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Abstract Three experiments using rapid serial visual pre-
sentation (RSVP) tested participants' ability to detect targets
in streams that are in motion. These experiments compared
the ability to identify moving versus stationary RSVP tar-
gets and examined the attentional blink with pairs of targets
that were moving or stationary. One condition presented
RSVP streams in the center of the screen; a second condition
used an RSVP that was orbiting in a circle, with participants
instructed to follow the stream with their eyes; and a third
condition had participants fixate in the middle while observ-
ing a circling RSVP stream. Relative to performance in
stationary RSVP streams, participants were not markedly
impaired in detecting single targets in RSVP streams that
were moving, either with or without instructions to pursue
the motion. In streams with two targets, a normal attentional
blink effect was observed when participants were instructed
to pursue the moving stream. When participants had to
maintain central fixation as the RSVP stream moved, the
attentional blink was nearly absent even when a trailing
mask was added. We suggest that the reduction of the
attentional blink for moving RSVP streams may reflect a
reduced ability to perceive the temporal boundaries of the
individual items.
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Introduction

In rapid serial visual presentation (RSVP), stimuli are pre-
sented to participants at rates of about 10/s in order to
explore the limits of our ability to detect, identify, and
remember visual information (Forster, 1970; Potter, 1976).
From these studies, we have learned that even stimuli as
complex as natural images can be analyzed to a level of
conceptual content at presentation rates as fast as 113 ms per
image (Potter, 1976). This rapid conceptual processing
allows participants to detect targets in a stream of stimuli
that are defined by symbol category (e.g., letter vs. digit;
Chun & Potter, 1995) or semantic category (e.g., occupation
words; Barnard, Scott, Taylor, May, & Knightley, 2004) or
even in scenes defined by the conjunction of multiple com-
ponents (e.g., a road with cars; Potter, 1976).

In addition to revelations about the ability of the visual
system to process input quickly, RSVP studies have also
revealed dramatic temporal and spatial variation in the at-
tentional state of the viewer in response to targets. For
example, when two target items (referred to as T1 and T2)
are presented at the same location on the screen and sepa-
rated in time by 200-500 ms, participants frequently fail to
report the second stimulus, a phenomenon known as the
attentional blink (Raymond, Shapiro, & Arnell, 1992). Par-
adoxically, when the two target stimuli are presented within
about 100 ms of one another, participants can report both of
them, producing a so-called lag 1 sparing effect. Sparing is
tied to the spatial location of the T1, since numerous studies
have found it to be attenuated or even absent when the T2
appears in a different location (Jefferies, Ghorashi, Kawahara,
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& Di Lollo, 2007; Shih, 2000; Visser, Zuvic, Bischof, & Di
Lollo, 1999). On the other hand, the attentional blink is of
similar size whether or not T1 and T2 are presented in the
same retinotopic location (Shih, 2000; Visser et al., 1999)."
These findings are generally taken as evidence that the T1in
an RSVP stream triggers the rapid deployment of attention to
its own location (Bowman & Wyble, 2007; Chun & Potter,
1995; Olivers & Meeter, 2008; for a review, see Martens &
Wyble, 2010), producing the spatially localized sparing effect.
The ensuing attentional blink, which is not spatially localized,
is assumed to operate at a central level of processing, as
stimuli are encoded into memory (Chun & Potter, 1995;
Jolicouer 1999; Wyble, Bowman, & Nieuwenstein, 2009).

RSVP experiments have used one or more stationary
RSVP streams to explore our capability to spot one or more
targets. However, stimuli in the natural world are often
moving with respect to the observer, leaving a smear of
activated representations across the retina. Yet we are nev-
ertheless able to perceive unblurred objects in motion, pro-
vided that their velocity falls within an optimal range (Burr,
1980). One way of exploring the ability to identify shape
information in a moving stimulus is to display a shifting
RSVP stream such that the stimulus is present only for a
brief window of time in each location, producing apparent
motion. In the following experiments, an RSVP stream
orbited around a central point on the screen, changing to a
new item about 10 times/s. Participants monitored this
stream for letters presented among digit distractors.

