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Although local interactions involving orientation and spatial frequency are well understood, less is known about spatial
interactions involving higher level pattern features. We examined interactive coding of aspect ratio, a prevalent two-
dimensional feature. We measured perception of two simultaneously flashed ellipses by randomly post-cueing one of them
and having observers indicate its aspect ratio. Aspect ratios interacted in two ways. One manifested as an aspect-ratio-
repulsion effect. For example, when a slightly tall ellipse and a taller ellipse were simultaneously flashed, the less tall ellipse
appeared flatter and the taller ellipse appeared even taller. This repulsive interaction was long range, occurring even when
the ellipses were presented in different visual hemifields. The other interaction manifested as a global assimilation effect. An
ellipse appeared taller when it was a part of a global vertical organization than when it was a part of a global horizontal
organization. The repulsion and assimilation effects temporally dissociated as the former slightly strengthened, and the
latter disappeared when the ellipse-to-mask stimulus onset asynchrony was increased from 40 to 140 ms. These results are
consistent with the idea that shape perception emerges from rapid lateral and hierarchical neural interactions.
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Introduction

When two stimuli are simultaneously presented, their
neural representations can interact within the same level
of processing through lateral connections and across
different levels of processing through hierarchical connec-
tions (e.g., Felleman & Van Essen, 1991; Gilbert, 1992;
Lamme, Supèr, & Spekreijse, 1998). The primary goal of
the current study was to characterize how lateral and
hierarchical interactions influenced the perception of aspect
ratio when two ellipses were simultaneously presented. We
characterized lateral interactions in the coding of aspect
ratio by determining how a nearby ellipse influenced the
perceived aspect ratio of a target ellipse and characterized
hierarchical interactions by determining how the global
spatial organization of a pair of ellipses influenced the
perceived aspect ratio of one ellipse within the pair.
Aspect ratio is a simple but important two-dimensional

feature defined by closed contours. It is relevant to
perception of figure versus ground (e.g., Elder & Zucker,
1992; Koffka, 1935), objects (e.g., faces, drinking glasses;

Biederman & Kalocsai, 1997; Rhodes, 1988; Young &
Yamane, 1992), as well as 3D surface orientations (e.g.,
Biederman, 2001; Biederman & Kalocsai, 1997; Knill,
1998a, 1998b). Demonstrations of sequential repulsive
aftereffects (e.g., looking at a tall ellipse makes a sub-
sequently presented circle appear flat) have suggested that
aspect ratio is coded as a unique pattern feature (e.g.,
Regan&Hamstra, 1992; Suzuki, 2003; Suzuki & Cavanagh,
1998). Aspect ratio exemplifies intermediate-level pro-
cessing as distinct from low-level processing because (1) it
is a two-dimensional rather than a one-dimensional
feature, (2) its coding does not emerge until intermediate-
level visual areas such as V4 (e.g., Desimone & Schein,
1987; Dumoulin & Hess, 2007), and (3) aftereffects for
aspect ratio require awareness of the adaptor as do after-
effects for high-level features (e.g., facial identity), whereas
aftereffects for low-level features such as orientation,
spatial frequency (e.g., De Valois, Albrecht, & Thorell,
1982; Hubel & Wiesel, 1968), and low/intermediate-level
features such as curvature (e.g., Hegdé & Van Essen, 2000,
2007; Pasupathy & Connor, 1999, 2001, 2002) do not
require awareness of the adaptor (e.g., Blake & Fox, 1974;
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He & MacLeod, 2001; Moradi, Koch, & Shimojo, 2005;
Sweeny, Grabowekcy, & Suzuki, 2010).
Our primary goal was to determine if simultaneous

coding of multiple aspect ratios involves neural interac-
tions that are similar to those involved in low-level coding
of orientation and spatial frequency and low/intermediate-
level coding of curvature, in which lateral inhibitory
interactions create perceptual repulsion effects. In orienta-
tion coding, neighboring contours with similar orienta-
tions tend to repel each other. For example, when a small
vertical grating is presented within a larger slightly
leftward-tilted grating, the vertical grating appears to be
slightly tilted in the opposite (rightward) direction. This
repulsive interaction, known as the tilt illusion (e.g., Gibson,
1937; Magnussen & Kurtenbach, 1980), is thought to be
mediated by orientation-specific inhibitory interactions
among low-level orientation-tuned neurons in V1 and/or V2
(e.g., Blakemore, Carpenter, & Georgeson, 1970; Carpenter
& Blakemore, 1973; see Schwartz, Hsu, & Dayan, 2007,
for a recent review). Similar repulsive interactions have
also been demonstrated for the perception of spatial
frequency (Klein, Stromeyer, & Ganz, 1974) and curvature
(Gibson, 1933). Thus, repulsive interactions are common
in low-level and low/intermediate-level pattern vision.
Spatial interactions in the perception of aspect ratio
have not been investigated, however. A demonstration of
repulsive interactions for the perception of simultaneously
presented ellipses (e.g., when a slightly tall and a taller
ellipse are simultaneously presented, the slightly tall
ellipse may appear flatter and the taller ellipse may appear
even taller) would suggest that lateral inhibitorymechanisms
similar to those involved in low-level coding of orientation
and spatial frequency, and low/intermediate-level coding
of curvature, are also operative in intermediate-level
coding of aspect ratio.
Hierarchical mechanisms may also be operative in the

coding of aspect ratio. Neurons in intermediate-level visual
areas such as V4 (e.g., Desimone & Schein, 1987) as well
as those in high-level visual areas such as inferotemporal
cortex (e.g., Kayaert, Biederman, & Vogels, 2003) show
tuning for aspect ratio. Through feedback connections (e.g.,
Lamme & Roelfsema, 2000; Lamme et al., 1998), the
activity of high-level aspect-ratio-tuned neurons with large
receptive fields that encode global aspect ratios might
influence the activity of intermediate-level aspect-ratio-
tuned neurons with smaller receptive fields that encode
local aspect ratios. We thus hypothesized that a global
aspect ratio detected in high-level processing might bias
local coding of aspect ratio in intermediate-level processing.
Specifically, two ellipses presented side by side generate
a horizontally stretched global organization, whereas two
ellipses presented one above the other generate a vertically
stretched global organization. Note that, for stimuli of the
scale used in our experiments, perceptual processing of
global patterns initially takes precedence over processing
of local patterns (e.g., Bar, 2003; Navon, 1977; Paquet &
Merikle, 1988). At the neuronal level, initial firing of

neurons in macaque inferotemporal cortex encodes global
categories prior to finer details (e.g., Sugase, Yamane, Ueno,
& Kawano, 1999; Tamura & Tanaka, 2001). Furthermore,
based on a broad range of behavioral evidence including
visual search and perceptual learning, Hochstein and
Ahissar (2002) postulate in their reverse hierarchy theory
that perceptual dominance of visual information rapidly
flows backward from global gist to local details. We
therefore hypothesized that the influences of horizontally
and vertically stretched global organizations on the per-
ceived aspect ratios of individual ellipses would be limited
to the initial moments of perception. In other words,
presenting two ellipses side by side might make each
ellipse appear flatter than it actually is, and presenting two
ellipses one above the other might make each ellipse
appear taller than it actually is, but only when ellipses are
briefly presented.
To summarize, we determined whether two simulta-

neously (and briefly) presented ellipses produced an
aspect-ratio-repulsion effect similar to those demonstrated
for low-level coding of orientation, spatial frequency,
and low/intermediate-level coding of curvature. Such an
effect would suggest that lateral inhibitory interactions
are also operative in intermediate-level coding of aspect
ratio. We also determined whether the global organiza-
tion of an ellipse pair was assimilated into the perception
of local aspect ratio. Such a global assimilation effect
would suggest that hierarchical interactions are operative
in the coding of aspect ratio. We further determined
whether this global-to-local interaction only affected initial
perception as predicted by the hypothesized rapid shifting
of perceptual information from the global to the local
level.

