen (10 female; ages ranged from 19 to 30 years)
took part in Experiment 3.

Stimuli. The stimulus displays were similar to those used in Ex-
periment 1, except that the displays (of three, six, or nine test circles)
were heterogeneous, each containing, in equal numbers, (one, two,
or three) test circles with small context circles, large context circles,
and no context circles (see Figure 5 for an example display). To
avoid overlapping of the various configurations, the radius of the
imaginary circle around which the configurations were arranged was
increased to 100 mm (as compared with 70 mm in Experiment 1).

Design and Procedure. The independent variables were size of
target test circle (small or large), display size (three, six, or nine),
size of context circles surrounding the target test circle (zero, small,
or large), and target (present or absent).

The procedure was the same as that in Experiment 1. The exper-
imental session was divided into two halves, each devoted to one of
two search conditions: target test circle smaller than the distractor
test circles and target test circle larger than the distractor test cir-
cles. The observers performed the two conditions in counterbal-
anced order. The display size was kept constant within each trial
block, with order of blocks also counterbalanced across observers.
The session consisted of 18 blocks of 60 test trials (plus 6 un-
recorded practice trials) overall and lasted approximately 50 min.

Results

RT analysis. Prior to analysis, outlier RTs (2.1%)
were eliminated from the data. Figure 6 presents the group
mean correct target-present RTs as a function of display
size for the small and large target conditions, respec-
tively. Table 4 presents a summary of search rates and
base RTs.

As can be seen from Figure 6, with heterogeneous
search displays, the pattern of target-present RTs was

OO
Figure 5. Example of a display for the consistent search condi-
tion for the large target condition in Experiment 3.
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Figure 6. Mean target-present search reaction times (RTs, in milliseconds) in Experiment 3
for (panel A) large and (panel B) small target test circles. Control, consistent, and inconsis-
tent conditions are represented by solid, broken, and dotted lines, respectively.

very similar to that observed with homogeneous search
displays (Experiment 1; see Figure 2). In particular, in
the large target condition, RTs were expedited, relative to
the control condition, under consistent conditions (small
context circles) and slowed under inconsistent condi-
tions (large context circles).

The observers’ mean correct target-present RTs were
examined by a repeated measures ANOVA, with target
size (small or large), display size (three, six, or nine), and
size of context circles surrounding the target test circle
(zero, small, or large) as factors. All main effects were
significant [target size, F(1,11) = 23.863, p <.001; dis-
play size, F(2,22) = 8.573, p < .007; and size of context
circles, F(2,22) = 23.500, p < .001]. Furthermore, the
following interactions were significant: target X display
size [F(2,22) = 12.517, p < .002], target X size of con-
text circles [F(2,22) = 30.794, p < .001], display size X
size of context circles [F(4,44) = 5.397, p < .021], and
the three-way interaction [F(4,44) = 0.695, n.s.]. RTs
were faster when the observers searched for a large, as
compared with a small, target test circle. RTs increased
with increasing display size, largely owing to the in-

crease when observers searched for a small target. And
RTs increased overall with increasing size of the context
circles. However, the effect of the size of context circles
was dependent on the target size condition (target size X
size of context circles interaction). This dependency was
explored further by separate ANOVAs for small and
large target conditions, each with display size and size of
context circles as factors.

For the large target condition, only size of context cir-
cles significantly influenced RTs [F(2,22) = 15.068,
p < .001; display size, F(2,22) = 1.292; display size X
size of context circles, F(4,44) = 0.697]. RTs were fastest
to target test circles surrounded by smaller context circles
(436 msec), intermediate to targets without context circles
(428 msec), and slowest to targets surrounded by larger
context circles (454 msec). This pattern mirrors that ob-
served in Experiment 1.

For the small target condition, the ANOVA revealed
significant effects of display size [F(2,22) = 13.874,p <
.001] and size of context circles [F(2,22) = 26.723,p <
.001], and a significant display size X size of context cir-
cles interaction [F(4,44) = 4.445, p < .035]. RTs in-

Table 4
Base Reaction Times (in Milliseconds), Search Rates (in Milliseconds/Item), and Miss and False Alarm
Rates (in Percentages) as a Function of Display Size, Separately for the Large and Small Target
Conditions and the Context Conditions (Control, Consistent, Inconsistent) in Experiment 3

Context Base Rate Misses False Alarms
Condition Present Absent Present Absent 3 6 9 3 6 9
Large Target
Control 443 477 -1.17 1.50 3.34 2.51 4.17 2.88 1.86 2.05

Consistent 414 2.33 3.62 4.17 3.62
Inconsistent 439 2.50 4.73 3.90 4.73
Small Target
Control 379 512 20.17 24.67 3.62 2.23 1.67 3.53 2.32 3.79
Consistent 591 6.50 10.01 19.73 21.95
Inconsistent 531 1.50 5.01 4.17 11.40
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creased with increasing display size and with increasing
size of context circles (500, 578, and 631 msec for zero,
small, and large context circles, respectively). The con-
text circle effect was larger for larger display sizes.