Identification of a moving stimulus

One of the questions addressed by this paradigm is how
readily participants can identify categorically defined targets
within a moving RSVP. There has been a substantial amount
of research exploring the degree to which motion perception
affects the identification of stimuli in the path of motion. Such
studies typically place a to-be-identified stimulus in the path
of an apparent motion illusion elicited by two alternating dots
(Attenave & Block 1974; Yantis & Nakama, 1998). Other
work has looked at how real and apparent motion differ with
respect to perception of a Necker cube (Kolers, 1964). A
related but distinct question is the degree to which a stimulus
that is itself moving can be identified. With regard to this
question, there is debate about the degree to which shape
information is accumulated over time for objects that move
in retinotopic coordinates, while the eyes remain fixed. In a
study by Cavanagh, Holcombe, and Chou (2008), it was
found that participants were incapable of integrating shape

! While eye position was not monitored in either of these studies, the
participant had no way of knowing where the T2 would have appeared,
and therefore, it would be impossible for participants to move their
eyes to ensure that both targets were in the same retinotopic coordi-
nates on more than half of the trials.
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information for stimuli that exhibit apparent motion. In their
procedure, a circular cue that shifted along sequential posi-
tions in a circle acted as an attentional guide that allowed
participants to track the spatiotemporal continuity of an alter-
nating pattern. This guide produced apparent motion and
greatly improved the ability of participants to report which
direction of motion was associated with a particular color.
However, this guide had no apparent benefit when participants
were attempting to discern the orientation of a reversible
character. The authors concluded that motion and color infor-
mation can be accumulated over multiple frames of an object
moving across the retina but shape information cannot. On the
other hand, work by Ogmen, Otto, and Herzog (2006) has
suggested that shape information is attributed to an object,
thus remaining bound to it as it shifts in retinotopic space. In a
similar vein, it has been suggested that object substitution
masking is the result of a mechanism that can link successive
frames of a stimulus together into a coherent representation of
an object as it moves (Enns, Lleras, & Moore, 2010). Given
such disagreement, it was unclear how readily participants
would be able to identify a briefly presented target in a moving
RSVP stream. The experiments presented here addressed this
question by contrasting the ability to identify a categorically
defined target in an RSVP stream that was stationary versus
one that was moving either under smooth pursuit by the eyes
or with eye position fixed at the center of the display. If shape
information cannot be integrated across multiple frames of the
moving stimulus, we would expect participants to have sub-
stantially lower performance when the eyes were fixed and the
stimulus stream was moving than in the other two conditions.

The attentional blink for stimuli in motion

A second question that we address is the degree to which an
attentional blink occurs for moving stimuli. The attentional
blink is regarded as a nearly ubiquitous effect in visual
perception, one that occurs whether stimuli are presented
in the same or different locations (Jefferies et al., 2007;
Shih, 2000; Visser et al., 1999). However, the attentional
blink has never been assessed for objects in motion while
the eyes remain fixed, so it is unknown how mechanisms
related to motion perception interact with this effect.

In the present experiments, an RSVP stream orbited in a
circle around a fixation cross, and participants were asked
either to fixate on the cross (while attending to the stream)
or to pursue the moving stream with their eyes. In another
condition, the stream was stationary at fixation. If partici-
pants have difficulty integrating shape information across
multiple frames, as was suggested by Cavanagh et al.
(2008), the ability to identify individual targets should be
impaired when the eyes are fixed and the RSVP stream
moves, relative to the stationary and pursuit conditions.
With regard to the attentional blink, if the phenomenon is
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ubiquitous, there should be a blink in all of the conditions.
To anticipate the results, identification of a single target in
an RSVP stream was broadly similar in all three conditions.
In trials with two targets, there was the expected attentional
blink only when the eyes were either fixated on the station-
ary stream or in pursuit of the moving stream, but not when
the RSVP stream was moving in the periphery with central
fixation: In that condition, the attentional blink was nearly
absent. We discuss possible reasons for this surprising find-
ing in the General Discussion section.

Experiment 1

The first experiment compared target detection in RSVP while
participants were either fixating on a stationary RSVP stream in
the center of the display or following a moving stimulus with
their eyes. Participants each saw two blocks of trials, one in
which the RSVP stream moved in a circular trajectory, and the
other in which the stimuli appeared centered at fixation. When
the stimulus moved, participants were instructed to follow it
with their eyes. Participants reported that this was easy to do.

Method

Participants Eighteen participants from the Syracuse Uni-
versity psychology study pool participated in this experi-
ment and were paid. All had normal or corrected-to-normal
vision and were fluent in English.

Stimuli In different blocks, participants viewed a stationary
(RSVP) or a moving (MRSVP) stream composed of digit
distractors and letter targets in a 70-point Kartika font in
uppercase presented on a Windows XP machine using a 19-
in. CRT monitor with a refresh rate of 85 Hz, running
MATLAB 2007a and Psychtoolbox 3 (Brainard, 1997).
The stimuli subtended 1.5° x 1.0° of visual angle, from a
viewing distance of 50 cm. Targets were black (40,40,40
RGB values) on a light gray background (150,150,150 RGB
values).

