1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access

a8 & Author Manuscript
st

NATIG,
fly

Published in final edited form as:
J Vis. 2011 ; 11(6): . do0i:10.1167/11.6.19.

Object crowding

Julian M. Wallace and
Department of Psychology, University of Southern California, USA

Bosco S. Tjan
Neuroscience Graduate Program, University of Southern California, USA

Abstract

Crowding occurs when stimuli in the peripheral fields become harder to identify when flanked by
other items. This phenomenon has been demonstrated extensively with simple patterns (e.g.,
Gabors and letters). Here, we characterize crowding for everyday objects. We presented three-item
arrays of objects and letters, arranged radially and tangentially in the lower visual field. Observers
identified the central target, and we measured contrast energy thresholds as a function of target-to-
flanker spacing. Object crowding was similar to letter crowding in spatial extent but was much
weaker. The average elevation in threshold contrast energy was in the order of 1 log unit for
objects as compared to 2 log units for letters and silhouette objects. Furthermore, we examined
whether the exterior and interior features of an object are differentially affected by crowding. We
used a circular aperture to present or exclude the object interior. Critical spacings for these
aperture and “donut” objects were similar to those of intact objects. Taken together, these findings
suggest that crowding between letters and objects are essentially due to the same mechanism,
which affects equally the interior and exterior features of an object. However, for objects defined
with varying shades of gray, it is much easier to overcome crowding by increasing contrast.
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Introduction

Crowding refers to the phenomenon where stimuli in the peripheral field become harder to
identify when flanked by other items (Bouma, 1970; Korte, 1923). A simple example of this
is provided in Figure 1. The effect is often attributed to anomalous integration of features,
representing an information-processing bottleneck that if understood could provide insight
into general mechanisms of form processing and object recognition (Levi, 2008; Pelli &
Tillman, 2008). Crowding has been demonstrated extensively with simple visual stimuli
such as Gabors and letters and was the focus of a recent special issue in Journal of Viision
(2007, vol. 7 no. 2); however, there are surprisingly few studies of the effects of crowding
on objects. The present paper serves to characterize crowding for everyday objects.
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The term “crowding” was introduced by Stuart and Burian (1962) to describe the
detrimental influence of flankers on target identification, a phenomenon originally reported
by Korte (1923; see also Ehlers, 1936). Key properties of the effect that can be considered
the hallmarks of crowding have been discovered (Levi, 2008). The distance between target
and flanker stimuli required to induce crowding depends upon the eccentricity in the visual
field, and this “critical spacing” is approximately a constant fraction of eccentricity (Bouma,
1970,1973). Bouma (1970, 1973) reported a critical spacing around half the eccentricity, a
relation that is commonly referred to as Bouma’s Law, although others find lower scaling
values (e.g., Strasburger, Harvey, & Rentschler, 1991). Bouma’s Law suggests that the
underlying mechanism of crowding is tied to the cortical mapping of space, for example, the
eccentricity scaling could reflect a fixed distance on cortex (Pelli, 2008; Pelli & Tillman,
2008). Further, the spatial extent of crowding has been found to be anisotropic; “interaction
regions” or crowding zones are elliptical, with radial elongation, i.e., with the longer axis in
the foveal direction (Chambers & Wolford, 1983; Toet & Levi, 1992). Crowding has a
detrimental effect upon identification, over and above any effect on simple detection of
targets in the periphery (Andriessen & Bouma, 1976), and is specific to peripheral vision—
in the fovea, the critical distance between flankers and targets is proportional to target size
and can be attributed to simple contrast masking (Levi, Hariharan, & Klein,2002). The
location of flankers has some influence on the strength of the effect. Specifically, a flanker
with a greater eccentricity than the target leads to more crowding than a flanker at the same
distance from the target but is situated between the target and the fovea (e.g., Banks, Larson,
& Prinzmetal, 1979; Chambers & Wolford, 1983; Petrov, Popple, & McKee, 2007). Lastly,
crowding does not depend upon the size of the gap between the edges of the target and a
flanker. 1t depends upon the distance between the center of the target and the center of a
flanker (Strasburger et al., 1991) or the centroid of multiple flankers (Levi & Carney, 2009).

Crowding is known to occur beyond retinal processing (Flom, Heath, & Takashi, 1963), but
the precise mechanism remains to be understood. One account of crowding is lateral
masking (Townsend, Taylor, & Brown, 1971; Wolford & Chambers, 1983). Although the
presence of flankers impairs the identification of a central target, the effect is distinct from
ordinary masking (Chung, Levi, & Legge, 2001; Levi, Hariharan et al., 2002; Levi, Klein, &
Hariharan, 2002; Pelli, Palomares, & Majaj, 2004). Another possibility is that the visual
system uses only low spatial frequencies to analyze a target when it is crowded; in fact
higher than optimal frequencies are used in the periphery, but the shift in spatial frequency
tuning is small and insufficient to account for crowding (Chung & Tjan, 2007). The
alternative accounts understand crowding in terms of inappropriate integration of features
(Levi, Hariharan et al., 2002; Levi, Klein et al., 2002; Nandy & Tjan, 2007; Pelli et al.,
2004); examples include defective contour interaction (Flom et al., 1963) and averaging of
orientations (Parkes, Lund, Angelucci, Solomon, & Morgan, 2001). Some authors argue that
proper feature integration requires spatial attention, in which inappropriate integration of
features would be a result of improper binding due to a limited spatial resolution of attention
in the periphery (He, Cavanagh, & Intriligator, 1996; Intriligator & Cavanagh, 2001;
Strasburger et al., 1991; Tripathy & Cavanagh, 2002).

In their review, Pelli and Tillman (2008) provide a convincing demonstration of crowding
between individual objects, but previous studies on object crowding have been quite limited.
Crowding has been shown to occur between the individual features of a face and can be
relieved (at least with line drawings) by moving the individual features further apart
(Martelli, Majaj, & Pelli,2005). Louie, Bressler, and Whitney (2007) found that crowding
could occur between faces, specifically between an upright face target and a “crowd” of
other upright faces, since replicated by Farzin, Rivera, and Whitney (2009) with Mooney
faces. However, face processing may be different from object processing (Kanwisher,
McDermott, & Chun, 1997). Indeed, Louie et al. also demonstrated crowding between
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houses, but unlike faces this non-face object effect was independent of orientation. Their
result was taken at a fixed eccentricity and a fixed target-to-flanker separation, with
performance limited by the addition of noise. Such a quantification is incomplete as it has
been argued that crowding should be described with two values: one that measures
performance (accuracy or threshold) and another, which is probably more fundamental for
understanding the mechanism of crowding, that measures the spatial extent of crowding
(Chung & Bedell, 1995; Pelli & Tillman, 2008, online supplement). A manipulation can
affect performance without changing the spatial extent of crowding. In the present study, we
aim to provide a full characterization of the properties of object crowding and compare the
results to more frequently studied letters.

