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Attend to it now or lose it forever:
Selective attention, metacontrast masking,
and object substitution

MATTHEW S. TATA
University of British Columbia, Vancouver, British Columbia, Canada

Metacontrast masking occurs when the visibility of a brief target stimulus is decreased by the sub-
sequent appearance of another nearby visual stimulus. Early explanations of the phenomenon involved
low-level mechanisms, but subsequent studies have suggested a role for selective attention. The re-
sults of three experiments presented here extend previous findings to the metacontrast paradigm. It is
shown that the strength of metacontrast masking increases with the number of distractor items in a
display, decreases when the targetlocation is validly but not invalidly precued, and is eliminated when
search for the target is efficient (pop-out search) but not when search is inefficient (serial search). A
connection between metacontrast masking and object substitution masking is considered.

The visibility of a brief visual target can be reduced by
the presentation of a temporally lagging mask whose
contours do not overlap those of the target. This type of
backward masking is known as metacontrast masking
(for a thorough review, see Breitmeyer, 1984). Research
into metacontrast masking has focused on the spatial and
temporal parameters of the stimuli, and theoretical ex-
planations have been based on inhibitory contour inter-
actions in low-level vision (Breitmeyer & Ganz, 1976;
Weisstein, Ozog, & Szoc, 1975). A prototypical model
based on contour interaction is the interchannel inhibi-
tion model proposed by Breitmeyer and Ganz. This model
postulates two interacting channels carrying visual in-
formation: a transient channel that rapidly conveys in-
formation about the onsets and offsets of visual events,
and a sustained channel that more slowly conveys infor-
mation about other stimulus attributes, such as form and
color. When the mask follows the target by about 50—
100 msec, activity in the transient channel triggered by
the onset of the mask catches up to and inhibits activity
in the slower sustained channel, which contains a repre-
sentation of the contours of the target. This inhibition is
thought to be responsible for the reduced visibility of the
target.

Contour interaction schemes such as the interchannel
inhibition model are based on the dynamic physiological
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characteristics of visual neurons representing adjacent
regions of space. The inhibitory mechanism underlying
metacontrast masking in these models is thought to act
over small distances (less than about 1° of visual angle)
and within a brief window of time (a few tens of milli-
seconds). Conceptualized as a local phenomenon occur-
ring early in the visual system, metacontrast masking
should be affected minimally, if at all, by stimuli that are
presented at locations far removed from the target and
the mask. The results of several studies, however, sug-
gest that the increase in the overall complexity of the dis-
play by the addition of distractor items leads to stronger
metacontrast masking (Averbach & Coriell, 1961), as well
as to other related types of backward masking (Enns &
Di Lollo, 1997; Spencer & Shuntich, 1970). These find-
ings suggest that low-level contour interaction models
might not provide a complete picture of the metacontrast
masking phenomenon.

The earliest indication that the mechanisms underly-
ing metacontrast masking involve more than a low-level
inhibitory contour interaction between the contours of
the mask and those of the target came from a set-size ef-
fect reported by Averbach and Coriell (1961) in an in-
vestigation of iconic memory. In that study, a target let-
ter was singled out from a briefly presented array of
letters by the subsequent appearance of a ring probe, cen-
tered at the same location as the target’s, but slightly
larger than the target in diameter. Accuracy of target
identification depended on the delay between the onset
of the target and the onset of the ring (stimulus onset
asynchrony, SOA). When the target and ring appeared si-
multaneously, accuracy was well above chance. Accu-
racy fell dramatically at SOAs of around 100 msec, but
rebounded with SOAs longer than 100 msec. This U-shaped
function relating accuracy to SOA is characteristic of
metacontrast masking (Breitmeyer & Ganz, 1976). Im-
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portantly, when the display consists of a single letter fol-
lowed by a ring probe, accuracy is uniformly high at all
SOAs. The U-shaped function emerges only when the
target appears among several distractor letters. Averbach
and Coriell interpreted this finding in terms of capacity
limitations in iconic memory (but see Eriksen & Rohr-
baugh, 1970b, for a different interpretation); however,
this finding is significant in the context of metacontrast
masking. It indicates that the presence of stimuli far re-
moved from the target and mask contributes to the over-
all masking effect, thus suggesting that metacontrast is
not exclusively a low-level peripheral process. This no-
tion has been further supported by studies of related types
of backward masking that have demonstrated less pro-
nounced masking of word targets than nonword targets
(Michaels & Turvey, 1979), and greater masking when
target and mask are of the same geometric shape than
when they are of different shapes (Uttal, 1970).

Stronger metacontrast masking in complex displays
might be explained by recasting metacontrast and related
types of backward masking into the context of visual se-
lective attention (Breitmeyer & Ganz, 1976; Enns &
Di Lollo, 1997). According to this account, the addition
of distractors to a display prevents immediate focusing
of attention on the target. This occurs because the target
cannotbe found in the display until it is singled out from
the distractors by the subsequent appearance of the mask.
The hypothesis that underlies this account is that the
strength of metacontrast masking depends on whether the
observer has focused attention on the target before the
onset of the mask. The visual representation of an unat-
tended target might be impoverished to the extent that
even a weak mask renders it insufficient to support per-
ception. Alternatively, focused attention might consoli-
date the representation of the target, preventing suppres-
sion by the mask.

