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The spatial gradient of visual masking by object substitution
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Abstract

A mask that has a common onset but delayed offset with the target produces substitution masking, which can be distinguished
from pattern masking and metacontrast masking. This study tests the spatial properties of substitution masking: specificity to the
target location and asymmetry to the central and the peripheral sides of the target. Results revealed that substitution declined
gradually as the mask moved away from the target. Masking was stronger and its gradient declined more slowly as the eccentricity
of the target increased. Substitution was asymmetric, stronger for peripheral than central masks. Results are consistent with a
refined model of object substitution based on reentrant visual processing. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The seemingly effortless act of visual perception is a
complex process involving activation of neurons at
multiple stages of the nervous system (Felleman & van
Essen, 1991). Visual input is received in the retina,
passed on to the thalamus, and then to the visual cortex
(Palmer, 1999). In parallel to this bottom-up projection,
later visual areas also send feedback signals to earlier
ones (Ito & Gilbert, 1999; Lamme, Super, & Spekreijse,
1998; Murphy, Duckett, & Sillito, 1999; Sillito, Jones,
Gerstein, & West, 1994; van Essen & Maunsell, 1983).
Although forward and backward projections typically
initiate and end at different layers of the visual cortex
(van Essen & Maunsell, 1983), both are directly in-
volved in visual recognition. They form interactive
loops that determine perceptual experience (Hupe et al.,
1998).

It has now become well accepted that feedback con-
nections can modulate bottom-up processing through

attentional effects (Maunsell, 1995). For example, the
receptive field of a neuron becomes more contracted
when it falls inside rather than outside of the spotlight
of attention (Luck, Chelazzi, Hillyard, & Desimone,
1997; Moran & Desimone, 1985; Motter, 1993; Treue &
Maunsell, 1996). This has been shown in higher visual
areas such as V4, IT, MT/MST (Maunsel, 1995; Treue
& Maunsell, 1996), as well as lower visual areas such as
V1 and V2 (Luck et al., 1997; Motter, 1993). Backward
projections do not just modify visual recognition at
terminal stages right before information reaches aware-
ness; they directly and continuously affect visual pro-
cessing at intermediate levels. Feedback processing
joins forward processing early on, and they become
integrated to provide input to the next stage of process-
ing (Martinez et al., 1999).

Visual reentrance—the interactive loop of processing
between forward and backward visual projections—is
an important but elusive property of visual perception.
Di Lollo, Enns, and colleagues recently discovered a
behavioral effect that appears difficult to explain with-
out the notion of visual reentrance (Bischof & Di Lollo,
1995; Di Lollo & Enns, 1998; Di Lollo, Enns, &
Rensink, 2000; Enns & Di Lollo, 1997). In their object
substitution masking tasks, Di Lollo and Enns (1998)
presented observers with a search display containing
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geometric figures, one of which is the target, designated
by a cue—four dots that form the corners of an
imaginary square centered on the target. In the control
condition, the search items along with the four-dot cue
were presented simultaneously and immediately erased
together (e.g. in 30 ms). Observers were typically good
at identifying the shape of the target. In the condition
of central interest, the items and the four-dot cue were
presented together for a short period; then the search
array disappeared, leaving the four-dot cue behind for a
little longer (e.g. 160 ms). Performance in this delayed
offset condition deteriorated dramatically compared
with the control, simultaneous offset condition. The
lingering four-dot cue functioned as a mask, disrupting
the target’s identity. Phenomenally, it appears as if the
target was replaced by the surface of the imaginary
square, showing masking by object substitution.

Substitution masking defies a satisfactory explana-
tion based on existing theories of visual masking. First,
the four-dot mask and the target have common onsets,
and masking is robust no matter how long the mask
persists, disobeying the onset-onset law of metacontrast
masking (Kahneman, 1967) and ruling out explanations
based on the transient properties of mask onset and
offset (Breitmeyer, 1984; Breitmeyer & Ganz, 1976;
Breitmeyer & Kersey, 1981). Second, the contours of
the four-dot mask do not resemble that of the target.
There is, in fact, very little contour in the mask. This
rules out explanations based on low-level contour inter-
action between the target and the mask (Alpern, 1953;
Breitmeyer, 1984). Finally, substitution masking does
not result from the significantly longer mask duration
than target duration (Weisstein, 1968), because masking
is absent if the longer mask precedes rather than trails
the target.

Di Lollo et al.’s (2000) model of object substitution
proposed that the masking is a result of visual
reentrance. According to this model, information is
initially projected from lower to higher levels. The first
wave of feed-forward processing, however, is typically
not sufficient for perceptual identification, either be-
cause the input is consistent with more than one top–
down hypothesis, or because the processing at later
visual areas is too coarse for identification. As a result,
identification is aided by feedback processing. The com-
parison between information at higher and lower areas
allows a percept to be achieved, ensuring that the
percept is consistent with processing at both the lower
and the higher visual areas. In the simultaneous offset
condition, nothing is left on the display once the target
is erased. So later areas continue to process the trace of
the target without being disrupted. In the delayed offset
condition, the reentrant process retrieves the four-dot
mask at the target location. The representation of a
four-dot mask at earlier areas is inconsistent with the
representation of a target shape at later areas, leading

to confusion in processing and disruption of target
identification.

