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Offset transients modulate
attentional capture by sudden onsets

ROBIN MARTIN-EMERSON and ARTHUR F. KRAMER
University ofIllinois at Urbana-Champaign, Urbana, Illinois

Recent research with visual search tasks has suggested that stimuli which appear as sudden onsets
(new objects) have attentional priority over stimuli that are created by removing segments of premasks
(non-onset stimuli). Attentional capture by sudden onsets occurs despite the fact that the appearance
of these new objects predicts neither the identity nor the location ofthe target in the visual search task.
In three experiments, we examined the extent to which attentional capture by sudden onsets could be
modulated by offset transients used to create non-onset objects. To that end, we systematically ma
nipulated the ratio of non-onset to onset stimuli in the display (display ratio) as well as the ratio of off
set to onset segments between the stimulus types (stimulus ratio). Increases in either the stimulus ratio
or the display ratio resulted in increases in the visual search slopes for the onset targets. These results
suggest that the ability of sudden onsets (new objects) to capture attention is influenced by stimulus
driven factors, such as environmental change. Interestingly, the results also indicated that goal-directed
or purposeful search for sudden-onset (new-object) targets was relatively uninfluenced by the amount
of change in the visual display. Therefore, it would appear that environmental change has differential
effects on goal-directed and stimulus-driven search. These results are discussed in terms of their im
plications for our understanding of attentional capture.

A central premise of theories of visual selective atten
tion is that attention can be directed or guided by both goal
directed and stimulus-driven components (Treisman &
Sato, 1990; Wolfe, 1994). In a visual search task, a defin
ing characteristic of the target may serve to direct atten
tion in a top-down, or goal-directed, manner. Salient local
differences between stimuli can also guide attention in a
bottom-up, or stimulus-driven, fashion.

In recent years, the bottom-up, or stimulus-driven, com
ponent ofvisual attention has been studied in the form of
a phenomenon referred to as attentional capture. Atten
tional capture has typically been studied in multiple-item
displays in which one item possesses a unique attribute
that is irrelevant to the visual search task. That is, the
unique attribute predicts neither the identity nor the lo
cation of the target. Attentional capture is said to occur
if reaction time (RT) is independent ofdisplay size when
the unique item serves as the target. In contrast, responses
to nonunique targets increase in latency with increasing
display size.

In Yantis and Jonides's (1984; Jonides & Yantis, 1988)
experiments, an onset stimulus presented in a display of
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one or three non-onset stimuli was shown to capture at
tention. In their visual search task, the stimuli were ini
tially presented as an array of seven-segment figure-eight
premasks. The letters of the search display were formed
by removal of two segments from each premask (i.e.,
non-onset stimuli). An additional five-segment letter ap
peared in a previously blank location (i.e., an onset stim
ulus). The onset stimulus occurred as the target letter on
lid trials, with d defined as the number of items in the
display. Therefore, the fact that one stimulus occurred as
an onset was not predictive of target identity or location.
RT to onset target letters was independent ofdisplay size,
whereas RTs to non-onset targets increased with display
size. Yantis and Jonides interpreted these findings as ev
idence that attention is captured by onsets such that onset
stimuli are attended first when they occur among non
onset stimuli.

In contrast to onsets, other irrelevant feature single
tons (i.e., a stimulus that differs from others along a sin
gle dimension), such as color (Jonides & Yantis, 1988;
Theeuwes, 1990; Todd & Kramer, 1994), form (Theeuwes,
1990), and luminance (Jonides & Yantis, 1988; Todd &
Kramer, 1994; Yantis & Hillstrom, 1994), do not appear
to capture attention. Yantis and his colleagues have inter
preted these findings as evidence that onsets are unique
in their ability to capture attention (but see Folk, Reming
ton, & Johnston, 1992). Specifically, Yantis and Hillstrom
postulated that, rather than discontinuities in luminance
produced by onsets, the appearance of a new perceptual
object in the visual field captures attention in a stimulus
driven manner. Further support for the new-object inter
pretation was provided by Hillstrom and Yantis (1994),
who demonstrated that motion per se fails to capture at-
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tention. Only when motion serves to segregate an object
from the visual field will attention be captured, because
motion then characterizes a stimulus as a new object.

