
We commonly encounter groups of similar objects in 
our environment, such as buildings in a city, cars on the 
highway, or fruits on a tree. Such objects share spatial lo-
cations and resemble one another in shape and size. Al-
though objects within such groups are not identical, they 
have common features that help us to classify them into 
categories. How does our visual system represent these 
common features of similar objects? Some empirical 
evidence suggests that features shared among all objects 
of a set can be represented by their statistical properties 
(Chong & Treisman, 2003, 2005a, 2005b; Haberman & 
Whitney, 2007).

The representation of similar objects on the basis of their 
statistical properties is advantageous over other possible 
forms of visual processing. First, statistical representation 
is useful for understanding and predicting events in a world 
full of uncertainty. As “intuitive statisticians,” we estimate 
the statistical values—such as average and variance—to 
be accurate, and we use them both to make optimal infer-
ences in the face of uncertainty (Peterson & Beach, 1967) 
and to understand the general trend of events (Beach & 
Swenson, 1966). Second, statistical descriptors—such 
as mean, range, or variance—provide additional global 
information about an ensemble of objects. For example, 
when we see a group of dots moving in multiple direc-
tions, a complete representation of each individual dot is 
not very useful in assessing the overall direction of the 
dots. A representation of the statistical mean direction of 
the moving dots, however, is more useful in perceiving 
their global direction (Williams & Sekuler, 1984). Third, 
the use of a statistical representation—such as mean 
size—makes our visual system efficient in coping with 
redundant information. Statistical representations may ex-
tract visual information in the form of gist, which enables 
efficient object recognition in cluttered scenes and rapid 

visual scene perception (Oliva & Torralba, 2006). Finally, 
statistical representation is more robust to the withdrawal 
of attention than to the representation of individual fea-
tures. Alvarez and Oliva (2008) showed that even when 
local features were so poorly represented that they were 
hardly identified, it was possible to pool estimates of those 
local details and to attain an accurate representation of the 
group, outside the focus of attention.

In size perception, the ability to compute the mean size 
is surprisingly accurate. Ariely (2001) showed that hu-
mans were able to judge the mean size of a set of circles 
more accurately than they were the size of a single circle 
selected randomly from a set. Chong and Treisman (2003) 
extended these findings by demonstrating that the accu-
racy of mean size judgment remained largely unaffected 
by exposure duration or delays after exposure. They also 
found that participants calculated the mean size on a psy-
chological scale. Participants’ estimates of the mean size 
reflected neither the geometric nor the arithmetic mean of 
the diameters or areas. Instead, the estimates represented 
the mean circle areas related to a power function with an 
exponent of 0.76, which is consistent with Teghtsoonian’s 
(1965) findings that the perception of individual circle 
size is based on a power function with an exponent of 
0.76. When computing the mean size of an ensemble, we 
most likely use the same psychophysically scaled values, 
since those are established for an individual size coding. 
It seems, therefore, that computing the mean size may 
be based on the perceptual values, which are subject to 
psycho physical factors. However, there is no direct evi-
dence to support this suggestion. In the present article, we 
used the Ebbinghaus illusion to test whether computation 
of mean size was based on perceived size. The Ebbinghaus 
configuration consists of two identical circles (the targets) 
placed close to each other, with one surrounded by large 
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binocularly. At this distance, each pixel was approximately 0.015º 
of visual angle.

We generated two different types of Ebbinghaus figures. The 
first had a conventional configuration (regular Ebbinghaus figure). 
The inducers in these figures were arranged to occupy 75% of an 
imaginary circumference to keep the relative completeness of the 
surrounding inducers constant (Roberts et al., 2005). Consequently, 
depending on target size, the number of inducers in each figure was 
varied from 4 to 12. For the second type (irregular Ebbinghaus fig-
ure), jitter was added to randomize the location of the inducers while 
keeping the average distance between target and each inducer con-
stant. We expected a reduction in magnitude of the illusion due to re-
duced completeness in the irregular configuration as compared with 
the regular configuration (Roberts et al., 2005). In this way, we were 
able to assess whether changes in magnitude of the induced illusion 
corresponded to changes in mean size judgment. As in the regular 
Ebbinghaus figures, the number of inducers varied from 4 to 12.