Error analysis. Table 4 presents the error rates. Over-
all, the observers produced 6.37% target miss errors (target-
present trials) and 2.57% false alarm errors (target-absent
trials). The error data were examined by separate ANOVAs
of target misses (target size X display size X size of con-
text circles) and false alarms (target size X display size).

Target miss errors were more frequent when the ob-
servers searched for a small target [F(1,11) = 14.822,
p < .003]. They increased with increasing display size
[F(2,22) = 7.835, p < .009] and with increasing size of
context circles [F(2,22) = 10.543, p < .003]. Both the
display size effect and the context circle effect was larger
for the small than for the large target condition [target
size X display size, F(2,22) = 9.526, p < .005; target size
X size of context circles, F(2,22) = 10.585, p < .003; tar-
get size X display size X size of context circles, F(4,44) =
4.860, p < .028]. The ANOVA of the false alarm data re-
vealed no significant effects.

Discussion

The results of Experiment 3 mirror those of Experi-
ment 1. This is especially true with search for large targets,
in which case target test circles surrounded by smaller
context circles were detected more quickly (consistent
conditions) and target test circles surrounded by larger
context circles more slowly (inconsistent conditions) than
were target test circles without context circles, indepen-
dent of display size. Importantly, in Experiment 3, this
pattern was obtained under conditions in which at least
one instance of each type of test circle was represented in
the display and had an equal chance of being a (larger)
target. This strongly suggests that the apparent size mod-
ulation worked separately for each single Ebbinghaus
configuration in the display.

One objection that may be leveled against this inter-
pretation is that the additive RT effects between the var-
ious context circle conditions reflect serial processing of
three types of display elements: Configurations with
small context circles are (for some reason) searched first
for the presence of a target, then elements without con-
text circles are searched next, and finally configurations
with large context circles are searched. Since the differ-
ent types of elements are searched and compared in par-
allel, the result is an additive RT effect of context circle
condition (that is independent of display size). However,
this account fails to explain why the effect was manifest
with three-element displays (that contained one element
of each type), in which case target presence could be as-
certained only by comparisons across the various types
of configuration. Second, it fails to explain why ele-
ments with large context circles would have a lower pri-
ority of processing than elements without context circles
or elements with small context circles. An account in
terms of saliency fails because, arguably, large context

circle configurations are more salient than are test cir-
cles without or with small context circles. One possibil-
ity that remains is that configurations with large context
circles were processed last because the test circles ap-
peared smallest (and configurations with small context
circles first because the test circles appeared largest).
However, if this were true, the account would have to
admit a role of the Ebbinghaus apparent size modulation
in (preattentively) determining the order with which the
various types of display elements were processed. Thus,
in summary, it seems difficult to account for the data of
Experiment 3 without assuming that the apparent size in-
formation is derived separately (i.e., spatially in parallel)
for all Ebbinghaus configurations in the search display.

EXPERIMENT 4

Experiment 4 was carried out to examine whether the
influence of the context circles on the test circles in the
Ebbinghaus illusion, as was demonstrated in Experi-
ments 1 and 2B, would also be manifested in a more diffi-
cult search task. If the effects of the context circles make
the target test circle appear to be substantially larger or
smaller (depending on whether observers have to search
for a large or a small target test circle), then target detec-
tion might be successful even if the target and distractor
test circles are less easily discriminable. To test this, the
size difference between target and distractor test circles
was reduced in Experiment 4. If observers can make use
of the misjudgment effect of the Ebbinghaus illusion, one
would expect a facilitative effect at least in the consistent
conditions of this difficult search task (i.e., with a large
target test circle surrounded by small context circles and
with a small target test circle surrounded by large context
circles), because the apparent size illusion provides a
source of information, making the task solvable.

Method

Participants. Eighteen students of the University of Leipzig (14
female; ages ranged from 19 to 47 years) took part in two experi-
mental sessions.

Stimuli. The stimulus displays were the same as those in Exper-
iment 1, except for the size of the test circles. A preliminary experi-
ment, with fixed target (10 mm) and variable distractor sizes across
trials (without context circles), was carried out to determine the
minimum size difference between the target and distractor test cir-
cles required to discriminate between them reliably. When the tar-
get and distractor test circles differed in diameter by at least 3 mm,
the presence of a smaller or larger target test circle was well de-
tectable. When they differed by only 1 mm, they were no longer dis-
criminable above chance. On the basis of this information, the test
circles introduced in Experiment 4 were either 9 or 10 mm in di-
ameter (i.e., 1-mm difference between target and distractors), and
the context circles were either 3 or 16 mm. The size of the context
circles was kept constant throughout each trial block.

Design and Procedure. The independent variables were size of
target test circle (small or large), display size (three, five, or seven),
size of context circles (zero, small, or large), and target (present or
absent).