Several recent studies have suggested that attention
might be a factor in metacontrast masking. Ramachan-
dran and Cobb (1995) reported a series of experimentsin
which they instructed observers to perceptually group
the target with items elsewhere in the display, a task that
presumably involves focusing attention on the target.
This manipulation reduces the strength of metacontrast
masking. Enns and Di Lollo (1997) showed that a mask
with minimal contours (four dots describing a notional
square surrounding the target) can exert strong backward
masking when a complex display creates uncertainty as
to target location. Both of these studies suggest that
metacontrast masking might be modulated by the atten-
tional state of the observer. Shelley-Tremblay and Mack
(1999) explored this notion further by using stimuli
known to be resistant to inattentional blindness. Inatten-
tional blindness is the inability to perceive a stimulus
that has not been selectively attended. Highly salient or
meaningful stimuli, such as the observer’s name, are re-
sistant to inattentional blindness, presumably because
they automatically capture attention. Shelley-Tremblay
and Mack found that a metacontrast mask is less effec-
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tive when the target is resistant to inattentional blindness
relative to control targets. This further suggests a role for
selective attention in determining the strength of meta-
contrast masking.

Of particular relevance to this discussion of metacon-
trast masking is a recent investigation of a type of mask-
ing known as object substitution (Di Lollo, Enns, &
Rensink, 2000). That study clearly demonstrated that
common attentional manipulations such as set size, spa-
tial cuing, and target pop-out have dramatic effects on
this type of backward masking. In that study, however,
the authors sought to differentiate object substitution from
metacontrast masking by using a common-onset para-
digm (see Di Lollo, Bischof, & Dixon, 1993), in which
the target and mask have simultaneous onset times but
different offset times (i.e., there is no SOA). In that par-
adigm, masking is found to increase as the mask outlives
the target by an increasing duration. The authors’ account
for their finding, to be discussed further below, centers
on a theoretical description of the neural processes oc-
curring during the prolonged presentation of the mask.
As such, neither their results nor their theoretical ac-
count applies directly to the metacontrast paradigm, in
which the target and mask are presented for precisely the
same duration. Due to fundamental differences in the
temporal dynamics of these two paradigms, it remains
unclear how the attentional manipulations employed by
Di Lollo et al. (2000) mightinfluence the strength or time
course of metacontrast masking.

The role of attention in metacontrast masking remains
unclear. Ramachandran and Cobb (1995) and Shelley-
Tremblay and Mack (1999) provided only indirectevidence
that metacontrast masking is weaker when attentionis fo-
cused on the target. Ramachandran and Cobb did not ma-
nipulate selective attention directly, and Shelley-Tremblay
and Mack demonstrated only a correlation between re-
sistance to inattentional blindness and resistance to meta-
contrast masking. Averbach and Coriell (1961) and Enns
and Di Lollo (1997) reported preliminary evidence that
display complexity influences backward masking, but
neither study explored that possibility parametrically
by evaluating masking at various levels of display com-
plexity. These previous studies do, however, suggest an
intriguing possibility: The profound influence of atten-
tion in common-onset masking demonstrated by Di Lollo
et al. (2000) might apply to metacontrast masking as
well. The present study provides a systematic explo-
ration of the role of attention as a factor in metacontrast
masking, and is motivated in part by the need to extend
Di Lollo et al.’s (2000) findings beyond masking by com-
mon onset.

The approach taken in the present study was to exam-
ine metacontrast masking by directly manipulating the
probability of attention’s being focused on the target be-
fore the onset of the mask. One strategy, employed by
Ramachandran and Cobb (1995) and Shelley-Tremblay
and Mack (1999), is to make an otherwise strong meta-
contrast mask less effective by focusing attention on the
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target. The complementary strategy is to demonstrate
that an otherwise weak metacontrast mask is made
stronger when attention is not focused on the target. In
the present study, both strategies are employed by using
three common attentional manipulations: set size, spa-
tial cuing, and target pop-out. The increase in the set size
in a display is thought to delay the deployment of atten-
tion to the target by requiring a slow serial searching pro-
cess. The present hypothesisis that this manipulation, by
delaying attentional selection of the target, will strengthen
an otherwise ineffective mask. In contrast, validly cuing
the location of the target in advance (spatial precuing) or
speeding search for the target by making it distinct from
the distractors (target pop-out) should negate any set-
size effect by allowing rapid attentional selection of the
target (see Posner & Cohen, 1984, for discussion of spa-
tial cuing, and Eriksen & Rohrbaugh, 1970a; Treisman
& Gelade, 1980; and Wolfe, Cave, & Franzel, 1989, for
discussions of set-size effects and target pop-out). If it
can be demonstrated that the effectiveness of a meta-
contrast mask can be increased or decreased purely by
manipulating attention, and without physical changes
being made to the target and mask stimuli, it would con-
firm that metacontrast masking involves attentional
mechanisms and is probably not mediated solely by local
low-level inhibition.