Experiment 1: Simultaneous
aspect-ratio-repulsion and global
assimilation effects

Methods
Observers

Eight undergraduate students at Northwestern Univer-
sity gave informed consent to participate for course credit.
All had normal or corrected-to-normal visual acuity and
were tested individually in a dimly lit room.

Stimuli and procedure

All stimuli were dark gray (26.0 cd/m2), embedded in a
white square (2.52- � 2.52-, 94.0 cd/m2), and presented
against a black (1.1 cd/m2) background. We embedded
each ellipse in a white square for two reasons. First, we
wanted to ensure that the aspect ratio of each ellipse
would be processed in reference to the same neutral aspect
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ratio of the immediately surrounding square. Second, we
wanted to ensure that any perceptual distortions would be
due to interactions between higher level shape representa-
tions and not to interactions between the proximal contours
of neighboring ellipses. The strongest local contour inter-
actions for each ellipse would be with the vertical and
horizontal contours of the surrounding square.
We created ellipses (drawn with 0.057- thick lines) with

11 aspect ratios ranging from flat to tall. The aspect ratios
were symmetrically distributed (in log scale) around the
neutral aspect ratio (i.e., circle), j0.22 (1.23- � 2.05-),
j0.18 (1.23- � 1.89-), j0.14 (1.23- � 1.73-), j0.10
(1.23-� 1.55-),j0.05 (1.23-� 1.39-), 0.00 (circle; 1.23-�
1.23), 0.05 (1.39- � 1.23-), 0.10 (1.55- � 1.23-), 0.14
(1.73- � 1.23-), 0.18 (1.89- � 1.23-), and 0.22 (2.05- �
1.23-). The areas of the ellipses were not exactly matched,
but this should not have influenced our results in a system-
atic way because perceptual coding of aspect ratio has been
shown to occur independently of size (e.g., Regan &
Hamstra, 1992). Each ellipse was treated with a Gaussian
blur of 2.0-pixel radius to reduce aliasing. Seven ellipses
(log aspect ratios j0.18, j0.14, j0.10, 0.00, 0.10, 0.14,
and 0.18) were used as the stimuli. Ten ellipses excluding
the circle were used in a magnitude-matching screen.
Ellipse pairs were presented in two spatial organizations:

horizontally paired across the vertical meridian (i.e.,
across the left and right visual hemifields) and presented
in either the upper or lower visual fieldVthe between-
hemifield condition, or vertically paired and presented
solely within either the left or right visual hemifieldVthe
within-hemifield condition (Figure 1A). We used these
organizations to induce global horizontal and global
vertical organizations, respectively, and also to allow
comparisons between longer range cortical interactions
across hemifields and shorter range cortical interactions
within a hemifield. The inter-ellipse distances were identical
(3.740-) for both the between-hemifield and within-
hemifield conditions, and all ellipses were presented along
an approximate iso-acuity orbit (10.8- horizontal diameter
and 8.81- vertical diameter; e.g., Rovamo & Virsu, 1979)
centered at the fixation cross.
Note that each of the paired ellipses always fell in a

separate quadrant of the visual field. Receptive fields of
neurons in intermediate-level ventral visual areas such as

Figure 1. (A) Examples of ellipse pairs presented in the between-
hemifield condition (forming a global horizontal organization) or
the within-hemifield condition (forming a global vertical organiza-
tion). Ellipse pairs were presented side by side (in separate visual
hemifields either above or below fixation) in the between-hemifield
condition or one above the other (either within the left or right
visual hemifield) in the within-hemifield condition. (B) A typical trial
sequence. Two ellipses were simultaneously flashed on each trial,
and the post-ellipse cue (a central arrow) indicated which ellipse
the observer should rate for its aspect ratio.
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V4 and TEO are primarily confined within a single visual
quadrant (e.g., Boussaoud, Desimone, & Ungerleider, 1991;
Gattass, Sousa, & Gross, 1988; Kastner et al., 2001). Thus,
each ellipse most likely fell in separate receptive fields
of aspect-ratio-tuned neurons. We reasoned that an
arrangement in which ellipses fell in separate receptive
fields would be most likely to produce strong lateral
inhibitory interactions. This is because when multiple
stimuli fall within the same receptive field of a ventral
visual neuron, its response tends to be the average of its
responses to the individual stimuli separately (e.g.,
Chelazzi, Duncan, Miller, & Desimone, 1998; Kastner
et al., 2001; Miller, Gochin, & Gross, 1993; Reynolds,
Chelazzi, & Desimone, 1999; Rolls & Tovée, 1995; Sato,
1989; Zoccolan, Cox, & Di Carlo, 2005). Such neural
averaging may result in perceptual averaging (Sweeny,
Paller, Grabowecky, & Suzuki, 2009), which would counter-
act perceptual repulsion.
To measure perceptual bias and also to measure the global

assimilation effect independently of the aspect-ratio-repulsion
effect, each of the seven ellipses was paired with itself on
16 trials. To measure the aspect-ratio-repulsion effect involv-
ing a circle, the circle was paired with either a flat ellipse
(log aspect ratio = j0.14) or a tall ellipse (log aspect ratio =
0.14); each pair was presented on 32 trials, and the circle
and elongated ellipse were post-cued (see below) on an
equal number of trials. To measure the aspect-ratio-repulsion
effect between elongated ellipses, either two flat ellipses (log
aspect ratios of j0.10 and j0.18) or two tall ellipses (log
aspect ratios of 0.10 and 0.18) were paired; each pair was
presented on 32 trials, and the ellipses with the greater and
lesser elongations were post-cued on an equal number of
trials. Paired ellipses were presented in the between-hemifield
and within-hemifield organizations with an equal probability,
and each post-cued ellipse was presented equally often at each
of the eight locations. All pairings were randomly intermixed
across 240 trials.

