Objects with reduced visibility still contribute to size averaging
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Abstract

People can rapidly judge the average size of a collection of objects with
considerable accuracy. In this study we tested whether this size averaging process relies
onrelatively early object representationsjaier obgct representations that have
undergone iterative processing. We asked participants to judge the average size of a set
of circles, and in some conditions presented two additional circles that were either
smaller or larger than the average. The additioineles were surrounded by fedot
masks that eithdingered longer than the circle array, preventing further processing with
object substitution masking (OSM), or disappeared simultaneously with the circle array,
allowing the circle representation teach later visual processing stag&sirprisingly,
estimation of average circle size was modulated by both visible circles and circles whose
visibility was impaired by OSM. There was also no correlation across participants
between the influence of the ska&d circles and susceptibility to OSM. These findings
suggest that relatively early representations of objects can contribute to the size averaging
processiespite their reduced visibility

[169 words]



The world presents the visual system with an enosnamnount of information.
Many types of visual operations can be overwhelmed, becoming less efficient or less
precise if processing is too distributed in scope. Efficiently recovering information often
requires focused processing on only a few objet&t, even when this scope is
distributed to include larger numbers of objects, information about the features and
identities of the collection is often still available. Past research suggests that this feeling
may be supported by access to statisticaihsanes of object features, even when precise
information about individual objects is not accessiBlieely, 2001). Much of this
research focuses on the feature of object size. In one pautigipantsviewed a briefly
presented display of heterogenslgwsized circles, and then judged whether a subsequent
test circle was present in the first display. Participants were poor at distinguishing circles
that were present in the first display from those not present, suggesting that they stored
little information about individual objects. But participants knew the boundaries of the
range of possible sizes in the first display, and were accurate at rejecting test circles that
were outside of this rangé\ separate experiment showed that even without knoeledg
of the sizes of individual objects, they did haeeess to the average circle size
Estimates differed from the actual average size of the set by ehR¥el

In another series of studies, estimates of average size were actually more accurate
when d@tentionwasbroadly distributed over multiple objects, compared to when
individual objectsvereinspected serially (Chong & Treisman, 2005a). Participants saw
a brief display of heterogeneously sized circles, and their task was either to estimate the
aveaage size of all circles or to report the size of a single object cued after the

disappearance of the display. In both cases participants performed a secondary task to



manipulate whether their region of selection was focused or distributed. In thedfocuse
manipulation participants either performed a difficult visual search task across the circles
or discriminated the orientation of a small rectangle at fixation. In the distributed
manipulation participants either performed a-papvisual search amonige circles or
discriminated the orientation of a rectangle surrounding the objects. Participants were
more accurate at the averaging task when the manipulation induced a distributed
attentional state. In contrast, participants were better at reportisge¢haf a single

object when the manipulation induced a focused attention state (Chong & Treisman,
2005a). In another experiment, participants either averaged the size of circles that were
presented simultaneously, or sequentially over time. Averagogsay was again

higher for simultaneous presentation, suggesting that distributing attention over multiple
objects at once leads to higher accuracy in the averaging process. Other experiments
have also shown that the size averaging accuracy was naedfigcsessize (Ariely,

2001; Chong & Treisman, 2003, 2005a, 2005b), suggesting that producing the visual
average does not require sequential processing of each object.

Together, these findings have been takesugggest that the average information
arises in a relatively early stage of the visual processing. For example, averages can be
extracted with a 50ms presentation time (Chong & Treisman, 2003). Because this time
course is shorthe representations used for size averaging mayeextractedt a
relatively early stage (Chong & Treisman, 2005b). In addition, the fact that average size
information could be retrieved without memory for individual object sizes (Ariely, 2001)

as well as a lack et size effecten averaging performance (ArieB001; Chong &



Treisman, 2003, 2005a, 2005b) both suggest that averaging occurs in parallel, a hallmark
of early processing (Sanocki & Sulman, in press).

Because the averaging process seems to be quick, effortless, and parallel,
researchers have raise@a@ssibility that summary representations are calculated in the
early course of perceptual processing (Chong & Treisman 2003, 2005a, 2005b; Chong,
Joo, Emmanouil, & Treisman, 20081 & Chong, 2009 However, this link is not yet
clear. First, many of #se findings are only suggestive. Although averages can be
computed from a 50ms presentation (Chong & Treisman, 2003), there still could be a
contribution of 'late' visual representations, because previous studies did not employ
masking procedures to gdtether processing of the objects. Furthermore, even though
averaging performance is more accurate when attention is broadly distributed over
multiple objects, it is still possible that the representation used for averaging emerges late
in the course afhe visual processing. Broad selection might improve size averaging by
affecting processing at late processing stages.

Here we use a different approach to explore whether size averaging relies on
either an earlier or later representation of a collecfaybjects. Instead of manipulating
setsize or presentation timee gated the stage of processing using maskimgnany
traditional masking procedures such as lateral or pattern maakimask stimulus is
presented temporally or spatially adjacernthitargeted object. These types of masking
could impair performance because of integration of the mask and target stimulus (Di
Lollo, 1980; Kahnneman, 1968; Turby, 1973), the interruption of ongoing perceptual
processing (Kolers, 1968; Michaels & Turyd®79; Spencer & Shuntich, 1970), or

competitive neural interactions between target and mask representation (Breitmeyer &