Following this explanation, the object substitution
paradigm can provide a window to study properties of
visual reentrance. Applying this logic, we have recently
examined what the reentrance mechanism treats as an
inconsistency (Jiang & Chun, 2001). Our experiments
revealed that a mask adjacent to the target could
produce substitution, allowing us to test various kinds
of masks that did not spatially overlap with the target.
We varied the type of the mask and measured the
extent of masking. Using letters as the elements on the
search display, we found that substitution masking was
not affected by (1) the categorical similarity between
the target and the mask (letter vs. reflected letter,
symbol vs. random dots) or (2) the feature similarity
between the mask and the target (mask composed of
lines and line junctions vs. mask composed of random
dots). Substitution was reduced when the density in the
mask was reduced, but only at the lower (sparse)
extreme of mask density.

We believe that it is the spatio-temporal inconsis-
tency between the target and the mask that matters, not
shape or semantic inconsistency. Delayed offset of the
mask renders it to be a different object than the target;
the delayed offset alone is sufficient to trigger substitu-
tion in its full strength. Further inconsistency in the
features or semantics of the visual items does not
increase masking. Density of the mask matters because
it affects the goodness of an object, particularly for
displays with minimal features. Thus, it is the mask as
a ‘token’ rather than a ‘type’ that leads to inconsistency
in visual reentrance (for a discussion of types and
tokens, see Chun, 1997; Kahneman, Treisman, &
Gibbs, 1992; Kanwisher & Driver, 1992). Almost any
stimulus type is sufficient to produce substitution
masking.

In this study, we investigate the location specificity of
substitution masking. Here we ask whether reentrance
is restricted to the location of the target. On the one
hand, substitution cannot be totally insensitive to target
location. Because multiple objects typically co-occur, a
reentrant process that is non-specific to location would
compare information from different locations and lead
to incorrect visual recognition. On the other hand, cells
in later visual areas are associated with larger receptive
field size (Desimone & Duncan, 1995), resulting in a
loss of spatial resolution. These theoretical consider-
ations lead to the prediction that substitution masking
should be somewhat, but not completely, location
specific.

To test the spatial specificity (spatial gradient) of
visual reentrance, we systematically varied the distance
between the target and the mask (Experiments 1 and 2)
and the eccentricity of the target (Experiment 2). In
fact, our previous study had obtained initial evidence
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that substitution masking was not completely location
specific (Jiang & Chun, 2001). That is, we found signifi-
cant substitution when the mask was centered 1.1°
away from the target positioned at an eccentricity of
3.13°. The current study extends this result by testing a
larger range of target–mask distances and target eccen-
tricities. Such psychophysical data are necessary to
reveal how target and masks interact across the entire
visual field, and hence they will provide informative
constraints on models of substitution masking and
reentrant processing.

2. Experiment 1: gradient of visual reentrance

In this experiment, observers were required to iden-
tify the sole black letter flanked by four white letters on
each side. The display resembles the flanker paradigm
introduced by C. W. Eriksen and colleagues (e.g. Erik-
sen & Eriksen, 1974). Four small dots were positioned
to form an imaginary square, which served as the mask.
The imaginary square was centered on one of the nine
letters, randomly selected. Its distance from the center
of the target letter thus varied at five levels:
0°, 0.94°, 1.88°, 2.81°, or 3.75°. The onset of the mask
was simultaneous with the onset of the letter array, but
its offset was either simultaneous with the offset of the
letter array, or was delayed by 160 ms. The eight
flanking letters served as distractors to increase the
difficulty of target search, as larger set size is known to
lead to larger substitution (Di Lollo et al., 2000). Fig. 1
shows a sample of the display used in this experiment.
The difference in identification accuracy between the
simultaneous and the delayed offset conditions is the
measure of substitution masking. We are interested in
how it is affected by the distance between the target and
the mask.

Previous studies on pattern masking and on meta-
contrast masking indicated that visual lateral masking
was reduced as the spacing between the target and the
mask increased (Bouma, 1970; Breitmeyer, 1984; Wol-
ford, 1975). For metacontrast masking, close spatial
proximity is a necessity for the masking to occur. The
effect of spatial separation interacts with target eccen-
tricity. As the target moves away from the fovea,
metacontrast masking increases and can be obtained at
a farther target–mask separation (Breitmeyer, Rudd, &
Dunn, 1981; Growney & Cox, 1977). Other types of
lateral masking also work in close spatial proximity,
decreasing as the distance between the target and the
mask increases or as the target moves toward the fovea
(Wolford, 1975).