Procedure

Each trial began with the presentation of a fixation
cross for 500 ms (Figure 1B). The experimenter strongly
encouraged observers to fixate the central cross, empha-
sizing that looking at any other location on the screen
would make the task more difficult because the to-be-rated
ellipse could appear in any of the eight locations. Next, an
ellipse pair appeared for 40 ms. This brief stimulus
presentation did not allow time for deliberate saccades to
a specific stimulus. A Gaussian-noise square (2.52- �
2.52- with pixel luminance values ranging from 1.1 to
88.2 cd/m2) replaced each stimulus and remained on the
screen for 500 ms. Upon the offset of the masking squares,
the fixation cross was replaced by an arrow pointing to
the location in which one of the ellipses was presented.
We asked observers to report the perceived aspect ratio of
one of the two ellipses rather than asking them to report
the aspect ratios of both ellipses in order to prevent

potential uses of an attention/response strategy such as
always reporting the more elongated ellipse first. The
post-stimulus arrow cue was either pointing leftward or
rightward on between-hemifield trials or upward or
downward on within-hemifield trials. This post-stimulus
cue lasted 1400 ms. Upon its offset, a magnitude-matching
screen appeared prompting observers to rate the perceived
aspect ratio of the post-cued ellipse by indicating the
number below the ellipse that most closely matched the
perceived aspect ratio (Figure 1B). To avoid potential
response bias due to spatial placement of response buttons,
observers spoke the number and the experimenter recorded
the responses while sitting out of sight.
We cued the to-be-rated ellipse after the offset of the

masking squares so that observers did not know which
ellipse they would rate until after the display disappeared.
This design promoted a strategy of allocating attention
equally between the two ellipses. Although it might seem
reasonable to present the arrow cue during the ellipse
presentation, doing so might bias attention to the target
ellipse. This might make visual neurons respond primarily
to the attended target ellipse (e.g., Chelazzi et al., 1998;
Reynolds et al., 1999), and thus potentially reduce or
eliminate spatial interactions. It is also likely that making
observers split attention between the central arrow cue and
the ellipses would degrade perceptual encoding of the
briefly presented ellipses. Post-cueing has the advantage
of encouraging observers to fully attend to both ellipses.
It, however, has a potential drawback because observers
have to keep the ellipses in memory at least during the
500-ms masking period until the post-cue is presented.
Memory degradation that might occur during this period
might affect the results. We will argue in the Discussion
section that the specific pattern of results we obtained is
unlikely to be attributable to memory degradation. For
now, we point out that the memory retention period (from
the onset of the masking squares to the onset of the arrow
cue, and then to the onset of the response screen) was the
same for all three experiments. Thus, any differences in
the results across the experiments could not be attributable
to memory degradation.
In order to encourage observers to make subtle aspect-ratio

discriminations, the rating scale did not include an exact
“circle” option. If observers perceived exact circles, their
responses over trials should average to the midpoint of the
scale. The experimenter instructed observers to respond
quickly and to rely on their “gut feeling” if they were unsure.
Six practice trials preceded the experiment. All stimuli were
presented on a 19W CRT monitor using Presentation software
(www.neurobs.com) at a viewing distance of 100 cm.

Results and discussion
Lateral aspect-ratio interaction

To simplify our data presentation, we computed an
aspect-ratio-repulsion index where we subtracted the
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aspect-ratio rating of each ellipse when paired with an
ellipse of the same aspect ratio from its rating when paired
with an ellipse of a different aspect ratio. In this way, we
subtracted out any general bias in perceiving either a tall
or flat aspect ratio. The sign of the aspect-ratio-repulsion
index was assigned such that a positive sign was given to
a distortion in the repulsive direction and a negative sign
was given to a distortion in the averaging direction. For
example, if a tall ellipse appeared less tall when paired
with a taller ellipse than when paired with an identical
ellipse (i.e., a repulsive effect), a positive sign was given,
whereas if a tall ellipse appeared taller when paired with a
taller ellipse than when paired with an identical ellipse
(i.e., an averaging effect), a negative sign was given.
We found an aspect-ratio-repulsion effect. When the

aspect-ratio-repulsion index was averaged across all ellipse
pairs, the value was significantly greater than zero (M =
0.274, SEM = 0.089), t(7) = 3.061, p G 0.02, d = 1.082.
When the data were analyzed separately for the perception
of tall and flat ellipses (Figure 2A), the index was sig-
nificantly positive for tall ellipses, t(7) = 2.982, p G 0.03,
d = 1.054, and marginally significant for flat ellipses, t(7) =
2.002, p G 0.09, d = 0.708 (the index was not significantly
different between the tall and flat ellipses, t[7] = 0.391,
n.s.). We note that the aspect-ratio-repulsion index was
significant for the perception of both tall and flat ellipses
in Experiments 2 and 3.
Interestingly, perception of the circle was unaffected by

the paired ellipses (Figure 2A), t(7) = 0.325, n.s. (also the
case in Experiments 2 and 3). We suspect that this is the
result of a perceptual scaling effect. Because observers
reported aspect ratios of strongly elongated ellipses in
many of the trials, their sensitivity for detecting subtle
elongations induced on a circle could have been reduced.
Consistent with this idea, a pilot experiment showed that
when observers always reported the perceived aspect ratio
of a circle paired with a tall or flat ellipse, significant
aspect-ratio-repulsion effects were obtained for circles.
The overall aspect-ratio-repulsion index did not signifi-

cantly differ between the within-hemifield (M = 0.335,
SEM = 0.149) and between-hemifield (M = 0.212, SEM =
0.119) conditions, t(7) = 0.609, n.s. In other words, the
magnitude of aspect-ratio interactions was equivalent
whether the underlying neural interactions occurred within
a cerebral hemisphere or across hemispheres. The equiv-
alent magnitudes of the within- and between-hemifield
effects were replicated in Experiments 2 and 3.
Finally, the aspect-ratio-repulsion index was signifi-

cantly greater in the outward direction (i.e., a flat ellipse
appearing flatter when paired with a less flat ellipse, and a
tall ellipse appearing taller when paired with a less tall
ellipse; M = 0.478, SEM = 0.137) than in the inward
direction (i.e., a flat ellipse appearing less flat when paired
with a flatter ellipse, and a tall ellipse appearing less tall
when paired with a taller ellipse;M = 0.065, SEM = 0.048),
t(7) = 2.796, p G 0.03, d = 0.988. However, this outward–
inward asymmetry was not obtained in Experiment 2 or 3.

Figure 2. Experiment 1 (ellipses aligned, ellipse-to-mask SOA =
40 ms). (A) The aspect-ratio-repulsion index (see main text) for the
perception of circles, flat ellipses, and tall ellipses (with data
averaged across the between- and within-hemifield conditions);
positive values indicate repulsive effects and negative values
indicate averaging effects. * Represents p G 0.05. (B) Ratings of
ellipses with different aspect ratios (including circle) when paired
with ellipses with identical aspect ratios and presented in a
vertical global organization (open symbols) or a horizontal global
organization (filled symbols). The x-axis indicates the rated
ellipses and the y-axis indicates the observer’s ratings of those
ellipses. The dashed gray line represents the expected aspect-
ratio ratings if perception was veridical. Ellipses in pairs that
formed global vertical organizations were perceived to be taller
than ellipses in pairs that formed global horizontal organizations,
but global organization only affected the perception of tall ellipses.
For both (A) and (B), the error bars represent T1 SEM (adjusted
for repeated-measures comparisons in (B)).
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Hierarchical aspect-ratio interaction