Ganz, 1976; Keysers & Perrett, 2002, Weisstein, Ozogdt,S1975). However, we do
not use lateral or pattern masking becauserttagy alter early neural representation of
the object. Instead we use a technique that appears to alter only later visual
representation€)bject Substitution Masking (OSM)n a typical OSM procedure, a
mask consisting of four dots surrounds an enclobgett but does not touch it. If the
enclosed object and mask are briefly presented but disappear at the same time, the initial
object representation is preserved and the object is consciously perceived. But if the
mask remains longer than the objecg, ¢ibject is often invisible. Many accounts of
OSM suggest that the mask substitutes for an initial representation of the object within an
iterative sequence of feedback from higher visual areas. (Di Lollo, Enns, & Rensink,
2000, 2002; Enns, 2004, 2008;rtsn& Di Lollo, 1997). As a result, people can only
access the late representation, a blank surrounded by thdotaniask. One account of
OSM suggests two separate stages of the perceptual consolidation: object formation and
object substitution (EnnsPR4). For the first 100ms after the target presentation, the
visual system forms an initial object representation. Once the initial object representation
is formed, then visual system revisits and updates the object until the quality of the
representatioexceeds the threshold of conscious perception. Any information updated
during this iterative rentering processing contributedater object representation. This
late object representation then substitutes for the early representation.

Neurophysiologtal evidence suggests that OSM can be used to gate the
processing stage of an object representation. One study showed that OSM diminished the
amplitude of N40O, a relatively late event related potential (ERP) component related to

semantic processing (Rei@Hoffman, 2006). OSM was also shown to eliminate N170,



another late ERP component related to object recognition (Reiss & Hoffman, 2007).
Anotherstudy also showed that OSM could selectively interfere with the late stage of
object consolidation using figtional magnetic resonance imaging (fMRI). In this study,
theneural adaptation for the masked object, which is a signature of the repetition of the
same neural representation, was present in early visual areas such as V1, but not in the
higherlevel visial area such as lateral occipital cortex (LOC) (Carlson, Rauschenberger,
& Verstranten, 2007). This study suggests that OSM does not eliminate traces of early
object representation altogether, but it does impair later processing such as object
recognition In additiona target with reduced visibility due to OSM still evoked a shift

of attention that usually accompanies by the target identification, as measured by the ERP
N2pc component (Woodman & Luck, 2003.recent behavioral study also suggests
thatOSM does not completely bloskme types of early shapeocessing, even when

OSM impairs conscious awareness of those shapes (Chen & Treisman, 2009). In this
study, participants were briefly shown a center set of arrows, flanked by four additional
setsof arrows with either compatible or incompatible orientations. These flanking
arrows disappeared either with the center arrow, leaving the center arrow visible, or
slightly after the center arrow, creating OSM and impairing conscious perception of the
certer arrow. When participants reported the direction of the flanking grtiogvs
compatibility of themasked center arrow had a systematic influence on the speed of the
mask discrimination task, even if participants reported no percept of the center arrow.
These results suggest tisaime types of early shapeocessingan still occur in the

presence oOSM, and can affect other visual process Together, past studies on OSM



strongly suggest that OSM can gate late perceptual processing while presdatingly
early object representations.

In the current study, we explored the representation underlying the size averaging
process by usin@SM to manipulate the type of representations available. We displayed
two masked circlésand tested whether thize of theseircles could still contribute to
the averaging procesé/e also included a condition where the masks would disappear
simultaneously with the circle, leaving the circles visible, and leaving later
representations intac&inally, we also incuded trials with two masks, but without
presenting circles inside, as a baseline to measure any effects of the mask itself on the
size averagingrocess.If the two extra masked objects participate in the averaging
process, then the average informatiorstriae at least partially based on initial object
representations. Otherwise if the masked objects do not affect the average estimation,
then the averaging may instead rely on later object representations that have benefited

from iterative processing.

Experiment 1

In Experiment 1 we asked participants to estimate average size of a set of circles.
Two extra circles are present, surrounded by dots that disappear after the circles
(masking) or surrounded by dots that disappear simultaneously with tles ¢ha

masking. In the third condition, the dots are presented ahlatieno circles. But first,

! Throughout this article, the phrase Omasked circleO refers to the circles presented with
delayed masks that should lead to OSM, but should not imglyité masking effect was
always successful on every trial.



in a separate control experiment, we conduct a conservative test of how strongly our

OSM manipulation blocks conscious access to the size of a cued circle

Control Experiment: Visibility Test

Method
Participants
Eight undergraduates at Northwestern University participated for course credit.

All participants reported normal or correcteenhormal vision.

Stimuli & apparatus

Eight circles were presited with center points at one of the equally spaced
locations of imaginary circular array 10j in diameter. The task was to report whether a
target surrounded by a fedot mask was larger or smaller than the other distractor
circles. In a control expenent, we used three sigets consisting of three circles with
different diameterg(1) 0.6, 1.2j, 1.5j, (2) 0.9j, 1.5, 2.1j, and (3) 2.1j, 2.4j, 2.7j. Each
size set was displayed equal number of times during the experiment. The smallest circle
of eachsize set served as a target in a half of the trials, and the largest circle in the other
half of the trials. The mediwsized circles from the three size sets were used as
distractors. The target was presented at one of the eight locations withreahlly.
The four dots were located at the corners of an imaginary square of 2.86j in diameter, and
the size of each detas0.4;. All foreground objects including circles and fixatiware

displayed in dark gray (approximately 7.7 c8/ion agray backround (approximately



29.3 cd/m). The fourdot mask was displayed in red (approximately 19.2 ddfmorder

to keep the foudot mask distinguishable from the circles. Although this manipulation
should actually weaken OSM strength (Moore & Lleras, 20@%ihg a dissimilar color

for the fourdot mask should minimize a participant's use of the size of the mask itself as
input to the average circle size judgmeiihe experiment was run using MATLAB with
PsychToolbox (Brainard, 1997; Pelli, 1997) onrtel Macintosh running OX 10.5. All
stimuli were displayed on 17inch VewSonic E70fB CRT monitor with 1024 x 786

resolution and 85 hz rate. The viewing distance was approximately 57 cm.

