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Abstract Object substitution masking (OSM) occurs when
an initial display of a target and mask continues with the
mask alone, creating a mismatch between the reentrant
hypothesis, triggered by the initial display, and the ongoing
low-level activity. We tested the proposition that the critical
factor in OSM is not whether the mask remains in view after
target offset, but whether the representation of the mask is
sufficiently stronger than that of the target when the reen-
trant signal arrives. In Experiment 1, a variable interstimulus
interval (ISI) was inserted between the initial display and the
mask alone. The trailing mask was presumed to selectively
boost the strength of the mask representation relative to that
of the target. As predicted, OSM occurred at intermediate
ISIs, at which the mask was presented before the arrival of
the reentrant signal, creating a mismatch, but not at long
ISIs, at which a comparison between the reentrant signal and
the low-level activity had already been made. Experiment 2,
conducted in dark-adapted viewing, ruled out the possibility
that low-level inhibitory contour interactions (metacontrast
masking) had played a significant role in Experiment 1.
Metacontrast masking was further ruled out in Experiment
3, in which the masking contours were reduced to four small
dots. We concluded that OSM does not depend on extended
presentation of the mask alone, but on a mismatch between
the reentrant signals and the ongoing activity at the lower
level. The present results place constraints on estimates of
the timing of reentrant signals involved in OSM.
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Common-onset masking

Visual masking refers to a reduction in the visibility of a
briefly presented object (the target) by the presentation of a
second object (the mask) in spatiotemporal proximity.
Masking is known to be mediated by different mechanisms,
depending on the spatiotemporal relationship between the
target and the mask.

The present work is concerned with the type of masking
that occurs when there is no spatial overlap between the
contours of the target and the contours of the mask. Two
such types of masking have been documented: metacontrast
masking and object substitution masking (OSM). The two
types of masking have been shown to differ in important
ways, as outlined below. A principal objective of the present
work was to distinguish amongst different accounts of
OSM.

Object substitution masking

The display sequence in OSM begins with a brief presentation
of the target and the mask, and continues with a longer display
of the mask alone. When the target and the mask terminate
together, the target is identified accurately. Masking develops
rapidly, however, as the duration of the trailing mask is
increased up to about 200 ms (Di Lollo, Enns, &
Rensink, 2000).

The sequence of events in OSM, also known as common-
onset masking or four-dot masking, is illustrated in Fig. 1b,
redrawn from Fig. 2 of Di Lollo et al. (2000). The display
consists of 1–16 rings, each with a gap placed randomly at
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one of the cardinal orientations. The target ring is singled
out by a complete ring that surrounds it, which also acts as
the mask. The observer’s task is to indicate the orientation of
the gap in the target ring. The typical pattern of OSM for
two observers is illustrated in Fig. 2, redrawn from Fig. 3 of
Di Lollo et al. (2000). As can be seen in Fig. 2, the strength
of OSM increases with increments in the number of

elements in the display (set size) and in the duration of the
trailing mask.

In the paradigm illustrated in Fig. 1b, the target and the
mask have a common onset; therefore, no separate, tempo-
rally trailing onset transient is generated by the mask. This
rules out onset transients as a source of masking (Enns & Di
Lollo, 2000). Rather, OSM is thought to be mediated by
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Fig. 1 (a) Sequence of events
in conventional metacontrast
masking. (b) Sequence of
events in Experiment 1 of Di
Lollo, Enns, and Rensink
(2000). (c) Sequence of events
in the present Experiments 1
and 2
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Fig. 2 A typical pattern of object substitution masking in two ob-
servers. The strength of masking increases with increments in set size
and in the duration of the trailing mask. Redrawn from Fig. 3 of
“Competition for Consciousness Among Visual Events: The Psycho-
physics of Reentrant Visual Processes,” by V. Di Lollo, J. T. Enns, and
R. A. Rensink, 2000, Journal of Experimental Psychology: General, 129,
p. 487. Copyright 2000 by the American Psychological Association
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Fig. 3 (a) Model illustrating the increasing difference in the strength
of the representation of the mask (dotted lines) relative to that of the
target and distractors (solid lines) as a function of mask duration. (b)
Hypothetical results arising from the model. See the text for
explanation
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reentrant signalling between brain regions connected by
two-way pathways. In the feed-forward sweep, the neural
activity triggered by the initial display ascends to higher
brain regions, where it is said to activate one or more
perceptual hypotheses that descend to lower levels, where
they correlate themselves with the ongoing activity. Low
correlations are discarded, whereas the hypothesis that
yields the highest correlation is confirmed and leads to
correct target identification (Di Lollo et al., 2000;
Grossberg, 1995; Mumford, 1991, 1992).