Each display was divided vertically into two halves, with each 
containing either one or four Ebbinghaus figures. Each half con-
tained an imaginary 2  2 matrix in which each cell measured 
4.90º  4.90º. The central position of each figure within each cell 
was varied randomly within a range of 0.17º. The diameters of 
the targets were 0.99º, 1.15º, 1.30º, and 1.45º, with a mean of 1.22º. 
The diameter of the inducers was fixed at 1.52º when the target was 
smaller than the inducers, and 0.91º when the target was larger. The 
distance between the proximal edges of the target and inducers in the 
regular Ebbinghaus figures was fixed at 0.23º. In order to keep the 
average distance between target and inducers constant, this distance 
was either decreased or increased for the irregular Ebbinghaus fig-
ures, ranging from 0.17º to 0.29º.

All stimuli were presented on a light-gray background with a lu-
minance of 18.05 cd/m2. We used two different colors for targets 
and inducers (green and red) to ensure that they were easily dis-
criminable. The luminance of the green color was 19.23 cd/m2, and 
that of the red was 23.92 cd/m2. The luminance of red was higher 
than that of green because a pilot study showed lower visibility for 
red than for green targets when both were displayed with the same 
luminance. For half of the participants, the targets were red and the 
inducers were green; the opposite color scheme was adopted for the 
other half of the participants.

Design and Procedure. The effectiveness of the configurations 
to induce the Ebbinghaus illusion was assessed by measuring the 
PSE prior to the main experiment. A single Ebbinghaus figure was 
presented to each side of the visual field. Whereas the target size was 
initially equal, the inducers were larger than the target on one side 
and smaller than the target on the other. Participants were instructed 
to press one of two buttons corresponding to the side (left or right) 
that contained the larger target. A staircase procedure was employed 
so that one of the target circles was either increased or decreased 
linearly (by 0.03º), depending on the response of the participant. 
The staircase was terminated after 17 reversals, and the average of 
the last 4 reversals was defined as PSE. In this manner, the PSEs 
for Ebbinghaus figures from all experimental conditions were mea-
sured. In addition, the same staircase procedure was used to deter-
mine the PSE for mean size. In this case, four Ebbinghaus figures 
were presented to each side of the visual field, and participants were 
instructed to press one of two buttons corresponding to the side at 
which they perceived the mean target size to be larger. Again, the 
target sizes of the four figures in one half of the visual field were 
increased or decreased (by 0.03º) accordingly.

The main experiment included one test condition and four control 
conditions. In the test condition (Rlarge vs. Rsmall condition), four 
regular Ebbinghaus figures were presented to each visual field. In 
one field, the targets were surrounded by large inducers (Rlarge con-
dition), whereas in the other field, they were surrounded by small 
inducers (Rsmall condition). In the first control condition (Rlarge vs. 
Ilarge condition), only the larger inducers were used, and one of the 
visual fields contained the irregular Ebbinghaus figures. The second 

and the other by small circles (the inducers) (Ebbinghaus, 
1902). The contrasting sizes of the two sets of inducers 
leads to the illusion that the two central circles are dif-
ferent in size, with the central circle surrounded by large 
inducers appearing smaller than the central circle sur-
rounded by small inducers (Massaro & Anderson, 1971). 
Not only does the size contrast modulate the amount of 
the illusion, the completeness of the surround and the dis-
tance between the central circle and inducers (Roberts, 
Harris, & Yates, 2005) also affect its magnitude. Given 
that the perceived size of a target circle of fixed physical 
size can be changed by adjusting the above factors (size 
contrast, completeness of inducers, and the distance), we 
were able to test our hypothesis by manipulating the per-
ceived sizes of elements, leaving the physical sizes of the 
target circles unaffected. We first measured the magni-
tudes and the directions (overestimation or underestima-
tion of target circles) of the Ebbinghaus illusion under 
various configurations. We then tested whether or not the 
computation of the mean size followed the directions of 
the effect of the Ebbinghaus illusion. If computation of the 
mean size is based on perceived sizes of elements, then 
mean size judgments are expected to be affected by the 
Ebbinghaus illusion, leading either to overestimation or 
to underestimation of the mean size of elements, depend-
ing on the contexts; otherwise, mean size judgments will 
be unaffected by the Ebbinghaus illusion as long as the 
physical sizes of elements are not changed.

