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Searching for stimulus-driven shifts of attention
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Several types of dynamic cues (e.g., abrupt onsets, motion) draw attention in visual search tasks
even when they are irrelevant. Although these stimuli appear to capture attention in a stimulus-driven
fashion, typical visual search tasks might induce an intentional strategy to focus on dynamic events.
Because observers can only begin their search when the search display suddenly appears, they might
orient to any dynamic display change (Folk, Remington, & Johnston, 1992; Gibson & Kelsey, 1998). If
so0, the appearance of capture might result from task-induced biases rather than from the properties of
the stimulus. In fact, such biases can even create the appearance of stimulus-driven capture by stimuli
that typically do not capture attention (Gibson & Kelsey, 1998). The possibility of task-induced, top-
down biases plagues the interpretation of all previous studies claiming stimulus-driven attention cap-
ture by dynamic stimuli. In two experiments, we attempt to eliminate potential task-induced biases by
removing any need to monitor for display changes. In the first experiment, search displays did not
change on most trials. In the second experiment, although new search displays appeared on each trial,
we ensured that observers never saw the changes, by making them during large saccades. In both cases,
dynamic events still received search priority, suggesting that some dynamic stimuli capture attention

in a stimulus-driven fashion.

Imagine you are in a crowded airport terminal to meet
a friend. When you spot her, you wave your arm wildly,
and she sees you. Did you capture her attention? Or, did
she notice your arm only because she was searching for
someone waving? Would she have noticed you had she
not been expecting to meet you? More broadly, can any
visual stimulus capture our attention, even when we are
not looking for it?

Some dynamic events do seem to draw attention dur-
ing visual search tasks. For example, objects that appear
abruptly are inspected with priority over other items
(e.g., Jonides & Yantis, 1988). But is this attentional pri-
ority truly driven by the properties of the stimulus, or
does the search task itself induce a top-down incentive to
intentionally prioritize dynamic events (Folk et al., 1992;
Gibson & Kelsey, 1998)? Here we provide new evidence
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that some dynamic visual events capture attention de-
spite efforts to remove all potential top-down incentives.

The irrelevant feature search task is thought to mea-
sure stimulus-driven shifts of attention in the absence of
top-down interference (Jonides & Yantis, 1988; Yantis &
Jonides, 1984). In this task, the observer’s only goal is to
locate a target letter among distractor letters. On each trial,
arandomly chosen letter has a special property (e.g., late
appearance, unique color). This property does not predict
the target location, and observers have no reason to give
it search priority. If observers still inspect the special let-
ter with priority, we can conclude that the property draws
attention.

Surprisingly, features that “pop out” in traditional vi-
sual search tasks are not searched with any priority in the
irrelevant feature search task. For example, observers are
not drawn to salient color singletons (e.g., a red item
among gray items) (Jonides & Yantis, 1988; but see Turatto
& Galfano, 2001), form singletons (Theeuwes, 1990), lu-
minance singletons (Jonides & Yantis, 1988), or luminance
changes (Enns, Austen, Di Lollo, Rauschenberger, &
Yantis, 2001; Yantis & Hillstrom, 1994). Only a subset of
dynamic events appear to receive priority in this task, in-
cluding the abrupt appearance of a new object (Jonides
& Yantis, 1988), sudden motion (Abrams & Christ, 2003;
Franconeri & Simons, 2003; Thomas & Luck, 2000),
looming (Franconeri & Simons, 2003), and concurrent
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changes in luminance contrast and contrast polarity (Enns
etal., 2001).

If these dynamic events are irrelevant to the search
task and observers have no goal-directed reason to search
the cued items with priority, any prioritization may re-
flect a stimulus-driven shift of attention. However, all
prior studies of capture that have used search tasks are
vulnerable to a powerful criticism—that dynamic events
are relevant. Although the dynamic singleton does not
predict the target location, the requirements of the task
itself might make dynamic events important. In search
tasks, observers must await the appearance of a search
display in order to begin the search. Monitoring for the
display appearance, regardless of the contents of the
search display itself, might induce observers to monitor
more generally for any visual change. If the display ap-
pearance induces observers to actively prioritize dynamic
events, dynamic events become a relevant feature in the
irrelevant feature search.