EXPERIMENT 1
Increasing Display Complexity Leads to
Increased Metacontrast Masking

The first step in exploring the role of attention in
metacontrast masking is to confirm that metacontrast is

stronger when the target appears among distractors, as
has been suggested in previous reports (Averbach &
Coriell, 1961; Enns & Di Lollo, 1997). The purpose of
the following experiment was to substantiate these reports
by evaluating metacontrast masking over a wider range of
set sizes. The approach taken here was to demonstrate that
a mask that produces little or no metacontrast masking in
a single-item display can produce strong masking when
the target appears in a more complex display.

Method

Four observers with normal or corrected-to-normal vision
viewed a display consisting of two frames. The display was pre-
sented on a Tektronix 608 oscilloscope equipped with P15 phos-
phor and a fast plotting buffer (Finley, 1985). Front illumination of
the screen was provided by two fluorescent lamps, attenuated to
10 cd/m? by neutral density filters placed over each lamp. Lumi-
nance of the screen and stimuli was calibrated with a Minolta
LS 100 photometer.

The first frame in the display sequence contained 1, 2, 4, or 8§ in-
complete rings (similar to Landolt Cs) arranged randomly on a no-
tional circle with 2° radius around a central fixation point (Figure 1).
The luminance of these Cs was 100 cd/m2, and the frame was pre-
sented for 10 msec. The Cs were randomly oriented up, down, left,
or right. One of the Cs was singled out as the target by a radial line
extending from fixation. The target appeared at every possible loca-
tion an equal number of times within a block and never appeared at
the same location on successive trials. The observer’s task was to re-
port the orientation of this target. The second frame contained a ring
that was concentric with the target and that served as a mask. The lu-
minance of the mask was equal to that of the target in order to pre-
clude the influence of other types of masking (see Breitmeyer,
1984). The mask was displayed for 10 msec and appeared at an SOA
of 0, 40, 80, 120, 160, or 320 msec. Each observer was tested on
each of 4 (set sizes) X 7 (SOAs) conditions. Trials were blocked
within conditions with 48 trials in each block. Each block was re-
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Figure 1. Schematic of the stimulus used in Experiment 1. Frame 1 contained
1, 2,4, or 8 Cs, one of which was singled out as the target by a radial line. The
task was to discriminate the orientation of the target C. A masking ring slightly
larger than the target appeared at the target location in Frame 2 after a stim-
ulus onset asynchrony (SOA) of 0-320 msec.
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Figure 2. Results of Experiment 1 averaged across 4 observers.
Accuracy in discriminating the orientation of the target, plotted
as a function of stimulus onset asynchrony (SOA) for four differ-
ent set sizes. Error bars represent the 95% confidence interval.

peated four times, yielding 192 trials per datapoint for each observer.
Each C in the display was 47" of arc in diameter, and the mask was
56" in diameter, yielding a target-mask contour spacing of 4.5 min.
This target-mask spacing was chosen because it yielded little or no
masking across all SOAs when set size was equal to 1.

Results

The masking function (accuracy of discriminating the
orientation of the target as a function of SOA) averaged
over 4 observers is shown in Figure 2. Typical of meta-
contrast results, performance was near perfect when tar-
get and mask appeared simultaneously (SOA = 0). Per-
formance was also virtually identical for all set sizes at
0 SOA. In the set size 1 condition (i.e., when the target
was presented alone), the masking function was flat and
accuracy was near perfect across all SOAs. Performance
in the set size 2 condition suffered only slightly at SOAs
between 40 and 120 msec. By contrast, with set sizes of
4 and 8, a deep U-shaped masking function emerged.
Maximal masking occurred with a set size of 8 at an
SOA of 80 msec. Masking in the set size 8 condition was
also effective at longer SOAs, relative to the smaller set
sizes. Also typical of metacontrast masking functions,
accuracy returned to nearly 100% with a sufficiently
long SOA, regardless of set size. A within-subjects
analysis of variance (ANOVA) revealed significant ef-
fects of set size [F/(3,9) = 19.09, MS, =99.96, p < .001]
and SOA [F(6,18)=15.693,MS,=28.24,p <.001]. The
dependency of metacontrast masking on the number of
items in the display was indicated by a significant inter-
action between set size and SOA [F(18,54) = 6.725,
MS.=17.31,p <.001].

Discussion
The results of Experiment 1 lend support to the notion
that metacontrast masking involves processes other than,
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or in addition to, low-level inhibitory interactions be-
tween contours. The presence of distractor items at rela-
tively distant locations in the display led to stronger
metacontrast masking.

The set-size effect shown here can be interpreted in the
context of an attentional hypothesis of metacontrast
masking. The relationship between the time required to
search for and find a target among distractors and the
number and characteristics of those distractors has re-
ceived considerable scrutiny in the attentional literature.
The simplest visual search paradigm requires that ob-
servers find a target that differs from other items in the
display by at least one feature (i.e., color, orientation,
brightness, etc.). A common finding relevant to the pres-
ent experiment is that visual search for a target increases
linearly with the number of distractors when the distrac-
tors bear close resemblance to the target (as if the stimu-
lus array were searched through one item at a time). This
conceptualizationlends itself, in principle, to the interpre-
tation of the set-size effect seen here. As set size increased,
the observers were slowed in their efforts to locate and
selectively attend to the target C. The representation of
the target was thus held up at a stage in which it was un-
attended and was vulnerable to the effects of the mask. In
this view, the increase in masking strength with the in-
crease in set size reflects a decrease in the probability
that, on any individual trial, the observer had selectively
attended the target before onset of the mask.