The MRSVP stream was composed of an animation
sequence in which the stimulus position orbited about a
fixation cross at a constant distance of 4° of visual angle.
Figure la illustrates an example of the sequence of stimuli
that would be presented over the course of successive screen
updates (frames). Note that each stimulus location was over-
lapped spatially by the preceding and following stimuli. For
the moving display, we use the term orbital arc (OA) to
refer to distance in degrees around the circumference of the
circle that the stimuli traversed. On each refresh cycle (every
12 ms), the moving RSVP stream would advance 2.82 OA
degrees clockwise and would complete a circular orbit of the
fixation cross every 1.5 s. (The size of the circle was such
that 1° of OA corresponded to 0.07° of visual angle.) This
velocity was sufficient to create the appearance of a smooth-
ly moving object with little blurring under either smooth
pursuit or stationary fixation in the center of the circle. Each
stimulus was present for eight successive frames for a total
duration of 94 ms. The stationary RSVP stream was pre-
sented at a 94-ms stimulus onset asynchrony (SOA) in the
middle of the screen with no interstimulus interval.

Procedure The experiment was a 7 x 8 design with a total of
112 trials in each of two blocks, one with a moving stream
and one with a stationary stream. The order of the blocks
was counterbalanced between participants. The first factor
corresponded to the position of the T1 in the RSVP stream,
ranging from 5 to 11. The second factor corresponded to the
lag between T1 and T2 and ranged from 1 to 7, with the
eighth level representing trials on which there was only a
single target. On single-target trials, the lone target appeared
in one of the temporal positions that the T2 would have
occupied to assess the ability to report a single target from
the same time slots the T2 occupied on two-target trials.
Each RSVP stream was 25 items in length. In the moving
stream, the first item appeared at a randomly chosen posi-
tion on the virtual circle. Thus, the T1 could appear with
equal probability at any location on the circumference. Once
the T1 appeared, the T2 was constrained to appear from one
to seven lags later. In the moving stream, T2 appeared from

\ 4

94 ms, 8 animation frames

Fig. 1 A moving RSVP stream was created by presenting a sequence
of stimuli in orbit around the fixation at 85 Hz. Each item in the RSVP
stream was composed of eight animation frames presented at intervals
of about 12 ms, for a total duration of 94 ms. Each frame of the
presentation was displaced 2.8° around the circle (orbital angle),

producing a displacement of 0.2° of visual angle for the observer. Each
RSVP stream contained digit distractors and one or two letters as
targets. The apparent motion involved a complete orbit of the fixation
cross every 1.5 s. In this diagram, the shift in location per frame has
been doubled to make the change of position clearly visible

@ Springer



556

Atten Percept Psychophys (2012) 74:553-562

23 to 158 OA degrees after the T1. At the end of each trial,
participants were prompted to enter in order the letters that
they had seen, with the option to enter two, one, or zero
letters. As is usual in attentional blink studies, responses for
T1 and T2 were considered correct in either order. No
feedback was given as to accuracy.

Before beginning each block, participants viewed nine
practice trials on which the RSVP or MRSVP items changed
every 118 ms (10 frames). Each experimental block took
approximately 15 min to complete.

Results

The appearance of the MRSVP was of a single item that
moved smoothly in a circle, changing identity rapidly
according to reports of the participants and the phenomeno-
logical experience of the authors. Transitions from one
stimulus type to the next in the RSVP did not interfere with
this percept, resulting in the appearance of an object that
moved in a circle while switching to a new stimulus
periodically.

The results of Experiment 1 were clear-cut; a conven-
tional attentional blink pattern was observed whether the
RSVP was stationary or moving, with instructions to pursue
it with the eyes (Figs. 2a, b). In the analysis of T1, average
T1 performance was equivalent between the stationary and
pursuit MRSVP conditions (M = .92, SE = .01, and M= .93,
SE = .01, respectively). A two-factor ANOVA over Tl
accuracy, with condition (stationary vs. pursuit MRSVP)
and lag (1-7) as factors, demonstrated a significant effect
only of lag, F(6, 102) =13.6, p <.001, np2 =.45. As in other
attentional blink studies, T1 performance was lower at lag 1
than at other lags. This characteristic pattern suggests that
there is competition between the two targets at lag 1 (Potter,
Staub, & O’Connor, 2002; Wyble, Bowman, & Nieuwenstein,
2009). When only a single target was presented, performance
in the stationary and pursuit conditions was again similar and
close to ceiling (.96, SE = .016, and .91, SE = .02, respectively).
This difference did not quite reach significance on a two-tailed ¢
test, (17) = 1.87, p = .078, d = 0.16.