Masking occurs when a mismatch arises between the
reentrant signal and the ongoing activity at the lower level.
The three panels in Fig. 3a illustrate the state of affairs at
three durations of the trailing mask. In all three panels, the
strength of the target/distractors representation triggered by
the onset of the display decays as a function of time since
display offset. The representation of the mask also decays as
a function of time from mask offset. However, because of
the longer exposure duration (indicated by the flat portion of
the mask functions in Fig. 3a), the strength of the mask
representation is greater than that of the target/distractors.
The longer the duration of the mask, the greater the differ-
ence between the two representations at any point in time
beyond mask offset. The decay functions are represented as
linear for simplicity. However, the hypothesized relation-
ships would still obtain with any other monotonically de-
creasing function.

The vertical segmented lines in Fig. 3a indicate the time
at which the reentrant signals carrying the perceptual hy-
potheses arrive at the lower level. The actual time of reentry
illustrated in Fig. 3a is arbitrary, but its relationship to the
duration of the mask was inferred from the data in Fig. 2.
With respect to masking, the important consideration is the
goodness of the match between the reentrant hypothesis and
the pattern of activity at the lower level at the time of
reentry.

When the duration of the trailing mask is short (Fig. 3a,
left-hand panel), the reentrant signals find a pattern of low-
level activity that, although decayed, is of relatively uniform
strength. Notably, the representation of the mask is only
slightly stronger than that of the target/distractors. In this
case (and assuming that the low-level representation has not
decayed below a critical level), little or no masking occurs
because the similarity between the reentrant hypothesis and
the low-level representation mediates an adequate correla-
tion, with ensuing confirmation of that perceptual hypothe-
sis. This leads to accurate identification of the target, as
illustrated by the short-mask-duration point in Fig. 3b.

In contrast, when the duration of the trailing mask is long
(Fig. 3a, right-hand panel), the reentrant signals find a
pattern of low-level activity of nonuniform strength: The
strength of the target/distractors representation has decayed,
but the mask remains at full strength because of the

continued external input. This mismatch reduces the corre-
lation with the reentrant hypothesis, which includes the
representations of the target and the mask at equal strength.
Masking occurs because the low correlation between the
low-level activity and the reentrant hypothesis causes a
new “mask-alone” hypothesis to be generated, consistent
with the currently predominant activity at the lower level.
Under these conditions, the mask-alone percept replaces the
target-plus-mask percept, with consequent impairment of
target identification, as is illustrated by the long-mask-
duration point in Fig. 3b.

Põder’s feed-forward model of OSM

In contrast to the reentrant model outlined above, a strictly feed-
forward model of OSM has been proposed by Põder (2012).
This model is based on two assumptions. First, that the contin-
ued presence of the mask after the offset of the initial display
adds noise, thus reducing the signal-to-noise ratio (SNR) at the
target location. Because of temporal integration, the noise
continues to grow while the mask remains in view. For this
reason, the reduction in SNR is said to be proportional to the
exposure duration of the mask alone. Second, it is assumed that
masking occurs when attention is deployed to the target loca-
tion and finds a degraded representation due to reduced SNR.
Considered jointly, these assumptions predict the strength of
masking to increase with the duration of the mask alone.

Põder (2012) provided a computational model that em-
bodied these assumptions and produced functions that fit the
OSM data reported by Di Lollo et al. (2000) quite well. This
supported the conclusion that OSM can be explained on the
basis of strictly feed-forward principles, without recourse to
reentry.