As noted by Levi (2008), two approaches have commonly been used to assess crowding.
The first method is to measure accuracy as a function of the spacing between the target and
flanker. The second is to measure a contrast threshold for identifying the target, i.e., the
contrast required for a specific level of performance (Strasburger et al., 1991), and to repeat
this at a range of target-to-flanker spacings. One advantage of the latter method is that it
provides a measure of the severity of the crowding effect in terms of threshold elevation.

We presented three-item arrays of objects and of letters, arranged radially (along the axis
connecting the target and the fixation) and tangentially (orthogonal to the target—fixation
axis) in the lower visual field. Subjects identified the central target, and we measured
contrast energy thresholds as a function of target-to-flanker spacing (center to center).
Similar to Pelli et al. (2004), we fitted a “clipped line” function (Figure 2) to estimate
critical spacing and threshold elevation.

To anticipate our results, we found that object crowding is similar to letter crowding in
spatial extent but is much weaker when assessed in terms of threshold elevation (less than a
factor of 10 in contrast energy for objects vs. over a factor of 100 for letters). Silhouettes of
objects, with uniform interior, were found to have comparable threshold elevation to letters.
We examined whether the exterior and interior features of an object, operationally defined,
are differentially affected by crowding. We used a circular aperture to present either just the
interior portion of an object or everything else but the interior portion (a “donut” object).
These manipulations had no consistent effect across subjects, except that threshold
elevations were mildly larger for intact objects than donuts. To sum up, crowding between
objects does not significantly differ from that between letters in terms of spatial extent and
the anisotropy along the radial and tangential directions. Nevertheless, crowding-induced
threshold elevations for objects (intact, aperture, donut) are much lower than that for letters
and object silhouettes. Taken together, these findings suggest that crowding between letters
and objects are essentially due to the same mechanism. However, for objects, it is easier to
compensate for the loss in performance by increasing contrast. We found that the rich inner
features of objects can support, rather than hinder, recognition in crowded conditions.

The letter stimuli were 26 lowercase letters in Arial font (provided on Macintosh OS x
10.5.4). Objects were selected from a commercially available image set of photographs of
real objects at www.photos.com (now at www.thinkstockphotos.com).

One hundred and forty candidate objects were selected from this image base. To control for
image size, object images with widths or heights greater than two standard deviations (SDs)
of the set were excluded. All the remaining objects were scaled to the average height, and
objects with aspect ratios greater than one SD were further excluded. Finally, we excluded

J Vis. Author manuscript; available in PMC 2012 August 07.


http://www.photos.com
http://www.thinkstockphotos.com

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wallace and Tjan

Procedure

Page 4

remaining outliers manually based on a measure of complexity (ratio of squared perimeter to
area)—we plotted the histogram of complexity across all candidate objects and selected a
criterion that removed obvious outliers. This gave us 56 test objects, equal in height and
variable in width (SD equal to 0.22 times the mean width) and with a mean complexity of
24.07 (ranging from 13.94 to 44.67).

All the color (RGB) objects were converted to grayscale. The grayscale objects (but not
letters) were equalized for root-mean-square (RMS) contrast with respect to the background
luminance of the display (25.7 cd/m?2). The normalized RMS contrast for each object was
0.21. Contrast equalization did not affect the mean luminance of an object. The mean
luminance of the objects was 24.4 cd/m?2, with a standard deviation of 2.0 cd/m2. We
manipulated the contrast of these normalized objects in the experiments. For objects, we
define a “nominal” contrast of 100% when their RMS contrast is 0.21. For letters, nominal
contrast is defined as the Weber contrast of the brightest pixel on the stroke of a letter.

Stimuli were displayed on a calibrated and gamma-linearized Dell P1230 19” CRT monitor
(resolution: 1024 by 768 at 75 Hz) at a viewing distance of 70 cm and controlled with a
MacBook running Mac OS x 10.5.4. Each screen pixel subtended 0.0309° (32.4 pixels per
degree). Eleven bits of linearly spaced contrast levels were available by use of a passive
video attenuator (Pelli & Zhang, 1991) and custom-built contrast calibration and control
software implemented in MATLAB, using only the green channel of the monitor.

In all main experiments, each condition was presented for 3 blocks of 60 trials per block. To
distribute conditions evenly throughout the experiment, all possible conditions in an
experiment were presented within a superblock that included one block of every condition in
random order. Subjects had to fixate on a cross near the top of the screen, such that the
target object was presented at an eccentricity of 10 degrees. Contrast was adjusted using the
QUEST procedure (Watson & Pelli, 1983) as implemented in the Psychophysics Toolbox
(Brainard, 1997; Pelli, 1997) to estimate threshold contrast for reaching an accuracy level of
50%, corrected for guessing. Further details are provided in Appendix A.

The temporal sequence of events in a trial was given as follows (see also Figure 3): (a) a
fixation screen for 750 ms initiated with an auditory beep, (b) stimulus presentation for 250
ms, (c) subject response period (variable) with positive feedback beep for correct trials or a
negative feedback beep for incorrect trials, and (d) a 500-ms delay before onset of the next
trial. On each trial, we collected the identity and contrast of the target letter/object and the
response of the subject for subsequent data analysis. In Experiments 2 and 3, an additional
250 ms was added on to the fixation and inter-trial delay periods, to further encourage
accurate fixation.

Responses were made with a mouse click to select the name of the object or letter from an
array. For objects, this was an array of 20 names that constitute the entire set of objects used
for that particular block. For letters, this was an array of the 26 letters.

Stimuli were presented at a range of spacings: for the tangential condition, 15
logarithmically spaced values from 0.5 to 10 degrees were used with flankers and target
arranged horizontally. In the radial condition, 14 logarithmically spaced values from 0.5 to 8
degrees were used(to prevent overlap of the near flanker with fixation) with flankers and
target arranged vertically. In both radial and tangential conditions, an “infinite” (i.e., no
flanker) spacing was added, giving 16 spacings in total for tangential conditions and 15
spacings in total for radial conditions. At small flanker spacings, the objects could overlap.
In this case, the target object was made to occlude the flankers.
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Peripheral object acuity was measured for all subjects prior to the main experiments. Objects
were presented at 10 degrees in the lower peripheral field without any flankers, and subjects
were asked to identify the object. The object size was varied using QUEST to achieve an
identification accuracy of 50%, corrected for guessing (as in the main experiments).
Average acuity was taken over 5 blocks of 60 trials. The objects and letters were presented
at 1.5 times the subject’s object acuity in height.