Global organizations (vertical in the within-hemifield
condition and horizontal in the between-hemifield con-
dition) may have affected perception of the cued ellipse.
To see how global organizations influenced the perception
of ellipses, we plotted the average ratings of seven ellipses
paired with themselves (thus unaffected by repulsive
interactions), separately for the vertical and horizontal
organizations. Two effects are evident in Figure 2B. First,
aspect ratios were generally underestimated, as evidenced
by the fact that the slope of the perceived-vs.-actual-aspect-
ratio function was significantly less than 1 (M = 0.471,
SEM = 0.064; all standard errors reported for hierarchical
aspect-ratio interactions have been adjusted for within-
observer comparisons), t(7) = 7.401, p G 0.01, d = 2.617.
When we conducted a control experiment in which we
presented one ellipse at a time, the slope was closer to 1
and comparable to the slope obtained for paired ellipses
with a longer ellipse-to-mask SOA (see Figure 4B in
Experiment 3). Furthermore, when a single ellipse with a
small aspect ratio (elongation of 13% or less) was briefly
presented, its perceived aspect ratio was systematically
exaggerated (Suzuki & Cavanagh, 1998). Thus, the
general underestimation of aspect ratio obtained in this
experiment is likely to be caused by a combination of
factors, including paired presentations of ellipses (poten-
tially causing a crowding effect) and the inclusion of
substantially elongated (up to 66% elongation) ellipses
(potentially causing adaptation to large elongations).
The second effect apparent from Figure 2B is that the

vertical organization made the individual ellipses appear
taller compared to the horizontal organization, but the
organization only affected the perception of tall ellipses.
This effect was confirmed by a three-way ANOVA with
global organization (vertical or horizontal), aspect ratio of
the rated ellipse (seven values), and aspect ratio of the
paired ellipse (same or different) as the independent
variables and aspect-ratio rating as the dependent variable.
We found a significant main effect of global organization,
F(1, 7) = 9.248, p G 0.05, )p

2 = 0.569, and a significant
interaction between global organization and aspect ratio of
the rated ellipse, F(6, 42) = 4.720, p G 0.001, )p

2 = 0.403.
This pattern of results did not depend on whether the
same ellipses or ellipses with different aspect ratios were
paired because aspect ratio of the paired ellipse (same or
different) interacted neither with the effect of global
organization (F[1, 7] = 1.039, n.s.) nor with the effect of
organization-by-aspect-ratio interaction (F[6, 42] = 0.436,
n.s.). Thus, although Figure 2B shows the “pure” global
organization effects (without aspect-ratio-repulsion effects)
for pairs of identical ellipses, the same global organization
effects occurred when paired ellipses had different aspect
ratios.
We note that ellipses were presented at slightly different

retinal positions in the horizontal and vertical organiza-
tions. Although the visibility of ellipses was matched

across these positions, which were distributed along an
approximate iso-acuity orbit (Rovamo & Virsu, 1979),
ellipses in a horizontal pair were slightly closer to the
vertical meridian than those in a vertical pair, and ellipses
in a vertical pair were slightly closer to the horizontal
meridian than those in a horizontal pair. It is thus possible
that ellipses flashed near the vertical meridian tend to
appear flatter and those presented near the horizontal
meridian tend to appear taller. We evaluated this possi-
bility by presenting ellipses one at a time with six new
observers. There were no significant effects of position;
notably, for vertical ellipses (for which we obtained robust
global organization effects), only two observers on average
rated ellipses presented near the horizontal meridian to
be taller than those presented near the vertical meridian,
while the remaining four observers produced the opposite
pattern. It is thus unlikely that the global organization
effect reflects a position effect. This conclusion is further
supported by the result of the next experiment where we
obtained robust global organization effects when ellipse
positions were randomly jittered.
Overall, we have demonstrated a simultaneous aspect-

ratio-repulsion effect for the perception of elongated
ellipses. Simultaneously presented aspect ratios repulsively
interact as do simultaneously presented orientations, spatial
frequencies, and curvatures, presumably due to lateral
inhibitory interactions between populations of aspect-ratio-
tuned neurons. The overall aspect-ratio-repulsion effect
was not diminished when the ellipses were presented in
separate visual hemifields, indicating an involvement of
long-range cortical connections (even across cerebral
hemispheres) in coding aspect ratios. We have also
demonstrated a hierarchical aspect-ratio interaction where
global organization is assimilated into perception of tall
ellipsesVa global assimilation effect; a tall ellipse appears
taller when it is a part of a vertical organization than when
it is a part of a horizontal organization.

Experiment 2: Simultaneous
aspect-ratio-repulsion and global
assimilation effects with
randomly jittered ellipse locations

This experiment was identical to Experiment 1 except
that the x and y coordinates of each ellipse were randomly
jittered so that the ellipses were always misaligned in an
unpredictable manner. This random jittering addressed
the question of whether the simultaneous aspect-ratio-
repulsion effect and/or the global assimilation effect
depended on the alignment of the paired ellipses along
the cardinal axes.
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Methods
Observers

Eight undergraduate students at Northwestern Univer-
sity gave informed consent to participate for course credit.
All had normal or corrected-to-normal visual acuity and
were tested individually in a dimly lit room.

Stimuli and procedure

The stimulus design and procedure were identical to
those in Experiment 1, except that the location of each
ellipse was randomly jittered on each trial. The amounts
of horizontal and vertical jitters for each ellipse were
independently and randomly sampled from a uniform
distribution between T0.57-.

Results and discussion

Overall, we replicated the aspect-ratio-repulsion and
global assimilation effects from Experiment 1.

Lateral aspect-ratio interaction

The overall aspect-ratio-repulsion index was signifi-
cantly positive (i.e., in the repulsive direction; M = 0.303,
SEM = 0.093), t(7) = 3.270, p G 0.02, d = 1.156, and was
significantly positive for both tall ellipses, t(7) = 3.667,
p G 0.01, d = 1.297, and flat ellipses, t(7) = 3.314, p G
0.02, d = 1.171, but was not significantly different from
zero for circles, t(7) = 0.838, n.s. (Figure 3A). There was
a trend that the aspect-ratio-repulsion index was greater
for flat ellipses than for tall ellipses, t(7) = 2.026, p G 0.09,
d = 0.716. Thus, as in Experiment 1, the aspect-ratio-
repulsion effect influenced the perception of both tall and
flat ellipses but did not affect the perception of circles.
As in Experiment 1, the aspect-ratio-repulsion index did
not significantly differ between the within-hemifield
(M = 0.442, SEM = 0.155) and between-hemifield (M =
0.163, SEM = 0.141) conditions, t(7) = 1.192, n.s. (note
that the indices were numerically larger for the within-
hemifield condition than for the between-hemifield con-
dition in Experiments 1 and 2, but this was not the case in
Experiment 3). Unlike Experiment 1, however, the aspect-
ratio-repulsion index did not differ between the outward
(M = 0.209, SEM = 0.116) and inward (M = 0.419, SEM =
0.091) directions, t(7) = 1.438, n.s.