The procedure was the same as that used in Experiment 1, except
that all the observers participated in two sessions: one requiring
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Figure 7. Mean target-present search reaction times (RTs, in milliseconds) in Experiment 4
for (panel A) large and (panel B) small target test circles. Control, consistent, and inconsis-
tent conditions are represented by solid, broken, and dotted lines, respectively.

search for a large target test circle (10-mm target, 9-mm distrac-
tors) and the other search for a small target test circle (9-mm target,
10-mm distractors). The order of target sessions was counterbal-
anced across the 18 observers. Each session consisted of 18 blocks
of'40 trials, with each block consisting of 15 practice and 25 test tri-
als (totaling 900 test trials). The observers were provided with 15
initial practice trials to help them reduce the high error rates they
displayed at the beginning of a trial block. Taken together, both ses-
sions lasted 90 min.

Results

RT analysis. Prior to analysis, outlier RTs (5.0%)
were eliminated from the data. Figure 7 presents the
group mean correct target-present RTs as a function of
display size for the small and large target (test circle)
conditions, respectively. Table 5 presents summary search
rate and base RT statistics.

As can be seen from Figure 7, when the target test cir-
cle was hard to discriminate from the distractor test circles,
there were no facilitative effects of (consistent) context
circles in comparison with the control condition, not even
with large targets, for which consistent (i.e., smaller)
context circles had expedited detection when the target
and distractor test circles were easy to discriminate (see
Figures 2 and 6).

The observers’ mean correct target-present RTs were
examined by a repeated measures ANOVA, with target
size (small or large), display size (three, five, or seven), and
size of context circles (zero, small, or large) as factors.

The ANOVA revealed all main effects to be signif-
icant [target size, F(1,17) = 9.944, p < .006; display
size, F(2,34) = 22.488, p < .001; size of context circles,
F(2,34) = 16.171, p < .001]. As in Experiment 1, RTs
were slower when the observers searched for a small tar-
get test circle than when they searched for a large one
(i.e., search asymmetry). Furthermore, RTs increased
with increasing display size for both large and small tar-
get test circles. And RTs increased when there were con-
text circles in the display, relative to the control condi-
tions (which themselves showed a display size dependent
RT increase). Display size exerted a stronger effect on
target detection when the target test circle was small
rather than large [68 vs. 36 msec per item; target size X
display size interaction, F(2,34) = 6.360, p < .009]. Im-
portantly, there was no evidence for differential effects
between the consistent and inconsistent context circle
conditions [the target size X size of context circles inter-
action was not significant, F(2,34) = 0.061], and planned
comparisons between the consistent and inconsistent

Table 5
Base Reaction Times (in Milliseconds), Search Rates (in Milliseconds/Item), and Miss and False Alarm
Rates (in Percentages) as a Function of Display Size, Separately for the Large and Small Target
Conditions and the Context Conditions (Control, Consistent, Inconsistent) in Experiment 4

Context Base Rate Misses False Alarms
Condition Present ~ Absent  Present  Absent 3 5 7 3 5 7
Large Target
Control 662 687 28.36 54.15 10.88 13.11 17.11 6.44 7.77  6.00
Consistent 694 738 45.15 79.40 17.33 15.77  23.33 8.00 10.66 8.22
Inconsistent 729 652 36.79 91.71 1044  14.66 18.22 4.22 6.00 5.55
Small Target
Control 619 589 65.00 126.82 15.77 16.66 16.88 7.77 777 177
Consistent 650 730 79.40 114.51 10.66 1422  17.55 9.55 7.77 711
Inconsistent 751 715 60.62 116.83 17.77  20.00 28.66 11.55 12.00 9.77




490 BUSCH AND MULLER

search conditions showed no significant RT differences
for either target size condition. Thus, there was no evi-
dence of facilitation of target detection by the presenta-
tion of consistent context circles in comparison with in-
consistent circles.

Error analysis. Table 5 presents the error rates in Ex-
periment 4. The error data were examined by an ANOVA
with the factors size of target test circle, display size, tar-
get, and size of context circles. Target miss errors were
more frequent than were false alarms [target, F(1,17) =
62.475, p < .001], more errors were made with large
context circles [size of context circles, F(2,34) = 13.192,
p < .001], and error rates—in particular, target miss
rates—increased with increasing display size [display
size, F(2,34) = 4.497, p < .028; display size X target
interaction, F(2,34) = 5.555, p < .015]. This increase
was larger when context circles were smaller than the
test circles were [display size X target X size of context
circles, F(4,68) = 5.948, p < .005], and it tended to be
larger when the target test circles were smaller than the
distractor test circles were [size of target test circle X
display size X target X size of context circles, F(4,68) =
3.080, p < .052].