In fact, by manipulating the properties that signal the
start of the search task, other features that typically do
not capture attention in this task can be made to capture.
For example, red singletons typically do not capture at-
tention in the irrelevant feature search task. However,
when the search display itself is made red, the appear-
ance of red signals the start of the search. Under these
conditions, a red precue captures attention even though
the color of the search array is irrelevant to the search
task itself (find an H or a U) (Gibson & Kelsey, 1998).
The red search display causes observers to prioritize red
objects because the appearance of the red display items
signals the start of the task. If correct, this task-induced
priority explanation could undermine all evidence for
stimulus-driven attention capture by dynamic events in
the irrelevant feature search task.

To date, no demonstration of stimulus-driven attention
capture by dynamic events has escaped the possibility of
being driven by a task-induced bias. Therefore, in two ex-
periments, we altered the irrelevant feature search such
that the start of search was not signaled by a dynamic vi-
sual event. If dynamic events still captured attention,
task-induced biases might not entirely explain attention
capture. In Experiment 1, participants viewed an un-
changing display of letters but could not begin their search
until a voice prompt identified the target. Shortly before
or after the start of the prompt, a randomly chosen letter
was cued with a large contrast change. In Experiment 2,
displays changed only when the participants made a
large saccade to a location offscreen. Thus, participants
never saw new displays appear. In both experiments, par-
ticipants should have no reason to anticipate a change
signal accompanying a new search display. Search prior-
ity for letters cued by an irrelevant dynamic event would
suggest a true stimulus-driven shift of attention.

EXPERIMENT 1

In Experiment 1, search displays did not change on
most trials. Although search displays were visible, par-
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ticipants could not respond until a voice prompt speci-
fied the target. When search displays did change, the
new display appeared immediately after the last response,
so that the voice cue, and not a display change, signaled
the start of the next trial.

Method

Participants. Twenty-eight undergraduates at Harvard Univer-
sity participated in the study in exchange for $9 or class credit.

Stimuli. Stimuli were displayed on an iMac 15-in. CRT monitor
using custom software created with the VisionShell C libraries
(http://www.visionshell.com). From an approximate viewing dis-
tance of 50 cm, the entire display was 31.28° wide X 23.46° high.
Figure 1 depicts a typical search display. The background was gray
(17.7 ¢d/m?) with a white (107 cd/m?) fixation point. Three, five,
seven, or nine letters (each 1.3° high X 0.9° wide, Geneva bold font,
with randomly assigned luminances of 6.9, 10.2, 27.1, or 54.7 cd/m?)
were equally spaced on an imaginary circle around the fixation
point at a distance of 5.9°. On 50% of the trials, one letter underwent
a concurrent luminance contrast and contrast polarity change from
6.9 t0 27.1 cd/m2 (or 27.1 to 6.9) or 10.2 to 54.7 cd/m? (or 54.7 to
10.2) (see Enns et al., 2001). Possible letters were B, C, E, F, G, K,
L, P, and R. Approximately half of the letters on each trial were
mirror reversed.

Procedure. Although search displays were visible as soon as the
trial began, participants could not start their search until a voice
prompt specified the name of the target letter (prompts were brief:
M = 387 msec, SD = 59 msec). In order to minimize the incentive
to monitor for display changes, the same search array was used for
four consecutive trials and then was changed to a new display im-
mediately after the response on the fourth trial. After a response,
participants pressed a key to begin the next trial, and the next voice
prompt began 1,200—1,550 msec later.

To prevent participants from using the contrast change itself as a
signal to start the search, half of the trials did not contain a change.
In the remaining trials, participants understood that the change was
unpredictive of the target location; for trials with » items in the dis-
play, the target was cued on 1/ trials, and a distractor was cued on
(n—1)/n trials. The contrast change occurred at a stimulus onset

Figure 1. Sample search display for Experiment 1.
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asynchrony (SOA) of 50 msec before, at the same time as, or 50 or
100 msec after the start of the voice prompt. After hearing the voice
prompt, participants pressed the quote key as quickly as possible if
the target was a normal letter, or the A key if the target letter was
mirror reversed. Errors resulted in a 2-sec time-out.

Participants completed 18 practice trials, followed by five test
blocks of 192 trials each (96 with a contrast change and 96 with-
out). The 96 change trials were equally divided among the four
onset timings. Each of these sets of 24 trials included 1 valid cue
trial and n—1 invalid cue trials for each set size (n = 3, 5, 7, or 9
items). Pilot studies suggested that participants often tried to mem-
orize the smallest display sizes to speed their search. Therefore, we
included trials with three letters as a foil and did not include those
trials in our analyses. All trials within a block were randomly or-
dered and then grouped so that set sizes were the same for 4 trials
in a row, enabling the search array to remain exactly the same for 4
consecutive trials.