Hierarchical aspect-ratio interaction

As in Experiment 1, aspect ratios were generally
underestimated in perception as the slope of the perceived-
vs.-actual-aspect-ratio function was significantly less than
1 (M = 0.662, SEM = 0.042), t(7) = 15.829, p G 0.01, d =
5.596. We also replicated the global assimilation effect
on the perception of tall ellipses. As in Experiment 1, a
tall ellipse appeared taller when it was a part of a vertical
organization than when it was a part of a horizontal

Figure 3. Experiment 2 (ellipse positions jittered, ellipse-to-mask
SOA= 40ms). (A) The aspect-ratio-repulsion index for the perception
of circles, flat ellipses, and tall ellipses (with data averaged
across the between- and within-hemifield conditions); positive
values indicate repulsive effects and negative values indicate
averaging effects. * Represents p G 0.05, and ** represents p G

0.01. (B) Ratings of ellipses with different aspect ratios (including
circle) when paired with ellipses with identical aspect ratios and
presented in a global vertical organization (open symbols) or a
global horizontal organization (filled symbols). The x-axis indicates
the rated ellipses and the y-axis indicates the observer’s ratings of
those ellipses. The dashed gray line represents the expected
aspect-ratio ratings if perception was veridical. Ellipses in pairs
that formed global vertical organizations were perceived to be
taller than ellipses in pairs that formed global horizontal organ-
izations, but global organization primarily affected the perception
of tall ellipses. For both (A) and (B), the error bars represent T1SEM
(adjusted for repeated-measures comparisons in (B)).
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organization, but the perception of a flat ellipse was
relatively unaffected (Figure 3B). This pattern of results
was again confirmed by a three-way ANOVA with a
significant main effect of global organization, F(1, 7) =
12.085, p G 0.01, )p

2 = 0.633, a significant interaction
between global organization and aspect ratio of the rated
ellipse, F(6, 42) = 2.615, p G 0.05, )p

2 = 0.272, with no
significant interactions between either of these effects
and aspect ratio of the paired ellipse (suggesting that the
global assimilation effect is orthogonal to the aspect-ratio-
repulsion effect), F(1, 7) = 4.852, n.s., and F(6, 42) =
0.862, n.s., respectively.
We replicated both the aspect-ratio-repulsion and global

assimilation effects when the alignment of ellipses was
randomly jittered on each trial. It is clear from comparing
Figure 2A with Figure 3A and Figure 2B with Figure 3B
that neither the aspect-ratio-repulsion effect nor the global
assimilation effect was diminished by jittered ellipse
alignment. Neither effect depends on the exact alignment
of ellipses.
In the next experiment, we began to investigate the

underlying mechanisms of the aspect-ratio-repulsion and
global assimilation effects. In particular, global precedence
effects, reverse hierarchy theory, and the progression of
information processing from global categories to finer
details in high-level visual neurons suggest that, although
the feed-forward flow of neural activation proceeds from
low-level to high-level visual areas, perception of visual
information flows backward from global organization to
local details (see the Introduction section for citations).
The global assimilation effect might thus be transient,
occurring only when perception is initially dominated by
global processing. If true, the global assimilation effect
should diminish or be eliminated when the ellipse-to-
mask SOA is increased to allow longer stimulus processing
time so that perception is dominated by local processing. In
contrast, longer processing time might strengthen the aspect-
ratio-repulsion effect due to increased temporal summation
of lateral inhibitory interactions between the aspect-ratio-
tuned neural populations responding to the two ellipses.

Experiment 3: How does longer
processing time affect the
simultaneous aspect-ratio-
repulsion and global assimilation
effects?

Methods
Observers

Eight undergraduate students at Northwestern Univer-
sity gave informed consent to participate for course credit.

All had normal or corrected-to-normal visual acuity and
were tested individually in a dimly lit room.

Stimuli and procedure

The stimulus design and procedure were identical to
those in Experiment 1 with two exceptions: the ellipses
were presented for an additional 10 ms (50 ms total), and
there was a 90-ms blank screen between the offset of the
ellipses and the onset of the noise masks, resulting in a
140-ms ellipse-to-mask SOA instead of a 40-ms SOA.
The 140-ms value of ellipse-to-mask SOA was chosen for
the following reason. We assume that when a backward
mask is applied, neural processing lasts for about the
duration of the stimulus-to-mask SOA (verified for
neurons in macaque inferotemporal cortex; Rolls, Tovée,
& Panzeri, 1999). We also assume that local aspect ratios
are processed in an intermediate-level visual area such as
V4 and global organizations are processed in a high-level
visual area such as inferotemporal cortex (see the
Introduction section). A 40-ms ellipse-to-mask SOA, as
used in Experiments 1 and 2, would terminate the bottom-
up activation of aspect-ratio-tuned neurons within about
90 ms (50-ms response latency [Zipser, Lamme, &
Schiller, 1996] plus 40-ms ellipse-to-mask SOA). If the
latency of feedback from inferotemporal cortex to V4
were similar to that to V1, the feedback would arrive
within about 80–100 ms (e.g., Lee, Mumford, Romero, &
Lamme, 1998; Rockland & Van Hoesen, 1994; Zipser
et al., 1996). These timing estimates suggest that the
bottom-up ellipse signals to the intermediate-level aspect-
ratio-tuned neurons would end (by È90 ms) by the time
the feedback signals from high-level global processing
arrive (80–100 ms). Feedback signals carrying the global
organization of ellipses may thus strongly influence aspect-
ratio perception in this case with little in the way of
concurrent bottom-up ellipse signals to counter their
effects. In contrast, a 140-ms ellipse-to-mask SOA, used
in this experiment, would prolong the bottom-up process-
ing of ellipse signals by 100 ms, allowing the intermediate-
level aspect-ratio-tuned neurons to continue processing
the bottom-up ellipse signals while receiving top-down
feedback. This may counter the strong initial top-down
influences. Note that neural responses to brief (tens of
milliseconds) stimuli continue for hundreds of milli-
seconds when no backward masking is applied (e.g.,
Hikosaka, 1999; Müller, Metha, Krauskoph, & Lennie,
1999; Rolls et al., 1999; Sato, Kawamura, & Iwai, 1980).
Thus, the combination of brief (50 ms) ellipse duration
with 140-ms ellipse-to-mask SOA allowed us to increase
the stimulus processing duration to counter the initially
strong top-down influences, while at the same time
allowing us to present the ellipses briefly enough to prevent
strategic attention shifts and saccades during ellipse
presentation.
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Results and discussion
Lateral aspect-ratio interaction