The present experiment differs from the classical vi-
sual search paradigm in that the target was identical to
the distractors; the only difference was the presence of
the radial line probe and the subsequent appearance of
the mask at the same location. Thus the concept of visual
search does not apply here in precisely the same sense
thatit appliesin the interpretation of conventional visual
search paradigms. The observers could not have searched
through each item in a serial fashion. It is more likely
that the observers’ efforts to use the radial line as a cue
were slowed by the presence of distractor items simply
because of the added complexity of the display (Eriksen
& Rohrbaugh, 1970a). The interpretation, however, re-
mains the same: The increase in set size led to a delay in
selectively attending the target, thus leaving the target vul-
nerable to masking.

The general principle that emerges from this interpre-
tation of Experiment 1 is that metacontrast masking is
significantly modulated by selective attention. For iden-
tical targets and masks, metacontrast masking is stronger
when the target is likely to be unattended at the time the
mask appears.

Before continuing, two alternative hypotheses should
be ruled out. First, it is unlikely that the increase in mask-
ing with larger set sizes arose from a crowding effect, an
increase in lateral masking that is due to the distractors.
Second, it might be concluded that the decreases in tar-
get visibility with increasing set sizes simply reflects a
general decrement in perceptual ability in the absence of
focused attention, as has been found in many investiga-
tions in which brief presentations of complex displays
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Figure 3. Schematic of the stimulus used in Experiment 2. A cluster of four dots ap-
peared in Frame 1 and served as a spatial cue. This cue preceded Frame 2 by a lead time
ranging from 1 to 200 msec. Frames 2 and 3 were the same as Frames 1 and 2, respec-
tively, in Experiment 1, with set size and stimulus onset asynchrony (SOA) fixed at 8 and
80 msec, respectively. The cue correctly indicated the target location on 12% of trials.

have been used (e.g., Eriksen & Rohrbaugh, 1970a). It is
true that an increase in display complexity alone yielded
a small systematic decrement in the visibility of the tar-
get. This can be seen by comparing accuracy across set
sizes at SOA = 1. However, whether due to a crowding ef-
fect or to inattention, this small decrement in visibility
cannot account for the large differences in accuracy
across set sizes for intermediate SOAs. Selective atten-
tion and masking processes interact. With unfocused (but
not with focused) attention, the appearance of the mask
causes a loss of information about the target and, because
the target has vanished from the display, this information
cannot be recovered. The question as to why attention
should interact with masking processes is taken up below.

The attentional hypothesis proposed here leads to two
predictions. First, increased mask efficacy should be re-
duced or eliminated when attention is successfully fo-
cused on the target location prior to the appearance of
the target display (by means of a spatial cue). Likewise,
manipulations that facilitate rapid localization of the tar-
get should also reduce or eliminate masking by reducing
the likelihood that the mask has appeared before atten-
tion could be focused on the target. These predictions
were tested in Experiments 2 and 3.

EXPERIMENT 2
Masking Is Reduced by an Attentional Precue

The objective of Experiments 2 and 3 was to reduce or
eliminate the set-size effect demonstrated in Experi-

ment 1 by increasing the likelihood that the target could
be selectively attended prior to the onset of the mask.
This was accomplished by providing the observer with
attentional cues to the target location. In Experiment 2,
a cluster of dots, which appeared in advance of the tar-
get, served as a cue to direct the observer’s attention ei-
ther to the target location (if the cue was valid) or to the
location of a distractor (if the cue was invalid). The pri-
mary goal of Experiment 2 was to test the following gen-
eral hypothesis: If metacontrast masking is stronger at
unattended locations, a valid cue should reduce mask-
ing, and an invalid cue should strengthen masking.
Also of interest is the nature of any shift of attention
that might modulate metacontrast masking. Di Lollo
et al. (2000) showed that a 100% valid cue could signif-
icantly reduce the degree of masking in the common-
onset paradigm. Likewise, Breitmeyer, Brown, Carter,
and Havig (2000) reported that an 80% valid cue led to
less masking on validly cued trials and to stronger mask-
ing on invalidly cued trials. Attention can be deployed to
a spatial location either voluntarily, according to the goal
or strategy of the observer, or involuntarily, as a reflex-
ive response to salient events in the visual scene. Infor-
mative cues (cues thatreliably predict the target location
on most or all trials) presumably lead observers to vol-
untarily deploy their attention to the cued location,
whereas noninformative cues (cues that do not reliably
predict the target location) likely cause only reflexive
orienting of attention. Despite the differences in the time
course and consequences of these two modes of atten-
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Figure 4. Results of Experiment 2 averaged across 3 observers.
Accuracy in discriminating the orientation of the target, as a
function of cue lead time for valid and invalid cues. The dotted
line indicates average performance on the corresponding set size
and stimulus onset asynchrony (SOA) condition from Experi-
ment 1,in which no cue appeared. Error bars represent the 95%
confidence interval.