T2 performance, conditional on a correct T1, exhibited a
classic attentional blink pattern with lag 1 sparing and an
attentional blink that seemed to recover by lag 5. A two-
factor ANOVA over T2|T1 accuracy, with block (stationary
vs. pursuit MRSVP) and lag (1-7) as factors, demonstrated
a significant effect of lag, F(6, 102 ) =9.9, p <.001, np2 =
.37, and a marginal effect of condition, F( 1,17 )=4.2,p=
.055, np2 =.20. T2|T1 performance was slightly higher in
the pursuit MRSVP condition, with an average T2|T1 accu-
racy of .82 (SE = .016) versus stationary T2|T1 performance
of .76 (SE = .019). There was no interaction between con-
dition and lag, F(6, 102 )= 0.8, p > .57, n,> = .05.
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Fig. 2 T1 and T2|T1 accuracy for Experiment 1, in the central RSVP
condition (top) and MRSVP with pursuit condition (bottom). Error
bars represent 1 standard error in this and all subsequent figures

Discussion

The results of this experiment revealed an excellent ability
to detect a target in an MRSVP stream under instructions to
pursue the moving stream with the eyes. This suggests that
fixing the location of a moving target on the fovea makes
target identification broadly similar to performance in a
stationary RSVP stream. We next ran an experiment to
determine whether this would also be true when partici-
pants’ gaze was fixated on the middle of the display, rather
than following the MRSVP.

Experiment 2

In this experiment, participants viewed the same MRSVP as
in Experiment 1, with the addition of instructions to fixate a



Atten Percept Psychophys (2012) 74:553-562

557

cross in the middle of the display. Eye tracking was used to
monitor fixation, since participants in pilot experiments had
difficulty attending to a moving stimulus without moving
their eyes.

Method

Participants Sixteen participants from the MIT community
participated in this experiment and were paid. All had nor-
mal or corrected-to-normal vision and were fluent in En-
glish. Five were eliminated for failure to maintain fixation,
as detailed below.

Stimuli The stimuli in Experiment 2 were similar to those in
Experiment 1's moving condition, but a different computer
configured with an eyetracker was used. Participants viewed
an MRSVP stream composed of digit distractors and letter
targets in the Kartika font presented on a Windows XP
machine using a 21-in. CRT monitor with a refresh rate of
70 Hz, running MATLAB 2007a and Psychtoolbox 3. The
stimuli subtended 1.5° x 1.0° of visual angle. Targets were
black (40,40,40 RGB values) on a light gray background
(150,150,150 RGB values). A black fixation cross was
presented at the center of the MRSVP’s orbit.

On each screen refresh cycle, the MRSVP advanced 3.42
OA degrees in a clockwise direction. Each stimulus in the
RSVP stream was repeated for seven screen refresh cycles,
for a total presentation duration of 100 ms.

Procedure Before beginning the experiment, participants
viewed 9 practice trials on which the MRSVP items
changed every 143 ms (10 frames). The experimental block
consisted of 224 trials and took approximately 30 min to
complete.

Eye tracking Eye movements were monitored at 240 Hz by
an ISCAN RK-464 eyetracker. Observers sat 70 cm from a
21-in. CRT monitor with their chin in a headrest. The right
eye was tracked, and viewing was binocular. Calibration
occurred at the beginning of each experiment and involved
fixating five locations. Validation occurred for a set of nine
evenly distributed locations and was considered valid if all
errors were less than 2° of visual angle. Calibration was
repeated until successful.

Participant gaze was monitored throughout each trial. Eye
movements that deviated from the fixation cross by more than
2° of visual angle at any point during a window encompassing
400 ms before to 400 ms after the T1 disqualified a trial from
consideration. Five participants were eliminated from the
sample for failing to maintain fixation on at least one third
of the trials. Most participants experienced some difficulty
keeping central fixation in the presence of the moving stimu-
lus but learned the skill during the practice session.

Results

As in Experiment 1, the appearance of the MRSVP was of a
sequence of items moving smoothly in a circle. Therefore,
whether being pursued by eye movements or not, the RSVP
stream had the appearance of a single moving object that
changed identity.

Performance in identifying a single letter in the MRSVP
stream of digit distractors was broadly comparable to that
when a stationary, centrally fixated stream was viewed in
Experiment 1. The T1, when presented alone in the stream,
was identified with a probability of .93 (SE = .03), as
compared with .96 in the stationary condition in Experiment
1 and .91 in the pursuit condition.