We replicated the aspect-ratio-repulsion effect from
Experiments 1 and 2. The aspect-ratio-repulsion index
was overall significantly positive (i.e., in the repulsive
direction; M = 0.352, SEM = 0.104), t(7) = 3.377, p G
0.02, d = 1.194. The index was significantly positive for
the perception of both tall ellipses, t(7) = 2.396, p G 0.05,
d = 0.847, and flat ellipses, t(7) = 4.35, p G 0.01, d =
1.539, but not significantly different from zero for the
perception of circles, t(7) = 0.246, n.s. (Figure 4A). The
trend of a greater aspect-ratio-repulsion index for flat than
tall ellipses that we obtained in Experiments 1 and 2 was
significant in this experiment, t(7) = 2.550, p G 0.04, d =
0.902. The indices did not significantly differ between the
within-hemifield (M = 0.343, SEM = 0.136) and between-
hemifield (M = 0.363, SEM = 0.081) conditions, t(7) = 0.377,
n.s. Thus, as in Experiments 1 and 2, the aspect-ratio-
repulsion effect influenced the perception of both tall and
flat ellipses (with greater influences on flat ellipses),
equivalently in the within- and between-hemifield condi-
tions, but did not affect the perception of circles. Unlike
Experiment 1, but as in Experiment 2, the aspect-ratio-
repulsion index did not differ between the outward (M =
0.386, SEM = 0.132) and inward (M = 0.340, SEM = 0.093)
directions, t(7) = 0.273, n.s. The overall magnitude of the
aspect-ratio-repulsion effect slightly increased in this experi-
ment (Figure 4A) compared to Experiments 1 (Figure 2A)
and 2 (Figure 3A), but the increase was not statistically
significant (Experiment 3 vs. Experiment 1, t[14] = 0.568,
n.s.; Experiment 3 vs. Experiment 2, t[14] = 0.351, n.s.).

Hierarchical aspect-ratio interaction

As in Experiments 1 and 2, observers underestimated
aspect ratios as indicated by the slope of the perceived-
vs.-actual-aspect-ratio function being significantly less
than one (M = 0.735, SEM = 0.053), t(7) = 13.785, p G
0.01, d = 4.874. The magnitude of underestimation,
however, decreased in this experiment as the slope (M =
0.735; Figure 4B) was significantly steeper than in
Experiment 1 (M = 0.471; Figure 2B), t(14) = 3.187, p G
0.01, d = 1.599, and also steeper than in Experiment 2
(M = 0.662; Figure 3B), though the latter difference was
not significant, t(14) = 1.079, n.s. Overall, allowing
additional processing time increased the perceptual verid-
icality of aspect ratio.
As evident in Figure 4B, the global assimilation effect

disappeared with longer processing time. A three-way
ANOVA with global organization (vertical or horizontal),
aspect ratio of the rated ellipse (seven values), and aspect
ratio of the paired ellipse (same or different) as the
independent variables and aspect-ratio rating as the depen-
dent variable yielded no main effect of global organ-
ization, F(1, 7) = 0.0003, n.s., and global organization did

Figure 4. Experiment 3 (ellipses aligned, ellipse-to-mask SOA =
140 ms). (A) The aspect-ratio-repulsion index for the perception of
circles, flat ellipses, and tall ellipses (with data averaged across
the between- and within-hemifield conditions); positive values
indicate repulsive effects and negative values indicate averaging
effects. * Represents p G 0.05, and ** represents p G 0.01. (B)
Ratings of ellipses with different aspect ratios (including circle)
when paired with ellipses with identical aspect ratios and
presented in a global vertical organization (open symbols) or a
global horizontal organization (filled symbols). The x-axis indi-
cates the rated ellipses and the y-axis indicates the observer’s
ratings of those ellipses. The dashed gray line represents the
expected aspect-ratio ratings if perception was veridical. The
longer ellipse-to-mask SOA (140 ms) eliminated the effect of
global organization on the perceived aspect ratio of individual
ellipses. For both (A) and (B), the error bars represent T1 SEM
(adjusted for repeated-measures comparisons in (B)).
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not interact with any of the remaining variables (all
F-values G 1.787, and all p-values 9 0.172).
Thus, longer processing time made the perception of

aspect ratios more veridical and slightly increased the
aspect-ratio-repulsion effect but eliminated the global
assimilation effect.

Discussion

Using briefly and simultaneously presented pairs of
ellipses, we have demonstrated two types of spatial
interactions in the processing of aspect ratio. One is
simultaneous aspect-ratio repulsion in which the aspect
ratios of two ellipses in a pair appear to be distorted away
from each other (e.g., when a tall ellipse and a taller
ellipse are presented, the less tall ellipse appears flatter
and the taller ellipse appears even taller). The other is
global assimilation in which the global spatial organiza-
tion of a pair of ellipses is assimilated into the perceived
aspect ratio of each ellipse (e.g., a tall ellipse appears
taller when in a vertical arrangement with another ellipse).
These two effects demonstrate that during early stages of
coding multiple images, shape representations are sus-
ceptible to interactions through lateral (underlying simulta-
neous aspect-ratio repulsion) and hierarchical (underlying
global assimilation) neural connections.

Lateral aspect-ratio interactions

Visual features interact both temporally and spatially.
Temporal interactions are generally repulsive (i.e., viewing
the first stimulus distorts the feature value of the second
stimulus so that it appears more dissimilar to the first
stimulus). Spatial interactions can result in either repulsive
(i.e., simultaneously presented stimuli appear more dis-
similar in their feature values) or averaging (i.e., simulta-
neously presented stimuli appear more similar in their
feature values) effects.
Temporal and spatial feature interactions have been

extensively studied for low-level coding of local orienta-
tion. It is typically assumed that perceived orientation is
coded by the population activity (e.g., a centroid) of
neurons tuned to different orientations (e.g., Regan &
Beverley, 1985; Suzuki, 2005; Vogels, 1990; Westheimer,
Shimamura, & McKee, 1976). The standard explanation
for the temporal and spatial repulsive interactions in
perceived orientation, known as the tilt aftereffect (temporal)
and the tilt illusion (spatial), is based on orientation-specific
inhibition in time and space (see Schwartz et al., 2007, for
a review). For example, when a slightly right-tilted grating
is viewed, neurons that are responsive to that orientation
get adapted (i.e., temporarily suppressed), so that when a
vertical grating is subsequently viewed, the adapted right-

tilt-preferring neurons make a reduced contribution,
skewing the population activity toward left-tilt-preferring
neurons, making the vertical grating appear slightly left
tilted. Similarly, when a small vertical grating is
surrounded by a larger slightly right-tilted grating, the
right-tilt-preferring neurons strongly responding to the
surrounding grating laterally inhibit the right-tilt-preferring
neurons weakly responding to the central vertical grating,
skewing the population response to the central grating
toward the left-tilt-preferring neurons, making the central
vertical grating appear slightly left tilted. Similar tempo-
ral and spatial interactions have been demonstrated for the
perception of spatial frequency (e.g., Blakemore, Nachmias,
& Sutton, 1970; Blakemore & Sutton, 1969; Klein et al.,
1974), presumably coded in low-level processing, and
curvature (e.g., Bell, Gheorghiu, & Kingdom, 2009;
Gheorghiu & Kingdom, 2007; Gibson, 1933), presumably
coded in low/intermediate-level processing.
In addition to these repulsive interactions, orientation