Metacontrast masking

Metacontrast masking occurs when a brief presentation of a
target stimulus is followed by the presentation of a masking
stimulus whose contours are closely adjacent to—but do not
overlap with—the contours of the target. The sequence of
events is illustrated in Fig. 1a. The accuracy of target iden-
tification in metacontrast masking is a U-shaped function of
the stimulus onset asynchrony (SOA) between the target and
the mask (Breitmeyer & Öğmen, 2006; Di Lollo, von
Mühlenen, Enns, & Bridgeman, 2004). The target is clearly
visible at long and short SOAs, but not at intermediate
SOAs.

The mechanisms thought to underlie metacontrast
masking are inhibitory interactions between neurons that
represent the contours of the target and the mask
(Breitmeyer & Ganz, 1976; Breitmeyer & Öğmen, 2006;

1120 Atten Percept Psychophys (2013) 75:1118–1127



Weisstein, Ozog, & Szoc, 1975). Both the target and the
trailing mask are said to activate two channels in the
visual system: a fast transient channel that carries infor-
mation regarding stimulus onset, and a slower sustained
channel that carries information regarding stimulus iden-
tity. Masking occurs when activity in the fast transient
channel triggered by the onset of the mask inhibits the
slower sustained activity triggered by the earlier target.
It is generally agreed that metacontrast masking operates
at an early stage of vision, a stage characterized by
contour formation.

Two characteristics of metacontrast masking are especial-
ly relevant to the present work. First, metacontrast masking
does not occur—or is much reduced—in dark-adapted view-
ing. This is because inhibitory processes are known to be
weak or absent in the dark-adapted visual system (Barlow,
Fitzhugh, & Kuffler, 1957; Bischof & Di Lollo, 1995; von
Békésy, 1968). Second, reducing the amount of contours in
the masking stimulus results in a corresponding reduction in
the strength of masking (Breitmeyer, 1984).

Theoretical predictions based on a novel OSM paradigm

The reentrant model of OSM As we noted above, the main-
stay of the object substitution account is that masking occurs
when a significant non-uniformity in the strength of the
ongoing activity at the lower level causes a mismatch with
the reentrant hypothesis. In conventional studies of OSM
(e.g., Neill, Hutchison, & Graves, 2002; Woodman & Luck,
2003), the mismatch is brought about by manipulating the
exposure duration of the trailing mask (Fig. 3a). According
to the reentrant-processing account, however, the essential
factor in this manipulation is not the mask’s duration as
such, but whether the strength of the mask representation
is substantially higher than that of the target/distractors
representation at the time of reentry, causing a mismatch
with the perceptual hypothesis.

This conjecture was tested in the present work by changing
the way in which the mismatch was brought about. Instead
of manipulating the exposure duration of the mask, we
manipulated the duration of a blank interstimulus interval
(ISI) inserted between the initial display and a brief presen-
tation of the mask alone, as is illustrated in Fig. 1c. We
reasoned that the brief reappearance of the mask would
boost the internal representation of the mask toward its
original strength, thus causing a mismatch between the
ongoing low-level activity and the reentrant hypothesis. In
this paradigm, a mismatch should occur only when the
trailing mask is displayed before the time of reentry, and
the size of the mismatch should depend on the duration of
the ISI, as is illustrated in Fig. 4a.

The left-hand panel of Fig. 4a illustrates the case in
which no trailing display of the mask alone is presented.
Because all parts of the display decay uniformly, no
mismatch with the perceptual hypothesis occurs at the
time of reentry, and the accuracy of target identification
is relatively high, as is shown by the zero-ISI point in
Fig. 4b. This is also the case in the right-hand panel, in
which the ISI is long and the trailing mask is presented
after the time of reentry, when a comparison between the
reentrant hypothesis and the low-level activity had al-
ready been made. This prevents a mismatch, allowing
accurate identification of the target, as is illustrated by
the long-ISI point in Fig. 4b. A different picture emerges
from the middle panel of Fig. 4a, however, in which the
ISI is shorter than the time of reentry. In that case, the
trailing mask boosts the strength of the mask representa-
tion, causing a mismatch with the reentrant hypothesis at
the time of reentry. The ensuing impairment in the accu-
racy of target identification is illustrated by the medium-
ISI point in Fig. 4b. Experiment 1 was a test of these
predictions.