Likewise, we expect substitution masking to decline
as the distance between the target and the mask in-
creases. However, this decrease cannot be accounted for
by the same mechanism that contributes to metacon-
trast masking or lateral masking. First, the onset inter-
val between the mask and the target is zero in
substitution masking. At this interval, metacontrast
masking is weak (Kahneman, 1967). Second, since gen-
eral lateral masking (and hence the effect of crowding,
e.g. Bouma, 1970; He, Cavanagh, & Intriligator, 1996)
occurs equally in both the simultaneous and delayed
offset conditions, the subtraction of the two conditions
should remove the impact of lateral masking and
crowding. The effect of spacing in lateral masking can
be easily explained by low-level visual interactions such
as feature perturbation (see Wolford, 1975). As we
inferred earlier, the diminished spatial resolution at
higher visual areas is the key to the distance effect in
substitution masking. Because higher visual areas have
poorer spatial resolution than lower areas, the visual
reentrant process is bound to operate beyond the exact
location of the target. What is not clear, however, is
how substitution masking changes as the distance be-
tween the target and the mask increases. What is the
shape and extent of this gradient, and at which distance
does substitution masking interference disappear?

2.1. Method

Participants : Fourteen naı̈ve college students from
Yale University volunteered in the experiment. All re-
ported normal color vision and normal or corrected-to-
normal visual acuity. Their ages ranged from 18 to 28.
Written consent was obtained before the experiment
from each observer.

Stimuli and materials : Nine letters in a linear array
were presented on the horizontal or the vertical merid-
ian. The main task was to identify the single black letter
in the array of white letters. When shown on the
horizontal meridian, the target could be at the 3 or 9
o’clock positions; when shown on the vertical meridian,

Fig. 1. A sample display used in Experiment 1. Letters were arranged
in a linear array presented on the horizontal or vertical meridian in
separate blocks. The four-dot mask could be centered on the target
(as shown here) or on any of the flankers. When shown on the
horizontal meridian, the target could be at the 3 or 9 o’clock
positions; when shown on vertical meridian, the target could be at the
6 or 12 o’clock positions. These locations were illustrated by the
black circles, which were not actually presented. Observers fixate at a
central cross prior to the presentation of the target display.
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Fig. 2. Presentation sequence used in Experiment 1.

taneous offset), or leaving the four-dot mask behind for
160 ms (delayed offset; see Fig. 2). Observers were
prompted to enter the identity of the target on the
keyboard, rewarded by three high-pitched tones after a
correct response. They pressed the space bar to initiate
the next trial.

Each observer received two experimental blocks, each
with 144 trials (144=2 mask offset condition (delayed
vs. simultaneous) ×9 mask location ×8 observations
at each combination of mask offset and location). Each
block was preceded by 72 trials of practice. One of the
blocks presented stimuli on the horizontal meridian, the
other on the vertical meridian. The order of the orienta-
tions was counterbalanced across observers. Analyses
were performed by combining the two blocks, because
unpublished data from our lab showed similar pattern
of substitution on the horizontal and the vertical
meridians.

Equipment : The experiment was conducted on a
Macintosh computer (PowerPC) with a 17� monitor.
The task was programmed with MACPROBE software
(Hunt, 1994). Observers were tested individually in a
room with normal interior lighting. They sat at a
distance of 57 cm from the computer screen with a
chinrest to maintain constant viewing distance.

2.2. Results

Fig. 3 shows mean accuracy as a function of mask
offset and mask location.

Note that the four-dot mask could be on the central
side of the target (closer to the fixation than the target
is) or the peripheral side. Although the absolute dis-
tance between the target and the four-dot mask was
identical for central and peripheral masks, we previ-
ously reported an asymmetry of larger masking from
peripheral masks (Jiang & Chun, 2001). So we treated
these locations as different levels of the distance factor
in the first ANOVA test.

2.2.1. O�erall analysis
An ANOVA test with mask offset (delayed vs. simul-

taneous) and mask location (one of the nine locations)
revealed significant main effects of mask offset,
F(1, 13)=49.48, P�0.0001, with poorer performance
in the delayed offset condition; and mask location,
F(8, 104)=8.65, P�0.0001, with poorer performance
as the mask was closer to the target. There was also a
significant interaction between mask offset and loca-
tion, implying a gradient of substitution surrounding
the target, F(8, 104)=7.62, P�0.0001, with stronger
substitution nearer the target.

The largest substitution appears to occur when the
mask and the target were centered at the same position.
Comparing the conditions when the mask was centered
on the target and on the adjacent, central flanker (the

Fig. 3. Results from Experiment 1. ‘X’ and ‘O’ shows the location of
the fixation and that of the target, respectively. Standard error
(subject variation) is shown on the error bars.

the target could be at the 6 or 12 o’clock positions. The
letters were printed in Helvetica font with a point size
of 32 (0.7×0.9°). The center-to-center distance between
adjacent letters was 0.94°. The central letter was the
target. It was the only black letter, flanked by four
white distractors on each side. Its distance from the
center of fixation was 3.13°. The letters were randomly
selected from upper-case alphabets (excluding ‘I’) with
the constraint that the same letter could not repeat on
a given trial. The background of the display was gray.

Each dot in the four-dot mask subtended 0.15×
0.15°; the inner side of the imaginary square was 0.94°.
The four-dot mask was centered on the target, or on
any of the flankers, equally often.