There is, however, research that suggests that onsets
and, therefore, the simple appearance of new objects
are not alone in their ability to capture attention (Miller,
1989; Theeuwes, 1990, 1991). Miller noted that the onset
stimulus used by Yantis and Jonides (1984; Jonides & Yan
tis, 1988)produced a greater number ofsegment transients
than did a non-onset stimulus formed from a premask.
Miller speculated that the relationship between offset
and onset transients could influence attentional capture.
In his study, Miller constructed complex premasks com
posed of a sufficient number of segments such that the
number ofsegment transients was approximately equal be
tween a non-onset and an onset stimulus. Miller observed
an increase in RT between display sizes of 2 and 4 that
did not differ for onset and non-onset targets. He con
cluded that the transient change of non-onsets may also
capture attention, although to a lesser degree than onsets
(i.e., new objects).

Theeuwes (1990, 1991) also considered transient change
to be a factor in stimulus-driven allocation of attention.
The effect of a change to a single stimulus was explored
in a study (Theeuwes, 1990) using a display consisting of
4, 8, or 16 line segments, each within a surrounding
form. The display included one unique form (either a cir
cle among diamonds or a diamond among circles) that
changed into a nonunique form 260 msec after display
onset. In the experimental condition, the location and iden
tity of a target line segment were uncorrelated with the
changing form; in the control condition, the target always
appeared in the changing form.

Theeuwes (1990) observed a small display size effect
(slope = 5.9 msec/item) in the control condition indicat
ing that when the change in form was perfectly correlated
with the target line segment, subjects were able to effec
tively allocate attention on the basis ofa stimulus transient.
RT to a target appearing within the changing form was
slower in the experimental condition relative to the con
trol condition, but it was faster than targets that appeared
in an unchanged form. Theeuwes estimated that capture
by the change in form occurred on approximately 25% of
the unique trials.

In a subsequent study, Theeuwes (1991) extended
Miller's (1989) work by providing additional evidence
that transients (i.e., offsets as well as onsets) modulate
the control ofattention. Theeuwes provided a 100% valid
central cue at 600 or 300 msec prior to or 200 msec after
the display of four stimuli. A peripheral offset uncorre
lated with the target location was also presented 160 or
80 msec prior to, concurrently with, or 80 msec after the
display of four stimuli. In the absence ofa focus ofatten
tion at the target location (central cue SOA 200 msec),
RT was faster when the peripheral offset occurred at tar
get locations rather than at nontarget locations, indicat
ing that peripheral offsets captured attention.

Prior research has shown that when attention is fo
cused at a location other than that where an onset stimulus

subsequently occurs (Theeuwes, 1991; Yantis & Jonides,
1990) or when an attentional set has been adopted (Folk
et aI., 1992), onsets fail to capture attention. These results
indicate the attentional capture by new objects may be
overridden by top-down, or goal-directed, processing.
The findings ofMiller (1989) and Theeuwes (1990, 1991)
suggest that, unlike merely salient stimulus attributes such
as color and luminance, which do not typically capture at
tention (Jonides & Yantis, 1988; Theeuwes, 1990; Todd
& Kramer, 1994; but see Folk et aI., 1992), offset tran
sients may attract attention. Thus, it would appear plau
sible that bottom-up, or stimulus-driven, processing of
transient offsets may also modulate the extent to which
sudden onsets, or new objects, capture attention. Both
goal-directed and stimulus-driven factors may impact the
process of attentional capture by sudden-onset stimuli.