averaging occurs when gratings are presented in close
proximity (e.g., Parkes, Lund, Angelucci, Solomon, &
Morgan, 2001). A potential explanation of perceptual
averaging is the within-receptive-field neural averaging
that is characteristic of ventral visual neurons. When two
stimuli are briefly and simultaneously presented within a
receptive field of a ventral visual neuron in the absence of
selective attention to one stimulus, the neuron responds
as if averaging its responses to the individual stimuli
presented alone (e.g., Chelazzi et al., 1998; Kastner et al.,
2001; Miller et al., 1993; Reynolds et al., 1999; Rolls &
Tovée, 1995; Sato, 1989; Zoccolan et al., 2005). Because
the gratings used by Parkes et al. (2001) were peripherally
presented and only 0.47- apart, it is possible that adjacent
gratings fell within the same receptive fields of orientation-
tuned neurons in V1 and V2 (e.g., Dow, Snyder, Vautin, &
Bauer, 1981; Hubel & Wiesel, 1974; Schiller, Finlay, &
Volman, 1976). Thus, for low-level orientation processing,
the extant results suggest that orientation-specific inhibitory
interactions in time and space produce the tilt aftereffect
and tilt illusion, respectively, and within-receptive-field
neural averaging may produce perceptual averaging in
crowded displays.
Temporal and spatial interactions have also been

investigated for high-level face processing. Many studies
have demonstrated temporal repulsive interactions (after-
effects) for various facial attributes (e.g., identity, gender,
expression, attractiveness, feature spacing, and race; Fox &
Barton, 2007; Jaquet, Rhodes, & Hayward, 2007; Leopold,
Rhodes, Müller, & Jeffery, 2005; Little, DeBruine, & Jones,
2005; Rhodes, Jeffery, Watson, Clifford, & Nakayama;
2003; Rhodes et al., 2004; Webster & MacLin, 1999).
Spatial averaging has also been demonstrated for the
perception of facial expressions; averaging occurs when
two faces are briefly presented within the same visual
hemifield (Sweeny et al., 2009), that is, when both faces
are simultaneously presented within single receptive fields
of high-level face-tuned neurons. Interestingly, spatial
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repulsive interactions do not occur when two faces are
presented in separate visual hemifields (Sweeny et al.,
2009), that is, when faces fall in separate receptive fields
for most high-level face-tuned neurons. Note that the
receptive fields of high-level ventral visual neurons are
large but mostly contralateral (e.g., Boussaoud et al.,
1991; Desimone & Gross, 1979; DiCarlo & Maunsell,
2003; Kastner et al., 2001), especially when two stimuli
are simultaneously presented in separate hemifields
(Chelazzi et al., 1998). Thus, for high-level face process-
ing, feature-specific inhibitory interactions that cause
perceptual repulsion seem to occur in time but not in
space, while within-receptive-field neural averaging pro-
duces perceptual averaging within each hemifield.
How do temporal and spatial interactions influence the

coding of intermediate-level features? Aspect ratio is a
simple but versatile two-dimensional feature. Unlike low-
level features such as local orientation, spatial frequency,
and curvature, aspect ratio is defined by closed contours
that contribute to the perception of figure versus ground (e.g.,
Elder & Zucker, 1992; Koffka, 1935). Closed contours
(as opposed to open curves) appear to be represented in
V3/VP and V4 (e.g., Dumoulin & Hess, 2007) and figure
information is represented in LOC (e.g., Appelbaum,
Wade, Vildavski, Pettet, & Norcia, 2006) in humans.
Neural tuning for aspect ratio (width and height) emerges
in V4 in macaque (e.g., Desimone & Schein, 1987).
Aspect-ratio coding also distinguishes itself from curvature
coding (of open contours) based on behavioral after-
effects. Whereas curvature aftereffects (on open contours)
can occur without awareness of the adaptor, aspect-ratio
aftereffects require awareness of the adaptor (Sweeny et al.,
2010). Behavioral and neural results also suggest that
processing of aspect ratio contributes to perception of
common objects and faces as well as perception of 3D
surfaces (e.g., Biederman, 2001; Biederman & Kalocsai,
1997; Knill, 1998a, 1998b; Rhodes, 1988; Young & Yamane,
1992). Thus, aspect ratio is a bona fide intermediate-level
feature in terms of both level of neural processing and
pattern complexity. Although temporal repulsive interac-
tions have been demonstrated for aspect ratio (e.g., Regan
& Hamstra, 1992; Suzuki, 2003, 2005; Suzuki & Cavanagh,
1998), spatial interactions have not been investigated. The
current results clearly demonstrate spatial repulsive inter-
actions in aspect ratio, implicating lateral inhibitory
interactions in the coding of a 2D feature. This simulta-
neous aspect-ratio-repulsion effect is robust in that it
repulsively distorted perceived aspect ratios both toward
and away from the neutral aspect ratio (circle), whether the
ellipse-to-mask SOAwas 40 ms or 140 ms, and whether the
interacting ellipses were aligned or randomly misaligned
(or diagonally arranged based on a pilot study).
The simultaneous aspect-ratio-repulsion effect was sta-

tistically equivalent whether ellipses were presented within
the same visual hemifield or in separate visual hemifields,
indicating that the underlying lateral inhibitory interac-
tions can occur through long-range neural connections

across the two cerebral hemispheres. Because perceptual
averaging (presumably mediated by within-receptive-field
averaging) analogous to that found for facial expression
(Sweeny et al., 2009) did not occur when ellipses were
presented in separate quadrants in our experiments, it is
reasonable to speculate that the receptive fields of aspect-
ratio-tuned neurons are no larger than a quadrant of the
visual field.
The characteristics of temporal and spatial repulsive

interactions and spatial averaging in low-, intermediate-,
and high-level visual processing suggest two general
principles. First, temporal repulsive interactions appear
to be robust across all levels of processing, demonstrated,
for example, by strong temporal repulsive aftereffects for
orientation, spatial frequency, curvature, aspect ratio,
skew, taper, convexity, and facial attributes (see Suzuki,
2005 for a review). This may be related to the fact that
detecting change is always important. It is unnecessary to
pay attention to things that do not change over time, but
when a change occurs, it would be beneficial for the
change to be exaggerated so that it is more noticeable (e.g.,
Clifford et al., 2007). Second, spatial repulsive interactions
appear to diminish in higher level pattern processing.
Spatial repulsive interactions are strong in the perception
of local orientation (involving low-level processing) as
exemplified by tilt illusion effects that are evident even in
static viewing. Although the aspect-ratio-repulsion effect
(reflecting intermediate-level processing) was robust when
ellipses were briefly presented in the current study, a
slightly tall ellipse statically presented next to a circle, for
example, does not appear any taller. Spatial repulsive
interactions do not occur in high-level facial-expression
processing (Sweeny et al., 2009).
Strong spatial repulsion in lower level processing may

contribute to image parsing because differences in low-
level local features (such as orientation) demarcate texture
boundaries (e.g., Beck, 1966a, 1966b, 1983). Our results
demonstrate that spatial repulsion is also operative in
intermediate-level processing of aspect ratio. This may be
related to the fact that aspect ratio contributes to perception
of surface properties (Knill, 1998a, 1998b). For example,
spatial repulsive interactions in aspect ratio might accen-
tuate places where surface orientations change. In con-
trast, in higher level processing of facial expressions,
spatial averaging rather than repulsion might be more
useful under brief viewing because it would be more
important to rapidly grasp the overall sentiment of a
crowd rather than to notice differences among faces.