EXPERIMENT 1

We first measured the point of subjective equality 
(PSE) to evaluate the effect of the Ebbinghaus illusion 
using a staircase method. The Ebbinghaus illusion was 
considered to be effective when the measured PSE signifi-
cantly differed from the presented size of the central circle 
before the staircase measurement. We then measured the 
PSE for mean size using the same staircase procedure to 
test whether participants’ judgments of mean size were 
also influenced by the effect of the Ebbinghaus illusion. 
If computation of mean size is based on perceived rather 
than on physical target size, then mean size judgment 
should be influenced only in those cases in which the il-
lusion differentially affected size perception of individual 
elements in the left versus the right side of the display.

Method
Participants. Twenty-four Yonsei University students partici-

pated for partial course credit (6 participated in measuring PSE 
in the test condition, 8 in measuring PSE in control conditions, 
and 10 in the main experiment). All participants had normal or 
corrected-to-normal vision. None were aware of the purpose of the 
experiment. Every aspect of this study was carried out in accor-
dance with the regulations of the Departmental Review Committee 
of Yonsei University.

Apparatus and Stimuli. The stimuli were created using 
 MATLAB (Psychophysics Toolbox; Brainard, 1997) and presented 
on a linearized Samsung 21-in. monitor driven by a Pentium IV 
computer. The frame rate of the monitor was 85 Hz. The partici-
pants were seated approximately 90 cm from the screen with their 
heads fixed on a chin- and forehead rest, and viewed the display 
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modulation of the illusion by inducers with different sizes 
was effective in making perceived sizes of targets differ-
ent across the visual field in this condition. In contrast, 
the differences obtained in the control conditions did not 
significantly differ from 0 [Rlarge vs. Ilarge (3.65%), t(7)  
1.62, p  .15; Rsmall vs. Ismall (2.60%), t(7)  1.22, p  
.26; Ilarge vs. Ilarge ( 2.40%), t(7)  1.94, p  .09; Ismall vs. 
Ismall (2.40%), t(7)  1.69, p  .14]. This result suggests 
that in these conditions, the Ebbinghaus illusion did not 
differentially affect perceived sizes for the left versus right 
side of the display.

If computation of mean size is based on perceived rather 
than physical target size, then mean size judgment should 
be influenced only in those cases in which the Ebbinghaus 
illusion does have differential effects on perceived sizes 
of targets for the left versus the right side of the display. 
Given that only the PSEs of the Rlarge versus Rsmall condi-
tion differed significantly in right versus left visual field, 
participants’ judgments of mean size should be influenced 
only in the Rlarge versus Rsmall condition. Figure 2B shows 
the proportion of “larger” responses for the five condi-
tions. The proportion of “larger” responses represents the 
proportion of trials in which participants judged the mean 
size of the “PSE-measured side” (the side at which tar-
get size was altered according to the staircase procedure) 

control condition (Rsmall vs. Ismall condition) was the same as the first 
except that only the smaller inducers were used. The third and fourth 
control conditions (Ilarge vs. Ilarge and Ismall vs. Ismall conditions) were 
the same as the first and the second, respectively, except that we used 
only the irregular configurations in these conditions.

The procedure of Experiment 1 is illustrated in Figure 1A. In 
all conditions, each trial began with a fixation cross presented for 
500 msec. The display was then presented for 250 msec, followed 
by a blank screen with a fixation cross that remained until the par-
ticipant responded. Participants were asked to press one of two but-
tons corresponding to the side with the larger mean target size. The 
intertrial interval was 1,000 msec. Additionally, participants were 
instructed beforehand to look at the display as a whole while fixating 
on the cross in the middle of the display, and to estimate the mean 
size only for the targets while ignoring the surrounding inducers. 
Feedback was not provided.