Discussion

The results of Experiment 4 are consistent with re-
ports (e.g., Treisman & Gormican, 1988) that steep RT
slopes result in (feature) search tasks in which the target
and distractor objects are difficult to discriminate (see
also Duncan & Humphreys, 1989), perhaps because the
display needs to be scanned serially. The search func-
tions for target-present and -absent RTs show the 1:2
slope ratio considered to be characteristic of serial, self-
terminating search. The slope ratio for search for a small
target was 1.00:1.75 (68:119 msec), and that for search
for a large target was 1.00:2.08 (36:75 msec). Moreover,
like the observers in Experiment 1, the observers in Ex-
periment 4 took significantly longer to detect a small tar-
get object in a display of larger distractor objects than
vice versa, providing further evidence of a search asym-
metry for size-defined targets (see Treisman & Gormi-
can, 1988). Interestingly, this asymmetry was evident de-
spite the task’s being hard overall (producing search RTs
that increased significantly with the number of Ebbing-
haus configurations in the display). In fact, the asymme-
try was more marked than that in Experiment 1 (in which
the task was easy, producing search RTs independent of
display size), and it increased with increasing display
size (the search RT slopes were approximately twice as
steep with small targets as with large targets; 68 vs.
36 msec per item for target-present responses).

The aim of Experiment 4 was to assess the extent of
the misjudgment influence of the context circles on the
test circles under hard search conditions. Even under
such conditions, consistent context circles were expected
to make the target test circle appear larger (or smaller) in
the appropriate search conditions. Since the size contrast
between the target test and context circles was still larger

than was the contrast between the distractor test and con-
text circles, the consistent context circles would have in-
fluenced the apparent size of the target test circle more
than that of the distractor test circles. However, the re-
sults suggest that the apparent size illusion was not ben-
eficial to search performance, not even under consistent
conditions. Instead, the presence of context circles in the
display was detrimental to search performance overall.
One reason why the original hypothesis was discon-
firmed may be that, when target detection is hard, ob-
servers tend to suppress the (task-irrelevant and poten-
tially distracting) context circles (see below).

Judging from the error rates, the observers were able
to detect target objects reasonably well, despite the dif-
ficult target—distractor discrimination. (The finding that
the observers were able to perform the search with an ac-
curacy well above chance in Experiment 4 may have
been caused by the fact that distractor size was fixed
within trial blocks; in the pilot experiment to Experi-
ment 4, it was variable.) But the RTs were slowed when
context circles were added to the displays—in the con-
trol conditions, the observers responded more rapidly
(and their search rates were faster). In other words, the
addition of context circles to the search displays pro-
duced general interference, so much so that apparent size
modulation effects were completely swamped by it.

One possible reason why there may have been no ap-
parent size modulation effects is that the observers scanned
the display configurations serially (i.e., without being
able to compare the target and distractor test circles in
parallel). In this case, the observers would have had to
establish and maintain a memory representation, or tem-
plate (Duncan & Humphreys, 1989), of the target size
with which to compare a given scanned display item.
Apparent size modulation effects would not be expected
under these conditions, because the template might in-
clude a representation of the context circles (in addition
to the target test circle) within a given block (recall that
the size of the context circles was blocked in Experi-
ment 4). It may also be that observers scan one item,
maintain its size in memory, and then scan the next item
to ascertain whether it is different in size from the mem-
orized item. Perhaps, to optimize such comparisons, ob-
servers must suppress the task-irrelevant context circles
(i.e., not represent them in memory), since including a
representation of the context circles potentially could be
confusing. That memory processes along one or the other
line played a role in Experiment 4 may be inferred from
the high rate of errors, indicating processes of matching
the internal template of the target against the display
stimuli. These processes produce a high rate of errors,
false alarms as well as target misses, because the tem-
plate has to be updated frequently.

The Ebbinghaus illusion was not strong enough to
produce any facilitative effects in Experiment 4. If the
context circles had been suppressed, there would have
been no apparent size modulation effects in the various
context—circle conditions. Thus, the prolonged RTs under
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consistent and inconsistent conditions in Experiment 4
may reflect costs associated with suppressing the task-
irrelevant context circles, which are similar under both
conditions. The suppression may be more difficult under
hard (Experiment 4) than under standard (Experiment 1)
search conditions, swamping any differential apparent
size effects.

EXPERIMENT 5

Experiment 5 was designed to test whether, under effi-
cient search conditions, observers do indeed suppress the
(task-irrelevant) context circles in order to more effectively
direct comparisons to the (task-relevant) target and dis-
tractor test circles, without interference from the context
circles. To test this, observers were provided with a 750-
msec preview of the context circles before the presentation
of the target and distractor test circles. If context circles
interfered with search (under no-preview conditions), it
was expected that the preview would provide observers
with the opportunity to suppress the context circles in
advance of test circle onset. Consequently, the preview
would lead to the abolishing of any apparent size modu-
lation effects produced by the context circles under no-
preview conditions (Experiment 1). The underlying idea
was that context circle suppression operates along lines
similar to the visual-marking processes recently demon-
strated by Watson and Humphreys (1997)—that is, in
terms of a parallel top-down process of marking off (in-
hibiting) items that do not fit with the target description
(template; see also Egeth, Virzi, & Garbart, 1984; Kaptein,
Theeuwes, & van der Heijden, 1995). There is evidence
in support of this idea from psychophysical studies, in
which the Ebbinghaus apparent size illusion was sig-
nificantly reduced when the context circles were pre-
sented in advance of the test circle (Cooper & Weintraub,
1970; Jaeger & Pollack, 1977). Note, however, that these
studies presented only one Ebbinghaus configuration at
a time.
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Method

Participants. Twelve students of the University of Leipzig (10
female; ages ranged from 19 to 29 years) took part in a single ex-
perimental session.