During trials with two targets, average T1 performance
across all lags was .86 (SE = .013). As in Experiment 1, T1
performance was fairly stable across all lags apart from lag
1, where it dipped by about 10% (Fig. 3). A single-factor
repeated measures ANOVA revealed a significant difference
across lags, F(6, 60) = 4.4, p <.001, n,> = .30.

In the analysis of T2|T1, average performance across all
lags was .83 (SE = .015), practically the same as the mean in
the pursuit condition in Experiment 1. Unlike in Experiment
1, however, there was no effect of lag, F(6, 60) = 1.69, p =
139, np2 = .14. Excluding lag 1 from the analysis failed to
reveal a significant lag effect, F(5,50)=1.96,p =1, np2 =
.16. Numerically, we observed that rather than a robust
attentional blink occurring over lags 2, 3, and 4, as in
Experiment 1, there was only a modest impairment at lag
2, which recovered entirely by lag 3.

There are two remarkable aspects to these data. The first
is that overall performance was relatively good despite the
facts that the MRSVP stream was presented 4° of visual
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Fig. 3 T1 and T2|T1 accuracy for Experiment 2. Participants moni-
tored a moving RSVP stream for two targets while keeping their eyes
fixed in the middle of the display
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angle away from fixation, each item was present only for
100 ms before the next item was presented, and the targets
were shifted across the retina, with a shift of 0.24° of visual
angle every 14.3 ms. Each MRSVP item was composed of
seven slightly offset presentations of the same item on the
retina that overlapped so much that one might expect strong
masking. Nevertheless, the visual system was clearly able to
identify these overlapping presentations efficiently enough
that target identification was not strongly compromised
relative to the previous experiment's conditions, in which
the RSVP stream was stationary or moving and pursued.
This finding matches well with the percept of moving stim-
uli as sharply defined images and provides an objective
indication of the ability to identify a moving stimulus
(Bex, Edgar, & Smith, 1995; Burr, 1980).

The second remarkable aspect is the muted attentional
blink, which suggests that while the MRSVP stream is phe-
nomenally similar to a conventional RSVP stream (apart from
moving), there may be something fundamentally different
about the temporal interaction of the stimuli within the stream.

Discussion

Contrary to our expectations, Experiment 2 indicated only a
miniscule attentional blink for targets in an RSVP stream that
was moving rapidly across the retina while the eyes remained
fixated. Under very similar presentation conditions, altering
instructions to the participant to follow the target with their
eyes (Experiment 1) produced an attentional blink of normal
magnitude and duration. Furthermore, the blink was not absent
because the task was easier: T1 performance was, if anything,
lower in Experiment 2 than in either condition in Experiment 1.
One possible explanation for the lack of an attentional blink
in Experiment 2 is that while MRSVP provides normal back-
ward masking in object-centered coordinates, masking may be
reduced in the retinotopic coordinate frame, because the onset
of a new item overlaps retinotopically with only part of the
preceding item. Backward masking of the T2 is normally
necessary for revealing an attentional blink (Giesbrecht &
DiLollo, 1998).
To evaluate this possibility, in Experiment 3, we added a
trailing mask to the MRSVP on half the trials. Each item was
@2 @2

@2 @2
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accompanied by a masking item in the location the current
item had occupied when it first appeared. This experiment
also allowed us to replicate the results of Experiment 2.

Experiment 3
Method

This experiment was similar to the design of Experiment 2,
except where noted.

Participants Nineteen participants from the Syracuse Uni-
versity psychology study pool participated in this experi-
ment for course credit. All had normal or corrected-to-
normal vision and were fluent in English. The results of 1
participant were excluded because fewer than 20% of the
trials were correct. Four additional participants were elimi-
nated from the sample for failing to maintain fixation on at
least one third of the trials.

Stimuli The MRSVP stream was composed of an animation
sequence like that in Experiments 1 and 2. On each screen
refresh cycle, the MRSVP advanced 3.2 OA degrees in a
clockwise direction on a CRT with a refresh rate of 75 Hz.
Each item in the MRSVP stream was present for eight
frames (106.7 ms).

The masking stimulus appeared as a second stimulus that
rotated in lockstep with the MRSVP, lagging spatially by
eight positions. The mask was composed of a hash mark (#)
superimposed on top of an @ sign and scaled to similar
dimensions as the stimuli in the MRSVP. Therefore, when
participants were fixating successfully, the mask would pro-
vide a strong backward mask that was, in effect, dragged
behind the leading stimulus, sweeping over the retinotopic
trace of the leading stimulus with a time lag of 107 ms.
Figure 4 illustrates a series of frames from this animation.