Results and Discussion

Error rates were low (M = 1.7%) and not significantly
dependent on set size, cue validity, or cue-voice SOA.
Error trials and trials with response times less than
300 msec or greater than 2,500 msec (less than 2% of all
responses) were excluded from all analyses.

Attention capture in this task is indicated by increased
search efficiency on trials for which the target happens
to be the item with a contrast change relative to trials for
which a distractor changes. Efficient search is indicated
by minimal increases in response latency as a function of
the number of items in the display (a shallow search
slope). If the contrast changes capture attention, search
should be more efficient when the target happens to
change luminance than when a distractor happens to

change luminance. This effect would be revealed by a sig-
nificant interaction between cue type and set size.

Response time data (see Figure 2) were entered into a
two-way repeated measures analysis of variance (ANOVA)
with cue type (no cue, valid cue, or invalid cue) and set
size (5, 7, or 9) as factors. Main effects of set size and
cue validity were significant [both Fs(2,54) > 227, p <
.001], as was their interaction [F(4,108) = 25, p <.001].
Because a separate ANOVA on only the invalid cue tri-
als revealed no differences between SOAs, for clarity
Figure 2 shows response times collapsed over all SOAs
for invalid cue trials. Most important for present pur-
poses, for each SOA considered separately, there were
significant main effects of cue type (all F's > 80, all ps <
.001), set size (all Fs > 21, all ps < .001), and interac-
tions between set size and cue type (all F's > 4.1, all ps <
.02) for each SOA.

Slopes for the no-cue (M = 54 msec/item) and invalid
cue (M = 52 msec/item, collapsed across SOA) trials
were fairly steep. For valid cue trials, however, slopes
were near zero when the cue preceded the start of the
voice prompt (—50 msec SOA, M = 7 msec/item, CI =
*15 msec/item), suggesting that the concurrent contrast
and contrast polarity changes captured attention. Slopes
at SOAs of 0 msec (M = 16), 50 msec (M = 25), and
100 msec (M = 24) were low, but not near 0, suggesting
that attention was captured only partially or on a subset
of trials at those SOAs. The differing levels of priority
across SOAs are not unexpected. Because exogenously
cued targets only receive processing priority for a short
time after the cue (Nakayama & Mackeben, 1989), cues
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Figure 2. Average response times (RTs) in each condition for Experiment 1.



that appear too soon or too late should not capture atten-
tion as strongly as cues that appear at the optimal time.

Given that the appearance of the display in our task
did not signal the start of the search task, participants
should have had no reason to adopt an attention set for
onsets. Thus, no obvious goal-directed process can ac-
count for attention capture in this experiment.! However,
there is an alternative explanation—waiting for an audi-
tory event (the voice prompt) might induce an attention
set for transients in general, across both auditory and vi-
sual modalities. To rule out this alternative, in Experi-
ment 2, we eliminated the voice prompt and modified the
traditional irrelevant feature search task in such a way
that participants did not see the displays change. New
search displays appeared after every trial, but the change
to a new display occurred while the participant made a
large saccade to a location offscreen.

EXPERIMENT 2

In Experiment 1, we minimized the possible influence
of task-induced biases by eliminating display changes on
most trials. In Experiment 2, the search displays changed
on every trial, but participants never saw the changes. At
the end of each trial, participants saccaded to a point 33.4°
below the center of the search array. Display changes oc-
curred when the eyes were below the monitor and saccade
velocity was near its peak, so that the transient signal from
the display change was suppressed (see Shioiri & Ca-
vanagh, 1989). If onset targets are still processed with pri-
ority over non-onset targets, attention capture by the onset
is unlikely to be due to biases induced by display changes.

Method

Participants. Twenty undergraduates at Harvard University par-
ticipated in the study in exchange for $8 or class credit. Data from
3 additional participants were excluded from the analyses because
of software errors.

Stimuli. Stimuli were displayed on a 21-in. Sony Multiscan
G500 monitor using custom software created with the VisionShell
C libraries (http://www.visionshell.com). The display was 48°
wide X 36.9° high from a viewing distance of 45 cm (fixed via
chinrest). Four, six, or eight block letters (2.64° high X 2.64° wide

trial n—1 trial n

Displays

/
E change
mid-saccade
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with 1-pixel-thick lines) were arranged on an imaginary circle with
a radius of 13.34°. The possible letters, A, C, E, F, H, L, P, S, and
U, were constructed of subsets of the seven segments that make up
ablock figure 8. The letters were gray (22.8 cd/m?) on a black back-
ground (0.02 cd/m?). On trials with an onset, one letter was cued by
a set of four gray (22.8 cd/m2, 0.28° high X 0.28° wide) dots posi-
tioned in a diamond configuration 2.64° from the center of the let-
ter. The dots appeared for 59 msec, disappeared for 59 msec, reap-
peared for 59 msec, and then disappeared.