Trial sequence : Each trial started with a fixation (a
cross subtending 0.3×0.3°) for 400 ms, followed by a
search display of 40 ms. The letters were then erased,
either along with the offset of the four-dot mask (simul-
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‘−0.94’ location on Fig. 3), there were significant effects
of mask offset, mask location, and their interaction (all
Ps�0.028). As the mask moved from the target location
to the adjacent, peripheral flanker (the ‘0.94’ location on
Fig. 3), however, the reduction in substitution masking
was not statistically significant, F�1. As the mask
moved from the target location to two steps away toward
the peripheral direction (the ‘1.84’ location on Fig. 3),
substitution was significantly reduced (F(1, 13)=17.65,
P�0.001). Thus, with the exception of the adjacent,
peripheral flanker, substitution appears to be strongest
when the mask was centered on the target, showing
location specificity in visual reentrance.

Nevertheless, substitution was not eliminated when the
target and the mask were at different locations. Pair-wise
comparisons revealed significant substitution masking
for a mask centered on a central flanker 0.94° away from
the target (P�0.004) and 3.75° away (P�0.014); and
significant masking for a mask centered on a peripheral
flanker 0.94° away from the target (P�0.0001), 1.88°
away (P�0.001), 2.81° away (P�0.009), and 3.75°
away (P�0.001). Visual inspection revealed a gradient
of substitution at these locations, and an asymmetry in
substitution.

2.2.2. When the mask was centered on the flankers
We then restricted the analysis to the conditions when

the mask was away from the target. An ANOVA on mask
side (central vs. peripheral), mask location
(0.94°, 1.88°, 2.81°, or 3.75° away from the target), and
mask offset (delayed vs. simultaneous) revealed signifi-
cant main effects of mask offset, F(1, 13)=31.29, P�
0.0001, showing substitution masking; mask side,
F(1, 13)=14.42, P�0.002, showing poorer perfor-
mance for peripheral masks; and mask location,
F(3, 39)=6.60, P�0.001, showing better accuracy as
the mask moved further away from the target.

Importantly, there was a significant interaction be-
tween mask offset and mask location, F(3, 39)=6.86,
P�0.001, showing reduced substitution masking as the
mask was further away from the target. The interaction
between mask offset and mask side was significant,
F(1, 13)=14.10, P�0.002, indicating asymmetric sub-
stitution. Using fixation as the reference point, substitu-
tion was stronger when the mask was toward the
peripheral (far) side of the target rather than the central
(near) side. This replicated our earlier finding (Jiang &
Chun, 2001). The interaction between mask side and
mask location was not significant, F�1, nor was the
three-way interaction, F=1.

Follow-up tests showed that when the mask was
one-step away from the target (0.94°), substitution mask-
ing was significant (P�0.0001), as well as the asymmet-
ric pattern (i.e. the interaction between mask offset and
mask side; P�0.009). Both substitution masking and
asymmetric substitution were also significant when the

mask was two-steps away (1.88°), Ps�0.022. As the
mask moved to three-steps away (2.81°), substitution
masking was significant (P�0.011) but the asymmetric
masking pattern was not, F�1. At four-steps away
(3.75°), substitution was significant (P�0.0001); overall
accuracy was poorer for peripheral masks (P�0.001);
but substitution masking was of the same magnitude for
central and peripheral masks, F�1. It appears that
asymmetric substitution was more apparent when the
mask was closer to the target (i.e. within 2°). Neverthe-
less, the three-way interaction between mask side, mask
location, and mask offset was far from significant (F=1),
arguing against the idea that asymmetric substitution was
qualitatively different at varying distances.

2.3. Discussion

Three noteworthy results were obtained from Experi-
ment 1. First, there appeared to be a gradient of
substitution masking surrounding the target, with
strongest substitution when the mask was centered on the
target, and reduced masking as the mask moved away
from the target. Second, the gradient of substitution was
asymmetric to the central and the peripheral side of the
target. Substitution was stronger when the mask was
toward the peripheral side of the target, using fixation as
the reference point. The asymmetry was most apparent
when the mask was within 2° of the target, although it
may not be completely eliminated at farther distances.
Third, although significantly reduced, substitution mask-
ing did not disappear at a separation between the target
and the mask of 3.75°, the largest distance tested in this
experiment.

The gradient of substitution masking is consistent with
the idea that visual reentrance is location specific, but the
spatial resolution of neurons in later visual areas is not
accurate enough to prevent reentrant processing from
spreading to areas surrounding the target. At a target
eccentricity of 3.13°, substitution masking was robust
even when the distance between the target and the mask
was 3.75°, a value that seems quite large to us. This
suggests that the spatial resolution of some of the
neurons involved in visual reentrance is poorer than
3.75°.

3. Experiment 2: parametric testing of substitution
masking

The receptive field size of cells changes not only across
visual levels, but also within the same level. In the latter
case, the receptive field size increases as the eccentricity
increases. In this experiment we tested how the gradient
of substitution masking is affected by the visual eccentric-
ity of the target. We predict that across a range of visual
eccentricity, substitution should reduce as the spatial
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separation between the target and the mask increases, but
the gradient of substitution should spread to larger
target–mask distances as the eccentricity increases. There
were several changes made to the presentation.