Stimuli. The stimuli were identical to those in Experiment 1, ex-
cept for the successive presentation of the context and test circles
(see Design and Procedure section).

Design and Procedure. The independent variables were size of
target test circle (small or large), display size (three, five, or seven),
target (present or absent), and size of context circles (zero, small,
or large). The experimental session consisted of nine blocks with
small and nine with large target test circles (with 10 practice and 50
test trials per block for a total of 900 trials) and lasted approxi-
mately 45 min.

The procedure was identical to that in Experiment 1, except that
the context circles were presented earlier than the test circles were.
Each trial began with the presentation, for 750 msec, of the black
fixation cross in the center of the screen and the context circles
arranged around the positions of the (subsequently presented) test
circles. Next, the test circles were displayed (in addition to the con-
text circles and fixation marker). The Ebbinghaus configurations
then remained in view until a response was made. In the control
conditions, only the central fixation cross was presented for the pe-
riod of 750 msec, at the end of which the onset of the target and dis-
tractor test circles without any context circles occurred. The in-
struction was the same as in Experiment 1 (i.e., the observers were
not told to try to ignore or suppress the context circles).

Results

RT analysis. Prior to analysis, outlier RTs (5.4%)
were eliminated from the data. Figure 8 presents the
group mean RTs as a function of display size for the
small and large target (test circle) conditions, respec-
tively. Table 6 presents summary search rate and base RT
statistics.

As can be seen from Figure 8, with a preview of the
context circles, all facilitative effects of the context cir-
cles were diminished (small target condition) or disap-
peared entirely (large target condition).

The observers’ mean correct target-present RTs were
examined by a repeated measures ANOVA, with size of
target test circles (small or large), display size (three,
five, or seven), and size of context circles (zero, small,
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Figure 8. Mean target-present search reaction times (RTs, in milliseconds) in Experiment 5
for (panel A) large and (panel B) small target test circles. Control, consistent, and inconsis-
tent conditions are represented by solid, broken, and dotted lines, respectively.
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Table 6
Base Reaction Time (in Milliseconds), Search Rate (in Milliseconds/Item), and Miss and False Alarm
Rates (in Percent) as a Function of Display Size, Separately for the Large and Small-Target Conditions
and the Context Conditions (Control, Consistent, Inconsistent) in Experiment 5

Context Base Rate Misses False Alarms
Condition Present Absent Present Absent 3 5 7 3 5 7
Large Target
Control 454 455 —1.68 1.58 1.66 1.33 2.00 3.00 1.66 0.66
Consistent 454 468 —2.45 3.54 2.33 2.33 2.66 4.66 3.00 3.00
Inconsistent 449 461 -0.12 0.41 1.66 3.00 3.66 0.66 2.00 1.33
Small Target
Control 432 462 4.48 6.27 2.00 2.66 1.33 333 2.66 3.33
Consistent 424 476 5.98 5.66 2.66 1.66 2.66 2.66 2.33 2.66
Inconsistent 485 474 3.12 2.97 4.66 4.33 5.00 2.00 1.00 1.00

or large) as factors. There were significant main effects
of size of target test circle [F(1,11) = 23.017, p <.001]
and size of context circles [F(2,22) = 96.358, p < .001],
and size of target test circle interacted significantly with
display size [F(2,22) = 5.931, p < .020] and with size of
context circles [F(2,22) = 22.778, p < .001]. As in Ex-
periments 1, 2B, and 4, RTs were slower when the ob-
servers searched for a small than for a large target test
circle (search asymmetry). Although overall RTs were
relatively unaffected by display size [no main effect,
F(2,22) = 0.840, p = .460], there was a slight display
size effect on the detection of small target test circles
(about 4.5 msec/item) but not on the detection of large
target test circles. Furthermore, RTs increased overall
with increasing size of context circles, although the in-
crease depended on whether the target test circle was
large or small.

This interaction was explored further by two ANOVAs
with the factors display size (three, five, or seven) and
size of context circles (zero, small, or large), conducted
separately for large and small target test circles. There were
significant main effects of display size and of size of con-
text circles only with small target test circles [F(2,22) =
4.965, p < .032, and F(2,22) = 49.121, p < .001, re-
spectively; for large target test circles, F(2,22) = 2.073,
p = .176, and F(2,22) = 1.198, p = .342, respectively].
Planned comparisons (¢ tests) for the small target condi-
tion revealed RTs to be slower by approximately 50 msec
for test circles surrounded by smaller context circles (in-
consistent condition) relative to control conditions for all
display sizes [¢(11) = —5.545, —6.339, and —6.926, for
display sizes of three, five, or seven, respectively; all
ps <.001]; however, there was no RT advantage for con-
sistent relative to control conditions for any display size
[#(11) = 1.091, —0.721, and 0.103 for display sizes of
three, five, or seven, respectively]. In contrast to the
small target condition, there were no significant effects
of size of context circles for the large target condition.