Results and Discussion
The PSEs were analyzed to test how the Ebbinghaus 

illusion affected the perceived sizes of targets. On aver-
age, it took about 29 trials for participants to achieve 17 
reversals. Figure 2A shows the size of the illusion as a 
percentage difference between PSE and the physical size 
of the target for each condition. The percentage difference 
between PSE and physical size in the Rlarge versus Rsmall 
condition was about 22.31%, which was significantly dif-
ferent from 0 [t(5)  4.10, p  .01], suggesting that the 

A
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(500 msec)

Display
(250 msec)

Fixation
(Until Response)
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(500 msec)

Display
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Figure 1. Examples of the procedure in Experiment 1 (A) and in Experiment 2 (B). The Ebbinghaus condition is shown where one 
visual field has larger inducers, and the other one has smaller inducers. The black circles indicate the targets, and the white circles 
indicate the inducers.
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Ilarge vs. Ilarge (53%), t(9)  1.15, p  .28; Ismall vs. Ismall 
(49%), t(9)  0.33, p  .75]; again, this finding is consis-
tent with the PSE results.

EXPERIMENT 2

In Experiment 2, we investigated whether participants 
were able to compute the mean size of sequentially pre-
sented, temporally intermixed items, as they did over simul-
taneously presented items in Experiment 1. In Rlarge versus 
Ilarge and Rsmall versus Ismall conditions of Experiment 1, 
we did not find different effects of regular and irregular 
Eb binghaus configurations on perceived sizes of targets. 
Given that the completeness of the surround is an impor-

to be larger. Only the proportion of “larger” responses in 
the Rlarge versus Rsmall condition (36%) was significantly 
less than 50% [t(9)  3.196, p  .05], consistent with the 
PSE results. The PSE of targets with larger inducers was 
smaller than the presented size. Accordingly, participants 
perceived targets with larger inducers to have a smaller 
mean size more often than targets with smaller inducers. 
These results suggest that the participants’ judgments of 
mean size were indeed influenced by the Ebbinghaus il-
lusion and were therefore made on the basis of perceived 
rather than physical target size. The proportion of “larger” 
responses in control conditions did not differ significantly 
from the chance level, 50% [Rlarge vs. Ilarge (49%), t(9)  
0.44, p  .67; Rsmall vs. Ismall (52%), t(9)  0.93, p  .38; 
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Figure 2. Results of Experiment 1. (A) Mean percentage difference. The dotted line in-
dicates the physical size of targets as a standard. The error bars indicate standard errors. 
(B) Proportion of “larger” responses for the “PSE-measured side” (the side at which target 
size was altered according to the staircase procedure) in all conditions. The dotted line in-
dicates chance level, at which the participants’ judgments were not biased to any particular 
visual field. The error bars indicate standard errors.
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trials for participants to achieve 17 reversals. Figure 3A 
shows the percentage difference between PSE and physi-
cal target size for each condition. In the Rlarge versus  Rsmall 
condition, there was a significant difference of about 
27.77% [t(7)  13.64, p  .01] between PSE and physi-
cal size. A similar result was found for the Ilarge versus 
Ismall condition [31.47%; t(8)  4.21, p  .01], but not for 
the Ilarge versus Ilarge, Ismall versus Ismall, and target-only 
conditions [Ilarge vs. Ilarge (0.40%), t(8)  0.15, p  .88; 
Ismall vs. Ismall (4.84%), t(8)  1.44, p  .19; target-only 
(1.96%), t(7)  1.13, p  .30]. PSE and physical size was 
also significantly different in the control Rlarge versus Ilarge 
condition [13.89%; t(8)  2.58, p  .05], and approached 
significance in the Rsmall versus Ismall condition [15.83%; 
t(8)  2.25, p  .055]. Consequently, the Ebbinghaus illu-
sion differentially influenced the perceived size of the tar-
gets in the right versus left visual field in the Rlarge versus 
Rsmall condition, the Ilarge versus Ismall and the Rlarge versus 
Ilarge, and the Rsmall versus Ismall conditions, but not in Ilarge 
versus Ilarge, Ismall vs. Ismall, and target-only conditions.

Figure 3B shows the proportion of “larger” responses 
for each condition. Again, the percentage of “larger” re-
sponses represents the proportion of trials in which the par-
ticipants judged the mean size of the “PSE-measured” side 
to be larger. The proportion of “larger” responses (23%) in 
the Rlarge versus Rsmall condition was significantly lower 
than 50% [t(9)  4.96, p  .01], consistent with PSE mea-
surements for this condition. The proportion of “larger” 
responses (25%) in the Ilarge versus Ismall condition was also 
significantly lower than 50% [t(9)  8.00, p  .01]. Par-
ticipants reported that the mean size of targets with smaller 
inducers was larger than that of targets with larger induc-
ers, thereby replicating the findings of Experiment 1.