First, rather than presenting the target at a fixed
eccentricity, in Experiment 2 target eccentricity varied at
three levels: 3°, 6°, and 9°. Target eccentricity should
produce two effects on substitution masking. First,
because shape processing in peripheral vision is slower
and less accurate, the chance of visual reentrance in-
creases as the eccentricity of the target increases. Substi-
tution masking should be larger if the target is more
eccentric. Di Lollo et al. (2000) showed exactly this result
when the target and the mask were centered at the same
position and target eccentricity was varied. Second,
neurophysiological studies have shown that the receptive
field size of cells gets larger as the receptive field moves
from fovea to periphery (e.g. Piñon, Gattass, & Sousa,
1998). This in turn leads to poorer spatial resolution for
cells whose receptive fields are at larger eccentricities
(Carrasco, McLean, Katz, & Frieder, 1998; Robson &
Graham, 1981), resulting in reduced location-specificity
in visual reentrance. For a more eccentric target, substi-
tution masking should persist across larger target–dis-
tractor distances.

Second, the center-to-center distance between the
target and the mask varied at five levels:
1.5°, 2.0°, 4.0°, 8.0, and 10.0°. These values covered a
larger range of distances than Experiment 1 and increased
the chance for substitution masking to disappear. If the
gradient of substitution masking was due to reduced
spatial resolution in visual reentrance, we should find
diminished substitution when the target–mask distance
becomes so separated that it can be resolved by all cells
involved in visual reentrance.

Third, to reduce extraneous noise we omitted the
presentation of distractors. This unavoidably resulted in
smaller substitution masking, as smaller set size was
associated with less reentrance (Di Lollo et al., 2000). To
boost the power of detecting substitution masking, we
used a denser mask than the four-dot mask of Experiment
1. The dense mask was composed of 50 pixels randomly
filling in a 10×10 invisible matrix that subtended 1×1°.
In contrast, the four-dot mask used in Experiment 1
contained 36 pixels in total. Because the mask was no
longer a hollow square, centering the mask and the target
at the same position would lead to contour overlap
between the two. Thus, the mask was always centered at
a different location than the target in this experiment.
Observers’ task was to identify the single white letter.

3.1. Method

Participants : One author (Y.J., female, 25, practiced)

and two naı̈ve observers (A.W., female, 27; and X.L.,
male, 29) volunteered in the experiment. All had normal
color vision and normal or corrected-to-normal visual
acuity. Written consent form was obtained before the
experiment.

Stimuli and materials : Each observer sat at a distance
of 29 cm away from the computer screen with a chinrest
to maintain constant viewing distance. The target was a
white letter (0.8×1.0°) randomly selected from upper
case alphabets (excluding ‘I’). The mask was created by
using white pixels to fill in 50 cells randomly chosen from
an invisible matrix (10×10 matrix subtended 1.0×1.0°).
The background of the screen was gray.

The target and the mask were always presented on the
horizontal meridian. The target was centered at an
eccentricity of 3°, 6°, or 9° to the left or right of fixation.
The center-to-center distance between the target and the
mask was 1.5°, 2°, 4°, 8°, or 10°. The mask could be on
the peripheral or the central side of the target.

Procedure : Each trial started with a fixation (a cross
subtending 0.3×0.3°) at the center of the display for 400
ms, followed by a search display of 27 ms. The letter was
then erased. The mask either disappeared along with the
target or stayed for 160 ms longer. Observers typed in
the target letter on the keyboard, with a tone rewarding
correct responses.

There were three testing sessions, each involving 10
blocks. Each block contained 120 trials (120=2 (mask
offset time) ×3 (target eccentricity) ×2 (target to the
left or right of fixation) ×5 (target–mask distance) ×2
(mask side)). Observers also received a practice block of
16 trials preceding each testing session.

3.2. Results

Fig. 4 shows the results from individual observers. To
obtain an index of the magnitude of substitution masking,
we calculated the area of the delayed offset curve below
the simultaneous offset curve. Fig. 5 shows this index as
a function of target eccentricity.

The observers were consistent in the following
effects. First, the more eccentric the target was located,
the larger the substitution masking. This held up for
central as well as peripheral masking. Second, the closer
the mask was to the target, the larger the substitution.1

1 We note that the use of a denser mask positioned at a different
location from the single item (i.e. the target) produced a percept of
apparent motion between the target and the mask, particularly at the
closer target–mask seperations (e.g. 1.5° and 2°). Apparent motion is
known to suppress target identification (Bischof & Di Lollo, 1995),
and it could be perceived in our delayed offset but not the simulta-
neous offset condition. In turn, the masking measured is a summed
effect of suppression and delayed offset masking. It is also possible to
view the suppression effect of apparent motion as a form of object
substituition.
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Fig. 4. Results from Experiment 2. Observer Y.J. is practiced; A.W. and X.L. are naı̈ve.

Substitution gradually disappeared as the distance sepa-
rating the target and the mask got longer. The distance
at which substitution masking was eliminated (became
zero) depended on the eccentricity of the target and the

spatial arrangement of the target and the mask. As
target eccentricity increased, the spatial range of substi-
tution masking increased. Holding the eccentricity of
the target constant, a larger separation was needed for
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Fig. 5. Magnitude of substitution masking: area of the delayed offset
curve underneath the simultaneous offset curve in Experiment 2. The
Y-axis is the area of curve underneath the simultaneous and the
delayed offset conditions shown in Fig. 4.