Põder’s feed-forward model of OSM A different pattern of
results can be predicted from Põder’s (2012) feed-forward
model, in which OSM is said to arise from the reduction in
SNR due to the temporal integration of the noise at the target
location. Thus, increasing the exposure duration of the mask
would lead to a corresponding increment in the amount of
noise added to the target representation, and stronger
masking would then follow.

An important characteristic of the new OSM paradigm
outlined above is that the duration of the mask is fixed
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across all conditions. According to Põder’s (2012) assump-
tion that the amount of accumulated noise is proportional to
the duration of the mask, the amount of noise added to the
target representation by the trailing mask would be invariant
across conditions. On the grounds that the target represen-
tation decays during the ISI, the addition of a fixed amount
of noise to the decaying representation would predict a
monotonically decreasing function of target identification
over ISI. The case of invariant additional noise is not dealt
with explicitly in Põder’s model, but it is likely that its tenets
may need revising to encompass this case.

Metacontrast masking The new OSM paradigm outlined
above (Fig. 1c) and the conventional metacontrast-masking
paradigm (Fig. 1a) bear distinct similarities to one another
and may, therefore, be expected to yield similar outcomes.
From the perspective of metacontrast masking, the
reappearance of the mask after an appropriate blank interval
(see Fig. 1c) could trigger an onset transient that would
interfere with the processing of the target’s contours along
the sustained channel. Thus, the predicted U-shaped func-
tion in Fig. 4b would be consistent not only with a reentrant-
processing account, but also with an account based on
metacontrast masking. In the present work, the two accounts
are decoupled in Experiments 2 and 3.

Experiment 1

Method

The data reported in the present Experiments 1 and 2 were
collected from the same two observers (M.H. and R.G.) and
with the same equipment, stimuli, and general procedures
used in Experiments 1 and 2 of Di Lollo et al. (2000). The
experiments were performed at approximately the same time
as those reported in the study by Di Lollo et al. (2000). For
this reason, the description of observers, equipment, and
stimuli has been taken almost verbatim from that article.
The description of the procedures was modified as
appropriate.

Observers and apparatus One male and one female under-
graduate student with corrected-to-normal vision served as
paid observers. Both were highly practiced psychophysical
observers. They sat in a lightproof room and viewed the
displays from a distance of 57 cm, set by a headrest. The
stimuli were displayed within a 4º× 4º area in the center of
the screen of a Tektronix 608 oscilloscope equipped with a
fast P15 phosphor. The screen was front-illuminated with a
Kodak Carousel projector fitted with a 500-W General Elec-
tric Quartzline projection lamp, attenuated to 10 cd/m2 by

neutral-density filters. All stimuli were constructed with close-
ly spaced dots. With front illumination turned on, the dots
were seen as green-blue on a uniform white background. In
dark-adapted viewing, as in Experiment 2, the dots were seen
as light gray on a uniformly black screen (0 cd/m2). The X, Y,
and Z (intensity) coordinates of each dot were stored in a fast-
plotting buffer that displayed them to the screen at a rate of
one dot/μs (Finley, 1985). Photometric measurements were
made with a Minolta LS-100 luminance meter.

Stimuli The stimuli are illustrated in Fig. 1b. On any given
trial, the display consisted of one or more rings, each with a
gap at either the top, bottom, left, or right. The thickness of
each ring was approximately 1 min arc, the radius was 0.4º,
and the size of the gap corresponded to a chord of 0.4º. One
of the rings was singled out as the target by a slightly larger
concentric ring, which also served as a mask. The radius of
the masking ring was 0.5º. The observer’s task was to
identify the orientation of the target’s gap. The other rings
in the display functioned as distractors. The viewing area
was partitioned into a notional matrix of 16 square cells,
each with 1º side. Every ring, whether target or distractor,
was displayed in the center of one of the notional cells.

Design and procedures The sequence of events in Experi-
ment 1 is illustrated in Fig. 1c. It began with a 10-ms display
of all elements (target, mask, and distractors), and continued
with a blank ISI whose duration was either 0, 30, 70, 150, or
310 ms, corresponding to stimulus-onset asynchronies
(SOAs) of 10, 40, 80, 160, and 320 ms. The design
consisted of the factorial combination of two variables: set
size (number of rings in the display) and ISI. Set size was
varied over five levels: 1, 2, 4, 8, or 16 rings, including the
target. When the set size was equal to 1, the display
contained only the target. When the set size was greater
than 1, the display contained the target plus the appropriate
number of distractors, distributed randomly amongst the
remaining 15 locations, with the restriction that within a
session, the target appeared an equal number of times in
each of the 16 locations. The duration of the second frame,
which contained only the mask, was 10 ms. Trials were
separated by a minimum interval of 5 s.