All subjects were trained to identify the objects used in the main experiment. In the first
training session, a slideshow of the objects was presented foveally. This was followed by a
short session of identification in which learned objects were randomly presented foveally,
and subjects identified the object by selecting from a response array, over at least 3 blocks of
30 trials, until they reached a criterion level of performance (90% or more on average across
blocks). This training was then repeated at 10 degrees in the lower peripheral field. For
Experiments 2 and 3, this training was performed for all object types.

Contrast thresholds were measured during training for peripherally presented targets without
flankers (objects and letters in Experiment 1 and the different object types in Experiments 2
and 3). Contrast was adjusted using QUEST to estimate threshold contrast over 60 trials for
reaching an accuracy level of 50%, corrected for guessing. This continued for a number of
blocks until thresholds appeared stable.

The data of threshold contrast energy (£) versus center-to-center spacing (s) were fit with a
clipped line function:

log (Eceiling) if 5 < s
10g (Eﬂoor) if s > Scritical
else: ) @

Loghng |08 (10 (5,00 — log (5)) +l0g (Eceiing)

log(scritical)—10g(s5at)

log (E (s)) =

This function has four parameters: ceiling (Eceiling), floor (Eioor), saturation spacing (ssat),
and critical spacing (Sritical)- It provides an adequate description of the data: the part of the
function for s> s is commonly used to characterize crowding for relatively large target-
flanker spacing (Chung et al., 2001; Pelli et al., 2004); for s < S, We found that over the
range we tested, s had no significant effect on threshold (repeated measures ANOVA, A4,
26) = 0.305, p=0.87). We estimated the parameters by fitting Equation 1 to data using a
multi-start procedure, which minimizes the squared residual in log(E).

For each subject and condition, we obtained the mean log contrast energy threshold and
corresponding standard error per center-to-center spacing using QUEST. This provided the
14 (radial conditions) or 15 (tangential conditions) data points, not including the “no-
flanker” condition, which defined the four parameters. We have sufficient power to make
reliable within-subject comparisons by computing the 95% confidence interval (Clg g5) for
each of the four estimated parameters using boot-strapping. Appendix B provides the details
of these procedures. For within-subject comparisons, we declare two estimated quantities to
be significantly different at a = 0.05 if neither of the quantities is within the 95% confidence
intervals of the other. Given that we had only three subjects per experiment, we shall refrain
from making any formal statistical claims at the population level. We rely on cross-subject
consistency to draw general conclusions.
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Experiment 1

Results

Objects and letters were presented in radial and tangential arrangements in the lower
peripheral field (Figure 4). The center object/letter was always presented at 10° eccentricity.
Object flankers were presented at a nominal contrast of 50% (contrast energy of 0.02 deg?);
letter flankers were presented at a nominal contrast of 30% (contrast energy of 0.03 deg?).
These flanker contrasts were significantly above the threshold contrast for single-target
identification, thus ensuring a robust crowding effect (Pelli et al., 2004). Radial and
tangential conditions were presented within separate superblocks, and subjects completed
one superblock of each before continuing. The order was counterbalanced across subjects
W:T,R,RTT,RALRTRTR,T;MS: T,R, T, R, T, R). On each block, 20 objects
were used for targets and a different set of 20 objects was used for flankers, randomly
selected from the set of 56 objects. On each new session, a slideshow of the 56 objects was
shown to the subjects.

Contrast energy thresholds as a function of spacing are shown in Figure 5, for the three
subjects. The upper plots are for the letter conditions, and the lower plots are for the object
conditions. Equation 1 captures the data well (mean /2 = 0.94). The parameter estimates are
presented in Figure 6 and summarized in Table C1 of Appendix C.

For all subjects, critical spacing (Sritical) Was significantly larger in the radial than tangential
arrangement of the flankers, for both letters and objects (Figure 6 and Table C2). For
objects, the average critical spacing was 3.93° for radial flankers and 2.78° for tangential
flankers. For letters, the critical spacing was 3.59° for radial flankers and 1.87° for tangential
flankers. The differences in critical spacings between objects and letters were generally
small and inconsistent across subjects.

There were differences in threshold elevations (Ecejling/ Efioor) between the radial and
tangential conditions for individual subjects; however, these were not consistently in the
same direction in the case of objects, while for letters, the radial threshold elevation was
consistently larger by a small amount, between 0.10 log unit and 0.13 log unit (Figure 6 and
Table C2). Comparing objects with letters, there was a very large difference in threshold
elevation between objects and letters in both radial and tangential conditions. This difference
was significant for all subjects, with the elevation in threshold contrast energy being 2.05
log units on average for letters but merely 0.80 log unit for objects.

These data demonstrate a clear radial-tangential anisotropy for objects, considered to be a
hallmark of crowding. They also demonstrate that there is, in general, no difference in the
spatial extent of crowding between letters and objects. However, the results show a larger
than ten-fold difference in threshold elevation, even though there is only a three-fold
difference between the contrast energy thresholds for identifying a stand-alone target
(0.0023 deg? for letters, 0.0069 deg? for objects).

Interpreting threshold elevation across two different stimulus types has been fraught with
difficulties (Tjan, Braje, Legge, & Kersten, 1995). There is also some discrepancy in the
literature about effects of flanker contrast on crowding. Some authors report crowding
effects that depend on the ratio of target-to-flanker contrast (Chung et al., 2001), while
others (Pelli et al.,2004) have shown that flanker contrast, once above what is required to
identify a flanker when presented alone, has little effect on threshold elevation in crowding.
Flanker contrast may have played a partial role in the difference we observed between
threshold elevations. The average contrast energy of the flankers was 0.03 deg? for letters
(12.89 x the average threshold floor, Ejoer, OF 1.11 log units) and 0.02 deg? for objects (2.88
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X Efi0or O 0.46 log units). The corresponding threshold elevations were 2.05 log units for
letters and 0.80 log units for objects. A 1.5 difference in flanker contrast energy between the
two conditions x is unlikely to explain an 18 difference in threshold elevations. The
observed threshold x elevations for both letters and objects are also disproportionally larger
than the ratio of the flanker contrast energy to the respective threshold floor (Egor). While
flanker contrast may have an influence on threshold elevation, the large difference in
threshold elevations between letters and objects cannot be explained by the difference in
flanker contrast, which was much smaller both absolutely and also relative to the respective
threshold floors. Objects and letters appear inherently different in terms of the threshold
elevation caused by crowding. We will return to this point in Experiment 2.