tion, no study has yet shown that reflexive orienting of
attention is sufficient to modulate the strength of mask-
ing. A secondary goal of this experiment was to deter-
mine whether reflexive shifts of attention act to modulate
the strength and time course of metacontrast masking in
a manner similar to that of voluntary shifts. The cue in
Experiment 2 validly predicted the target on only 12% of
trials, so the observer had no incentive to actively use the
cue. Finally, attention can be shifted with different speeds,
depending on the nature of the stimulus (Nakayama &
Mackeben, 1989). A range of cue—target intervals was
tested in order to obtain an indication of the time course
of the effect of the cue on metacontrast masking.

Method

Three of the 4 observers who participated in Experiment 1 also
served as observers in Experiment 2. The stimulus displays in Ex-
periment 2 were similar to those in Experiment 1, except that a spa-
tial cue was provided 1, 50, 150, or 200 msec prior to the onset of
the target and distractors. The cue consisted of a square arrange-
ment of four small dots clustered together at a point that subse-
quently became the center of a C in the target frame (Figure 3). The
luminance of the cue was 200 cd/m2, and it was presented for
1 msec. Subjectively, the cue appeared to be a small flash of light
at one of the possible target locations. The cue validly indicated the
location of the target on 12% of the trials and indicated the location
of adistractor on all other trials. This yielded a 2 (validity) X 4 (cue
lead time) experimental design, carried out in blocks of 96 trials
each. Set size and SOA were fixed at eight items and 80 msec, re-
spectively, since these values produced maximal masking in Ex-
periment 1. As in Experiment 1, the observer’s task was to report
the orientation of the target C.

Results

Average accuracy for the orientation discrimination
task for 3 observers is shown in Figure 4. As expected,
masking was found to be reduced when a valid cue pre-
ceded the target by at least 50 msec. The difference in
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masking between validly and invalidly cued trials be-
came more pronounced as the cue lead time was in-
creased. A within-subjects ANOVA revealed a signifi-
cant main effect of cue validity [F(1,2) = 26.10, MS, =
48.89,p =.04], a significant main effect of cue lead time
[F(3,6) =6.03, MS, =25.17, p = .03], and a significant
interaction between cue lead time and cue validity
[F(3,6)=4.70,MS. = 18.89, p = .05].

The horizontal line plotted in Figure 4 represents per-
formance in Experiment 1 with the same set size and
SOA but without a cue. It is evident that no systematic
reduction in performance resulted from an invalid cue.

Discussion

The results of Experiment 2 demonstrate that the
strength of metacontrast masking is reduced when the
observer’s attention is shifted to the target location by a
spatial cue. This result suggests that the spatial and tem-
poral parameters of the target and mask are not the only
critical factors in metacontrast masking; attention may
also play a role. The spatial and temporal parameters
(8-item display, 80-msec SOA) that yielded robust mask-
ing in Experiment 1 were unchanged in Experiment 2,
whereas the mask was rendered less effective by the at-
tentional focusing caused by the cue. Thus, focusing
one’s attention on the target location prior to the target’s
onsetis qualitatively similar to reducing the set size. Fur-
thermore, the reduction in masking strength with an un-
informative cue and only 50 msec of cue lead time indi-
cates that voluntary orienting of attentionis not necessary
to reduce metacontrast masking; a rapid and automatic
orienting of attentionis sufficient. Interestingly, valid cues
did not cause performance to return to 100%, as might
have been anticipated. It is possible that valid but nonin-
formative cues do not lead to the degree of focused atten-
tion that is possible when only a single item appears (set
size = 1). It is also possible, although unlikely, that the
cue itself interfered slightly with the perceptibility of the
subsequent target (forward masking).

It was expected that masking would be more pro-
nounced on trials in which attention was directed to a
distractor rather than to the target. Interestingly, no such
deficit was associated with an invalid cue. It is perhaps
incorrect to assume that, in the absence of a cue, atten-
tion is divided equally across the entire display in a dif-
fuse manner. It may be that observers naturally attend to
a specific location in the display at random in the mo-
ments preceding the onset of the target. An invalid cue
might simply redirect this focusing of attention, but not
to the location of the target. The absence of a decrement
in performance with an invalid cue, as was found by Breit-
meyer et al. (2000), suggests that voluntary and involun-
tary attention affect metacontrast masking in different
ways. If so, this result is of theoretical importance be-
cause any successful theory accounting for the role of at-
tention in metacontrast will need to differentiate between
these two modes of orienting.
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EXPERIMENT 3
Masking is Reduced by Target Pop-Out

In Experiment 2, a spatial cue was employed in order to
direct attention to the location of the target. Another com-
mon manipulation that allows for rapid focusing of atten-
tion involves the similarity between the target and the dis-
tractors. Finding and focusing one’s attention on a target
bearing a high degree of similarity to distractors requires
an inefficient search (serial search). The time required for
one to complete this type of search increases with the num-
ber of distractors. Conversely, a target that is very different
from the distractors can be located more rapidly and is said
to “pop out.” In pop-outdisplays, a target can be found and
attended to rapidly, regardless of the number of distractors
(see Treisman & Gelade, 1980, and Wolfe, Cave, & Fran-
zel, 1989, for discussions of serial vs. pop-out search).