Procedure. Participants wore an SMI EyeLink eye tracker con-
trolled by an Acer Pentium Pro PC. The PC transmitted eye posi-
tion data via an Ethernet cable to a Power Macintosh G4 computer,
which controlled the stimuli. Eye position was calibrated before the
experiment and again during the experiment, if necessary. Partici-
pants made about 20 practice saccades to a black X written on a yel-
low sticky note placed 15.2° below the bottom edge of the screen
(33.4° below the center of the search array). Using realtime graphs
of eye position and velocity, the experimenter estimated the fastest
eye velocity that reliably occurred for each participant (M = 357%sec,
SD = 48°/sec). Individual thresholds were set so that search dis-
plays would not change unless the participant’s eye speed exceeded
this threshold speed, and the participant’s eye position was at least
6° below the bottom edge of the screen.?

Figure 3 depicts a typical trial sequence. Participants completed
24 practice and 426 experimental trials, half of which had a cue. On
cue trials, flickering dots appeared around one letter, beginning at
a randomly chosen SOA of 0, 50, or 100 msec after eye position
was within the search display and eye speed dropped below 93%/sec.
Each display contained either a U or an H, and participants pressed
keys as quickly and accurately as possible to indicate which letter
was present. As in Experiment 1, the location of the cue was not
correlated with the position of the target. After each response, par-
ticipants saccaded to the X below the monitor, and then back to the
new search display.? Participants were instructed to take breaks if
desired by postponing the downward saccade.

Results

Error trials (M = 1.6%) and trials with response times
less than 300 msec or greater than 2,500 msec (less than
2% of all responses) were excluded from the analyses.
Error rates varied only as a function of SOA [F(2,18) =
4, p = .037], due to a slightly lower error rate for the
0-msec SOA (M = .07%) than for the 50- and 100-msec
SOAs (M = 2%).

Figure 4 shows average response times for each combi-
nation of cue type and SOA (0, 50, or 100 msec). To de-

time

(until
response)

0-, 50-, or 100-msec SOA
between refixation
and start of flicker

Figure 3. Sample trial sequence for Experiment 2.
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termine whether search was faster on valid cue trials, av-
erage response times were entered into a 3 (cue type: no
cue, invalid cue, valid cue) X 3 (set size: 4, 6, or 8) re-
peated measures ANOVA. There were main effects of cue
type [F(2,38) = 38, p <.001] and set size [F(2,38) = 98,
p <.001], and an interaction between the two [F(4,76) =
14.7, p <.001]. This interaction reflects shallower search
slopes on valid cue trials (M = 17 msec/item) than on no
cue (M = 50 msec/item) and invalid cue trials (M =
55 msec/item). Slopes for no-cue and invalid cue trials
did not differ significantly [#(19) = 1.1, p = .28]. For
clarity, Figure 4 shows the response times for invalid cue
trials collapsed across SOAs [for invalid trials, slopes at
the 0-msec (M = 50 msec/item) and 50-msec (M =
48 msec/item) SOAs did not differ, but slopes at the
100-msec SOA (M = 67 msec/item) were slightly
steeper than the slopes at the 0- and 50-msec SOAs (both
ts > 2.2, both ps < .04)].

Most important, 2 (cue type) X 3 (set size) ANOVAs
conducted separately for each SOA showed that search
slopes were shallower for valid cue trials than for invalid
cue trials.* At each SOA, there were significant effects of
cue type [all Fs(1,19) > 19, all ps < .001], set size [all
Fs(2,38) > 10.1, all ps < .002], and their interaction [all
Fs(2,38) > 4.1, all ps < .03]. These significant interac-
tions indicate that at each SOA, search slopes were shal-
lower for trials in which the onset dots appeared at the
same location as the target than for trials in which the
dots appeared at a distractor location. When the onset
dots began to flicker at the same time as, or slightly after,

eye speed dropped below 93°sec (the 0- and 50-msec
SOAs), valid cue search slopes were nearly flat (M =
5 msec/item, CI = =16 msec/item; M = 13 msec/item,
CI = *£18 msec/item). Valid slopes were lower, but not
flat, at the 100-msec SOA (M = 22 msec/item). As in Ex-
periment 1, capture effects may be stronger at some SOAs
because of the relatively transient time course of exoge-
nously cued attention (Nakayama & Mackeben, 1989).