Experiment 2

Results

In Experiment 1, we found that object crowding has a radial-tangential anisotropy like letter
crowding and a similar spatial extent. We also found that threshold elevation was much
larger for letters than for objects. One basic difference between letters and objects seems to
be that objects can be identified both by the “outer” bounding contour and the “inner”
features, while the contour of letters is what defines them; there are no inner features for a
letter as there is no contrast variation within the letter. To examine if this difference has any
impact on crowding, we presented three different object types: full objects, apertures, and
silhouettes (see Figure 7). Full objects have the outer contour and inner features available for
identification. Apertures are objects with outer regions cut out by a disk, as if the objects are
being viewed through an aperture. This manipulation preserves many inner features but
removes most of the bounding contour. Thus, the informative image features are now
restricted to a more central region, relative to the flankers. Silhouettes retain the bounding
contour, but the inside is filled uniformly—there is no contrast variation inside the object
and so this is an object equivalent to letters. We were interested to find out if these different
types of rendering led to different critical spacing and threshold elevation.

A subset of 20 objects was selected to be targets from the original 56, and a different subset
of 20 objects was selected to be flankers to minimize the possibility of a subject mistaking a
flanker for the target. To define object apertures, objects were first aligned by fitting ellipses
to the objects and then centered on the ellipse centers. The aperture diameter was set to the
smallest width of the set of objects (corresponding to 67% of the average width of the
objects)—applying this size of aperture resulted in less than 2% of the bounding contours of
the original objects being preserved while retaining 46% of the object area (on average). The
objects that were behind the aperture were of the same size as the objects in the object and
silhouette conditions, equal to 1.5 times the subject’s intact-object acuity. Objects were
presented in radial (vertical) arrangement in the lower field; the target object was presented
at 10° eccentricity. Object and aperture flankers were presented at 100% nominal contrast,
double that of Experiment 1, and silhouette flankers were presented at 30% nominal contrast
(to be comparable with the letter condition of Experiment 1). Before each block, a slideshow
of the 20 target objects was shown to the subjects.

Contrast energy thresholds as a function of spacing are shown in Figure 8, for three subjects.
The clipped line function captures the data well (mean = A2 0.93, Figure 8). There is some
overlap between object and aperture functions, while silhouette ceiling is clearly higher. The
critical spacings for all conditions are quite similar. The parameters are summarized in
Figure 9 and Table C3.

Averaged across the three subjects, the critical spacings are 3.21° for objects, 3.30° for
apertures, and 2.41° for silhouettes. Individually, there were significant differences for 2 of 3
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subjects for both objects vs. silhouettes and apertures vs. silhouettes, with the silhouettes
spacing being smaller and similar to the pattern of results for objects vs. letters in
Experiment 1. There was no consistent effect for objects vs. apertures. Further, although the
critical spacing for objects (3.21° on average) appears smaller than that found in Experiment
1 (3.93° on average), this is likely due to individual differences. For a full summary of
within-subject comparisons, see Table C4.

For all subjects, threshold elevation is significantly larger for silhouettes than both objects
and apertures (see Tables C3 and C4). The average elevation in threshold contrast energy is
1.26 log units for objects, 1.40 log units for apertures, and 2.28 log units for silhouettes.
Threshold elevation for the silhouettes is very similar to that found for letters in Experiment
1. There was no significant difference between objects and apertures. The average flanker
contrast energies were 0.11 deg? for intact objects, 0.05 deg? for apertures, and 0.23 deg? for
silhouettes. Threshold elevation for the intact objects was higher in Experiment 2 than that
for the corresponding radial condition in Experiment 1 (1.26 log units vs. 0.75 log unit).
This difference can be attributed to the difference in the flanker contrast energies between
these experiments (0.11 deg? vs. 0.02 deg?), consistent with Chung et al. (2001).

The average contrast energy for intact-object flankers in Experiment 2 (0.11 deg?) exceeded
the average contrast energy of letter flankers in Experiment 1 (0.03 deg?), both in the
absolute and relative to the respective threshold floors. Yet the observed threshold elevation
for objects in Experiment 2 remains much lower than the threshold elevation for letters in
Experiment 1 (1.26 vs. 2.05 log units). This finding strengthens our conclusion that there is a
large difference in crowding-induced threshold elevation between letters and objects that
cannot be explained by flanker contrast. Furthermore, between Experiments 1 and 2, we
observed that for grayscale objects but not for letters or silhouettes, target contrast does not
need to exceed flanker contrast to compensate for crowding at small target-flanker
separations.

These results demonstrate that coarse manipulation of object properties, by removing the
outer bounding contour or retaining the contour but blanking out the inner features, has little
effect on the spatial extent of crowding. The location of the informative image features,
whether they be contrast variations present throughout the object (objects), restricted to a
central region of the object (apertures), or absent entirely except at the bounding contour
(silhouettes), has little influence on the crowding zone. The striking difference is in
threshold elevation, between objects and apertures, on the one hand, and silhouettes on the
other. In this way, silhouettes behave very much like letters. Threshold elevation, the
strength of crowding, appears to depend upon the contrast properties of the stimulus: stimuli
with a more uniform distribution of contrast require greater contrast energy to be released
from crowding, since the contrasts for both the informative and non-informative pixels are
about the same and have to be increased by the same amount. While a relatively small
increase in contrast energy is sufficient to aid identification for objects with local variations
in contrast, a much larger increase in contrast is required to overcome effects of crowding
for letters and silhouette objects.

Experiment 3

In Experiment 2, the inner features of objects were removed by filling in the contour of the
object uniformly. This led to a threshold elevation effect similar to letters but had little
influence on the spatial extent of crowding. The lack of an effect on the spatial extent
suggests that the interior and exterior features of an object (or its silhouette) are similarly
susceptive to crowding. In the present experiment, we further tested this possibility with
stimuli of varying local contrast. This was achieved by cutting out a disk from the grayscale
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objects, the same size as the aperture used in Experiment 2. These “donut” stimuli are the
complement of the aperture stimuli used in Experiment 2 (see Figure 10). The information
available for identifying donuts is the outer contour and a small amount of remaining
contrast features interior to the outer contour. Thus, the informative image features are
constrained to be closer to the flankers, as opposed to the intact objects for which
informative image features are available across the entire object. Other aspects of the
experiment were identical to those of Experiment 2.

Contrast energy thresholds as a function of spacing are shown in Figure 11 and are well fit
with a clipped line function (mean /2 = 0.92). The estimated values for critical spacing and
threshold elevation are summarized in Figure 12 and listed in Table C5. On average, the
critical spacing for intact objects was 2.49°, and that for donuts was 2.72°. The average
threshold elevation for objects was 1.26 log units, and that for donuts was 0.93 log units.
Only one subject showed a significant effect in critical spacing, but for all subjects, there
was a mild but significant effect in threshold elevation, with the threshold elevation for the
intact objects being higher (see Tables C5 and C6).