Hierarchical aspect-ratio interactions

Although our primary finding was lateral inhibitory
interactions in processing aspect ratio, we also demon-
strated a hierarchical interaction demonstrating that a
global organization can influence the coding of individual
shapes. Specifically, a tall ellipse appeared taller when it
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was a part of a vertical organization than when it was a
part of a horizontal organization. It is as if the global
organization was assimilated into individual ellipses’
aspect ratios. The global assimilation effect selectively
influenced the perception of tall ellipses (Figures 2B and
3B). Although future experiments are necessary to explain
the origin of this selectivity, the fact that the aspect-ratio-
repulsion effect tended to show the opposite selectivity
(more strongly influencing the perception of flat than tall
ellipses; Figures 2A–4A) suggests that the assimilation
and repulsion effects are mediated by different mecha-
nisms. As discussed below, the temporal characteristics of
the two effects suggest that rapid feedback from high-level
processing of global organization to intermediate-level
processing of aspect ratio mediates the global assimilation
effect, whereas persistent lateral inhibition within aspect-
ratio processing underlies the repulsion effect.
The aspect-ratio-repulsion effect was slightly strength-

ened when the ellipse-to-mask SOA was increased from
40 to 140 ms, whereas the global assimilation effect
disappeared. This temporal dissociation provided evidence
against the possibility that our results could be a general
artifact of using a post-cueing procedure. As we described
in the Methods section for Experiment 1, we used post-
cueing (rather than concurrent cueing) in order to encour-
age observers to fully attend to both ellipses during their
brief presentation. Consequently, observers had to hold
both ellipses in memory during the 500-ms masking period
until the post-cue (indicating which ellipse to report) was
presented and to hold the shape of the target ellipse until the
matching screen appeared. It is possible that memory
for aspect ratios degraded during this period. Effects of
memory degradation should be greater when stimulus
encoding is weaker. This is consistent with our results that
the aspect-ratio-repulsion effect was slightly (not signifi-
cantly) weaker with the shorter ellipse-to-mask SOA where
the stimulus signal was weaker (Experiments 1 and 2, vs. 3).
This explanation, however, does not hold for the global
assimilation effect, which was eliminated by the longer
ellipse-to-mask SOA where the stimulus signal was stronger
and its visual memory should have been less degraded.
Although we cannot conclusively rule out potential

contributions of visual memory to the aspect-ratio-repulsion
and global assimilation effects, our results are more
consistently explained by lateral inhibitory interactions
and by the rapid global-to-local progression of perceptual
information postulated by reverse hierarchy theory
(Hochstein & Ahissar, 2002). It is reasonable to assume
that aspect ratio is coded by populations of neurons in an
intermediate-level visual area (e.g., Desimone & Schein,
1987; Dumoulin & Hess, 2007), which are tuned to
different aspect ratios, and the perceived aspect ratio is
represented by a central tendency of their population activity
(e.g., Deneve, Latham, & Pouget, 1999; Lee, Rohrer, &
Sparks, 1988; Vogels, 1990; Young & Yamane, 1992).
Suppose a horizontally organized pair of tall and flat ellipses
was presented. Each ellipse would activate an aspect-ratio-

tuned neural population with receptive fields covering its
location. Consider the neural population responding to the
tall ellipse where tall-tuned neurons would be responding
relatively more strongly than flat-tuned neurons. We
postulate facilitative connections between high-level and
intermediate-level visual neurons that respond to similar
feature values, similar direction of elongation in this case.
Rapid feedback from high-level neurons that code the
global horizontal elongation would selectively boost
responses of the intermediate-level flat-tuned neurons,
making the tall ellipse appear flatter, producing the global
assimilation effect. In parallel, the flat-tuned neurons
strongly responding to the neighboring flat ellipse would
inhibit the flat-tuned neurons weakly responding to the tall
ellipse via lateral inhibition, skewing the population response
to the tall ellipse to be more strongly dominated by the
tall-tuned neurons. This would make the tall ellipse appear
even taller, producing the aspect-ratio-repulsion effect.
Reverse hierarchy theory (Hochstein & Ahissar, 2002)

postulates that perception is initially dominated by high-
level visual processing and then proceeds backward to be
subsequently dominated by lower level processing. Con-
sistent with this theory, the global assimilation effect was
strong when bottom-up processing was rapidly truncated
by backward masking at 40-ms SOA, allowing high-level
processing that initially dominates perception to strongly
modulate intermediate-level aspect-ratio-tuned neurons via
feedback. Increasing the ellipse-to-mask SOA to 140 ms
(È50 ms beyond the time when feedback reaches V1; e.g.,
Lee et al., 1998; Zipser et al., 1996) dissipated the global
assimilation effect presumably by allowing bottom-up
processing to continue until perception was subsequently
dominated by lower level processing. In contrast, lateral
inhibitory interactions among aspect-ratio-tuned neural
populations should remain robust (or even become stron-
ger) with increased processing of the ellipses. Accordingly,
the aspect-ratio-repulsion effect became slightly stronger
with increased ellipse-to-mask SOA. Thus, a parsimonious
account of our results is that the global assimilation effect
reflects transient excitatory feedback from high-level
global-elongation-tuned neurons (potentially in the infer-
otemporal cortex; e.g., Kayaert et al., 2003) to intermediate-
level aspect-ratio-tuned neurons (potentially in V4; e.g.,
Desimone & Schein, 1987), whereas the aspect-ratio-
repulsion effect reflects persistent lateral inhibitory inter-
actions among the aspect-ratio-tuned neurons.
It is unclear what behavioral benefit a global assim-

ilation effect might confer. Because this effect occurs only
momentarily (it is gone by 140 ms), it is unlikely that the
global assimilation effect influences typical perceptual
experience where objects are fixated for 200–400 ms (e.g.,
Yarbus, 1967). Nevertheless, the global assimilation effect
provides a behavioral window into the rapid initial
hierarchical neural interactions involved in forming
representations of multiple shapes.
In summary, previous research has demonstrated (1)

temporal repulsive interactions for low-level (orientation
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and spatial frequency), low/intermediate-level (curvature),
intermediate-level (aspect ratio, skew, taper, and convexity),
and high-level (various facial attributes) visual features, (2)
spatial repulsive interactions for low-level (orientation and
spatial frequency) and low/intermediate-level (curvature)
features, and (3) spatial averaging for a high-level feature
(facial expression; but also for orientation in a highly
crowded display). Here we investigated spatial interac-
tions for the intermediate-level feature of aspect ratio. We
demonstrated spatial repulsive interactions for aspect ratio
even across the vertical meridian, indicative of long-range
lateral inhibitory interactions in the mechanisms that code
aspect ratio. We also demonstrated a novel effect where a
global organization is initially assimilated into the per-
ceived aspect ratios of constituent ellipses, indicative of
transient reverse hierarchical influences from high-level to
intermediate-level processing. These results suggest that
aspect ratio coding is influenced by both lateral inhibitory
and hierarchical excitatory neural interactions. From a
broader perspective, we suggested that the robust temporal
repulsive interactions across all levels of pattern coding,
stronger spatial repulsive interactions in lower level pattern
coding, and stronger spatial averaging in higher level
pattern coding are consistent with functional demands.
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