At the beginning of each trial, a small fixation cross was
presented in the center of the screen. A trial was started
when the observer pressed a button in a handheld box. The
observer then indicated the location of the gap in the target
by pressing the appropriate button (top, bottom, left, or
right) in the handheld box, guessing if not sure. One session
consisted of 160 trials. Within one session, the target was
displayed ten times in each of the 16 matrix locations, in a
sequence that varied randomly across sessions and ob-
servers. In any given session, the number of distractors
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was fixed. The 25 sessions resulting from the factorial
combination of five set sizes and five ISIs, were ordered
randomly for each observer. The experiment was then rep-
licated, thus yielding a total of 20 estimates per cell per
condition. Each observer thus contributed a total of 8,000
trials, being the product of 25 conditions, 16 matrix loca-
tions, and 20 trials per location. The 25 sessions were spread
over a period of approximately three weeks.

Results and discussion

The results of Experiment 1, averaged over all 16 target
locations,1 are shown in Fig. 5, separately for each observer.
The functions exhibit the U-shaped pattern predicted by the
reentrant-processing hypothesis of OSM discussed above
and illustrated in Fig. 4b. Namely, accuracy of target iden-
tification was relatively high when the ISI was short or long,
but was substantially impaired at an ISI of 70 ms. This is
consistent with the prediction, illustrated in Fig. 4a, that
masking occurs only when the trailing mask is presented
before the reentrant hypotheses arrive at the lower level. The
evidence in Fig. 5 strongly suggests that the reentrant sig-
nals arrive between 80 and 160 ms after the onset of the
initial display. Actually, that evidence suggests a time of
reentry closer to 80 than to 160 ms (somewhere between 80
and 120 ms).

In contrast, the nonmonotonic functions in Fig. 5 are
inconsistent with Põder’s (2012) model, which, as noted
above, can be used to predict a monotonically decreasing
function. Clearly, in its current version, Põder’s model can-
not encompass the present findings.

The functions in Fig. 5 look very much like the U-shaped
functions obtained in conventional metacontrast masking, in
which a briefly presented target stimulus is followed, at a
variable SOA, by a masking stimulus whose contours are
closely adjacent to—but do not overlap with—the contours
of the target. (Breitmeyer & Öğmen, 2006; Di Lollo et al.,
2004). As was noted in the foregoing discussion, it could be
argued that the results of the present experiment might have
arisen, at least in part, from metacontrast masking produced
by inhibitory contour interactions between the target and the
trailing mask. This would implicate low-level mechanisms
as distinct from the high-level reentrant mechanisms hy-
pothesized in the OSM account.

Oneway of distinguishing between the contributions of low-
level and high-level mechanisms in the present results is
suggested by Bischof and Di Lollo’s (1995) finding that
metacontrast masking, which is fully evident in light-adapted

viewing, is all but absent in dark-adapted viewing. In the
relevant condition in Bischof and Di Lollo’s study, the ob-
servers viewed a conventional metacontrast sequence in which
the mask was presented at various ISIs after the target had been
turned off. The viewing was done under both light-adapted and
dark-adapted conditions. The results, illustrated in their Figs. 11
and 12, showed that conventional metacontrast masking occurs
in light-adapted but not (or much less so) in dark-adapted
viewing. This is because low-level inhibitory contour interac-
tions are known to be absent in scotopic vision (Barlow et al.,
1957; von Békésy, 1968). In contrast, OSM is fully in evidence
not only in light-adapted but also in dark-adapted viewing,
namely, in the absence of inhibitory processes (Bischof & Di
Lollo, 1995; Di Lollo et al., 2000). On this evidence, the low-
level component, if any, in the present results could be
ruled out if a pattern of results similar to that in Fig. 5
were to be obtained under dark-adapted viewing condi-
tions. This was done in Experiment 2.