The results of this experiment demonstrate that removing a large interior portion of the
object (approximately half the object area) has remarkably little impact on the spatial extent
of crowding (there was an increase of 0.23° on average or 2.3% of the target eccentricity).
The removal of the interior features apparently made the task harder, leading to an increase
of Efioor, With little effect on Ecejjing. The result is a modest 0.33 log unit reduction in
threshold elevation (from 1.26 log units for objects to 0.93 for donuts). In other words, while
removing the interior features made the task harder, it did not make the target more
susceptive to crowding. The results of Experiments 2 and 3, taken together, suggest that the
interior and exterior features of an object are similarly susceptive to crowding.

Discussion

To summarize, we measured threshold contrast energies for target identification as a
function of target-to-flanker spacing at a fixed peripheral eccentricity (10°) and estimated
critical spacing and threshold elevation for letters and objects over three experiments. In
Experiment 1, we found that crowding between objects has a radial-tangential anisotropy
like letters, a property considered a hallmark of crowding (Levi, 2008). Crowding between
objects occurs across a similar spatial extent as letters, but letters have a much larger
threshold elevation compared to objects. In Experiment 2, we found that the critical spacing
was similar between intact objects, apertured objects, and silhouettes. However, while
threshold elevation was similar for intact objects and apertures, silhouettes had a much
larger threshold elevation, similar in magnitude to letters. In Experiment 3, we found that
removing a large region of the object’s interior had a negligible effect on critical spacing and
threshold elevation compared to the intact objects. These results suggest that the crowding
effects we observed for all stimuli, including objects and letters, are due to essentially the
same mechanism. Previous findings of crowding that have used letters or letter-like stimuli
should, therefore, generalize to objects.

There is an advantage of grayscale objects over letters and silhouettes in a cluttered
environment, in that the informative features of objects, defined by local variations in
contrast, appear to mitigate the detrimental effects of crowding. Compared to letters or
silhouettes, grayscale objects (intact, aperture, donut) require a much smaller increase of
contrast in a crowded condition to restore accuracy to the uncrowded level. Furthermore,
crowding does not depend on the location of the contrast-defined features in an object:
features interior to an object are affected by crowding just as much as the features near and
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along the exterior contour of an object. The effects of removing the interior region of the
object in the donut condition on both the spatial extent of crowding and crowding-induced
threshold elevation were remarkably small and inconsequential. We now consider these
results in the context of the prior findings.

Crowding as a bottleneck for object recognition

There has been a surge of interest in crowding in recent years. One aspect of this increased
interest is the idea that crowding represents an essential bottleneck for recognizing objects in
peripheral vision (Levi, 2008) and that studying crowding in the periphery may lead to
insights about the feature integration process that underlies object recognition. However, as
noted in the Introduction, there have been few studies that examined crowding with stimuli
more complex than letters or Gabors. Those studies have examined crowding for faces,
demonstrating crowding between features of line-drawn faces (Martelli et al., 2005) and
orientation-dependent face crowding (Farzin et al., 2009; Louie et al., 2007) related to the
face inversion effect. Aside from Pelli and Tillman’s (2008) convincing demonstration of
crowding between individual objects, the only paper to date that has measured crowding
between objects is Louie et al. (2007), which showed crowding between images of houses;
however, that study was done at a fixed target-to-flanker separation. The present study is the
only study to our knowledge that has quantitatively measured crowding for objects (i.e.,
photographs of real objects) to estimate the spatial extent and amplitude of the effect. Our
results demonstrate that crowding does, indeed, occur for objects over a spatial extent
similar to that for letters.

If crowding is, indeed, due to inappropriate integration of features, what features are being
inappropriately integrated and at what stage of cortical processing does this inappropriate
integration occur? ldentifying the features that underlie crowding may suggest the stage in
cortical visual processing at which crowding first occurs, i.e., the source of the bottleneck
and vice versa. The present results indicate that there is no difference in the spatial extent of
crowding between objects and letters. This is striking considering how simplistic letters are,
with very clear contours of different orientations, compared to the complexity and variety of
objects, with potentially many different “features.” However, this difference between letters
and objects appears irrelevant for the mechanism that determines the spatial extent of
crowding. The similarity in results between objects and letters suggests that the type of
features that leads to crowding is present in both objects and letters. Since there are large
differences in broadband features between objects and letters, narrowband features (each
with a narrow range of spatial frequencies) may be underlying the effect. Recent studies
have found that phase-scrambled letters cause equivalent crowding to regular letters, and
similarly phase-scrambled objects cause equivalent crowding to regular objects (Shin,
Wallace, & Tjan, 2010; Tjan & Dang, 2005), which is consistent with the view that the
features that lead to crowding are low-level narrowband features before any phase-specific
integration occurs. This view would place the cortical bottleneck for crowding at the early
stages of visual processing, in V1 or V2, although it does not exclude the possibility that
crowding also occurs at subsequent stages of visual processing. Other psychophysical
studies have used adaptation to identify the stage at which crowding occurs. He et al. (1996)
found no difference in adaptation to a grating whether it was presented alone or with
flankers (although observers could not identify the orientation of the grating in that
condition), suggesting that crowding occurs beyond V1, while Blake, Tadin, Sobel,
Raissian, and Chong (2006) instead found that crowding does affect adaptation when low-
contrast gratings are used, suggesting that crowding can occur as early as V1. Chakravarthi
and Cavanagh (2009) found that while noise and meta-contrast masks applied to flankers
relieved crowding, a “high-level” object substitution mask did not and suggested that the site
of crowding falls between V1 and LOC. Liu, Jiang, Sun, and He (2009) presented distractors
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(single flankers) to targets near the horizontal or vertical meridian and found that flankers on
the same side of the target with respect to the vertical meridian caused stronger crowding, an
effect that did not occur across the horizontal meridian. This suggests that crowding occurs
in a cortical location in which the cortical representation is discontinuous across the vertical
meridian but continuous across the horizontal meridian. This places the site of crowding
either higher than V2 and V3 or at V1. Currently, there are few published neuroimaging
studies in this direction, but recently Bi, Cai, Zhou, and Fang (2009) found that orientation-
selective fMRI adaptation was not affected by crowding in V1 but was in V2 and V3. Taken
together, these results strongly favor a low-level cause of crowding without excluding
additional deficits in higher level visual processing.

natural scenes

We often encounter cluttered visual scenes and need to identify objects correctly to navigate
and interact with the world. These complex visual scenes have no resemblance to the blank
backgrounds often used in psychophysics. Indeed, identification of objects can be much
worse in some cases when presented on complex backgrounds compared to blank
backgrounds (Bravo & Farid, 2006). When viewing a natural scene, crowding could occur
not only between objects in close proximity but also between objects and their background,
interfering both with object segmentation and identification. The identification of an object
on a complex background poses a non-trivial segmentation problem (Marr, 1982), which can
be further exacerbated by crowding in peripheral vision. However, it may be that objects do
not need to be segmented prior to recognition. Recognition can occur in a bottom-up fashion
based on object parts prior to segmentation (Bravo & Farid, 2006; Ullman, Vidal-Nageut, &
Sali, 2002). Our results suggest that most natural objects, with non-uniform local contrast
and a rich set of features, offer some protection from crowding compared to uniform-
contrast stimuli like letters and silhouettes.