Each participant saw 8 practice trials on which the
MRSVP was slightly slower, 2 trials each of lags 1, 3, and
7, and 2 trials without a T1. Half of these practice trials had
no mask; the other half had a mask. The experimental block
consisted of a single block of 192 trials evenly distributed

+ + + +

\ 4

107 ms, 8 animation frames

Fig. 4 One item in the MRSVP and its trailing mask. As the MRSVP orbits in clockwise direction, the mask follows behind it at a latency of
107 ms. In this diagram, the shift in location per frame has been doubled to make the change of position clearly visible
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across eight conditions (lags 1-7 and T1 only). Half of the
trials had a moving mask, and half had no mask; these trial
types were intermixed randomly.

Eye tracking Eye movements were monitored at 100 Hz by
an Eyelink 1000 eyetracker. Observers sat 70 cm from a 17-
in.CRT monitor with their chin in a headrest. The left eye
was tracked by default, but tracking was switched to the
right eye if necessary (3 participants). The refresh rate of the
monitor was 75 hz. Calibration occurred at the beginning of
each experiment and involved fixating nine locations. Valida-
tion occurred for a set of nine evenly distributed locations and
was considered valid if all errors were less than 2° of visual
angle. Calibration was repeated until successful. Participant
gaze was monitored throughout each trial, and trials were
eliminated according to the same criteria as in Experiment 2.

a MRSVP Central Fixation, trailing mask
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Fig. 5 T1 and T2|T1 accuracy for Experiment 3 in MRSVP condi-
tions, with central fixation in the trailing mask condition (top) and no
trailing mask condition (bottom). As in Experiment 2, participants
monitored the moving RSVP stream for two targets while keeping
their gaze fixed in the middle of the display

Results

The results from the two conditions are graphed separately
in Fig. 5. Combining the two conditions together into a
single ANOVA with lag (1-7) and condition (maskless vs.
mask) as factors, the mask clearly reduced accuracy of
reporting targets. There was a main effect of condition for
T1 accuracy, F(1, 13)=33.4, p <.001, 77p2 =.71, and average
T1 accuracy across all lags was .90 (SE = .011) for the
maskless condition and .82 (SE = .014) for the masked con-
dition. In the conditions for which participants had only one
target to report, accuracy was .93 (SE = .026) and .87 (SE =
.03) in the maskless and masked conditions, respectively.
There was also a main effect of lag, F(6, 78) = 8.4, p <.001,
npz = .39, due in large part to the usual dip in T1 accuracy at
lag 1.

For T2|T1 accuracy, there was a main effect of condition,
(1, 13) = 10.6, p < .01, 77p2 = .44, with performance on the
masked trials at .80 (SE =.018), as compared with trials in the
maskless condition, for which performance was .86 (SE =
.014). There was also a main effect of lag, F(6, 78) =
2.3 p < .04, np2 = .15, but no interaction, F(6, 78) =
0.74, p > .6, 77p2 = .05, suggesting that the mask was
not effective in increasing the attentional blink effect.

The small effect of lag replicated the numerical trends
present in Experiment 2 very closely. To facilitate compar-
ison across the three experiments, we present the data from
all five conditions compiled into a single graph in Fig. 6. In
each condition, raw T2 performance is baselined by sub-
tracting T1 accuracy on those trials when T2 was not

Attentional Blink Exps 1-3

——Exp 1 (RSVP)

0.2 — —Exp 1 (MRSVP w/Pursuit)
—O—Exp 2 (MRSVP)

—%—Exp 3 (MRSVP w/Trailing mask) ||
—— Exp 3 (MRSVP w/o Trailing mask)

0.3

T2 — T1 alone

Fig. 6 Comparison of data between all five experimental conditions in
Experiments 1, 2, and 3. Shown is the subtraction of accuracy for a
single target from T2 accuracy. Negative scores reflect a deeper atten-
tional blink. In Experiment 1, participants were asked to pursue the
MRSVP with their eye or to view a central, immobile RSVP stream.
Experiments 2 and 3 had participants perceive an MRSVP stream with
their eye gaze fixed in the center of the screen
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presented. On those T1-only trials, the T1 was presented in
any of the temporal positions that T2 would have occupied,
so these data provide a good estimate of what T2 accuracy
would have been had the T1 not been presented. We observe
a clear difference between the small attentional blink in all
three conditions in which participants fixated in the center
while viewing the MRSVP and the conventional attentional
blink in the two conditions in which the participant kept the
RSVP near the fovea, either with central fixation or by using
pursuit movements.