Experiment 2

Method

The observers and procedures were the same as in Experiment
1, except that the experiment was carried out in total darkness.
The observers sat in a dark room for 30 min before beginning
the experiment. The luminance of the stimuli was determined
in a preliminary procedure in which the two observers viewed
a square test patch displayed continuously on the screen. We
found that when the luminance of the test patch was 3.0 cd/m2

and the stimuli were displayed for 10 ms, the gap in the rings
could barely be seen by dark-adapted observers. If the lumi-
nance of the displays was reduced to that corresponding to a
test patch of 2.0 cd/m2, the task of identifying the orientation
of the gap was no longer feasible. Under these low-luminance
conditions, any light adaptation that might have occurred

1 As was the case in the study of Di Lollo et al. (2000), the matrix
location of the target affected the overall level of performance but not
the shape of the function. Therefore, we averaged the responses over
all matrix locations, as had been done by Di Lollo et al. (2000).
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during a trial was not photochemical but neural (e.g.,
Walraven, Enroth-Cugell, Hood, MacLeod, & Schnapf,
1990). Recovery from neural light adaptation is very fast:
Baker (1963) estimated a recovery of two log units within
250 ms, which is far less than the 5-s intertrial interval.

Results and discussion

The results of Experiment 2, averaged over all 16 target
locations, are shown in Fig. 6, separately for each ob-
server. Consistent with the findings of Di Lollo et al.
(2000), OSM was as much in evidence in dark-adapted
viewing (Fig. 6) as in light-adapted viewing (Fig. 5).
Because adapting luminance is known to have a powerful
influence on low-level processes (Barlow et al., 1957;
Ikeda, 1965; Sperling & Sondhi, 1968; von Békésy,
1968) but not on higher level processes (Adelson &
Jonides, 1980; Coltheart, 1980; Scharf & Lefton, 1970),
the finding that OSM occurred in dark-adapted viewing
supports the conclusion that the results of Experiment 1
were due not to low-level processes of inhibitory contour
interactions (metacontrast masking), but to higher-level
processes of object substitution.

Experiment 3

The principal objective of Experiment 3 was to provide
further evidence that the results of Experiment 1 were me-
diated by OSM rather than by metacontrast masking. In
Experiment 2, this had been done by showing that the U-
shaped functions obtained in Experiment 1 (Fig. 5) were
also in evidence in dark-adapted viewing (Fig. 6), an out-
come inconsistent with a metacontrast account. In the pres-
ent experiment, the same objective was achieved by
reducing the amount of contour in the mask. It is known

that metacontrast masking does not occur, or is much re-
duced, when the contours of the mask are sparse
(Breitmeyer, 1984; Werner, 1935). In the present experi-
ment, the contours of the mask were reduced from the solid
ring used in Experiments 1 and 2 to four small dots, as is
illustrated in the left-hand panel of Fig. 7. A U-shaped
function of SOA would be expected on the basis of OSM,
but not on the basis of metacontrast masking.

A second objective of Experiment 3 was to extend the
generality of the results beyond what was obtained with
highly practiced observers in Experiments 1 and 2. In the
present experiment, we employed unpracticed observers:
university undergraduates who participated in the experi-
ment for course credit. Because the observers were available
for only a single session, the number of trials had to be
scaled down from the 8,000 in Experiments 1 and 2. This
was done by using only one set size (eight elements) and
only three SOAs between the initial display and the
reappearance of the mask.

Method

The methods and procedures in Experiment 3 were the same
as those in Experiment 1, with the following exceptions.
The observers were 12 undergraduate students at Simon
Fraser University who received course credit for participat-
ing in the experiment. They were naive psychophysical
observers, and had normal or corrected-to-normal vision.
The stimuli were presented on a BenQ XL2410T LCD
screen, which is known to be free from image persistence
(Lagroix, Yanko, & Spalek, 2012). The refresh rate was
120 Hz. Stimulus presentation and response collection were
controlled using E-Prime software (Psychology Software
Tools, Inc., Sharpsburg, PA). The display sequence, illus-
trated in Fig. 7a, began with a 16-ms presentation of eight
rings, similar to those used in Experiments 1 and 2. The
thickness of each ring was approximately 1.8 min arc. One
of the rings was designated as the target by four small dots
that also served as the mask. The four dots were displayed at
the corners of an imaginary square surrounding the target
ring. The angular size of each dot was 0.1º, and its separa-
tion from the contour of the target ring was 0.2º. The display
sequence continued with the reappearance of the mask after
an SOA of either 0 (no trailing mask), 80, or 320 ms, as is
illustrated in Fig. 7a. The three SOAs were presented in
random order for 120 trials each.