Properties of receptive field size account for eccen-
tricity effects, but not the asymmetry in substitution. In
Experiments 1 and 2, substitution masking was larger
and disappeared more slowly when the mask fell to the
peripheral side rather than the central side of the target.
We have previously explored the basis of asymmetric
substitution and have ruled out a few explanations of
this phenomenon (Jiang & Chun, 2001). In particular,
we ruled out an explanation that focuses on the differ-
ences in eccentricity between the central and the periph-
eral masks. There are two variations of this account.
First, because the receptive fields of cells tend to be
larger at more eccentric locations, a peripheral mask
falls on cells with poorer spatial resolution. The gradi-
ent of substitution therefore drops more slowly for
peripheral masks than central masks. Second, visual
acuity is reduced as the eccentricity of the target in-
creases. In addition, the functional eccentricity of the
target is determined not by the center of the target, but
by the center of the perceptual group encompassing the
target and the mask (Banks, Larson, & Prinzmetal,
1979). A peripheral mask increases the eccentricity of
the target–mask group, resulting in impaired visual
acuity.

Although eccentricity factors may exaggerate asym-
metric substitution, direct tests showed that it was not
critical. In one experiment, we presented the mask at a
fixed eccentricity, and the target at a more central or
more peripheral location than the mask (Jiang & Chun,
2001). In this case, a central target should benefit from
high spatial resolution and high visual acuity. Yet
substitution masking was stronger for a central target
than a peripheral target. Thus, when the mask is rela-
tively more peripheral than the target, it produces
larger substitution, even though the target itself is
closer to the fixation. A relatively more peripheral mask
(compared to the target) leads to stronger substitution,
overriding the effect of target eccentricity.

To account for asymmetric substitution, we hypothe-
sized that in addition to visual reentrance, later visual
areas send inhibitory projections down to earlier areas
to reduce interference from surrounding distractors and
the mask. The inhibition is centered on the target and is
hypothesized to be stronger toward the central side of
the target. As a result, a mask presented to the central

masking to disappear for peripheral than central masks.
Table 1 shows an estimate of the distance between the
target and the mask at which substitution masking
disappeared. Third, substitution was stronger for pe-
ripheral than central masking and decayed more slowly
with target–mask distance.

3.3. Discussion

The results from Experiment 2 can be nicely ex-
plained by the assumption that visual reentrance is
somewhat, but not perfectly, specific to the target loca-
tion. Properties of receptive field size at various levels
of visual processing can account for the effects of
eccentricity and distance. At larger eccentricities cells
have larger receptive field size. This leads to reduced
spatial resolution, which in turn increases processing
time. These properties are nicely reflected by increased
substitution masking and reduced spatial specificity at
more eccentric locations of the target.

Table 1
Estimated separation between the target and the mask at which substitution masking disappeared

Target=3° Target=6° Target=9°

CentralMask side Peripheral PeripheralCentral Central Peripheral

2–4°1.5–2°A.W. 8–10°8–10°4–8°2–4°
1.5–2° 2–4° 4–8°X.L. 4–8° 8–10° 8–10°

0–1.5°Y.J. (practiced) 0–2° 1.5–2° 4° 2–4° 8–10°
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side of the target is inhibited more strongly and less
substitution is observed. Converging evidence for the
inhibition account came from a visual search task in
which the mask was not presented (Jiang & Chun,
2001). Observers searched for a uniquely colored letter
among competing distractors. On 25% of the trials a
small dim dot was presented either to the central or the
peripheral side of the target. Probe detection was sig-
nificantly slower and less accurate when the probe was
to the central side of the target, confirming stronger
inhibition at that position. Importantly, probe detection
was equally good at both sides of the target once the
distractors were removed, adding credibility to the idea
that the asymmetry is a result of inhibition, triggered by
the presence of distractors (Jiang & Chun, 2001). The
asymmetric inhibition account is not completely ad-
hoc, given that a central mask competes more strongly
with target processing and may require more inhibition
to dampen its interfering effect.

4. General discussion

In two experiments, we tested the spatial properties
of visual reentrance using the substitution paradigm.
Experiment 1 presented the mask at varying distances
away from the target at a fixed eccentricity of 3.13°.
Results showed a gradient of substitution surrounding
the target, with stronger masking when the mask was
closer to the target. Masking was not completely elimi-
nated even when the mask was 3.75° away from the
target, the maximal distance tested in Experiment 1.
This indicates that visual reentrance is somewhat loca-
tion specific, but the accuracy of location representa-
tion is far from perfect. Experiment 2 varied target
eccentricity and the distance between the target and the
mask. For a more eccentric target, substitution was
stronger and disappeared at farther target–mask dis-
tances. In addition, visual reentrance was stronger
when the mask fell to the peripheral rather than the
central side of the target.

These results fit in with Di Lollo et al.’s (2000) model
of object substitution. Simply speaking, the recognition
of a visual object is jointly determined by bottom–up
input and feedback reentrance. The longer the target
processing takes, the more opportunity there is for
reentrance to pick up a conflict of visual information
between different areas. Substitution masking is thus
affected by the difficulty of target processing, as well as
visual attention. The model is not restricted to the
common onset masking paradigm; it applies to typical
metacontrast masking (Di Lollo et al., 2000), which
may be sensitive to high-level factors such as attention
(Ramachandran & Cobb, 1995) and objecthood (e.g.
Williams & Weisstein, 1984).