How might the processing of transient offsets modu
late attentional capture by new objects? This question can
be considered within the context of a model of atten
tional priority proposed by Yantis and colleagues (Yantis
& Hillstrom, 1994; Yantis & Johnson, 1990; Yantis &
Jones, 1991). Within this model, attention is directed to
objects on the basis of their relative priority, which is es
tablished, on a moment-by-moment basis, by both goal
directed (e.g., knowledge about object characteristics,
such as form, color, or location) and stimulus-driven (e.g.,
perceptual grouping or new objects) factors. Yantis and
colleagues further suggest that stimulus-driven selection
is mediated by an interrupt that occurs whenever a new
object appears in the visual field. The interrupt serves to
enhance the priority of the new object, which, in turn, in
creases the probability that this object will be processed
early during visual search.

We hypothesize that the mechanism responsible for the
generation ofattentional interrupts is susceptible to noise
that results from changes in the physical characteristics
ofold (non-onset) objects. Furthermore, we suggest that
the magnitude of the noise increases with the amount of
display change. Taken to its logical conclusion, such a
noisy interrupt mechanism would, with large amounts of
display change, direct attention in a relatively random fash
ion to objects in the visual field. This follows if we as
sume that interrupts are generated whenever activation ex
ceeds some absolute threshold. Thus, due to a decreasing
signal-to-noise ratio for the onset with increasing display
change, non-onset objects would begin to capture atten
tion on an increasing proportion of trials. However, such
an outcome appears unlikely given previous findings of
relatively steep search slopes for non-onset stimuli (Miller,
1989; Theeuwes, 1990).

Instead, it would appear more likely that, with increas
ing display change, onset objects would fail to capture at
tention on a larger proportion of trials but non-onset
objects would continue to be searched in a serial self
terminating manner. This type of outcome would occur
if a proportion, or ratio, threshold was the basis for the
generation of an attentional interrupt. That is, if we as
sume that (1) the interrupt mechanism is susceptible to
noise associated with display change, (2) the generation
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EXPERIMENT 1

Figure 1. The premask displays (left column) used to form the
non-onset letters and the stimulus displays (right column) for
each experiment. Non-onset letters were formed by removing the
appropriate segments from the figure eights (Experiment 1, top
panels), the figure eights with an X inscribed in each half ofthe
figure (Experiment 2, center panels), or the figure eights with a
four-segment star inscribed in each half of the figure (Experi
ment 3, bottom panels). The onset letter appeared in a previously
blank location. The height-to-width ratio ofthe premasks and let
ters reflects the relative size of the stimuli, but note that the dis
plays are not drawn to scale.

To examine the extent to which offset transients mod
ulate capture by irrelevant onsets (i.e., onsets that pre
dict neither the identity nor the location of a target), four
display sizes were used in a visual search task modeled
after Yantis and Jonides (1984; Jonides & Yantis, 1988).
In each display, non-onset stimuli were created by re
moving the appropriate segments of simple figure-eight
premasks to form letters, and an irrelevant onset letter
appeared in a previously blank location. In the onset
irrelevant condition, to test the hypothesis that onsets
capture attention independent of task relevance, the fre
quency ofan onset target was constrained to preclude the
possibility of onset predicting target location.

With few stimuli in the display, the ratio of non-onset
stimuli to onset stimuli is small and approximates that of
previous studies. Consequently, we expect to observe at
tentional capture (i.e., relatively shallow search slopes)
at small display sizes. Note, however, that as display size
increases, the display ratio also increases, and our inter
rupt threshold hypothesis predicts that capture of atten
tion by the onset stimulus should become less likely, as
reflected in an increase in the search slope when larger
numbers of non-onset stimuli are present in the display.
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of an attentional interrupt occurs when the activation
provided by the onset exceeds the activation attributed
to noise by a fixed proportion, and (3) the activation as
sociated with the appearance ofan onset or new object is
a stochastic process, then the proportion oftrials on which
an attentional interrupt is elicited by new objects would
decrease with increases in the magnitude ofdisplay (non
onset) change. This follows, since it would become in
creasingly difficult to exceed the fixed proportional
threshold difference between signal (i.e., generated by
the appearance of the onset) and noise (i.e., produced by
offset transients that create non-onset objects) with in
creasing display change. Of course, the ratio threshold rule
would also serve to prevent the elicitation of interrupts
to non-onset objects, since the likelihood ofactivation as
sociated with any stimulus exceeding threshold declines
with an increasing magnitude ofdisplay change. Miller's
(1989) findings are consistent with such a proposal: The
search slope for the onset targets approached that of the
non-onset targets when the number of transient segments
were equated for the onset and non-onset stimuli. Hence
forth, we will refer to our proposal that the capture ofat
tention by new objects is modulated by non-onset dis
play change as the interrupt threshold hypothesis.