Results and discussion

The results of Experiment 3, averaged over all 12 observers,
are illustrated by the solid-symbol function in Fig. 7b. The
open-symbol function shows the results for the set size 8
condition in Experiment 1 (Fig. 5), averaged over the two
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observers. A one-way repeated measures analysis of variance
performed on the results of Experiment 3 revealed a signifi-
cant effect of SOA, F(2, 22)= 59.96, MSE= 23.63, p< .001,
ηp

2= .85. Notably, the quadratic component accounted for a
substantial proportion of the variance, F(1, 11)= 74.25,MSE=
36.71,p< .001, ηp

2= .87.
It is known that metacontrast masking is much reduced, or

is entirely absent, when the mask has sparse contours—such
as the four dots used in Experiment 3 (Breitmeyer, 1984;
Werner, 1935). The critical consideration in this respect is that
the two functions in Fig. 7b are remarkably similar to one
another. Had metacontrast masking played a significant role,
performance in Experiment 1 (open symbols in Fig. 7b)
should have been lower than that in Experiment 3 (filled
symbols in Fig. 7b). This is because the mask had far more
contours in Experiment 1 than in Experiment 3. In fact, Fig. 7b
reveals the opposite relationship, at least numerically.

It can be concluded, therefore, that the results of Exper-
iment 3 arose not from low-level inhibitory contour interac-
tions (metacontrast masking) but from higher-level
processes of object substitution. Considered collectively,
the results of Experiments 2 and 3 support the conclusion
that the results of Experiment 1 (Fig. 5) represent the effects
of OSM rather than metacontrast masking.

The sparse mask used in Experiment 3 also has clear
implications for predictions based on Põder’s (2012) model.
As we noted above, the principal role of the mask in that
model is to add noise to the target representation, thereby
reducing the SNR. On the basis of this hypothesis, the solid-
ring mask used in Experiment 1 should have produced a
substantially greater amount of noise relative to the four

small dots used in Experiment 3. Thus, the strength of
masking should have been greater in Experiment 1 than in
Experiment 3. To the contrary, the functions in Fig. 7b
reveal comparable levels, with performance being slightly
better in Experiment 1, at least numerically.

General discussion

In the present work we tested the prediction that the impor-
tant consideration in OSM is not the duration of the trailing
mask, as such, but whether the strength of the low-level
representation of the mask is markedly greater than that of
the target/distractors representation when the perceptual hy-
potheses triggered by the initial display arrive at the lower
level. This was done in Experiment 1 by inserting a blank
ISI between the offset of the initial display (target, mask,
and distractors) and a brief display of the mask alone, which
was hypothesized to boost the decaying representation of
the mask.2 According to the OSM account, masking should
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2 Drew and Vogel (2008) have shown that a repeated mask is less
effective than a novel mask. It is questionable, however, whether this
finding can apply directly to the present work. First, Drew and Vogel’s
paradigm differed from the present one in that it involved pattern
masking, with complete overlap between the target and the mask, as
distinct from the nonoverlapping stimuli used in the present work.
Second, Drew and Vogel (Exp.1) found that the effectiveness of the
mask decreased monotonically as the SOA between the two presenta-
tions of the mask was increased. This monotonic relationship differs
sharply from the nonmonotonic function obtained in the present work,
suggesting that a reduction in mask effectiveness was not a major
determinant of the present results.
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occur only when the trailing mask is displayed before the
reentrant signals arrive at the lower level. This should give
rise to a U-shaped function of accuracy on ISI, as illustrated
in Fig. 4b. The results of Experiment 1 confirmed this
prediction. Experiment 2, conducted in dark-adapted view-
ing, ruled out the option that low-level inhibitory contour
interactions (metacontrast masking) played a significant role
in Experiment 1. Metacontrast masking was ruled out fur-
ther in Experiment 3, in which the amount of masking
contours was reduced to four small dots.