Error analysis. The error rates are presented in Table 6.
An ANOVA of the error data with size of target test cir-
cle, display size, target, and size of context circles re-
vealed only a significant display size X size of context

circles interaction [F(4,44) = 4.038, p < .044]; with
large context circles, error rates increased slightly with
increasing display size.

Discussion

The results of Experiment 5 show a pattern similar to
that of Experiment 1, in that slower detection RTs (and
small display size effects) were found when the observers
searched for a small target object among larger distrac-
tors than vice versa. This search asymmetry is consistent
with the reports from Treisman and Gormican (1988).

The rationale of Experiment 5 was to provide observers
with a preview of the context circles (which were assumed
to be generally detrimental to search performance), so
that they would be able to inhibit these (using a parallel
visual-marking process) in advance of the presentation
of the target and distractor test circles. If suppression is
successful, context circle effects should be reduced or
entirely abolished under preview conditions. The pattern
of effects in the large target condition conformed with
this expectation. The effects produced by the context cir-
cles in the no-preview Experiment 1 (the benefits and
costs relative to the control condition without context
circles) were reduced in magnitude and were no longer
statistically significant. In Experiment 1, the consistent
condition RTs (small context circle conditions) showed a
benefit of 10 msec (combined across display size) relative
to the control condition, and the inconsistent condition
RTs (large context circle conditions) showed a 22-msec
cost. Under preview conditions in Experiment 5, the cor-
responding figures were 4 and 2 msec, respectively. Re-
call that the observers were not explicitly instructed to
suppress the previewed context circles. Thus, the reduc-
tion of the context effects in Experiment 5 can be taken
to suggest that, in order to detect the target test circle
under no-preview conditions, observers tend to suppress
the context circles (even though, in principle, they could
exploit them to expedite target detection under consistent
context conditions). Under no-preview conditions, the
context circles would then influence target detection
only early during the search on a trial, with their effect
diminishing as suppression becomes effective.
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However, the results of the small target condition seem
to be at odds with this account, because detection RTs in
the inconsistent context condition were longer than those
in the control condition despite the preview (in other
words, the context circle effect was abolished only in the
consistent condition with large context circles, not in
the inconsistent condition with small context circles). In-
deed, in the no-preview conditions of Experiment 1, both
the consistent and inconsistent context conditions showed
a cost of 37 msec, relative to the control condition, which
was taken to mean that the context circles impeded search
performance generally and needed to be suppressed to
permit successful target detection.

This raises the question of why significant RT costs
remained for inconsistent relative to consistent condi-
tions in Experiment 5 (no benefit for consistent con-
ditions, but a 46-msec cost for inconsistent conditions),
in which the preview of the context circles was supposed
to enable the observers to suppress the context circles in
advance of target presentation. A possible answer is that
(advance) suppression was possible only under consis-
tent, but not inconsistent, conditions. Under consistent
conditions, the target test circle (6 mm in diameter) was
smaller than both the (larger) context circles (16 mm)
and the distractor test circles (10 mm), so that suppres-
sion could be effectively targeted on large circles (con-
text and distractor test circles). In contrast, under incon-
sistent conditions, the target test circle (6 mm) differed
little from the (smaller) context circles (3 mm), and the
target size was in between those of the context and dis-
tractor test circles (see also Hodsoll, 2002, who demon-
strated inefficient search with nonlinearly separable, or
intermediate, feature targets in the size dimension). As a
result, suppression of the context circles would have tended
to affect the target test circle as well, making target detec-
tion difficult.4

To examine this possibility, a follow-up experiment
was carried out, in which the size difference between the
target test and context circles was increased from 3 mm
(diameters of the target test circle, the distractor test cir-
cles, and the context circles were 6, 10, and 3 mm, re-
spectively, like those in the small target inconsistent con-
dition of Experiment 5) to 6 mm (diameters of 8, 13, and
2 mm, respectively). It was reasoned that the latter con-
dition would permit better fine tuning of suppression on
the context circles (without affecting detectability of the
target test circle) and therefore reduce, if not eliminate,
the cost for the inconsistent relative to the control con-
dition. Although there was a significant cost reduction,
as was expected (from 57 to 36 msec), the residual cost
(of 36 msec) was still significant. This residual cost, per-
haps, points to a general difficulty of suppressing incon-
sistent (small) context circles when searching for a small
target among larger distractors (unfavorable search asym-
metry condition).

In summary, except for the small target condition (in
which inconsistent context RTs were slower than were
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consistent context and control condition RTs), the data
agree with the idea that the observers were able to ex-
clude the (task-irrelevant) context objects from search
and restrict their processing to a (task-relevant) subset of
the display items (see also Egeth et al., 1984; Kaptein
etal., 19995).