The hypothesis that metacontrast masking occurs more
strongly when the target is unattended predicts that mask-
ing in multielement displays should depend on whether or
not the target is found by pop-out or by serial search. If the
deploymentof attention to the targetlocationis delayed be-
cause a serial (non—pop-out) search is required, metacon-
trast masking should be strong because the mask is likely
to appear before the target has been located. If the target
can be located rapidly (i.e., pops out), despite the presence
of distractors, masking should be reduced or eliminated.
Although Di Lollo et al. (2000) reported little masking of
a pop-out target in a common-onset display, no study has
yet compared pop-out and serial search. Experiment 3 was

Pop-Out O

Non—Pop-Out

designed to test this prediction by directly comparing
masking strength in pop-out and serial-search displays.

Method

In order to attribute changes in masking strength to attentional
factors in Experiments 1 and 2, it was critical that only the atten-
tional state of the observer be manipulated and that the spatial and
temporal characteristics of the target and mask remain constant.
This requirement imposed significant constraints on the design of
Experiment 3. It was necessary that the type of search (pop-out or
non—pop-out) be manipulated by changing the target’s relationship
to the distractors without changing its relationship to the mask. To
accomplish this, a well-known asymmetry in visual search was ex-
ploited, and the observers performed a detection rather than a dis-
crimination task. It is known that visual search for a ring with a gap
among complete rings (a C among Os) is highly efficient, whereas
search for a complete ring among rings with gaps (an O among Cs)
is inefficient (Treisman & Souther, 1985). Given this search asym-
metry, a display was designed in which the type of search (pop-out
vs. non—pop-out) was manipulated, whereas the local configuration
of target and mask was left constant across the two conditions.

The observers viewed a display consisting of two sequential
frames, as in the previous experiments (Figure 5). There were two
conditions, pop-out and non—pop-out, that differed only in the
shape of the distractors and in the instructions to the observer. In the
pop-out condition, the observer’s task was to detect the presence of
a single C among seven Os. One half of the trials were catch trials,
on which all eight items were Os. In the non—pop-out condition, the
observer was instructed to detect the presence of an O among seven
Cs. Again, one half of the trials were catch trials, on which all eight
items were Cs. In both conditions, the Cs were identical to those in
Experiments 1 and 2, and the Os were simply the same Cs with the
gaps filled in. The target and distractors were positioned randomly
around a notional circle, as in the previous experiments. Although
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+ '®) +
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Frame 1 Frame 2
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6 . o9°
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Figure 5. Schematic of the stimulus used in Experiment 3. Frame 1 contained
a search array of a target and seven distractors. In separate blocks, the ob-
servers’ task was to detect the presence of a C among Os (pop-out condition)
or an O among Cs (non-pop-out condition). On catch trials, the array con-

tained only distractors. A ring mask ap

peared at the target locationin Frame 2

following a variable stimulus onset asynchrony.
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the orientation of the Cs was randomly up, down, left, or right, this
was irrelevant to the task. The search array appeared in Frame 1 and
vanished after 10 msec. Frame 2 was also displayed for 10 msec
and contained a single masking ring, as in Experiments 1 and 2. The
mask appeared on every trial and always surrounded the target on
target-present trials.

Two observers participated in Experiment 3, 1 of whom had par-
ticipated in Experiments 1 and 2. Both observers viewed the dis-
plays in which the SOA was 0, 20, 40, 80, 120, 160, or 320 msec.
Observer M.T. was also tested at SOAs of 380 and 420 msec in the
non—pop-out condition in order to obtain a more comprehensive
masking function. This yielded a 2 (search type) X 7 (SOA) design.
Trials were blocked within conditions. Observer M.T. completed
one block of 96 trials for each condition, and Observer T.H. com-
pleted three blocks of 96 trials for each condition.

Results

Simple analysis of accuracy on target-present trials is
not appropriate here. In the non—pop-out condition, the
target was a ring only slightly smaller than the mask,
which was also a ring. If metacontrast masking was ef-
fective, the observers might have confused the visible
mask with the invisible target, thus responding “yes”
when the target was present (a hit) but also responding
“yes” when it was absent (a false alarm). Likewise, in the
pop-out condition, the observers would have been likely
to confuse the visible mask with a distractor and respond
“no” more frequently. Comparison of accuracy in the
two conditions would not lead to conclusions based
solely on the effectiveness of the mask. This situation
was rectified by analyzing performance on both target-
present and target-absent trials by using the techniques
of signal detection theory. The similarity between the
target and mask biases the observer toward more hits and
more false alarms in the non—pop-out condition and to-
ward fewer hits and fewer false alarms in the pop-out
condition. The use of d” as a measure of sensitivity al-
lows for the comparison between the two conditions be-
cause this measure is insensitive to changes in response
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bias. The d” measure was computed according to the pro-
cedure described by Macmillan and Creelman (1991).