General discussion

These results are informative in two respects First, the ability
to report targets from an RSVP stream is barely compromised
when that stream is shifting at a rate of 17° of visual angle per
second. When the RSVP stream was stationary, a solitary
target was correctly reported on .96 of the trials; when partic-
ipants attempted to pursue the MRSVP, the single targets were
reported on .91 of the trials. In Experiments 2 and 3, which
involved a peripheral MRSVP stream orbitting the fixation
cross while the eyes were fixed, trials containing one target
had accuracies of .93 (Experiment 2), .93 (Experiment 3
without a trailing mask), and .87 (Experiment 3 with a trailing
mask). This is particularly significant because the stimuli were
themselves 1.0° x 1.5° of visual angle in size and, therefore,
the overlap between sequential frames of the animation se-
quence would have led to considerable masking had the
stimuli not been identical.

Prior behavioral research has found that we fail to inte-
grate shape information over multiple presentations of a
stimulus with a moving guide that produced apparent mo-
tion (Cavanagh et al., 2008), which suggests that motion
should disrupt or at least delay the processing of stimulus
identity. However, we found that identification of a target
was quite easy in a moving RSVP stream, with or without
pursuit, and not much more difficult than identification of a
target in a stationary RSVP stream. The discrepancy be-
tween the results of Cavanagh et al. and our own work
may result from differences in the separation of sequential
frames. In the Cavanagh et al. study, the visual system had
to integrate over much larger distances (about 4° of visual
angle) and at a much higher velocity than in the present
study.” In the paradigm they used, the subsequent frames of

2 In the Cavanagh et al. (2008) study, the presentation rate at which the
unguided performance (i.e., the condition without guides to assist in
tracking the motion) fell below threshold was about 5 Hz, or 100-ms
SOA between stimulus and mask. At this rate of presentation, the target
stimulus inside the moving guide was moving around the circle in
jumps of 4° of visual angle per 100 ms, or a velocity of 40° per second.
In our experiment, the stimulus moved around the orbit at a rate of 17°
of visual angle per second.
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the apparent motion did not spatially overlap, and strong
masks were added to make the task difficult. Replicating the
spatiotemporal parameters of their motion in an RSVP con-
text results in nonoverlapping presentations of individual
stimuli; the stimuli would be unmasked and, therefore, quite
easy to report. Thus, the difference between the role of
motion in the two studies likely stems from the fact that
the distance in terms of visual angle from one stimulus
presentation to the next was about 4° in the Cavanagh et
al. study and about 0.16° in our study. Therefore, we con-
clude that the results of the Cavanagh et al. study may be
particular to situations in which the visual system has to
combine visual form information over a considerable reti-
notopic distance. A second reason for surprise at the relative
ease of identifying targets in moving stimuli is that the
ability to rapidly identify stimuli, such as in RSVP, is
thought to be the result of feedforward processing in the
visual system (Thorpe, Fize, & Marlot, 1996; VanRullen,
2007). Consequently, since a visual stimulus that moves
retinotopically within our visual field must leave in its wake
an overlapping trail of activated neurons in both retinal and
early visual cortical areas, one might expect that feedfor-
ward processing of retinotopically moving targets would be
impaired, strongly reducing RSVP target identification ac-
curacy relative to a stationary stream. This description may,
however, underestimate feedforward visual processing.
Models that represent object identification as a feedforward
process through the ventral stream (Serre, Oliva, & Poggio,
2007) may have little difficulty integrating identity informa-
tion across multiple frames. In fact, depending on the inte-
gration time constant of simulated neurons in the model,
computing the identity of a stationary object might be no
different from computing the identity of a moving object.
The answer to this question awaits the development of
feedforward models that process scenes that change over
time and do so with temporal characteristics that match
single-cell data from monkeys. Our results, which suggest
that our participants have a coherent, easily identified per-
cept of an RSVP target, also support theories suggesting that
the visual system has mechanisms that update the represen-
tation of an object at one location with information from a
second object presented closely in space and time (Enns &
Di Lollo, 1997; Enns et al., 2010).