Procedure

Figure 1A shows a schematic procedure of the control exparindnce a trial
was initiated, a fixation cross was displayed for 1B@300ms. A set of eight circles
then appeared for 30ms. The task was to report the relative size of the target circle, which
was indicated by a red fodot mask. Across the expment, either the dots disappeared
simultaneously with the circles (simultaneous condition), or they disappeared with a
320ms delay (delayed condition). In the simultaneous condition, a blank screen followed
the circle display for 320mdn both conditios, a blank display was presented until the
participantsO response. In half of the trials, the large circle was chosen as a target from
one of the three size selargecondition). In the other half of the trials, the small circle
was chosen as a targsinall conditiol. The participants were instructed to press the O/O
key if the object enclosed by the mask was large, and 0.0 key if it wa3seyaltere
encouraged to press the 0zO key when they failed to perceive thEdasgeath size set,

there were 40 trials for each combination of target circle tigvg€ vs. smajland mask



type (simultaneous vs. delayed), &ototal of160 trials. The total experiment included

six practice trials and 480 experimental trials and lasted about 40 minutes.

Results & Discussion

Figure 2 shows the distribution of the three response types across conditions. As
expected, the percentage of correct responses was lower in the delay&ahcthrah in
the simultaneous condition across all three size sets. In contrast, the percentage of 'no
percept' responses was higher in the delayed condition than in the simultaneous condition
in general. After the wrong responses angarcept responsegere collapsed together,
the average percentage of correct percepts was examined with a 2 x 2 x 3 repeated
analysis of variance (ANOVA) using three factors: circle type, mask type, and circle size
set. Although there was a significant main effect otcttede size seti-(2, 14) = 9.58p
= .002,172= .58 ([0.6j, 1.2j, 1.5{]M = 70.00% SE= 4.78%, [0.9i, 1.5}, 2.1iM =
64.61%,SE= 4.44%, [2.1j, 2.4{, 2.7{]M = 71.48% SE = 4.38%), the size set factor did
not interact with the other two main factoiw the interaction between the two factors
(size set x circle typd(2, 14) = 1.89p = .188,1°= .21, size set x mask tyg&(2, 14) =
1.26,p= .315,;72=.15,and size set x circle type x mask typ€2, 14) = 1.24p = .319,
n? = .15). In additionthere was no significant main effect of the circle tyg{@, 7) =
1.58,p=.249,4°=.18. A significant main effect of the mask type, however, was found as

expectedF(1, 7) = 10.15p=.015,#2=.59, suggesting that our OSM procedure could



decrease the ceaious perception of the individual circle size (simultanelus:
81.09%,SE = 2.50%, delayed¥l = 56.30% ,SE= 7.96%). No interaction between circle
and mask type was foungl(1, 7) = 2.40p = .166,5°= .26, indicating that OSM was

present to a simitadegree across small and large circles.

Main Experiment: Average size judgment

Method
Participants

Fifteen undergraduates at Northwestern University participated for course credit
or monetary compensation. All participants reported a normal or coHteetedmal

vision.

Stimuli & apparatus
Identical to the control experiment except for the following: diaeneterof the
six circles was randomly chosen from 0.3 increments witkerrange of 0.9 to 2.4j. In
the absent condition, no extra circle was displayed. In the present condition, the two extra
circle sizes were presented and could be 0.9j or 2.4j in the sneijecondition

respectively. The locations of the two extnales were countesalanced across trials.



Procedure

Once a trial vasinitiated, a fixation cross was displayed for 12300 ms. Then,
a set of six circles was presented for 30 ms, with or without two extra circles surrounded
by dots. The task wae guess the average size of all circles. Masks either disappeared
simultaneously with the circles (simultaneous condition), or with a 320ms delay (delayed
condition). The control experiment showed that delaying the disappearance of the mask
impairedconscous perception of the size of the initial circle. In both the simultaneous
and delayed conditions, the extra circles were either the lalg@egdondition) or the
smallest (small condition) size among the circle size range eR@LPyith 0.3
increment, or were not be present (masikly condition). Participants were instructed to
compare a reference circle shown on the screen to their estimate of the mean size of the
previous set of circles (See Figure 1B). The size of the reference circle wasdadjust
using a staircase procedure. Whenever the participant responded that the reference circle
was larger than their estimated average size, the size of the next reference circle was
increased by 3%, proportional to the actual mean size of the six cimotesdluding the
extra circles, when present). A 'smaller' response caused the next referente lwércle
decreaseby 3%. The initial value of the staircase could be either 20% smaller or 20%
larger than he average size of the six circles, and wasecbalance@cross the mask
only, large, and small conditiotdAB, ABA, ABB, BAA, BAB, and BBA). To
measure the perceived average size of the six mask x circle conditions, we calculated the
point of subjective equality (PSE) for each trial asdifference between the size of the
reference circle and the average size of the six circles, divided by the average size of the

six circles We then averaged this value across the last 12 staircase reversal trials out of



all reversalg§M=38.78,SD=4.56,Min=26,Max=51) for each condition for each subject.
Participants were not given feedback about their responses, in order to minimize the
potential influence of strategic adjustments of size estimates (Bauer, 2009). The
experiment included 12 blocks of 48 trialsch, resultingn a total of 720 trialsThese
trials were equally assigned acrossrtiesk(simultaneousinddelayed by circle
(control,large,and smallonditions, resulting in 120 trials per each conditidme
participants were given sdifned braksafter finishing every 2 trials.The main

experiment, including twelvpracticetrials, lasted approximately 40 minutes.