Masking functions for both observers are presented in
Figure 6. Performance in both the pop-out and non—pop-
out conditions was near maximum at SOA = 0. In the pop-
out condition, neither observer showed reliable evidence
of masking. If anything, performance tended to increase
with increasing SOA. The non—pop-out condition yielded
very different results, with performance falling almost to
chance at SOA = 80 for Observer T.H. and at SOA = 160
for Observer M.T. A within-subjects ANOVA revealed a
significant main effect of search type [F(1,1) = 561.075,
MS, =0.051, p = .03] and a significant interaction be-
tween search type and SOA [F(6,6) = 14.8445, MS, =
0.098, p = .002]. Masking in the non—pop-out condition
also extended to long SOAs, with a depression of sensi-
tivity still evident at 320 msec. For both observers, the
mask became less effective at SOA = 320. Only Observer
M.T. was tested at SOAs long enough to show a complete
rebound from masking. In this case, performance returned
to the SOA =0 level by an SOA of 420 msec.

Discussion

The results of Experiment 3 strongly support the no-
tion that the strength of metacontrast masking depends
on selective attention to the target. The strength of meta-
contrast masking was modulated by changing the struc-
tural relationship between the target and the distractors,
while keeping spatial and temporal parameters of the tar-
get and mask constant. This finding alone suggests that
alocal contour interaction between target and mask can-
not be the only factor operating in metacontrast mask-
ing. More importantly, the functional difference between
the two conditions was in the time course of shifting of
attention to the target. In the non—pop-out condition, the
observers were delayed in finding and focusing attention
on the target, whereas in the pop-out condition, the tar-
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Figure 6. Results of Experiment 3 for 2 observers. Sensitivity (d') in detecting the presence of the
target as a function of stimulus onset asynchrony (SOA) in pop-out and non—-pop-out conditions is

plotted as a function of SOA.
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get was rapidly located and selectively attended. This
difference in the dynamics of the observer’s attention is
responsible for the difference in the strength of masking.
Metacontrast masking is stronger when the mask ap-
pears before attention has been focused on the target.

It is worth noting that masking in the non—pop-out
condition was effective at SOAs substantially longer
than those found in previous metacontrast masking stud-
ies. Masking is rarely, if ever, reported at target—-mask
SOAs in excess of 200 msec. Furthermore, transient-on-
sustained inhibition theories (e.g., Breitmeyer & Ganz,
1976; Weisstein et al., 1975) fail to explain masking at
such long SOAs. According to Breitmeyer and Ganz, inter-
channel inhibition should be maximal with SOAs of
50-100 msec. The pronounced masking still evident at
SOAs far beyond this range suggests that this estimate
does not apply to the masking of unattended targets.

The results of Experiment 3 also relate to the set-size
effect demonstrated in Experiment 1. In Experiment 1,
the target was singled out by a radial line extending to-
ward it from the center of the display and by the subse-
quent appearance of the mask at the same location. This
leaves open the possibility that the observed effect of set
size resulted from the necessity of using an element of
the display other than the target itself (either the line or
the mask) to perform the task. In Experiment 3, this con-
found was eliminated since it was shown that a target,
which could be located and reported without reference to
other elements of the display, was still subject to strong
metacontrast masking.

The phenomenological appearance of these displays
is also worth contrasting with previous metacontrast
masking studies. In metacontrast masking, visibility of
the target is reduced, but its presence is nevertheless de-
tectable (Fehrer & Biederman, 1962). Furthermore, meta-
contrast display sequences are usually so brief that one
has the sense that the target might have been missed rather
than been rendered invisible. By contrast, masking in the
non—pop-out condition was phenomenologically com-
plete. With SOAs in the 100-300 msec range, the ob-
servers reported seeing a blank space among the distrac-
tors where the target should have been.

GENERAL DISCUSSION

Metacontrast masking has long been conceptualized
as involving low-level interactions between elements of
a visual display acting over small distances. Although
the precise mechanism by which the visual representa-
tion of the target becomes suppressed is unknown, the
results of the present experiments strongly suggest that
any theory based exclusively on low-level processes act-
ing early in the visual system is insufficient. Visual se-
lective attention clearly plays a role in the processes
leading to backward masking of this type.

The role of attention has been explored in related
masking paradigms involving different sequences and

configurations of target and mask stimuli. Enns and
Di Lollo (1997) used the term object substitution to de-
scribe the particularly strong masking that they found
when the observer’s attention was not focused at the tar-
getlocation. Di Lollo et al. (2000) went on to distinguish
between two types of masking. One type, object substi-
tution, is sensitive to attentional factors, such as set size
and spatial cues, but is minimally sensitive to local spa-
tial factors, such as contour proximity. The other is a
low-level contour interaction process, which is sensitive
to such factors as contour proximity and the level of dark
adaptation of the observer, but it is not sensitive to at-
tentional factors.