Results for the control conditions revealed that partici-
pants did not show any bias for any given condition, con-
sistent with PSE measurements. Specifically, the propor-
tion of “larger” responses for Ilarge versus Ilarge, Ismall versus 
Ismall, and the target-only conditions did not significantly 
differ from 50% [Ilarge vs. Ilarge (52%), t(9)  0.62, p  
.55; Ismall vs. Ismall (49%), t(9)  0.24, p  .82; target-only 
(54%), t(9)  1.20, p  .26]. Since actual mean sizes for 
the two visual fields were the same throughout the experi-
ment, a result of 50% indicates that in these conditions, 
participants accurately estimated the mean size without 
any bias; this finding is consistent with the results of pre-
vious studies (Ariely, 2001; Chong & Triesman, 2003). In 
contrast, the proportion of “larger” responses in Rlarge ver-
sus Ilarge and Rsmall versus Ismall conditions differed signifi-
cantly from 50% [Rlarge vs. Ilarge (63%), t(9)  3.17, p  
.05; Rsmall vs. Ismall (61%), t(9)  2.30, p  .05]; however, 
these results were also consistent with the PSE measure-
ments, suggesting that the Ebbinghaus illusion influenced 
mean size judgments only when the illusion significantly 
influenced the perceived sizes of targets.

GENERAL DISCUSSION  
AND CONCLUSIONS

The present study demonstrates that estimation of mean 
size can be affected by surrounding the to-be-averaged 

tant factor in the Ebbinghaus illusion (Roberts et al., 2005), 
this null result may have occurred because the irregularity 
introduced in Experiment 1 was not great enough to suf-
ficiently disturb the completeness of the inducers, as we 
had intended. Since in Experiment 2 we presented only one 
Ebbinghaus configuration in each visual field at a time, 
we were able to make the distance between the proximal 
edges of the target and inducers in the irregular figures 
greater than that in Experiment 1, so that inducers in ir-
regular figures had much less completeness than did those 
in Experiment 1.

Method
Participants. In Experiment 2, the 2 authors and 27 students par-

ticipated (8 took part in measuring the PSE of the test condition, the 
mean size, and the target-only condition; 9 took part in measuring the 
PSE of the other control conditions, and 10 participated in the main 
experiment). All participants had normal or corrected-to-normal vi-
sion. Only the authors were aware of the purpose of the experiment. 
Every aspect of this study was carried out in accordance with the regu-
lations of the Departmental Review Committee of Yonsei University.

Apparatus and Stimuli. All aspects were identical to those of 
Experiment 2, except for the following minor changes. The diameters 
of the targets were 1.07º, 1.30º, 1.53º, and 1.76º, with a mean of 1.42º. 
For inducers, eight different diameters were used (large, 1.91º, 1.99º, 
2.06º, and 2.14º, M  2.03º; small, 0.69º, 0.76º, 0.84º, and 0.92º, M  
0. 80º), with all inducers being of the same size for any single trial. In 
each visual field, only one figure was presented in the center of the 
matrix at a time, and the distance from the fixation cross was 4.96º. 
The distance between the proximal edges of the target and inducers in 
the regular Ebbinghaus figures was fixed at 0.31º. Unlike in Experi-
ment 1, we increased the distance (ranging from 0.34º to 1.41º) only 
for the irregular Ebbinghaus figures to ensure that these figures had 
less completeness than did the regular Ebbinghaus figure.

Design and Procedure. As in Experiment 1, we measured the 
PSEs for single Ebbinghaus figures and the PSE for mean size of 
four figures prior to the main experiment. All other aspects were 
the same as in those Experiment 1, except for those noted below. 
In measuring the PSE of mean size, four displays—each consisting 
of two Ebbinghaus figures (one per visual field)—were presented 
sequentially. Participants were asked to track the target sizes and 
report, after each trial, which side contained the larger mean size.

For the main experiment, Experiment 2 included two test condi-
tions and five control conditions. In all of these, the display consisted 
of two Ebbinghaus figures (one in each visual field). The first test 
condition was the same as in Experiment 1 (Rlarge vs. Rsmall condi-
tion). The second test condition included only irregular figures with 
smaller inducers in one side and larger inducers in the other side 
(Ilarge vs. Ismall condition). The four control conditions were the same 
as in Experiment 1 (Rlarge vs. Ilarge, Rsmall vs. Ismall, Ilarge vs. Ilarge, and 
Ismall vs. Ismall conditions), but one additional control condition was 
added in which only the targets were displayed without any inducers 
(target-only condition).