We examined the interrupt threshold hypothesis in
three experiments by orthogonally manipulating the ratio
of non-onset to onset stimuli in the display (display ratio)
and the ratio of offset to onset segments in individual stim
uli (stimulus ratio). Both of these factors influence the
amount ofnon-onset change relative to onset change in the
display and therefore are expected to modulate the degree
to which onset targets capture attention. Thus, according
to the interrupt threshold hypothesis, we would expect less
capture by the onset targets, as indexed by increases in
the slope of the visual search function, with increases in
the display and the stimulus ratio.

In Experiment 1, we manipulated the display ratio by
varying the number ofnon-onset stimuli that appeared in
the display. We found that attentional capture decreased
for onset targets with increases in the number ofnon-onset
stimuli in the display. However, in a control condition in
which subjects specifically searched for an onset stimu
lus, RT was relatively unaffected by the number of non
onset stimuli appearing in the display. In Experiment 2,
we manipulated the display ratio and the stimulus ratio
by increasing the complexity of the non-onset premasks
(see Figure 1), which resulted in an increase in the num
ber of premask offsets used to form non-onset stimuli
relative to Experiment 1. In this case, we found relatively
steep search slopes for onset targets even when few non
onset stimuli appeared in the display. Finally, in Experi
ment 3, we further increased the complexity of the non
onset premasks and found an additional increase in the
search slope for the onset targets. When viewed together,
these results are consistent with the interrupt threshold
hypothesis. Capture ofattention by sudden onsets, as re
flected by the slope of the visual search function, is mod
ulated by the amount of display change.
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The attentional priority model proposed by Yantis and
colleagues (Yantis & Hillstrom, 1994; Yantis & Johnson,
1990; Yantis & Jones, 1991) suggests that the appearance
ofan onset, or new object, in the display results in the pro
duction of an attentional interrupt, which, in turn, leads
to the early identification of the onset stimulus. Since the
attentional interrupt is thought to be insensitive to the num
ber of non-onset stimuli in the visual field, this model
does not predict a change in the slope of the search func
tion for the onset targets with changes in display size.

With an increase in display size and a constant eccen
tricity of stimuli, the visual angle between adjacent stim
uli decreases. Therefore, it is conceivable that factors af
fecting stimulus salience, such as contour interference or
perceptual grouping of the stimuli, could preclude cap
ture by an irrelevant onset. To test for this possibility, a
between-subjects design was implemented. In the onset
relevant condition, when present, the target was always the
onset letter. A shallow display size slope for the onset
relevant target condition would suggest that stimulus prox
imity does not preclude localizing an onset target in the
onset-irrelevant condition.

Method
Subjects. Sixteen University of Illinois undergraduate students

were paid for their participation in the experiment. Eight subjects
(3 women and 5 men) participated in the onset-irrelevant condition,
and 8 subjects (4 women and 4 men) participated in the onset
relevant condition. All subjects demonstrated adequate near and far
visual acuity (minimum 20/40) with the Snellen eye chart.