It is worth noting that an alternative account of OSMhas been
offered by Lleras and Moore (2003), who regarded OSM as an
instance of object updating. That view was prompted by the
finding that OSMoccurs not onlywhen themask continues to be
presented at the initial location (i.e., surrounding the target), but
also when it is presented at a nearby location. This causes the
mask to be seen as inmotion from the initial location.Masking is
then attributed to the morphing of the initial target-plus-mask
representation into a representation of the mask alone.

Far from being incompatible with one another, the object-
updating model (Lleras & Moore, 2003) and the object
substitution model (Di Lollo et al., 2000) can be regarded
as complementary. For the purpose of the present work, it is
important to note that both models regard masking as arising
from reentrant processing. As was pointedly noted by
Moore and Lleras (2005, p.1179) “object-mediated updating
through reentrant processing involves the online overwriting
of existing information.”

Beyond confirming predictions from the OSM account, the
present results place constraints on estimates of the timing of
reentrant signals. Given that, for OSM to occur, the trailing mask
must be present at the lower level before the arrival of the
reentrant signals, the lower bound for the estimated time of
reentry is given by the trough of the functions in Figs. 5, 6, and 7.

Those estimates, however, do not necessarily apply to all
instances of reentry. This is because the timing of reentrant
signals depends on the brain regions involved. For example,
one entire reentry cycle between primary visual cortex and
lateral geniculate nucleus (Sillito, Jones, Gerstein, & West,
1994), or between primary visual cortex and area V5/MT
(Hupé et al., 1998; Pascual-Leone & Walsh, 2001) can range
between 5 and 45 ms. Temporal lags between regions of
prefrontal cortex and posterior visual areas have been reported
in a similar range (Cohen, Heitz, Schall, & Woodman, 2009;
Gregoriou, Gotts, & Desimone, 2012; Purcell, Schall, &
Woodman, 2013). As we noted above, the present results
suggest a time of reentry between 80 and 120 ms. Such timing
is closer to that reported by Lamme and Roelfsema (2000) and
by Fahrenfort, Scholte, and Lamme (2007) for reentrant loops
between area V1 and extrastriate cortex involved in figure–
ground segmentation. It is plausible that the latter longer
estimates may reflect the linking of activity in different re-
gions involved in visual processing (e.g., Canolty et al., 2006;

Lakatos, Karmos, Mehta, Ulbert, & Schroeder, 2008). The
present estimate, therefore, is likely to pertain to long-
range—as distinct from local—reentrant signalling.

An important issue should be raised regarding theoretical
accounts of OSM. The original account was predicated on
an interaction between set size and mask duration (Di Lollo
et al., 2000). Indeed, that interaction formed the core of the
computational model (CMOS) proposed by Di Lollo et al.
(2000). The validity of that interaction has recently been
questioned by Argyropoulos, Gellatly, Pilling, and Carter
(2012), who have provided convincing evidence that the
interaction reported by Di Lollo et al. (2000) arose from a
ceiling constraint imposed by the upper limit of the response
scale. When that constraint was removed, the response
functions turned out to be parallel, indicating that the mag-
nitude of OSM is not a function of set size. Except for set
size 1, at which performance was probably constrained by a
ceiling, parallel functions are also in evidence in Figs. 5 and
6, especially in the results of observer M.H. in Fig. 5.

The absence of an interaction between mask duration
(or ISI) and set size is clearly inconsistent with the
CMOS model, which depends critically on the spatial
distribution of attention, as manipulated by set size. The
absence of this interaction is also inconsistent with
Põder’s (2012) model, which predicts such an interac-
tion. These findings, however, do not impugn reentry as
the critical factor in OSM, whose magnitude is defined
by the difference between the lowest and highest points
in the response function.

Collectively, the extant results support the twin conclu-
sions that (a) set size modulates the overall level of perfor-
mance but not the magnitude of OSM and (b) OSM occurs
when a mismatch is created between the reentrant signals
and the ongoing activity at the lower level, regardless of the
distribution of spatial attention. These conclusions hold,
whether the main manipulation involves the exposure dura-
tion of the mask alone or the ISI between the initial display
and a brief presentation of the mask alone.
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