The backward masking observed in the present study
has been referred to as metacontrast masking through-
out this article. A major objective of the present work
was to find out whether there exists a common suscepti-
bility to attentional factors shared by both the classical
metacontrast paradigm and the common-onset paradigm
used by Di Lollo et al. (2000) to investigate object sub-
stitution. The present study demonstrates that attentional
factors affect classical metacontrast masking and mask-
ing by common onset in similar ways. Should the robust
masking observed in this study be called “metacontrast”
or “object substitution”? The term metacontrast is often
arbitrarily defined in regard to either the spatial rela-
tionship between target and mask (contours of a meta-
contrast mask do not overlap those of the target) or the
temporal relationship between the stimuli (a metacon-
trast mask lags the target by some SOA and produces a
U-shaped masking function). The term metacontrast
masking has also become synonymous with the putative
low-level contour interaction thought to underlie the
phenomenon. The problem lies in the fact that strong
backward masking can occur under conditions that are
explicitly excluded by various definitions of metacon-
trast. Robust backward masking has been observed with-
out an SOA (Di Lollo et al., 1993), with an excessively
long SOA in Experiment 3 above, with a large spacing
between target and mask (Di Lollo et al., 2000, and in
the experiments above), and with a four-dot mask con-
taining minimal contours (Enns & Di Lollo, 1997). In-
deed the complication was apparent as long ago as 1970,
when Spencer and Shuntich reported that a low-energy
mask with contours overlapping those of the target (ar-
guably not a metacontrast mask) produced a U-shaped
metacontrast-like masking function when distractors
were included in the display.

The original use of the term metacontrast, or metaphotic
contrast, by Stigler (1910; see Breitmeyer, 1984, chap. 1,
for a historical review), in fact subsumes all these situa-
tions. Metaphotic contrast was meant to describe the
interaction between the current (homophotic) percept of
the mask and the lingering (metaphotic) percept of the re-
cently vanished target. Thus, within Stigler’s original de-
finition, object substitution can be regarded as metacon-
trast masking, as can any low-level contour interaction
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that might also occur under the appropriate conditions. In
the current literature (e.g., Di Lollo et al., 2000), how-
ever, the term object substitution has been used to denote
masking that is sensitive to attentional factors, whereas
the term metacontrastcontinues to denote masking that is
low level, sensitive to local spatial factors, and indepen-
dent of attention. Thus, despite having the spatial and
temporal characteristics of classical metacontrast, the
paradigm employed in the present study yielded masking
that could be called object substitution rather than meta-
contrast.

The goal of this and previous studies has been to demon-
strate that one’s focusing attention on a target affects the
strength of a subsequent mask. One of the questions that
remains to be addressed in future investigationsis “Does
focusing attention on the mask also affect the strength of
masking?” One possibility is that object substitution oc-
curs when attention is focused on the mask during search
for the target. Attention might be focused on the mask be-
cause its sudden onset (as in the present experiments) leads
to attentional capture (see Yantis, 1996) or because it is, for
a period of time, the only object in the display and is thus
highly salient (as in the common-onset paradigm). One
would predict then that factors that manipulate attentional
selection of the mask should also modulate backward
masking in complex displays. This prediction has been
borne out by several initial experiments that have varied
the salience of the mask (e.g., see Shelley-Tremblay &
Mack, 1999) and the set size and time of onset of several
masks (e.g., see Tata & Giaschi, 1999).

Recent electrophysiological studies have explored the
neural correlates of selective attentionin macaque visual
areas V4 and IT. The results of these studies might be of
considerable interest in future efforts to develop a “link-
ing hypothesis” (Teller, 1990) that would explain the
interaction between selective attention and masking in
physiological terms. These studies have demonstrated
that, in these areas, the initial activity of neurons re-
sponding to the onset of a target stimulus continues only
if attention is directed to that stimulus. This neural ac-
tivity is sharply suppressed, however, if attention is
shifted to an adjacent (distractor) stimulus (Chellazi,
Miller, Duncan, & Desimone, 1993; Moran & Desimone,
1985). The attentional selection of a target seems to pre-
serve the neural representation of that target among these
neurons, whereas the refocusing of attention on an adja-
cent stimulus suppresses the representation of the target
among these neurons. That this behavior of neurons in
macaque visual cortex might be a neural correlate of ob-
ject substitution masking is an intriguing, albeit specu-
lative, possibility.

The percept of a visual stimulus can be disrupted in a
variety of ways. Object substitution, a variant of meta-
contrast masking, reflects the important influence of vi-
sual selective attention in mediating perception. As such,
object substitution contributes to the emerging consen-
sus, based on investigations of other related phenomena,
such as inattentional blindness (Mack & Rock, 1998),
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change blindness (Rensink, O’Regan, & Clark, 1997; Si-
mons & Levin, 1997), and the attentional blink (Ray-
mond, Shapiro, & Arnell, 1992), that visual representa-
tions of unattended stimuli are impoverished and
tenuous at best. Explanation of these phenomena will re-
quire paradigms that bridge the gap between low-level
vision and higherlevel cognitive functions, and that lend
themselves to investigation of the precise neural mecha-
nisms underlying attentional selection and visual aware-
ness. The phenomena of metacontrast and object substi-
tution masking might prove to be useful tools in filling
this need because they represent a convergence of the
studies of attention and spatial and temporal vision.
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