Apparatus and Stimuli. The stimuli were presented on an Amdek
AM/8l5E SVGA monitor and driven by a Zeos 486 (33 MHz) per
sonal computer. The refresh rate of the graphics screen was 90 Hz.
Subject responses were collected with an IBM AT keyboard.

The stimulus array was initially displayed as a set of seven
segment, block figure-eight ("8") premasks equally spaced about a
virtual circle. The top panels of Figure 1 illustrate the figure-eight
premask display and the stimulus display of letters formed by the
offset of the appropriate segments from each premask. The stimu
lus set consisted of II block letters (A, C, E, F, H, J, L, 0, P, S, and
U). As the non-onset stimulus letters were formed, the onset letter
appeared in a previously blank location on the virtual circle, equi
distant from adjacent non-onset stimuli. A stimulus display of 3,5,
7, or 13 letters then consisted of the letters formed by a set of 2, 4,
6, or 12 premasks, respectively, and a single onset letter. At a view
ing distance of90 em, each premask or letter appeared at 4.50 from
the circle's center and subtended 0.60 of visual angle in height and
0.5" in width.

Across the four display sizes, there were 24 possible positions that
a stimulus could occupy. In the 3-letter display, two premasks were
positioned opposite one another on the virtual circle, yielding six
possible premask configurations. Multiple premask configurations
allowed stimulus location to vary from trial to trial. In each config
uration for the 3-letter display, the onset stimulus occurred at one of
two previously blank locations, equidistant from adjacent non-onset
stimuli. The 5-, 7-, and l3-letter displays were similarly constructed,
such that the premasks were equally spaced about the virtual circle,
and the onset stimulus occurred at a previously blank position
equidistant from adjacent non-onset stimuli. Thus, for a specified
display size, the separation between a non-onset and an onset stim
ulus remained constant. The minimum edge-to-edge separation (oc
curring at display size 13) between non-onset and onset stimuli was
0.5" of visual angle. The white stimuli had luminance of 13.0 cd/m
on a black background of 0.1 cd/m-.

Design. A 2 x 2 x 4 design was used to manipulate onset (rel
evant or irrelevant) between subjects; target type (target present or
absent) and display size (3, 5, 7, or 13 letters) were varied within sub
jects. An equal number of trials was presented for each display size.
On half the trials, the target was present; on the remaining half, the
target was absent. For each display size, selection ofone ofthe pos
sible stimulus array configurations was random, subject to the re
quirement that each configuration was used with equal frequency.
Each letter of the stimulus set served as a target and as the onset
stimulus with approximately equal frequency. With the exception of
display size 13, no letter was repeated in a display.

In the onset-irrelevant condition, the target was not correlated with
the onset stimulus. Thus, an onset target occurred on 1/d ofthe target
present trials, in which d equals display size. A non-onset target oc
curred on the remaining target-present trials. In the onset-relevant
condition, when present, the target was always an onset stimulus.

The subjects in the onset-irrelevant condition participated in two,
approximately l-h, sessions. The onset-relevant condition was con
ducted in a single session. Each session consisted of II blocks of
96 trials each. The first block of trials was considered practice and
was excluded from analysis, yielding a total of 1,920 experimental
trials per subject for the onset-irrelevant condition and 960 trials per
subject for the onset-relevant condition.

Procedure. Each trial began with the presentation ofa target let
ter in the center of the display. The subjects pressed the space bar
of the keyboard provided for response input to extinguish the dis
play ofthe target letter; 500 msec later, the premasks were displayed
around a center fixation cross. After 1,000 msec, segments of the
premasks were removed to form the non-onset letters, and the onset
letter simultaneously appeared in a previously blank location. The
stimulus letters were displayed until the subject's response.

For half of the subjects, one key (F) was used to respond to the
presence ofa target, and a second key (1) was used to respond to the
absence of a target. For the remaining half ofthe subjects, the response
keys were reversed. RT was recorded from the display of the stim
ulus letters until the trial was terminated by the subject's response.
Two types of errors were possible: either an incorrect response or
an irrelevant response produced by striking a key other than the two
designated keys. A brief tone was emitted by the computer when ei
ther error occurred. The subject's response was followed by the dis
play of the target letter for the next trial. At the conclusion of each
block oftrials, a performance graph displayed average accuracy and
RT information to the subject.