Results & Discussion

Figure 3A shows the average PSE across particip&atdicipants tended to
overestimate the average sieeen in the control simultaneous condition where neither
extra circles nor delayed fodot masks were presentéd4) = 2.28p = .039. This
general overestimation bias is consistent with findings in previous st@iiead &
Treisman, 2003; Bauer, 280 To test whether circles masked by OSM still contributed
to the averaging process, tA8E of average siZe all six conditions was entered in a
repeated measures 2 x 3 ANOVA with factors of mask type (simultaneous vs. delayed)
and circle type (masénly vs.largevs. small). Greenhougeeisser correction was
employed to adjust the degree of freedom (df) due to sphericity violafien®und a
significant circle type effecE(1.18, 16.56) = 13.2% < .0001,;°= .49, indicating that
the size of théwo extra circles influenced the size average judgment. This main effect
was driven by significant differences between all the three possible pairs: between the

large(M = 27.10%,SE= 6.00%) and the masinly condition M = 16.33% SE= 6.38%),



t(14) =3.25p = .006, between the small(= 13.17% SE= 6.08%) and masknly
condition,t(14) = 2.70p = .017, and between tteegeand small conditiort(14) = 4.05,

p = .001. When the two extra circles were the largest circle from the possible circle sizes,
the estimated average circle size was larger compared to thenigslondition. In
contrast, the average circle size was estimated as smaller compared to tbalynask
condition when the two extra circles were the smallest one from the possiblel$izes.
was also a significant mask type effétl, 14) = 12.03p = .004,;72: .46, where
participants tended to overestimate average size in the delayed cofMitid20.73%,

SE= 6.12%)compared to the simultaneous condiijvh= 17.00% SE= 5.80%) There

was no significant interaction between circle and mask §(1e26,17.57) = 1.64p

= .22,7°= .105. Regardless of whether the masks disappeared simultaneously with the
circle display or stayed longer than the circle displagyPSE ofaverage size was

affected bythesize of masked circles. This result suggestsniaaked circles

contributed to the perception of average circle size as much as unmasked circles.

An unexpected and interesting finding was that size overestimation was greater in
the delayed disappearance condition relative to the simultaneous disappearance condition.
Participants overestimated the average size of circles even more when ttiet fioask
lingered longer than the object, relative to when it disappeared simultanedbshe
object. One possible interpretation is that the area subtended by tdetfouask, which

was always larger than the object size, was included in a process of size averaging. In



other words, participants might be unable to ignore the sithee @fnaginary square

formed by connecting four dots, and take the size of this area into the average calculation.
To cancel out the effects of the size of the area subtended bydioomasks on

the size average judgmente subtracted the PSE observedaontrol conditions from

that in the largend small conditions. In the resulting data (Figure 3B), four different

circle type x mask type conditions were produced: [simultanaogsb simultaneous

maskonly], [simultaneous smalbsimultaneous mastnly], [delayedlargebdelayed

maskonly], and [delayed smalbdelayed masknly]. If the perceived average size were

affected by circle size with low visibility, we would find a significant effect of circle size

in both simultaneous and delayed conditidinthe perceived average size were solely

affected by the size of the area subtended bydotumasks, we would not find any

modulation by the circle size in delayed condition. &dteredhe difference in the

percentages of bias between control ant lawgeand small condition into 2 x 2

repeated ANOVA using two factors of circle silagdevs. small) and mask

(simultaneous vs. delayed). The results showed a significant main effect of circle size,

F(1, 14) = 16.42p = .001,4,°= .54, indicating that participants estimated the average size

as larger in théargecondition M = 10.77%,SE= 3.32%) than small conditioti(= -

3.17%,SE = 1.17%). However, we could find neither significant main effect of mask,

F(1, 14) = 1.86p = .194,4°=.12, nor interaction of circle size and masK,, 14) = 1.58,

p = .230,#°=.10. These results suggest that even objects whose visibility was impaired

due to OSM affected the average size judgment as much as clearly visivle objects.



Experiment 2

In Experiment 10SM significantly reduced the visibility of the masked circles
for most of the participants, but the strength of the OSM effects varied among
participants. This observation led to a possibility that participants showing relatively
weak OSM inflated the apparent impact of masked objecsenage size judgments
But because separate sets of participants were used between the control experiment
testing the visibility of the masked objects and the main experiment on average size
judgments, we cannot examine the relationship between the OSM strength and the effect
of masked circles on average size judgmelitthe same participants were used, it
would be possible to correlate the strength of OSM in the visibility test with the icdluen
of masked circles on the perceived average size. If the less visible circles due to OSM
still participate in the size averaging process, then participants with both strong and weak
OSM (according to the visibility tesshould still demonstrate an inénce on average
size judgments (according to the averaging experimengxperiment 2, all participants

performed both tasks.

Method
Participants

Seventeen undergraduates at Northwestern University participated for course
credit or monetary compengat. All participants reported normal or correcteehormal

vision.