CONCLUSIONS

As our goals change, our need for different types of vi-
sual information does as well. Although we can adjust our
attentional priorities according to these goals (e.g., Folk
et al., 1992), some stimuli may demand attention even
when we know that they are irrelevant. Our attempts to
exclude top-down biases suggest that at least one prop-
erty of the visual world—a dynamic event—attracts at-
tention even in the absence of top-down prioritization.
Prior claims for stimulus-driven prioritization of dy-
namic events required observers to await the dynamic
appearance of a search array, a task that may itself in-
duce a bias to prioritize dynamic events. In eliminating
this confound, we showed that irrelevant dynamic cues
capture attention even in the absence of any obvious rea-
son to prioritize them. In Experiment 1, dynamic events
captured attention when the start of the trial was signaled
by an auditory cue rather than by a dynamic visual event.
In Experiment 2, dynamic events captured attention even
when participants never saw the search displays change.

1,050 — Average response times
invalid cue all SOAs
950 = (55 msec/item)
no cue
(50 msec/item)
%
8507 valid cues by SOA
100 msec (32 msec/item)
750 = 50 msec (13 msec/item)
0 msec (5 msec/item)
650

8 +#ltems

Figure 4. Average response times (RTs) in each condition for Experiment 2.



Proving that a shift of attention was entirely stimulus-
driven may well be impossible because it requires ex-
haustive elimination of all possible top-down influences.
Despite our best attempts, the observer might have lin-
gering goal-directed reasons to attend preferentially to
dynamic events. For example, although our dynamic
cues appeared on only half of the trials, and usually after
the search began, their appearance could still be associ-
ated to some degree with the start of the search.’

The set of stimuli that appear to capture attention has
been described as abrupt onsets (Jonides & Yantis, 1988),
new objects (Yantis & Hillstrom, 1994), and a hodge-
podge of dynamic events (Abrams & Christ, 2003; Fran-
coneri & Simons, 2003; Thomas & Luck, 2000). Al-
though in these experiments, we tested only flickering
dots and concurrent luminance contrast and contrast po-
larity changes, our results suggest that some dynamic vi-
sual events do capture attention in a stimulus-driven
fashion.
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NOTES

1. An additional 9 participants were run on a color singleton version
of Experiment 1. On each trial, one randomly chosen letter was highly
saturated red (17.4 cd/m?2), while the others were gray (27 cd/m?) on a
dark gray background (17.7 cd/m?2). Displays remained unchanged for
four consecutive trials. Unlike contrast and contrast polarity changes,
letters validly cued by color singleton status had slightly higher search
slopes (M = 64 msec/item) than did letters cued by nonsingletons [M =
41 msec/item; #(8) = 2.5, p < .04].

2. At the end of Experiment 2, we conducted a test to ensure that par-
ticipants could not detect the display changes. The participants were
warned that during the downward saccade, their first names would be
flashed on the bottom of the screen in large gray letters (3.3° tall,
7.25 cd/m2). All participants required at least a 35-msec presentation
time to discriminate whether the name had been presented. Names
flashed for only one frame (11.7 msec) were easily visible to the exper-
imenter.

3. Although there was no fixation point in the display, refixations
landed close to the center of the search display with a mean error of 6°
(search items and onset cues were located 13° from the center of the
search display). The direction of this error was not systematically biased
in the direction of the onset cue. In a conservative test using only the
0-msec SOA trials (Which demonstrate the strongest capture by the dy-
namic cue), the angle between the center of the display and the refixa-
tion position was not correlated with the angle between the center of the
display and the onset location (» = .018). These eye movement analy-
ses are based on data from 7 of the 20 participants, because 13 of the
eye movement records were lost due to disk error.

4. We also tested whether static singletons captured attention in the
search task used in Experiment 2. Ten additional participants were run in
a similar experiment that used color singletons instead of dynamic sin-
gletons. On all 426 trials, one randomly chosen letter was red (19 cd/m2)
among green (12.7 cd/m?) or vice versa. Search slopes for color singleton
letters (59 msec/item) did not reflect priority over other letters [M =
62 msec/item, #(9) < 1, p > .6].

5. Thanks to Brad Gibson for pointing out this potential source of
goal-directed bias.

(Manuscript received June 3, 2002;
revision accepted for publication September 16, 2003.)
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