The attentional blink

While the attentional blink was of the usual amplitude and
duration for stationary RSVP streams and streams under
visual pursuit (Experiment 1), the attentional blink was
nearly absent for an RSVP stream that was moving while
participants held their gaze fixed (Experiments 2 and 3). The
results of Experiment 1's pursuit condition are in good
agreement with the data in Lunau and Olivers (2010), in
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which the T1 and T2 were presented in different spatial
positions along a sequence of 27 independent RSVP streams
and participants were encouraged to move their eyes along a
sequence of these streams, following a moving cue. Their
study found a conventional attentional blink effect.

It is unclear why the attentional blink is diminished when
the stimulus is moving and the eye position is held fixed. We
can rule out some possibilities, however. The obvious ex-
planation to consider when an attentional blink is absent is
that processing has become too easy. This is unlikely be-
cause the MRSVP was in the periphery for Experiments 2
and 3, rather than in the fovea, and this should have made
target detection more difficult rather than easier. Indeed,
performance in identifying a single target was numerically
worse in all three MRSVP conditions than in the central
RSVP condition.

Another possible explanation might be that the attentional
blink is simply absent outside of the fovea. However, there are
numerous experiments in which peripheral RSVP streams
have produced an attentional blink effect (Craston, Wyble,
Chennu, & Bowman, 2009; Ho & Cheung, 2010; Jefferies et
al., 2007; Shih, 2000; Visser et al., 1999). These findings also
eliminate another potential explanation, which would be that
separating covert attention from the fovea eliminates the at-
tentional blink.

It is also true that participants were only subjected to eye
tracking in Experiments 2 and 3, when the attentional blink
was reduced in size. However the attentional blink has been
found during during eye tracking in other experiments (e.g.,
Armstrong & Munoz, 2003). Other than the presence of the
eyetracker, the experiments were all run on the same type of
computer with the same software. Experiments 1 and 3 were
run in the same experimental testing room, using partici-
pants from the same participation pool. Furthermore, time
stamps associated with each stimulus onset were checked to
verify that eye tracking did not affect the presentation rate of
the MRSVP streams.

It seems likely that the processing required to identify a
parafoveal moving stimuli plays a direct role in reducing the
attentional blink effect. For example, it is known that a
stimulus (e.g,. a fingertip) in motion appears to move faster
when in the periphery than when under ocular pursuit, an
effect called the Aubert—Fleischl effect (Dichgans, Wist,
Diener, & Brandt, 1975), so it is true that processing of
stimuli differed in perceptually important ways between
Experiments 1 and 2 in the present study. It is possible that
the integration of multiple frames of motion into a single-
object representation obscures the temporal boundaries of
targets and distractors in the MRSVP stream. This explana-
tion fits well with a recent explanation of the attentional
blink that proposes that the visual system segments an
RSVP stream into attentional episodes and the blink reflects
these episodic boundaries (Wyble, Bowman, & Nieuwenstein

2009; Wyble, Potter, Bowman, & Nieuwenstein, 2011).
According to these models, when RSVP targets are separated
by a short temporal gap (e.g., lag 2, or about 200 ms), a
competitive interaction between excitatory and inhibitory
influences on attention delays encoding the second target to
maintain the episodic distinctiveness between the two targets.
When the second target is masked, this delay produces an
attentional blink effect. This model thus explains why a se-
quence of continuous targets fails to exhibit the attentional
blink at all (Di Lollo et al., 2005; Kawahara, Kumada, & Di
Lollo, 2006; Olivers, van der Stigchel, & Hulleman, 2007)
and why a blank gap is sufficient to trigger an attentional blink
even in the absence of distractors (Nieuwenstein et al., 2009;
Wyble et al., 2011). Turning to the present experiments, if the
processing of stimuli moving in the parafovea reduces the
temporal separability of target representations, the temporal
gaps between targets that normally trigger an attentional blink
may be obscured. In other words, the fact that an RSVP is
moving in the periphery may cause the visual system to treat
all of its component stimuli as a single changing object in
order to integrate the motion frames into recognizable forms.
This explanation is congruent with more direct findings that
object continuity reduces the attentional blink, as in the study
by Raymond (2003), in which the RSVP stream was com-
posed of a rotating trident symbol and the targets were featural
alterations on this rotating stimulus.

Conclusion

The visual system is able to accurately select targets in an
RSVP stream that is moving in the retinotopic coordinate
frame. We have found, in the present experiments, that un-
trained participants are able to identify targets very easily even
when stimuli are presented in sequential, overlapping video
frames that produce a percept of coherent motion, whether
they follow the motion with their eyes or with covert attention
while their eyes are fixed elsewhere. In an unexpected turn,
the latter form of target processing is nearly immune to the
attentional blink. This finding suggests that the temporal
separability between targets is reduced in RSVP streams that
are moving in the periphery.
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