This model can be extended with two additional
assumptions. First, visual reentrance is specific to the
location of the target, but the specificity is not perfect.
It is limited by the spatial resolution of cells at a higher
visual area sending reentrant feedback to lower visual
areas. Our data are consistent with two general princi-
ples of receptive field size properties in the primate
visual system (Desimone & Duncan, 1995). First, the
receptive field size increases from earlier to later visual
areas. When stimulation falls in the foveal region, the
receptive field size is about 0.1–0.5° in area V1, 0.5–
1.0° in area V2, 1–4° in area V4, and 25° or more in
area IT (Desimone, Moran, & Spitzer, 1988). Second,
within a particular anatomical area, the receptive field
size increases at larger eccentricity. For example, in
area V4 of the Cebus Monkey, the receptive field size
(RFS) of a neuron can be roughly characterized as a
linear function of eccentricity: RFS= [0.4+ (0.31×ec-
centricity)] (Piñon et al., 1998). These findings predict
that substitution masking is not location-specific, form-
ing a spatial gradient of decreased masking as mask
distance increases away from the target. In addition, a
larger range of interference is expected as target eccen-
tricity increases.2 All of these patterns were confirmed
in our experiments.

Second, as suggested by our previous study, spatio-
temporal inconsistency is sufficient for substitution
masking. As long as display parameters present the
target and the mask as different objects, as in the
delayed offset condition, substitution masking will be
triggered. Further inconsistency in the identity of the
target and the mask does not increase masking (Jiang &
Chun, 2001).

Although an extension of Di Lollo et al.’s (2000)
object substitution model can readily accommodate our
spatial gradient data, the reentrant model cannot natu-
rally explain asymmetric substitution: larger substitu-
tion for a peripheral than a central mask. It appears
that in addition to visual reentrance, later visual areas
also send inhibitory connections to earlier areas in
presence of distractor interference. The inhibition sur-
rounds the target, and is stronger toward the central
(near) side. This side is closer to fixation and thus a
mask there may compete more potently with the target
and therefore needs to be inhibited more strongly (Ji-
ang & Chun, 2001).

Finally, on a speculative note, our data may point to
one rough method for estimating the source of visual
reentrance. As we have hypothesized, the existence of

2 Although we discuss the ‘visual’ receptive field size of neurons, we
must note that top–down attention influences the effective receptive
field size of neurons. The receptive field contracts when falling inside
rather than outside of the attentional spotlight (Moran & Desimone,
1985). The gradient of attention is likely to play an important role in
affecting RFS of neurons, which in turn determines the gradient of
substituition masking observed in this study.
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substitution masking for target and mask positioned at
different locations is the result of coarse spatial resolu-
tion at higher visual areas. Specifically, if the spatial
resolution of a particular visual region is worse than,
say, 2°, then a mask positioned within 2° of the target
will interfere with reentrant processing, producing sub-
stitution masking. Thus, the spatial separation at which
substitution masking disappears is an estimate of the
spatial resolution of the higher visual area involved in
reentrant processing. Hypothetically, if one knows the
size of the receptive field of cells at each visual areas,
and how the size changes as a function of visual
eccentricity; and if one maps out the distance at which
substitution masking disappears, one may be able to
infer the source of reentrant feedback processing. Cur-
rently, our data cannot pinpoint the physiological locus
of visual reentrance, because one has yet to map out the
receptive field of cells under comparable viewing condi-
tions. Additional studies, conjoined with neurophysio-
logical recordings, may provide additional clues to the
source of visual reentrant processing.

Acknowledgements

This study was supported in part by National Science
Foundation (NSF) Grant BCS-0096178. We thank
Vince Di Lollo, Adam Reeves, and an anonymous
reviewer for helpful comments.

References

Alpern, M. (1953). Matacontrast. Journal of the Optical Society of
America, 43, 648–657.

Banks, W. P., Larson, D. W., & Prinzmetal, W. (1979). Asymmetry
of visual interference. Perception & Psychophysics, 25, 447–456.

Bischof, W. F., & Di Lollo, V. (1995). Motion and metacontrast with
simultaneous onset of stimuli. Journal of the Optical Society of
America A, 12, 1623–1636.

Bouma, H. (1970). Interaction effects in parafoveal letter recognition.
Nature, 226, 177–178 April 11.

Breitmeyer, B. G. (1984). Visual masking : An integrati�e approach.
New York: Oxford University Press.

Breitmeyer, B. G., & Ganz, L. (1976). Implications of sustained and
transient channels for theories of visual pattern masking, saccadic
suppression, and information processing. Psychological Re�iew,
83, 1–36.

Breitmeyer, B. G., & Kersey, M. (1981). Backward masking by
pattern stimulus offset. Journal of Experimental Psychology: Hu-
man Perception & Performance, 7, 972–997.

Breitmeyer, B. G., Rudd, M., & Dunn, K. (1981). Spatial and
temporal parameters of metacontrast disinhibition. Journal of
Experimental Psychology: Human Perception and Performance, 7,
770–779.