In the onset-relevant condition, the appearance of the onset let
ter and its correlation with the target were described to the subjects.
No information regarding the onset letter was provided to subjects
in the onset-irrelevant condition. All subjects were instructed to re
spond as quickly as possible while attempting to minimize errors.

Results and Discussion
Prior to analysis, observations with an RT less than

100 msec or greater than 3 standard deviations above a
subject's mean in each experimental condition were ex
cluded. Irrelevant responses (i.e., when subjects pressed
a key without a designated response) were also excluded
from the analysis. These procedures removed less than
2% of the data.

Mean RTs for correct trials (collapsed across sessions)
as a function ofdisplay size are plotted by target type for
the onset-irrelevant condition and the onset-relevant con
dition in the top and bottom panels, respectively, of Fig
ure 2. Error rates in all the experimental conditions (col
lapsed across sessions) are presented in Table I. We first
report separate analyses of variance (ANOYAs) for the
onset-irrelevant and onset-relevant data and then describe



the results ofthe ANOVAsthat contrast the RTs and error
rates for the onset trials in the onset-irrelevant and onset
relevant conditions.

Onset-irrelevant condition. The mean RTs and error
rate data were submitted to three-way, repeated measures
ANOVAswith session (1 and 2), display size (3,5,7, and
13), and target type (target present and target absent) as
factors. RTs were slower in the first session than in the
second session [F(l ,7) = 6.70,p < .05]. As shown in Fig
ure 2, RT increased with display size [F(3,21) = 48.53,
p < .0 I] and between target-present and target-absent con
ditions [F( 1,7) = 28.46, p < .01]. Display size and target
type interacted such that the target-absent trials showed
greater increases in RT with increasing display size than
did the target-present trials [F(3,21) = 27.69, P < .01].

Error rate increasedacross displaysize [F(3,21) = 26.13,
p < .0 I] and between the target-absent and target-present
conditions [F(I ,7) = 140.26,p < .01]. Display size inter
acted with session [F(3,21) = 4.80,p < .01], with a larger
increase in error rate observed for Session 2 with increas
ing display size.

A second ANOVA was conducted to further examine
the two target-present conditions, with session (I and 2),
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Figure 2. Mean RT (in milliseconds) by display size for onset
target, non-onset target, and target-absent trials in the onset
irrelevant (top panel) and onset-relevant (bottom panel) condi
tions of Experiment 1.
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Table 1
Error Rate for Display Size (DS) by Target Type in the

Onset-Irrelevant and Onset-Relevant Conditions of Experiment 1

Error Rate

Target DS3 DS5 DS7 DSI3

Onset Irrelevant

Absent .04 .05 .05 .09
Non-onset .10 .16 .15 .20
Onset .06 .09 .08 .II

Onset Relevant

Absent .05 .05 .06 .07
Onset .10 .08 .09 .09

display size (3, 5, 7, and 13), and target type (onset and
non-onset) as factors. RT decreased between sessions
[F(l,7) = 7.31, p < .05]. RT increased with increasing
display size [F(3,21) = 38.42, p < .0 I] and between onset
and non-onsettargets [F(l,7) = 37.37,p < .01]. Most im
portantly, a significant interaction was obtained between
display size and target type [F(3,21) = 6.91,p < .01].

According to the interrupt threshold hypothesis, if
non-onsets modulate the capture of attention by onsets,
then we would expect to observe a slower search rate for
onset targets in large displays than in small displays. As
illustrated in Figure 2 (see also Table 2), the search rate
was relatively fast for the onset targets in the small dis
plays. However, the search rate doubled for the onset tar
gets in the larger displays. On the other hand, the search
rate for non-onset targets was relatively stable across dis
play sizes.