Stimuli & apparatus

Stimuli and apparatus were similar to Experiment 1 exceptribigtad of
employing three different size sets, we only u3&q, 1.8;, and 2.4j as a target and
distractor stimuli during the visibility test. The stimuli used in the average size judgment

task were identical to Experimeht

Procedure

To ensure a conservative estimate of OSM, all participants first comiiietc
minute long average size judgmehise first, and then the tamnute long visibility test
phase (when practice effects should be at their p€hk)procedure was similar to
Experiment 1, bulve made several changeshe visibility test. First, we only employed
one type of size set €9, 1.8, and 2.4. Accordingly, the 0.Pcircle was used as the
target in the small condition, and the 2.4 circle inl#ngecondition. The 1.8circle
served as a distracforSecond, in order tmeasure discrimination sensitivitg@pf the
masled circle's size, we also forcpdrticipants to choose one answer from eitleeger
than the other circlesO or Osmaller than the other circles,0 and eliminated the Ono perceptO
from the possible response options. The procedure of the average sizenutigk was

identical to Experiment 1.

ZAlthough the task was to judge whether the tanget larger or smallehan distractors,
sizes for all stimuli types were constant, which allowed them to judge based on the
absolute size of fthmasked objeawithout actually comparing to the distractors. As a
result, participants could perform the task without checking the size of the distractor
circles. We expect that the time taken to judge the indivglmalof the masked circle
could ke reduced byhis modification, allowing a more conservative measure of the
visibility of masked circles during the average size judgment.



Results & Discussion
Visibility Test

One participant was excluded from the analysis due to a strong response bias
toward the OsmallerO response. The mean accuracy rates of the rest 16 participants were
analyzed bya 2 x 2 repeated ANOVA using two factors, circle and mask type. As
expected, we found a significant main effect of the mask Byie 15) = 48.30p
<.0001,4%= .76, suggesting that our OSM procedure could decrease the perceptual
quality of the masked object significantly (simultanedds: 93.09%,SE= 1.34%,
delayed:M = 80.22%SE= 2.69% However, a main effect of the circle type and the
interaction letween the two factors were not significd#(tl, 15) < 1n.s.. This result
suggests that both large and small targets are vulnerable to OSM in a similar degree
(Figure 4A. We also conducted a paired samglkest to test for differences in the
discrimnability between the simultaneous and delayed mask condifianavoid
infinite d' values, we adjusted both hit rates and false alarm rates by adding a small value
to both (Snodgrass & Corwin, 1988)he result showed that the OSM significantly
decreasd dprime, t(15) = 7.31p < .0001 (simultaneous conditiokt = 3.16,SE= .24,

delayed conditionM = 2.03,SE=.17) (Figure 4B).

% In Experiment 1, there were 3 response cholaege,small, or nepercept. If

participants hadbeen forced tehoose betweeargeand small responses, in Experiment

1, they would have guessed onperceptrials, leading to half correct and half incorrect
responses. If so, we can predict that their performance for the simultaneous condition
would have been 842, and for the delayed condition 71.02%. Although these values
are generally lower than in Experiment 2, the drop in performance caused by the delayed
mask is similar.



Despite a significant reduction in visibilipaused by OSMhe masking
procedure could not entirely block conscious perception of the initial circles. The dO of
the both simultaneous and delayed conditions were shown as significantly higher than
zero (simultaneou$(15) = 13.43p < .0001, delayed(15) = 11.66p < .0001).

It may be difficult or impossible to construct an OSM procedure that would
perfectly mask object size on every trial. This may be because object size is recovered
early in visualprocessing (Busch & MYller, 200urray, Boyaci, & Kersten, 2006
OSM may be more robust for more complex features that require iterative processing.
Typical OSM demonstrations often use more difficult discrimination tasks, such as
whether a diamond shape was clipped on the left or right sides &Di Lollo, 1997),
letter identification (Enns, 2004; Jiang & Chun, 2001a; 2001b; Reiss & Hoffman, 2006)
or shape identification (Woodman & Luck, 2003). In order to perform these vaska,
information may have to travel to the high visual areasgaath ventral pathway, such
as LOC (Kourtzi & Kanwisher, 2001), or the visual word form area (Cohen, Dehaene,
Naccache, Lehericy, Dehaehambertz, Henaff, & Michel, 2000). As a result, it is
highly likely that more processing time is required to cotepgberceptual consolidation
for these higHevel object discrimination.

While the OSM manipulation did not entirely block conscious perception of the
size of the masked circles, there was a large reduction in visibflitigis visibility
reduction redeces the influence of the masked circles during the average size judgment

task, we can conclude that size averaging relies primarily on later representations. |If this



visibility reduction does not affect the contribution of masked circles to the avezage si

judgment, then size averaging may have access to a relatively early representation.

Average Size Judgment

The results were very similar to those in Experimentlere was a general
tendency to overestimate average object §j6) = 3.50p =.003 To explore the
effects of OSM on the size averaging process, a 3 x 2 repeated ANOVA was performed
using two factors of circle and mask typath Greenhous&eisser corrections for
sphericity violations in tith main effects of circle type and mask typée main effect
of circle type was significanE(1.23, 18.51) = 12.75 < .0001%= .68. This main
effect was driven by significant differences between all the possible pairs: between the
large(M = 25.84%,SE= 4.17%) and the masinly condition M = 12.75% SE= 3.09%),
t(15) = 5.25p <.0001, between the smalll= 10.06% SE= 3.62%) and mas&nly
condition,t(15) = 2.72, p = .016, and between ldrgeand small conditiort(15) = 6.18,
p <.0001. The difference among the three circle conditiaisates thathe two extra
circle sizes affected the perceived average size. The main effect of the mask type was
also significantF(1, 15) = 12.30p = .003,5%= .45, again showing a tendency of
overestimation in the delayed conditiovt € 19.40% SE= 4.12%) compared to the
simultaneous conditiorM = 13.04% SE= 2.89%). Importantly, there was no significant

interaction between circle and mask type; 1,n.s.(See Figure 5A).