GENERAL DISCUSSION

Several aspects of the present findings confirm previ-
ous studies of visual search for size-defined target ob-
jects. If the retinal size difference between the target and
distractor objects is sufficiently large, detection RTs are
relatively independent of display size, indicating effi-
cient search processes that operate in parallel across the
display (e.g., Miiller et al., 1995). However, when the
size difference between the target and distractor objects
is very small, detection RTs increase steeply with in-
creasing display size (with target-present to target-absent
slope ratios close to 1:2), indicating that search involves
serial, item-by-item, scanning (Treisman & Gelade, 1980).
Furthermore, there is a search asymmetry in such a way
that search for a large target among small distractors is
more efficient than search for a small target among large
distractors (see Treisman & Gormican, 1988).5

This finding challenges accounts of the search asym-
metry for size-defined targets in terms of saliency com-
putations involving parallel comparisons between dis-
play items (with targets that are less salient than are
distractors not popping out of the display). According to
such accounts, no, or at least a reduced, asymmetry would
be expected when the search proceeds serially.

More important as to the question at issue, the com-
putation and representation of apparent size, the results
of Experiment 1 (and Experiment 3) are clear: Under op-
timal conditions (i.e., with large targets supporting effi-
cient search), the addition of small context circles to the
target and distractor test circles can enhance target de-
tection even relative to the no-context circle control con-
dition, through reinforcing of the retinal size difference
between the target and distractor test circles. Under these
conditions, the benefits conferred by the context circles
are independent of display size (or, if anything, larger at
larger display sizes). This supports the idea that the
Ebbinghaus apparent size illusion is computed and rep-
resented in parallel across the whole display, expediting
the computation of target—distractor feature contrast by a
given amount, whatever the number of items in the display.

This was the case despite the fact that the addition of
context circles to the display was detrimental to perfor-
mance overall. It was reasoned that the task-irrelevant
context circles interfere with the computation of feature
contrast between the target and distractor test circles and
are therefore suppressed, during the course of a trial, to
permit the relevant items to be compared without inter-
ference. (Another reason why context circles may need
to be suppressed in visual search is that they present ob-
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stacles for implicitly programmed manual grasp move-
ments; see Haffenden, Schiff, & Goodale, 2001; but see
Franz, Biilthoff, & Fahle, 2003.)

When the search was hard, there were no RT differ-
ences dependent on the size of context circles being con-
sistent or inconsistent with the search instruction (search
for a large or a small target, respectively), although the
addition of context circles to the display, whether con-
sistent or inconsistent, prolonged search, seemingly by
an amount relatively independent of display size. In the
small target condition, the average costs relative to the
control condition were 98, 103, and 118 msec for display
sizes of three, five, and seven, respectively (cost increase
across display size was 5 msec/item); in the large target
condition, the costs were 88, 112, and 138 msec (with a
cost increase of 12.5 msec/item). This argues that the
benefits (relative to the control condition) produced by
the Ebbinghaus apparent size illusion critically depend
on conditions supporting efficient search. When search is
serial (i.e., not based on parallel computation of saliency
contrast between the target and distractor test circles),
the illusion does not reinforce the size contrast between
the target and distractors, and search proceeds by com-
paring items individually with a memory representation
of the target (or the last item scanned). The fact that the
overall cost caused by the addition of context circles (rel-
ative to the control condition) is largely additive (inde-
pendent of display size) might suggest that the context
circles are suppressed in a parallel step and that the (se-
rial) search then focuses on test circles with context cir-
cles “removed” from the processing (comparison of the
test circles with the memory representation, with the
memory representation not including context circles).

On the assumption that the context circles impede
search overall and need to be suppressed to permit effi-
cient (parallel) comparison between the target and dis-
tractor test circles, Experiment 5 tested whether provid-
ing observers with a preview of the context circles would
permit them to inhibit, or visually mark, the context circles
in advance of target and distractor presentation (Olivers,
Watson, & Humphreys, 1999; Watson & Humphreys,
1997), thereby eliminating any consistency effects on
detection RTs (see also Cooper & Weintraub, 1970; Jaeger
& Pollack, 1977). The results largely conformed with
this expectation. For the large target condition, which in
the no-preview Experiment 1 had produced significant
benefits of consistent (small) and significant costs of in-
consistent (large) context circles relative to the control
condition, the preview afforded in Experiment 5 elimi-
nated all benefits and costs of the context circles. The
pattern of effects was less clear-cut for the small target
condition, in which the difference between the consistent
(large context circles) and the control conditions was
eliminated, but the cost for the inconsistent condition
(small context circles) was not.