Scanning and searching the visual environment is a task we perform frequently. Recent
studies have made a link between visual search, visual clutter, and crowding (e.g., Bravo &
Farid, 2006; Rosenholtz, Li, & Nakano, 2007; van den Berg, Cornellisen, & Roerdink,
2009). Clutter is a vague term that refers to a visual scene within which objects are not
arranged sparsely. Indeed, most natural scenes are cluttered. Clutter behaves similarly to set
size in visual search and degrades performance—visual search of a target object is longer for
scenes with more clutter (Rosenholtz et al., 2007) and in particular for cluttered backgrounds
consisting of compound (multi-part) objects (Bravo & Farid, 2006). Further, clutter can
result not only in more identification errors but also a higher confidence about those
erroneous responses (Baldassi, Megna, & Burr, 2006). Recently, a model of feature
detection that uses eccentricity-dependent integration fields (van den Berg et al., 2009) had
been shown to reproduce results of clutter on visual search, suggesting that crowding places
a limit on visual search performance in cluttered environments. Further studies in this
direction, such as examining visual search for objects with natural scene backgrounds, may
prove informative at least as to the extent crowding is a limiting factor when scanning the
visual environment.

Conclusion

Crowding between objects does not significantly differ from that between letters in terms of
spatial extent and the anisotropy along the radial and tangential directions. Spatial
distribution of informative features within a grayscale object has little effect on crowding.
However, crowding-induced threshold elevations for grayscale objects (intact, aperture,
donut) are much lower than that for letters or silhouettes of objects. These findings suggest
that crowding between letters and crowding between objects are essentially due to the same
mechanism; however, for grayscale objects, it is easier to compensate for the loss in
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performance by increasing contrast. The rich variations of local contrast of a grayscale
object can support, rather than hinder, recognition in crowded conditions.
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Appendix A

QUEST

We used the following parameters for QUEST as implemented in Psychophysics Toolbox:
prior log threshold estimate = 0.8; standard deviation of the prior = 3; 8= 3.5; §=0.01;
Yobjects = 1/20; ¥ etters = 1/26. The criterion accuracy was 52.5% uncorrected for 20 objects
and 51.9% for 26 letters, yielding an accuracy of 50% after correcting for guessing. The
QUEST procedure was reinitialized for each block of 60 trials. The mean and standard error
(SE) of the log threshold contrast were computed by concatenating blocks of identical
condition and refitting the Weibull function that underlies the QUEST procedure by calling
PsychToolbox functions QuestRecompute followed by QuestMean and QuestSd. We found
that for our data, this procedure yielded similar values as those calculated using per-block
log thresholds, but the procedure is more robust in simulation. This finding demonstrates
that QuestSd provides an accurate estimate of the true SE.

We also confirmed that the QUEST parameters we used (8 in particular) led to veridical
estimation of the contrast thresholds at the criterion accuracy of 52.5% for objects and
51.9% letters (i.e., at 50% corrected for guessing). We did so by calculating the mean
accuracy of the trials with test contrast within plus and minus one standard error of the
estimated log contrast thresholds. For objects (intact, silhouettes, apertures, donuts), the
accuracy of these near-threshold trials was 55.6 + 0.3% (from 28,660 trials, which is about
50.7% of the total 57 kilo trials in all

Table C1

Experiment 1: Estimated parameters with 95% confidence intervals for subjects AJ, JW, and
MS. Sis the least squares of the fits (Equation B2).

log(Eceiling) log(Eflgor) log(Eceiling/ Efloor) log(Scritical) log(Ssat) log(Scritical / Ssat) S

AJ

Object  Radial -1.44 (-1.47,-142)  -2.11 (-2.15, -2.07) 0.66 (0.62, 0.71) 0.51 (0.48, 0.56) 0.37 (0.35, 0.40) 0.15 (0.08, 0.21) 199.38
Tangential  -137 (-140,-133)  —-2.25 (-2.29, -2.21) 0.88 (0.83, 0.93) 0.45 (0.40, 0.48) 0.23 (0.20, 0.26) 0.23 (0.15, 0.28) 81.74

Letter  Radial -049 (-0.52,-0.47)  2.65(2.69,2.62) 2.16 (211, 2.21) 0.61 (059, 0.65) 0.30 (0.28, 0.31) 0.31 (0.28, 0.36) 98.90
Tangential  -0.64 (~0.68, -0.60) 270 (2.74, 2.68) 2.06 (2.02, 2.12) 033 (0.31, 0.37) 0.02 (0.02, 0.04) 0.30 (0.27, 0.39) 42.62

Jw

Object  Radial 1.36 (1.39, -1.33) 229 (2.34, 2.26) 0.93 (0.89, 0.98) 0.60 (0.57, 0.66) 0.16 (0.16, 0.19) 0.4 (0.39, 0.50) 104.92
Tangential  -1.64 (-1.67, -1.61)  -2.29 (-2.31, -2.27) 0.65 (0.62, 0.69) 0.35 (0.27, 0.36) 0.10 (0.06, 0.14) 0.25 (0.14, 0.29) 154.59

Letter  Radial 0.60(0.63,058)  —2.65 (-2.70, ~2.61) 2,05 (2.00, 2.10) 0.51 (0.46, 0.58) 0.15 (0.11, 0.20) 0.36 (0.27, 0.46) 55.43
Tangential  -0.67 (-0.80,-0.61)  2.58 ( 2.63, 2.56) 1.91 (1.78, 2.00) 0.29(0.24,0.40)  -0.16 (0.2, —0.06) 0.45 (0.30, 0.62) 140.60

MS

Object  Radial ~118(-1.22,-1.16)  -2.08 (-2.12, -2.04) 0.90 (0.84, 0.94) 0.67 (053, 0.72) 0.19 (0.16, 0.32) 048(0.22,054) 22144
Tangential  -115(-1.18,-1.12)  -1.93 (~1.96, ~1.91) 0.78 (0.74, 0.83) 0.53 (053, 0.53) 0.14 (0.1, 0.16) 0.40 (0.37, 0.43) 108.85

Letter  Radial 0.46 (0.49, 0.43) 259 (2.64, 2.52) 2.13 (2.06, 2.19) 0.55 (0.46, 0.56) 0.12 (0.10, 0.14) 0.43 (0.32, 0.45) 35.85
Tangential  0.61 (0.65, 0.57) 262 ( 2,65, 2.60) 2.02 (197, 2.07) 0.20 (0.19, 0.20) 0.06 (0.05, 0.06) 0.14 (0.13, 0.15) 199.08
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object conditions of all experiments). For letters, the accuracy of these near-threshold trials
was 53.8 £ 0.6% (from 7758 trials, which is about 48% of the total 16 kilo trials in the letter
conditions of Experiment 1).