Again, we tested whether the two masked circle sizes affected the perceived
average size across the simultaneous and delayed condition even after subiteacting
effect of the fowdot mask independent of the presence of the circles. As Experiment 1,
we found a significant main effect of the circle siz¢,, 15) = 38.19p < .0001 = .72,
showing a larger perceived average size ifdtgecondition M = 13.09%,SE= 2.49%)
than in the small conditiotM = -2.69%,SE= .99%). Also, we found neither a main
effect of the mask typle < 1,n.s, nor a significant interaction betweeincle and mask
factor,F(1, 15) = 1.32p = .27,5°= .08. The results suggest that the extra circles
participated in the size averaging proaagsn when their visibility was impair¢8ee
Figure 5B).

Identification sensitivity was significantly recked by OSM, andasked circles
still contributed to the perceived average size as much as circles without OSM. In
addition, it is likely that the dO obtained from our visibility test is a conservative
measurement of the visibility of masked circles duthgaverage size judgment task.
During the visibility test, the masked circle was the only-tagkvant object in the
display, whereas in the averaging task all circles wererédskant. Consequently,
participants should have distributed their regidselection more broadly in the average
size judgment than in the visibility test (Chong & Treisman, 2005b). Since OSM is
strongly under conditions of broader selection (Enns, 2004; Luiga & Bachmann, 2007), it
is likely that the masked circles were eVess visible during the average size judgment
task than the visibility testAlso, becaus#he visibility testwas a two alternative forced
choice (2FAC)jt is possible that the tetstpped into swzonscious representation

While the present resultaugnot support or rule out this possibility, we note that



participants frequently expressed frustration about the extreme difficulty of judging the
size of a masked circle during the visibility test.

Because the visibility impairment caused by OSM vaaimdng participanist is
possible that the effects of the masked circles on average size judgnegntsnarily
due to those subjects with the weakest O3d evidence againshis possibility,we
conducted two correlation analyses across subjectsperiixent 2, comparing the
strength of the OSM effect with the contribution of the masked object to the average size

judgment. Both of these correlations are visible in Figure 6A.

Figure 6A summarizes the results of both individual and average size judgment
tasks of each individual participant. TheaXis (visibility) represents the visibility of the
masked circle during the visibility test. TheaXis (size estimation bias) repeatsthe
difference in the PSE between the large and small-exti@ conditions (e.g., the
difference between the white or dark bars in Figure 5B, for simultaneous or delayed
conditions, respectively Each arrow represents each particip@hé staiing points of
each arrow marks values from the simultaneous-(®M) condition and the ending
points mark values from the delayed (OSM) condition. Leftward anroicate that the
OSM was successful in decreasthg visibility of the enclosed circlél'he vertical
aspect of arrows represents the impact of OSM on the size avepaggegs. Upward
arrows indicate an increase in the contribution of masked circles on the average size

judgment, and downward arrows indicate a decrease.



When viewing Figuré&A, note that all of the arrows point to the left, suggesting
that the OSM manipulation was effective in reducing circle visibility for every participant.
However, the arrows do not systematically point downward, which is consistent with the
result thatsize estimation bias was not significantly reduced in the OSM t@ie
might point to the three salient downward pointing arrows (denoted as +), as evidence
that less OSM was related to less of an effect of the masked circles on averaging
performance.However, note that for those individuals, the decrease in visibility between
the simultaneous and delayed conditions was actually quite small. One of these
participants showed loadGn general and had a high tendency to overestimate the
average sizeAnother participant with the most drop, actually showed a relatively small
masking effect during the visibility test. In addition, participants whose visibility of
circle sizes dropped the most by OSM do not match those whose perceived average size
was afected the most by the masked circles. These patterns, in addition to the 13 other
participants that do not show such large drops, suggest that there is no correlation
between these two factors.

For the first formal correlation across participants, wepared d' for masked
circles in the visibility test with the contribution of those masked circles to the average
size judgment, as measured by the PSE difference between trials with large and small
extra circles (i.e., the difference between the dark bafgure 5B). This correlation
can be visualized on Figure 6A by attending to only the arrowheads while ignoring the
arrow lines. There was no significant correlation between the two variable3l,p
=.979, suggesting that participants with weaB&M were not responsible for the

influence of masked objects on size average judgments.



As a second correlation measure,asmparedhe change in dég@tween the
simultaneous and the delayed condition in the visibility test (the horizontal component of
each arrow) witlthe change in size estimation bias (the vertical component of each
arrow), and these difference scores are depicted in FigurélgBe was again no
significant correlation;, = -.085,p = .754).This result suggests that how much OSM
decreased an object's visibility was not related to the decrease in the contribution of those
objects to average size judgments.

In summary, the results of Experiment 2 were similar to Experiment 1,
demonstrating that the masked cirgldiiencedthe sizeaveraging procesdn fact,
these relatively early representations of objects contributed to average size judggments
much as later representations did. We found no significant correlation between the
performance of the visibility test and that of #werage size judgment task; how well an
individual perceived the size of the masked circle in the OSM procedure was not related
to how much the two masked circles affect the perceived average circle size. This finding
implies that theate representatiortd individual objectsnay not benecessarfor that

object to contribute to an average size representation.