A follow-up experiment confirmed that the latter cost
remained, in part because of the small size difference be-
tween the target test circle and (in the inconsistent con-
dition) the small context circles, which made it hard to

target the inhibition on the context circles without affect-
ing detectability of the target circle. However, this experi-
ment also showed that there remained a significant cost of
inconsistent context circles even when the size difference
between the target test and context circles was increased.
It is not entirely clear what this apparently irreducible cost
was caused by. One possibility is a general difficulty of
suppressing inconsistent context circles under unfavor-
able search asymmetry conditions, such as when search-
ing for a small target among larger distractors—that is,
when both the target test and context circles are smaller
than the distractor test circles and the size of the target
test circle is in between those of the context and distractor
circles. Possibly, this difficulty arises owing to a natural
bias of search within the size dimension toward selecting
large templates (Duncan & Humphreys, 1989) for both
the top-down enhancement of target activity and the top-
down suppression of distractor activity (see Hodsoll,
2002).6

Overall, the present findings are broadly consistent
with the idea that the context circles must be suppressed
for efficient, parallel, target—distractor discrimination to
become possible. On this account, under no-preview
conditions, context circle effects arise early after display
onset, before inhibition becomes effective.

CONCLUSION

In summary, the present findings confirm that, at least
under favorable search asymmetry conditions, the ap-
parent size of target and distractor objects is derived and
compared preattentively in parallel across the display el-
ements. However, although target detection can be facil-
itated by the context circles modulating the test circles’
relative apparent sizes, the context circles also exert a
distracting influence on visual search performance and
may therefore need to be suppressed. Exactly how the fa-
cilitative and interfering effects arising from the context
circles play together in determining visual search per-
formance remains to be investigated in further work.
One prediction currently under examination is that the
overall facilitatory effects of the apparent size modula-
tion depend on the discriminability between the test and
context circles, which is influenced by the number of con-
text circles as well as by the distance and lightness contrast
between the test and context circles.
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NOTES

1. Experiment 1 included two further context circle conditions: 6-
and 10-mm context circles, respectively. Performance under these con-
ditions was similar to the conditions reported here: The search RT func-
tions were flat, with base RTs slower relative to control conditions but
faster relative to inconsistent conditions.

2. This means that, for search for the large target, the expected ben-
eficial effect with small relative to large context circles was potentially
confounded by the smaller center-to-center distance between the small
context circles and the test circles. However, pilot work has shown that
search efficiency is overall impeded, rather than enhanced, by smaller
distances between test and context circles; that is, potential distance ef-
fects would decrease, rather than increase, the context circle effects in-
vestigated in Experiment 1. Furthermore, the design of the experiment
included a neutral baseline condition (without context circles), permit-
ting potential context circle effects to be tested against the baseline
(rather than by directly comparing consistent with inconsistent condi-
tions).

3. Two alternative accounts might attribute the expedited detection of
a large target test circle under consistent conditions (with smaller con-
text circles) to depth-based interpretations of the Ebbinghaus configu-
rations and/or lightness contrast between test and context circles. As-
suming that all context circles are perceived to lie in the same depth
plane, the large target test circle would appear to be nearer than the dis-
tractor test circles. Given a bias for near over far targets, this could ex-
plain why detection of a large target test circle was expedited under con-
sistent conditions. However, although an account along these lines
cannot be ruled out, the contribution of depth-based interpretations was
likely to be small with the configurations used in Experiment 1 (Papa-
thomas et al., 1996). Another factor that may have contributed to the ex-
pedited detection of large target test circles under consistent conditions
is lightness contrast between the test and context circles. Decreasing the
lightness contrast increases the apparent size of the test circle (Jaeger &
Pollack, 1977). Taking into account the area of the test and context cir-
cles, larger targets surrounded by smaller context circles would exhibit
less contrast than would small targets surrounded by larger context cir-
cles. This could help to explain why the effect of the Ebbinghaus ap-
parent size illusion was greater in the former condition. However, since
there was a strong lightness contrast between the test and context cir-
cles in Experiment 1, the influence of this factor on search performance
was likely to be small.

4. Under large target conditions in Experiment 5, the size of the tar-
get test circle was also in between the sizes of the context and distrac-
tor test circles under inconsistent context conditions (context circles,
16 mm; target test circle, 10 mm; distractor test circles, 6 mm). How-
ever, the size difference between the target test and context circles was
larger than that in the inconsistent context small target condition, per-
mitting advance suppression to be better targeted on the context circles.

5. Interestingly, this asymmetry was even more marked (in all condi-
tions, including control conditions) when the search task was hard,
likely involving serial scanning of display items. Treisman and Gormi-
can (1988) reported search rates of 14.3 and 7.6 msec/item for smaller
and larger targets under easy search conditions and rates of 40.0 and
29.7 msec/item under difficult conditions. That is, the search rate dif-
ferences were similar.

6. If the preview effects in Experiment 5 are indeed caused by visual
marking, the results would suggest that, within the size dimension,
marking is applied either to whole feature maps or to spatial regions
within maps containing clusters of to-be-suppressed features. This
would qualify the proposal of Watson and Humphreys (1997; see also
Olivers et al., 1999) that stationary stimuli are marked by inhibition ap-
plied to the locations of objects rather than to their features.

(Manuscript received June 1, 2000;
revision accepted for publication September 3, 2003.)
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