The procedure of Experiment 2 is illustrated in Figure 1B. In 
all conditions, each trial began with a fixation cross presented for 
500 msec, followed by a sequence of four displays (containing two 
Ebbinghaus figures each, except for the target-only condition, in 
which only the targets were shown) that were presented for 250 msec 
each. After the sequence, a blank screen with a fixation cross re-
mained until the participants responded. Participants were asked to 
compute the mean size of all targets in the sequence and to judge 
which side of the visual field contained the larger mean size by 
pressing one out of two buttons at the end of each trial.

Results and Discussion
As in Experiment 1, PSEs were analyzed for all con-

ditions. For each condition, on average, it took about 34 
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right side actually contained the same mean size, which 
is consistent with previous studies (Ariely, 2001; Chong 
& Treisman, 2003, 2005a, 2005b). Furthermore, the re-
sults of Experiment 2 indicate that mean size can be com-
puted from sequentially presented targets, suggesting that 
the storage of items in memory possibly occurs before 
mean size computation can occur. These results converge 
with the findings of Feigenson (2008) that it is possible 
to perform multiple enumerations over sequences and at 
distinct locations. In Experiment 2, the individual objects 
constituting the sets were seen in temporally intermixed 

elements with Ebbinghaus inducers in both parallel (Ex-
periment 1) and serial (Experiment 2) presentations of the 
targets. We found that the effect of the Ebbinghaus illusion 
on judgment of mean size was evident when the Ebbing-
haus illusion was effective, suggesting that computation 
of mean size is based on perceived sizes rather than on 
physical sizes of elements. However, judgment of mean 
size was not influenced by the Ebbinghaus illusion when 
there was no effect of the illusion. These results suggest 
that the participants’ judgments of mean size were very 
accurate and unbiased, given that both the left side and 
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mechanisms, consistent with previous studies (Serences 
& Boynton, 2007; Sohn, Chong, Papathomas, & Vidnyan-
szky, 2005).

If the Ebbinghaus illusion indeed influences mean size 
computation of a group of circles, one important question 
remains: Is the perceived size of each item first modulated 
by the Ebbinghaus illusion and does it then participate in 
the averaging, or are the items first averaged and is the 
averaged size then modulated by the inducers in the Eb-
binghaus configuration? The results of Experiment 2 may 
provide an answer. In the Rlarge versus Rsmall condition, as 
shown in Figure 4, the PSE of the mean size for targets 
in Ebbinghaus figures was different from their physical 
mean size by 23.84% [t(7)  6.03, p  .01], and the PSE 
for a single target in an Ebbinhaus figure was also dif-
ferent from its physical size, by 27.77% [t(7)  13.64, 
p  .01]. The difference of 23.84% between PSE of the 
mean size and actual mean size indicates that the size of 
targets with smaller inducers would have to be reduced by 
23.84% in order to have the same perceived mean size as 
targets without inducers; the same logic can be applied to 
the PSE of individual sizes. The difference between PSEs 
of the mean size and that between PSEs of the single target 
did not significantly differ from each other [t(7)  1.05, 
p  .33], suggesting that the Ebbinghaus illusion had the 
same effect on individual size coding and mean size esti-
mates. Thus, the Ebbinghaus illusion seems to influence 
the coding of individual size rather than directly influenc-
ing the computation of mean size itself. If individual sizes 
are first averaged and the averaged size is modulated by 
the illusion, the Ebbinghaus illusion would not necessarily 
produce the same amount of effect on individual size cod-
ing and mean size estimates; it would affect only mean size 
estimates, leaving the individual size coding unaffected. 
Therefore, our results suggest that individual target sizes 
are more likely influenced by the illusion first, and then 
participate in averaging, rather than the reverse. To test 
this directly, we conducted an additional experiment. We 
used the same stimuli and procedure as in Experiment 1, 
but varied the configuration of target and inducers in some 

order so that participants never knew when a certain item, 
such as the largest one, would be presented in each visual 
field. This means that all of the items had to be actively 
maintained and represented throughout the sequence. One 
might argue that the sequential procedure of Experiment 2 
relies on memory and may not be comparable to the proce-
dure in Experiment 1. However, a previous study (Chong 
& Treisman, 2003) found little effect of a memory delay 
of up to 2 sec on mean size computation. Since it took 
only 1 sec to present all of the figures in Experiment 2, 
it is unlikely that the memory delay would influence the 
results in regard to mean size estimation.