Appendix B
Data fitting

The contrast energy (£) of an object (or a letter) is the integral of the squared Weber contrast
over the entire object (Tjan et al., 1995):

1~ 1\
E:Z( - )AhAw, (B1)
J

where jranges over all pixels that belong to the object, A/ and A ware the height and width
of a pixel, respectively, in degrees, |j is the luminance of the pixel /, and 4 is the background
luminance.

To estimate the parameters of the clipped line function, Equation 1 of the main text was
fitted to data by minimizing the squared residual in log(£):

N N . 2
S (0 :Z(log (E) 10g (E ()" o
i:1

i

where 6= [Sritical: Ssat: Efloors Eceiling 1S the vector of parameters to be estimated, E; is the
measured threshold contrast energy at spacing s;, and oj is the standard error of log(5).
Because errors have an approximately log-normal distribution, the actual fitting algorithm
operates on log(6) as opposed to 6. Each data set was fit using the

Table C2

Experiment 1: Within-subject differences in critical spacings and threshold elevations
between conditions at a = 0.05 (N.S. = not significant).

Critical spacing
Objects: Radial (R) Radial: Objects (O)
Subject vs. tangential (T) Letterss Rvs. T vs. letters(L) Tangential: O vs. L
Al > > < >
JW > > > N.S.
MS > > N.S. >

Log threshold elevation

Objects: Radial (R) Radial: Objects (O)
Subject vs. tangential (T) Letters: Rvs. T vs. letters (L) Tangential: O vs. L
Al < > < <
JW > > < <
MS > > < <
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Table C3

Experiment 2: Estimated parameters with 95% confidence intervals for subjects AR, JD, and
TC. Sis the least squares of the fits (Equation B2).

log(Eceiling) log(Efloor) log(Eceiling/ Efloor) log(Scritical) log(Ssat) log(Scritical / Ssat) S

AR

Objects —149 (-1.52,-141)  —2.47 (2.50, 2.44) 0.98 (0.93, 1.09) 0.49 (0.46,0.58)  0.36 (0.18, 0.40) 0.13 (0.07, 0.39) 102.24
Apertures 1.00 ( 1.06, 0.96) -2.38(2.43,2.33) 1.38 (1.29, 1.44) 048 (0.39,0.56)  0.04 (0.0, 0.13) 0.4 (0.26, 0.54) 82.33
Silhouettes ~ -0.09 (-0.13,-0.03)  -2.29 ( 2.33, 2.26) 2.20 (2.15, 2.27) 048 (0.47,0.51)  0.20 (0.14,0.21) 0.28 (0.26, 0.37) 61.89
JD

Obijects —121(-1.25,-117)  —-2.46 (2.50, 2.42) 1.25 (1.20, 1.31) 0.46 (0.44,0.47)  0.25(0.23,0.26) 0.21 (0.19, 0.24) 57.69
Apertures 0.88 (0.91, 0.85) ~2.22 (-2.25, -2.19) 1.34 (1.30, 1.39) 0.44 (0.44,0.44)  0.19 (0.14,0.21) 0.25 (0.23, 0.30) 270.85
Silhouettes 0.18 (0.10, 0.21) -2.19 (-2.22, -2.16) 2.37 (2.28, 2.41) 0.39(0.36,0.40)  0.13(0.12,0.21) 0.26 (0.15, 0.28) 448.48
c

Objects 1.33(1.36, 1.26) -2.88 (-2.91, -2.80) 1.55 (1.50, 1.60) 058 (0.47,0.60)  0.03 (0.04,0.03) 0.61 (0.50, 0.64) 149.46
Apertures 1.36 (1.41,1.31) 2.83(2.89, 2.76) 1.47 (1.38, 1.55) 0.64 (0.56,0.66)  0.28 (0.24, 0.42) 0.36 (0.14, 0.41) 1274

Silhouettes  0.45 ( 0.49, 0.41) 272 (2.75, 2.69) 227 (2.22,2.32) 0.28(0.27,0.29)  0.15(0.14,0.15) 0.13(0.12, 0.14) 7373

fmincon function in Matlab with a multi-start approach. One thousand independent attempts
of fitting a data set were made, each with an initial guess of the log of the parameters
uniformly sampled from the domain: 109(0.5°) < log(Ssat) < 109(Seritical) < 109(10°), and
min(log(£)) < max(aj) o 10g(Efioor) < 109(Eceiling) < max(log(Ej)) + max(o;). The
parameters obtained from the attempt with the least residual were taken as the estimated
parameters. This multi-start method led to identical results when we repeated the procedure
with different initial guesses, indicating that we were able to reach the global minimum. In
fact, we found empirically that we could reach the global minimum with as little as 100
initial guesses.

A common practice to estimate the error bounds of the fitting parameters is to use the
Hessian of the chi-square (Press, 1992, chapter 15). Specifically, we could express the
marginal error bounds of the estimated parameters in terms of the Hessian of the chi-square

evaluated at the estimated parameters @:
ci=\2[HES) | G0, (83)

where o(i) is the (marginal) standard error of the parameter &(i), H is the Hessian operator,
[-171 denotes matrix inverse, and (/, /) indexes the ith diagonal element.

This Hessian approach assumes that the residual is locally smooth and symmetric about the
estimated parameters. While the smoothness assumption is met as long as the estimated St
Or Seritical d0€s not coincide with a tested spacing, the assumption of symmetry cannot be
ensured. Hence, instead of using the Hessian approach, we estimated error bounds by
bootstrapping. Specifically, we resampled the threshold data such that the quantity log(E;) of
Equation B2 is replaced by a random draw from a Gaussian distribution with mean log(E;)
and standard derivation oj. We generated 1000 resampled data sets and fit the clipped line
function to each of these data sets with the same multi-start algorithm described above for
minimizing Equation B2 but with only 100 initial guesses per resampled data set to save
computing time. We take the 2.5th and 97.5th percentiles of the resulting marginal
distribution of a parameter to be the lower and upper values of the 95% confidence interval
of that parameter, respectively. For critical spacing, the resulting distribution
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Experiment 2: Within-subject differences in critical spacings and threshold elevations
between conditions at a = 0.05 (N.S. = not significant).