General Discussion

In this study, we explored the perceptual stage at which average size information
arises. In particular, we tested whettedatively early representations participate in the
size averaging process by interrupting processing with Object Substitution Masking

(OSM). Both Experiment 1 and 2 showed sty object representations contribute to



average size judgments even tho@M significantly limited perceptual processing. In
each display, there were two large or two small circles masked by G&%M

interfered with a circleOs participation in the average, then the sizes of the masked circles
should not affect estimatefn contrast, we found that estimates of average circle size

were larger when the large circles were present, compared to when small circles were
present. The contribution of the masked circles was of the same as when circles were
clearly visivleto the péticipants. In addition, the effect of the extra masked circles was

just as strong for participants with strong OSM than for those with weak OSM.

Why might the feature of size contribute to an average judgment, even under
conditions of compromised awaiess? It is likely that size is coded at sufficiently early
visual stages that size information can still be recovered by the averaging pfottess.
work on size averaging is consistent with the ideagdy representations of objects
contribute tahe calculation of the average size (Im & Chong, 2009). This study showed
that size judgments are modulated by the contrast between the judged objects and the size
of nearby flanker objects (i.e., the Ebbinghaus illusion). At first glance, the fasizénat
averaging is based on more sophisticated representations involvicgrsizestin
addition to size alone might indicate that averaging operates over a later representation.
But another study shows that size contrast is computed early in visusggnac(Busch
& Muller, 2004). These findings suggest that representations used to calculate the
average size could arise at an early stage of perceptual processing, and effectively

modulate estimates of the average size even when later representationsaaed.



Mechanisms of Size Averaging

The finding that early representatiaantribute to the size averaging process
constrains the possibilities faowthe visual system forms an average representation
from these representations. One large cayegiomechanisms could be labeled
integration fieldsover space. According to these accounts, multiple features present in
an area of the visual field are processed concurrently and merged into a common
representation. For example, in demonstratiommsoo¥ding a target object (such as an
oriented grating or letter) is made unidentifiable by adding nearby flanker objects
(Bouma, 1970; 1973; Toet & Levi, 1992). Previous studies have suggested that while
featural information about the target is recoveaesbme processing stagfeere may be
Nno conscious access to that information, because its featuraaradtatorily pooled with
features from nearby objects.

Importantly, thiscrowding effect is thought to reflect integration or pooling of
information,and notaloss of information. In one studyagticipants were shown a set of
oriented gratings, and were requiredeport whether the overall array appeared tilted
clockwise or counterclockwise from the horizontal axis (Parkes, Lund, Angelucci,
Solomon & Morgan 2001). Participants could still report the tilt direction of the array
when a central tilted grating was made invisible due to crowding by flanking horizontal
gratings, suggesting that a summary representation of both the central tilt Eamkitg f
gratings aided participants when performing the identification task. Also, when
participants were required to report the tilt direction of the central grating, performance
was affected by the tilt direction of the flanking gratings. When flangiagings had an

opposite tilt direction, which should render an average tilt less informative, the



identification of the crowded central target was severely impaired. In contrast, distractor
tilts congruent to the target tilt enhanced performance. Bethatget and distractor tilt
signals appeared to be involuntarily pooled together.

The spatial area where thmsandatorypooling occurs is often referred to as an
'integration field(Pelli, Palomares, & Majaj, 2004) or an area of 'minimum attentional
resolution’ (Intrilligator & Cavanagh, 2001). They fields appear to be smaller near the
fovea and larger in the periphery with a size proportional to their eccentricity (Bouma
1970; Pelli et al., 2004). These field sizes are congruent with the lengihzairtal
connections in V1 (Gilbert, Ito, Kapadia, & Westheimer, 2000) and the size of receptive
fields in V4 (Desimone & Schein, 1987; Desimone, Schein, Moran, & Ungerleider, 1985;
Pi—on, Gattass, & Sousa, 1998; Motter, 2002). This finding raisesihiltyshat
average information arises somewhere in the visual cortex by integrating information by
neural connections encompassing nearby spaces, or by pooling information falling into
the same receptive field in a higher visual area.

These studies afrowding explore mandatory pooling of information across small
spatial areas. However, a similar pooling process may be available for larger spatial
areas, when larger parts of the visual field are selected by attention. Pooling with such a
voluntarily larger scope could underlie our ability to average information across objects
distributed across the visual field.

In one study, participants had to identify or localize the orientation of the most
tilted target among slightly tilted distractors (Baklas Burr, 2000). Critically, unlike
Parkes et al. (2001), the objects were not placed close enough to create crowding effects,

but were instead distributed across the dispagnsistent with past results using visual



search tasks, participants locatlzbe target more efficiently when the distractors were
tilted in the opposite direction as the target, compared to when they were tilted in the
same direction. Indeed, searches are usually more efficient when targets are more
distinct from distractors (Eisman & Gelade, 1980; Duncan & Humphreys, 1989). But
surprisingly, when the task was to simply identify the direction of tilt for the target,
without the need to locate it within the display, the pattern was reversed. Target
identification performanceas actually better when distractor orientations were more
similar to the target orientation. Participants subjectively reported that they used a
Oglobal sense of tiltO to do the task. To explain this puzzling result, the authors argued
that orientatiorsignals from the whole display were integrated into an average
orientation. If the average orientation had the same direction as the target, a small tilt
was enough for participants to judge the most tilted orientation. If the average orientation
had thke opposite direction to the target, a large amount of tilt was required to judge the
target signal.In support of this explanation, when the number of distractors was
increasedhe effect (either beneficial or detrimental) of distractor orientationsasede
as a function of square root of a totatsige This relationship @miched a prediction
from an account where an average representation is cregbedlmng information across
objects

In contrast, when participants were-pted to the locatioaf the most tilted
orientation, the influence from the distractor orientation disappeared. If the target could
easily be localized with focused attention, there was no longer a role for pooled

representations across all objects in the display. Togé#tlesg results suggest that a



voluntary diffusion of attention across multiple objects can lead to a summary
representation.