The method we used involves comparing the means on 
the right and left sides of the screen. One may ask whether 
participants were able to perform the task by focusing at-
tention on samples of just one or two items from each 
side (Myczek & Simons, 2008). For example, one plau-
sible sampling strategy would be for participants to simply 
compare the largest items on each side. In fact, even if 
participants had picked only the largest target from each 
visual field and compared them with each other without 
computing the mean size of the entire array, the same re-
sults as those expected would have been obtained if the 
participants had considered all of the targets. In Experi-
ment 2, however, only one configuration was seen in each 
visual field at a time, and the sequence of targets was 
temporally intermixed. Therefore, participants could not 
simply choose one among four targets, such as the larg-
est one or the smallest one from each visual field. This is 
consistent with findings of Chong, Joo, Emmanouil, and 
Treisman (2008), who showed that participants were not 
liable to use sampling strategies such as using the largest 
size or foveal items.

Unlike in Alvarez and Oliva (2008), in our task, par-
ticipants could not rely on location-based selection alone 
because targets were presented both in the left and in the 
right visual fields. They could not rely solely on feature-
based selection by color, either. Consequently, they had 
to use a combination of location and color to select the 
targets. One might have doubts that participants were 
able to select only the targets to average in the display. In 
fact, it is possible that selection for targets was not quite 
perfect and the participants somehow took the inducers 
into account. However, if this were the case, the results 
would have been the complete opposite of those found. 
Although the mean size of all presented circles was always 
larger in the visual field with larger inducers, participants 
chose the visual field with smaller inducers in the Rlarge 
versus Rsmall condition as having a larger mean target 
size. For example, in the Rlarge versus Rsmall condition, the 
mean size of the entire display with larger inducers was, 
on average, 152% greater than that with smaller induc-
ers. Although the inducers might have been processed to 
some degree (affecting the individual size coding of the 
targets), it is less likely that participants used the mean 
size of the entire display in their calculations without se-
lecting the targets from the display. The participants in our 
study successfully selected only the targets to average in 
the display, using both  location- and color-based selection 
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Figure 4. Comparison of PSE of single size and PSE of mean 
size of the smallest targets used in Experiment 2. The dotted line 
indicates the physical size of the targets as a standard, and the 
error bars indicate standard errors.
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smaller when the inducers are far from the target (Girgus, 
Coren, & Agdern, 1972; Jaeger, 1978; Jaeger & Grasso, 
1993; Roberts et al., 2005; Weintraub & Schneck, 1986). 
The results from the Rlarge versus Ilarge and Rsmall versus 
Ismall conditions of Experiment 2 can provide insight into 
the interaction of these two factors. We found differential 
effects of regular and irregular Ebbinghaus figures on 
perceived sizes of targets in the Rlarge versus Ilarge and 
Rsmall versus Ismall conditions of Experiment 2; mean size 
was judged to be larger in the case of regular Ebbinghaus 
figures than in the case of irregular Ebbinghaus figures, 
irrespective of size contrast. However, we did not find a 
difference between perceived sizes of targets for regular 
and irregular Ebbinghaus figures in Rlarge versus Ilarge and 
Rsmall versus Ismall conditions of Experiment 1. Note that 
inducers and targets were always closer in regular Eb-
binghaus figures than in irregular Ebbinghuas figures in 
Experiment 2, whereas the average distances between tar-
get and each inducer in regular and irregular Eb binghaus 
figures were constant in Experiment 1. These results sug-
gest that the distance between target and inducers might 
be a primary factor determining the magnitude of the 
Ebbinghaus illusion. Moreover, the magnitude of the il-
lusion was not significantly different [t(8)  0.26, p  
.805] when the distances between target and inducers in 
irregular Ebbinghaus figures were the same in Rlarge ver-
sus Ilarge and Rsmall versus Ismall conditions. These results 
suggest that the distance between the target and inducers 
is a more important factor in determining the magnitude 
of the Ebbinghaus illusion than the size contrast. When 
the distance factor was controlled, as in Experiment 1, the 

