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Computation of mean size
is based on perceived size

HEE YEON IM AND SANG CHUL CHONG
Yonsei University, Seoul, Korea

The present study investigated whether computation of mean object size was based on perceived or physical
size. The Ebbinghaus illusion was used to make the perceived size of a circle different from its physical size.
Four Ebbinghaus configurations were presented either simultaneously (Experiment 1) or sequentially (Experi-
ment 2) to each visual field, and participants were instructed to attend only to the central circles of each con-
figuration. Participants’ judgments of mean central circle size were influenced by the Ebbinghaus illusion. In
addition, the Ebbinghaus illusion influenced the coding of individual size rather than the averaging. These results
suggest that perceived rather than physical size was used in computing the mean size.

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
psychophysical 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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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

binocularly. At this distance, each pixel was approximately 0.015°
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 X 2 matrix in which each cell measured
4.90° X 4.90°. The central position of each figure within each cell
was varied randomly within a range of +0.17°. The diameters of
the targets were 0.99°, 1.15°, 1.30°, and 1.45°, with a mean of 1.22°.
The diameter of the inducers was fixed at 1.52° when the target was
smaller than the inducers, and 0.91° when the target was larger. The
distance between the proximal edges of the target and inducers in the
regular Ebbinghaus figures was fixed at 0.23°. 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 0.17° to 0.29°.

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/m?2. 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 0.03°), 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 0.03°) accordingly.

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

control condition (Rg; vs. I, condition) was the same as the first
except that only the smaller inducers were used. The third and fourth
control conditions (Ijapee VS. ligrge and Iy VS. Iy 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 Ryyge versus Rypqp
condition was about 22.31%, which was significantly dif-
ferent from 0 [#(5) = 4.10, p < .01], suggesting that the

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 [Ryyge VS. ljgrge (3.65%), 1(7) =
162,p = 15, Rsmall VS. Ismall (260%), f(7) = 122,p =
.26 Tjarge V8. Tiarge (—2.40%), £(7) = 1.94, p = .09; Igman vS.
Igman (2.40%), 1(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 Ry, versus Ry, condi-
tion differed significantly in right versus left visual field,
participants’ judgments of mean size should be influenced
only in the Ry,pye versus Ry, 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)
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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.

to be larger. Only the proportion of “larger” responses in
the Ryyge versus R,y condition (36%) was significantly
less than 50% [#(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% [Ryrge VS. Tjarge (49%), 1(9) =
0.44, p = .67; Rypant V8. Liman (52%), #(9) = 0.93, p = .38;

Ilarge VS. Ilarge (53%)3 t(9) = 115,]’ = 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 Ry, versus
Liarge and Rgpqyp versus I,y conditions of Experiment 1,
we did not find different effects of regular and irregular
Ebbinghaus configurations on perceived sizes of targets.
Given that the completeness of the surround is an impor-
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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 1.07°, 1.30° 1.53°, and 1.76°, with a mean of 1.42°.
For inducers, eight different diameters were used (large, 1.91°, 1.99°,
2.06°% and 2.14°, M = 2.03°; small, 0.69°, 0.76°, 0.84°, and 0.92°, M =
0. 80°), 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 4.96°.
The distance between the proximal edges of the target and inducers in
the regular Ebbinghaus figures was fixed at 0.31°. Unlike in Experi-
ment 1, we increased the distance (ranging from 0.34° to 1.41°) 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 (R VS. Ry condi-
tion). The second test condition included only irregular figures with
smaller inducers in one side and larger inducers in the other side
(Tiarge V8- Iyman condition). The four control conditions were the same
as in Experiment 1 (Rygrge VS. Tjarge> Romatt V8- Lymatts large VS- Tiarges and
Tgman V8. Igman 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