Critical spacing

Subject Objectsvs. silhouettes  Objectsvs. apertures  Aperturesvs. silhouettes
AR N.S. N.S. N.S.
JD > > >
TC > N.S. >

Log threshold elevation
Subject  Objects vs. silhouettes Objects vs. apertures Apertures vs. silhouettes
AR < < <
JD < < <
TC < > <

Table C5

Experiment 3: Estimated parameters with 95% confidence intervals for subjects JW, KS,
and RM. S'is the least squares of the fits (Equation B2).

109(Eceiling) 109(Efioor) 109(Eceiling / Efioor) 109(Seriticar) 109(Ssar) 109(Scritical / Ssat) S

Jw

Objects -1.14 (-1.17,-1.11) -2.56 (-2.60,-2.53)  1.42(1.38,1.47)  0.36(0.31,0.38) 0.16(0.15,0.18) 0.20(0.13,0.23) 159.76
Donuts -1.02(-1.05,-1.00)  2.28(2.33,223)  125(L19,131) 0.39(0.37,0.42) 0.15(0.13,0.19) 0.25(0.18,0.28)  66.01
KS

Objects -125(-128,-122)  2.49(2.52,2.44)  124(119,128) 0.46(0.39,0.48) 0.24(0.20,027) 0.22(0.13,0.27) 239.88
Donuts -1.15(-1.20,-1.12)  2.11(2.27,207)  0.96(0.89,1.12)  0.52(0.44,0.76) 0.19(0.14,0.33) 0.33(0.12,0.62) 102.29
RM

Objects -124(-129,-111)  2.35(239,2.32)  1.10(L04,1.26) 0.36(0.36,0.48) 0.28(0.01,029) 008 (0.07,0.47) 89.99
Donuts -158 (-1.61,-155) -2.17 (-2.21,-2.14) 059 (0.54,0.63)  0.39 (0.37,0.47) 0.22(0.13,0.25) 0.17(0.13,0.32) 64.16

was notably asymmetric in some cases, with long tails toward large critical spacings. We

note that with the exception of the few cases of high asymmetry, the error bounds computed

with the bootstrapping are similar to those obtained with Equation B3.

For descriptive (as opposed to inferential) purposes, we display the across-subject average of

the estimated parameters. No error bounds are computed for the averages since we will not

make any formal statistical claims on the averages with the small number of subjects.
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Appendix C

Table C6
Experiment 3: Within-subject differences in critical spacings and threshold elevations
between conditions at a = 0.05 (N.S. = not significant).

—Critical spacing
Subject Objectsvs. donuts

JW <

KS N.S.

RM N.S.

Log threshold elevation

Subject Objects vs. donuts
JW >

KS >

RM >
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Y + XYZ

Figurel.

Demonstration of peripheral crowding. While fixating on the central fixation cross, the Y on
the left can be identified easily, but the Y on the right is harder to identify due to the
presence of nearby letters, even though both Y's are at the same distance from fixation.
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Figure 2.

Quantifying crowding. Log threshold contrast energy is expressed as a function of the log
center-to-center spacing between the target and a flanker. Two parameters of this function
are of interest to us: Threshold elevation, which describes the ratio of contrast energy
thresholds at ceiling and floor, and critical spacing, which is the smallest spacing with
negligible threshold elevation.
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Figure 3.

Timeline of a trial. After viewing the stimulus, subjects are presented with a list of the

Inter-trial
Abacus Bag Book Cake  Clock interval (500ms)

Duck Fan Fish GasPump Grapes

Hat  Hom Leal Mouse  Phono

Skull Van  Water Can Well ‘))) “Beep”

response (~ms)

Stimulus (250ms)

Fixation (750ms)
W) “Beep’
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names of possible target objects and make a mouse click on the name of the object they
identified as the target.
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Figure4.
Example of the stimuli and stimulus arrangements used in object conditions of Experiment

1.
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Figurebs.

Results for Experiment 1. Threshold contrast energy as a function of the center-to-center
spacing between targets and flankers. Results for the different observers are presented in
different columns. On the right ordinate are data points for the unflanked target (infinite
spacing). The star symbol indicates the flanker energy. Letter thresholds are presented in the
upper plots, while object thresholds are presented in the lower plots. Error bars are £1 SE
and some are smaller than the plot symbols.
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Figure®6.

Results for Experiment 1. The critical spacing is plotted on the left, while log threshold
energy elevation is plotted on the right (a factor of two increase in threshold corresponds to
0.3 log unit). Asymmetric error bars represent 95% confidence intervals. There are no error
bars on the averages, which are provided for descriptive purposes only. For every subject,
critical spacing is larger in radial than tangential conditions, for both objects and letters.
Threshold elevation is larger for letters than objects.
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Figure7.
Example of stimuli used in Experiment 2. Only the radial stimulus arrangement is used in

this experiment.

J Vis. Author manuscript; available in PMC 2012 August 07.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Wallace and Tjan

Page 26

> 10°L_= AR 10°F m, JD 10°Fn TC
D L]
el
S 10 g 107k 10'¢_ o \ @ Obiects
5 !—.T:\ i %~ 1\ 534
c 107 102 .y, 102 F % A
o] Naoa -1 pertures
2 0 4 s i 3 o o
o 10~ ~ 3L oo
=~ 10 107 10 [l silhouettes
i3
= 10 10} 104} %
[ . . , L

1 5 10 1 5 10 1 5 10

Spacing (deg)

Figure8.
Results for Experiment 2. Threshold contrast energy is plotted as a function of center-to-

center spacing between targets and flankers, for three subjects. The different object
conditions are plotted in different colors on each plot. On the right ordinate are data points
for the unflanked (infinite spacing) targets, for the different conditions. The star symbols
indicate the flanker energy for the different conditions. The functions are similar between
objects and apertures, while the ceiling for silhouette stimuli is elevated relative to the other
conditions.
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Figure9.

Results for Experiment 2. Critical spacings are plotted on the left, while log threshold
elevations are plotted on the right. Critical spacings are very similar for all the conditions.
Threshold elevations, while similar for objects and apertures, are much higher for
silhouettes.
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Figure 10.
Example of stimulus used for Experiment 3. Only the radial stimulus arrangement was used.

In addition to the donut stimulus, the intact object condition of Experiment 2 was also used.
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Figure11.

Results for Experiment 3. Threshold contrast energy is plotted as a function of center-to-
center spacing between targets and flankers, for 3 subjects. On the right ordinate are data
points for the unflanked (infinite spacing) targets for the different conditions. The star
symbols indicate the flanker energy for the different conditions. The functions for objects
and donuts are similar.
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Figure12.

Results for Experiment 3. Critical spacings are plotted on the left, while log threshold
energy elevations are plotted on the right. Both critical spacing and log threshold elevation
are quite similar between objects and donuts.
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