trials. If the Ebbinghaus illusion affects the computation 
of mean size itself rather than individual size coding, the 
inducers would be equally effective as long as they were in 
the same general region, even when they were not closely 
surrounding the individual targets. However, if the illusion 
affects individual size coding, followed by averaging, the 
inducers would have to be around the individual targets in 
order to be effective. Figure 5 shows a sample display and 
results of the additional experiment. We found that the il-
lusion was effective only when the inducers were closely 
surrounding the targets [larger inducers, t(5)  3.952, 
p  .05; smaller inducers, t(5)  3.232, p  .05], but not 
when the inducers were simply in the general region of the 
targets [larger inducers, t(5)  0.099, p  .925; smaller 
inducers, t(5)  1.305, p  .249]. These results suggest 
that the Ebbinghaus illusion modulates individual size 
coding first; then the perceived sizes are used for mean 
size computation.

Although many previous studies have emphasized a 
number of important factors influencing the magnitude of 
the Ebbinghaus illusion, such as size contrast or distance, 
specific interactions between these factors are still under 
discussion. According to size-contrast aspect, larger in-
ducers make the target look smaller, and smaller inducers 
make the target look larger (Coren & Enns, 1993; Coren 
& Miller, 1974; Ehrenstein & Hamada, 1995; Massaro & 
Anderson, 1971; Müller & Busch, 2006; Roberts et al., 
2005). According to distance aspect, however, the per-
ceived size of a target is determined by the distance be-
tween the target and its surrounding inducers: The target 
appears larger when the inducers are close to the target and 
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effect of size contrast remained effective as it was in the 
Rlarge versus Rsmall condition of Experiment 1. However, 
when the distance between target and inducers was varied, 
as in Experiment 2, the magnitude of the illusion seemed 
to depend more on the distance than on size contrast.

Previous studies have suggested that the computation of 
mean size is probably an early visual process. For exam-
ple, judgment of mean size was not affected by the num-
ber or density of items presented, indicating that mean 
size is likely to be computed automatically and in parallel 
(Chong & Treisman, 2005a). In addition, performing an 
extra task did not interfere with mean size computation, 
suggesting that it may be a preattentive process (Chong 
& Treisman, 2005b). The Ebbinghaus illusion also seems 
to occur early in visual processing. Busch and Müller 
(2004; Müller & Busch, 2006) found that the detection of 
a target was independent of the number of distractors in 
visual search, even when the target and distractors were 
surrounded by inducers. The absence of an effect of the 
number of distractors in visual search was considered a 
hallmark of preattentive processing (Treisman & Gelade, 
1980). In addition, Choplin and Medin (1999) found that 
the Ebbinghaus illusion was affected by the degree of per-
ceptual similarity between the perimeters of the inducers 
and the targets, especially if they were distinguished by 
early features, such as curvilinear circles among rectilin-
ear triangles. However, the conceptual similarity of fac-
tors such as the complex shapes of target and inducers did 
not matter. Their findings suggest that the perceived size 
of the target circle in the Ebbinghaus figure might be com-
puted early in the visual system. In addition to the psycho-
physical studies, an fMRI study recently reported that 
early visual areas, such as V1, can represent the perceived 
size of an object and reflect the apparent size modulation 
of the object (Murray, Boyaci, & Kersten, 2006). Taken 
together, the perceived size of an individual object can 
be scaled and represented even in very early visual areas. 
If this is the case, then where in the processing stream 
is mean size computed? Is mean size computed before 
or after modulation of perceived size by the Ebbinghaus 
illusion? Given that the participants’ judgments of mean 
size were influenced by the apparent size modulation of 
the Ebbinghaus illusion in the present study, it is possible 
that mean size is computed after or at least coinciding with 
the modulation of perceived size.

In conclusion, we showed that computation of mean 
size is based on perceived size. Only when the Ebbing-
haus illusion affected the perception of a target were the 
participants’ judgments of the mean size influenced by the 
illusion. The Ebbinghaus illusion influenced individual 
size coding rather than computation of the mean itself.
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