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 Ry,ge versus Ry,
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 Ij,,. versus
Igman condition [31.47%; t(8) = 4.21, p < .01], but not for
the Ijyrge VETsus liyrge, Isman versus I,y , and target-only
conditions [ljge VS. Ijgrge (0.40%), ¢(8) = 0.15, p = .88,
Lgman VS- Lgman (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 Ry, versus Ije
condition [13.89%; #(8) = 2.58, p < .05], and approached
significance in the Ry, versus I, condition [15.83%;
1(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 R,y versus
Rman condition, the Ij,g. versus Igy,,; and the Ry, versus
Liarge> and the Ry versus I,y conditions, but not in Iy,
versus ligrge, Lymait V8. Lymanis 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 Ryyge versus Rgn,y condition was significantly lower
than 50% [#(9) = 4.96, p < .01], consistent with PSE mea-
surements for this condition. The proportion of “larger”
responses (25%) in the I,y versus Igy, condition was also
significantly lower than 50% [#(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 Iy, Versus liyge, Lymai versus
Lman> and the target-only conditions did not significantly
differ from 50% [ljzrge VS. liarge (52%), 1(9) = 0.62, p =
.55; Igman V8- Iiman (49%), 1(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 Ry, ver-
sus ljyrge and Ry versus Iy, conditions differed signifi-
cantly from 50% [Rygee V8. Tjgrge (63%), 1(9) = 3.17, p <
.05; Ryman V8. Igman (61%), £(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
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ing to the staircase procedure) in all conditions. The dotted line indicates chance level, at which
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standard errors.

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

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



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 Ry
versus Ry condition as having a larger mean target
size. For example, in the Ry,y. versus Ry 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.

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 Ry, versus Ry, 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% [#(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 [#(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
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Figure 5. Stimuli and results of the additional Experiment. (A) Trials in which inducers
were closely surrounding targets. (B) Trials in which inducers were not surrounding targets
but sharing the general region. The dotted line indicates chance level, at which the partici-
pants’ judgments were not biased to any particular visual field. The error bars indicate stan-

dard errors.

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, #(5) = 3.952,
p < .05; smaller inducers, #(5) = 3.232, p < .05], but not
when the inducers were simply in the general region of the
targets [larger inducers, #(5) = 0.099, p = .925; smaller
inducers, #(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; Miiller & 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

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 Ry, versus Ij,,e and Rypay versus
Iman 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 Ry, versus Iy, and
Rgman versus I, 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 Ry, versus Iy, and
Rgman versus I, 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 Ebbinghaus
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 [#(8) = 0.26, p =
.805] when the distances between target and inducers in
irregular Ebbinghaus figures were the same in Ry, ver-
sus Ijree and R,y versus I,y 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
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effect of size contrast remained effective as it was in the
Ryarge Vversus Rgqy 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 Miiller
(2004; Miiller & 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.

AUTHOR NOTE

This work was supported by Korea Research Foundation Grant
KRF-2006-332-H00039, funded by the Korean Government (MOEHRD).
For helpful comments and discussion on this manuscript, we thank Moritz
Stolte. We also thank Ligiang Huang for the suggestion of a new ex-
periment and other reviewers for their helpful comments. Address corre-
spondence to S. C. Chong, Department of Psychology, Yonsei University,
Sinchon-dong, Seodaemun-gu, Seoul, Korea (e-mail: scchong@yonsei
.ac.kr).

REFERENCES

ALVAREZ, G. A., & OLIVA, A. (2008). The representation of simple en-
semble visual features outside the focus of attention. Psychological
Science, 19, 392-398. doi:10.1111/j.1467-9280.2008.02098.x

ARIELY, D. (2001). Seeing sets: Representation by statistical properties.
Psychological Science, 12, 157-162. doi:10.1111/1467-9280.00327

BEACH, L. R., & SWENSON, R. G. (1966). Intuitive estimation of means.
Psychonomic Science, 5, 161-162.

BRAINARD, D. H. (1997). The psychophysics toolbox. Spatial Vision, 10,
433-436. doi:10.1163/156856897X00357

BuscH, A., & MULLER, H. J. (2004). The Ebbinghaus illusion modu-
lates visual search for size-defined targets: Evidence for preattentive
processing of apparent object size. Perception & Psychophysics, 66,
475-495.

CHONG, S. C., Joo, S. J., EmmanouiL, T. A., & TREISMAN, A. (2008).
Statistical processing: Not so implausible after all. Perception &
Psychophysics, 70, 1327-1334.

CHONG, S. C., & TREISMAN, A. (2003). Representation of statisti-
cal properties. Vision Research, 43, 393-404. doi:10.1016/S0042-
6989(02)00596-5

CHONG, S. C., & TREISMAN, A. (2005a). Statistical processing: Com-
puting the average size in perceptual groups. Vision Research, 45,
891-900. doi:10.1016/j.visres.2004.10.004

CHONG, S. C., & TREISMAN, A. (2005b). Attentional spread in the sta-
tistical processing of visual displays. Perception & Psychophysics,
67, 1-13.