This pooling account of perceptual averaging is also consistent with the fact that
the size averaging process operated bettérdistributed attention rather than focused
attention (Chong & Treisman, 2005a). Averaging accuracy was higher (1) when the
target from the given display popped out rather than required a serial scan, (2) when the
secondary task was to identify a globbjezt compared to a local object, and (3) when
the objects were presented simultaneously across space rather than sequentially over
time. That is,the objects under the same attentional window or the same integration field
might be pooled together to foram average representation.

How might information about object size be pooled across obj€ms?possible
mechanism of size coding is spatial frequency channels in visual areas (Chong et al.,
2008). Many studies suggest that the structure of hypenoatells in V1 resembles a
Fourier analyzer, presumably coding the size information within a receptive field
(Kulikowski & Bishop, 198). Sudies on scene perception have suggested that spatial
frequency profile plays a role in extracting the gist infdaromaof the scenes (Oliva &
Torralba, 2001). In the average size judgment task, this profile would be affected by
circle size, with larger circles adding relatively more power at low frequencies, and small
circles adding relatively more power at high sgddtequencies. Howevespme argue
thatspatial frequency coding may not be able to ex@aaraging in typical displays
using outline circledyecauseltanging the sizes of outline circles may have little impact

on the spatial frequency profile of splay (Myczek & Simons, 2008).



Despite evidence that averaging occurs by broadly selecting an entire collection
of objectsrecent data have challenged this idea. Instead, participants might estimate
average size by sampling one object, or even a Igects. Smulation of an ideal
participant shows that such strategies can indeed approximate actual levels of human
performance (Myczek & Simons, 2008). These strategies include sampling one or more
objects randomly, sampling either the smallest or &rgeject, or sampling both the
smallest and largest objects and computing their mean. Instead of broadly selecting an
entire collection, participantaight rely on the strategic application of focused attention
directed toward just a subset of obje@gse broad divisiobetweersampling strategies
would be random sampling (e.g. N number of objects randomly chosen in a display), and
strategic sampling (e.g. the largest or smallest object in a disptapdom sampling
could potentiallyexplain the systeatic influence from the masked circles in our study
Participants would allocate focused attention to random locations among the possible
circle locations before the appearance of the circle array. Becateséopating
attention to a specific locatiaran reduce the masking effects of OSM (Enns, 2004;

Luiga & Bachmann, 20Q7thesampled object could influence judgments equally
between the simultaneous and delageaditions. However, this alternative is made less
likely by the fact that randomly sannpd one object can explain only a small subset of
size estimation demonstrations (Chong et al., 2b§8zek & Simons, 2008; Simons &
Myczek, 2008)

It would be more difficult to explain the present results with sampling accounts
that employ more sophisated strategieslf a participant used the strategy of selecting

either the smallest or largest object in the display, this selection process would likely



require reentrant processing that should be impaired by OSMasuring the effect of
masked olgcts on average size judgments might be a useful future teclmique
discouragingparticipants from usinthis class ofampling strategies

To concludethe present results show that a subset of objects with reduced
visibility still contribute to the jdgment on average size of a collection of objedibe
resultssuggest that early and fragile representations formed in the initial stages of
perceptual processing can contribute as much to the size averaging process as super

threshold representationgieed in later stages.
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Figure Captions

Figure 1 A schematic of the procedure for Experiment 1. The upper panel shows the
procedure for the visibility test, and lower panel shows the puoeddr the average size

judgment task.

Figure 2 The percentage of the three response types in the simultaneous and delayed
mask conditions across three different size sets. Responses of the large and small circle
conditions were collapsed. Percentagiethe correct, wrong, and p@rcept responses

are stacked together. White bars stand for the correct responses, black bars wrong

responses, and striped barspsrcept responses.

Figure 3 PSE indicates how much the perceived average size (in tepregpoftional
diameter) deviated from the actual average size of the circles (excluding the two extra
circles presented with foutot masks). White bars stand for bias in the simultaneous
condition, and black bars stand for bias in the delayed condifipithe PSE (%) across
the circle type x mask type (simultaneous and delayed) conditions. (B) Percentages of
the PSE of the large and small conditions wetgateulated by subtracting the
percentages of the PSE observed in the roagkconditions. Ermobars are standard

error of the meansSg).

Figure 4 The visibility of the masked circle for the two mask types. (A) White bars

indicate accuracy for size identification in the simultaneous condition and black bars for



the delayed condition. (B) d® foe size identification of the masked circle. Error bars

are standard error of mearg&y.

Figure 5 (A) The PSE (%) across the circle type x mask type (simultaneous and delayed)
conditions. (B) Percentages of the PSE of the large and small condiéonse
calculated by subtracting the percentages of the PSE observed in thentyask

conditions. Error bars are standard error of the mé&s (

Figure 6 The relationship between the masking effect measured by the visibility test,

and the influencef the masked circles on the average size estimate. (A) Individual

arrows represent how OSM affected both the visibility and the perceived average size.

The starting point shows the PSE and dO in the simultaneous condition whereas the

ending point showthose in the delayed condition. The three participants whose pattern

of results were deviated from the other participants were marked by plus (+) (see text).

(B) The same relationship expressed as change in dO and change in OSM effect across the

simultaneus and delayed conditions.
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