Carrasco, M., McLean, T. L., Katz, S. M., & Frieder, K. S. (1998).
Feature asymmetries in visual search: Effects of display duration,
target eccentricity, orientation and spatial frequency. Vision Re-
search, 38, 347–374.

Chun, M. M. (1997). Types and tokens in visual processing: a double
dissociation between the attentional blink and repetition blind-
ness. Journal of Experimental Psychology: Human Perception &
Performance, 23, 738–755.

Desimone, R., & Duncan, J. (1995). Neural mechanisms of selective
visual attention. Annual Re�iew of Neuroscience, 18, 193–222.

Desimone, R., Moran, J., & Spitzer, H. (1988). Neural mechanisms of
attention in extrastriate cortex of monkeys. In M. Arbib, & S.
Amari, Dynamic interactions in neural networks : models and data
(pp. 169–182). New York: Springer-Verlag.

Di Lollo, V., & Enns, J.T. (1998). Perceiving with and without
attention: competition for consciousness among visual events.
Paper presented in the 39th annual meeting of the Psychonomic
Society. Dallas, TX.

Di Lollo, V., Enns, J. T., & Rensink, R. A. (2000). Competition for
consciousness among visual events: the Psychophysics of reentrant
visual processes. Journal of Experimental Psychology: General,
129, 481–507.

Enns, J. T., & Di Lollo, V. (1997). Object substitution: a new form of
masking in unattended visual locations. Psychological Science, 8,
135–139.

Eriksen, B. A., & Eriksen, C. W. (1974). Effects of noise letters upon
the identification of a target letter in a non-search task. Perception
& Psychophysics, 12, 201–204.

Felleman, D. J., & van Essen, D. C. (1991). Distributed hierarchical
processing in the primate cerebral cortex. Cerebral Cortex, 1,
1–47.

Growney, R., & Cox, S. I. (1977). Metacontrast as a function of
spatial separation with narrow line targets and masks. Vision
Research, 17, 1205–1210.

He, S., Cavanagh, P., & Intriligator, J. (1996). Attentional resolution
and the locus of visual awareness. Nature, 383, 334–337 Septem-
ber 26.

Hunt, S. M. J. (1994). MacProbe: a macintosh-based experimenter’s
workstation for the cognitive sciences. Beha�ior Research Meth-
ods, Instruments & Computers, 26, 345–351.

Hupe, J. M., James, A. C., Payne, B. R., Lomber, S. G., Girard, P.,
& Bullier, J. (1998). Cortical feedback improves discrimination
between figure and background by V1, V2, and V3 neurons.
Nature, 314, 784–787.

Ito, M., & Gilbert, C. D. (1999). Attention modulates contextual
influences in the primary visual cortex of alert monkeys. Neuron,
22, 593–604.

Jiang, Y., & Chun, M. M. (2001). Asymmetric object substitution
masking. Journal of Experimental Psychology: Human Perception
and Performance, 27, 895–918.

Kahneman, D. (1967). An onset-onset law for one case of apparent
motion and metacontrast. Perception & Psychophysics, 2, 577–
584.

Kahneman, D., Treisman, A., & Gibbs, B. J. (1992). The reviewing of
object files: object-specific integration of information. Cogniti�e
Psychology, 24, 175–219.

Kanwisher, N., & Driver, J. (1992). Objects, attributes, and visual
attention: which, what, and where. Current Directions in Psycho-
logical Science, 1, 26–31.

Lamme, V. A., Super, H., & Spekreijse, H. (1998). Feedforward,
horizontal, and feedback processing in the visual cortex. Current
Opinion in Neurobiology, 8, 529–535.

Luck, S. J., Chelazzi, L., Hillyard, S. A., & Desimone, R. (1997).
Neural mechanisms of spatial selective attention in areas V1, V2,
and V4 of macaque visual cortex. Journal of Neurophysiology, 77,
24–42.

Martinez, A., Anllo-Vento, L., Sereno, M. I., Frank, L. R., Buxton,
R. B., Dubowitz, D. J., Wong, E. C., Hinrichs, H., Heinze, H. J.,
& Hillyard, S. A. (1999). Involvement of striate and extrastriate
visual cortical areas in spatial attention. Nature Neuroscience, 2,
364–369.



Y. Jiang, M.M. Chun / Vision Research 41 (2001) 3121–3131 3131

Maunsell, J. H. (1995). The brain’s visual world: representation of
visual targets in cerebral cortex. Science, 270, 764–768, November
3.

Moran, J., & Desimone, R. (1985). Selective attention gates visual
processing in the extrastriate cortex. Science, 229, 782–784.

Motter, B. C. (1993). Focal attention produces spatially selective
processing in the visual cortical areas V1, V2 and V4 in the
presence of competing stimuli. Journal of Neurophysiology, 70,
909–919.

Murphy, P. C., Duckett, S. G., & Sillito, A. M. (1999). Feedback
connections to the lateral geniculate nucleus and cortical response
properties. Science, 286, 1552–1554.

Palmer, S. E. (1999). Vision science : photons to phenomenology.
Cambridge: MIT Press.
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