CHOPLIN, J. M., & MEDIN, D. L. (1999). Similarity of the perimeters in
the Ebbinghaus illusion. Perception & Psychophysics, 61, 3-12.

COREN, S., & EnNs, J. T. (1993). Size contrast as a function of con-
ceptual similarity between test and inducers. Perception & Psycho-
physics, 54, 579-588.

COREN, S., & MILLER, J. (1974). Size contrast as a function of figural
similarity. Perception & Psychophysics, 16, 355-357.

EBBINGHAUS, H. (1902). Grundzuge der Psychologie (Vol. 1.,
Band 2. Theil.). Leipzig: Viet & Co.

EHRENSTEIN, W. H., & HAMADA, J. (1995). Structural factors of size
contrast in the Ebbinghaus illusion. Japanese Psychological Re-
search, 37, 158-169.

FEIGENSON, L. (2008). Parallel non-verbal enumeration is con-
strained by a set-based limit. Cognition, 107, 1-18. doi:10.1016/j
.cognition.2007.07.006

GIRGUS, J. S., COREN, S., & AGDERN, M. (1972). The interrelatioship
between the Ebbinghaus and the Delboef illusions. Journal of Experi-
mental Psychology, 95, 453-455. doi:10.1037/h0033606

HABERMAN, J., & WHITNEY, D. (2007). Rapid extraction of mean emo-
tion and gender from sets of faces. Current Biology, 17, 751-753.

JAEGER, T. (1978). Ebbinghaus illusions: Size contrast or contour inter-
action phenomena? Perception & Psychophysics, 24, 337-342.

JAEGER, T., & Grasso, K. (1993). Contour lightness and separation
effects in the Ebbinghaus illusion. Perceptual & Motor Skills, 76,
255-258.

Massaro, D. W., & ANDERSON, N. H. (1971). Judgmental model of
the Ebbinghaus illusion. Journal of Experimental Psychology, 89,
147-151. doi:10.1037/h0031158

MULLER, H. J., & BuscH, A. (2006). Visual search for size-defined tar-
get objects is modulated by the Ebbinghaus apparent-size illusion:
Facilitatory and inhibitory effects of the context objects. Perception,
35, 671-700. doi:10.1068/p5139

MURRAY, S. O., Boyaci, H., & KERSTEN, D. (2006). The representa-
tion of perceived angular size in human primary visual cortex. Nature
Neuroscience, 9, 429-434. doi:10.1038/nn1641

Myczek, K., & SiMons, D. J. (2008). Better than average: Alternatives
to statistical summary representations for rapid judgments of average
size. Perception & Psychophysics, 70, 772-788.

OLIVA, A., & TORRALBA, A. (2006). Building the gist of a scene: The role
of global image features in recognition. Progress in Brain Research:
Visual Perception, 155, 23-36.

PETERSON, C. R., & BEACH, L. R. (1967). Man as an intuitive statistician.
Psychological Bulletin, 68, 29-46.

ROBERTS, B., HARRIS, M. G., & YATES, T. A. (2005). The roles of inducer
size and distance in the Ebbinghaus illusion (Titchener circles). Per-
ception, 34, 847-856. doi:10.1068/p5273



384 IM AND CHONG

SERENCES, J. T., & BoyNTON, G. M. (2007). Feature-based attentional
modulations in the absence of direct visual stimulation. Neuron, 19,
301-312.

SoHN, W., CHONG, S. C., PapaATHOMAS, T. V., & VIDNYANSZKY, Z.
(2005). Cross-feature spread of global attentional modulation in
human area MT+. NeuroReport, 16, 1389-1393. doi:10.1097/01
.wnr.0000174059.57144.62

TEGHTSOONIAN, M. (1965). The judgment of size. American Journal of
Psychology, 78, 392-402. doi:10.2307/1420573

TREISMAN, A., & GELADE, G. (1980). A feature integration theory of
attention. Cognitive Psychology, 12, 97-136. doi:10.1016/0010-
0285(80)90005-5

WEINTRAUB, D. J., & ScHNECK, M. K. (1986). Fragments of Delboef
and Ebbinghaus illusions: Contour/context explorations of misjudged
circle size. Perception & Psychophysics, 40, 147-158.

WiLLiams, D. W., & SEKULER, R. (1984). Coherent global motion
percepts from stochastic local motions. Vision Research, 24, 55-62.
doi:10.1016/0042-6989(84)90144-5

(Manuscript received May 30, 2008;
revision accepted for publication August 28, 2008.)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