To evaluate the display size and target type interaction,
an analysis ofsimple effects was conducted for target type
between adjacent display sizes. The main effects of dis
play size and target type were significant between each
pair ofadjacent display sizes (ps < .01). The display size
X target type interaction was significant between the
smallest display sizes [F(l,7) = 9.44,p < .05]. However,
the interaction was not statistically significant for the
larger display sizes (ps > .10).

The error rate in the onset-irrelevant condition in
creased between onset and non-onset targets [F(I,7) =
25.31, P < .0I] and as display size increased [F(3 ,21) =
9.59,p < .01].

These findings suggest a modulating effect of non
onsets upon attentional capture by an irrelevant onset,
consistent with our hypothesis. While Miller's (1989)
study demonstrated that the relationship between the tran
sients ofa non-onset stimulus and the transients ofan onset
stimulus influences capture by new objects, our results
indicate that the display ratio, the number of non-onset
stimuli relative to an onset stimulus, also affects the abil
ity of new objects to capture attention. At larger display
sizes, with a sufficient number of non-onset stimuli, the
effectiveness of onsets to capture attention is reduced.

Onset-relevant condition. The possible influence of
increasing proximity ofadjacent stimuli with increasing
display size was examined in the onset-relevant condition
when the presence or absence ofa target was perfectly cor-
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Table 2
Search Slope (Milliseconds/Item) and Intercept (Milliseconds)

for the Target-Present Conditions of Experiment 1

Search Slope Intercept

Target DS3-5 DS5~7 DS7-l3 DS3~13 DS3-13

Onset Irrelevant

Non-onset 26.0 27.0 28.5 27.8 591
Onset 11.0 24.0 20.8 20.1 550

Onset Relevant

Onset 3.5 9.5 9.3 8.5 579

Note-c-DS. display size.

related with the onset stimulus. If increasing stimulus
proximity results in perceptual grouping or contour inter
ference between display items at larger display sizes, and
this, in tum, was responsible for the relatively steep slopes
obtained for the irrelevant onsets at larger display sizes,
then we would expect comparable search slopes when on
sets are relevant for search. If, on the other hand, the in
creased search slope between larger display sizes for ir
relevant-onset targets was due to a modulating effect of
non-onsets on attentional capture by onsets, then search
slopes should be shallower for relevant-onset targets at
larger display sizes.

The RT and error rate data were submitted to a two-way
repeated measures ANOYA, with display size (3, 5, 7,
and 13) and target type (onset target present and target
absent) as factors. As shown in the bottom panel of Fig
ure 2, for the onset-relevant condition, RT increased with
increasing display size [F(3,2l) = 7.98,p < .01] and in
creased between onset target-present and target-absent
conditions [F(l,7) = 16.93,p<.OI].AsshowninTable 1,
a higher error rate occurred for onset target-present re
sponses than for target-absent responses [F(l,7) = 24.37,
P < .01].

Also worth noting is the relatively flat search slope
(see Figure 2 and Table 2) for the onset-relevant targets.
These data suggest that subjects are capable of rapid and
parallel search through both small and large displays
when they are intentionally searching for an onset target.

Comparison ofonset-relevant and onset-irrelevant
conditions. The analysis of the onset-relevant condition
provided evidence that the close proximity ofthe stimuli
in large displays does not preclude efficient search for
an onset. If new objects capture attention, regardless of
their relevance, then we would expect to observe similar
search slopes between the onset-irrelevant and onset
relevant conditions.

RT and error rate for the two onset target-present con
ditions were analyzed with an ANOYA, with onset (rel
evant and irrelevant) as the between-subjects factor and
display size (3,5, 7, and 13) as the within-subjects fac
tor. RT increased with increasing display size [F(3,42) =
31.39, p < .01]. The effect of onset target condition was
not significant (F < 1). More importantly, there was a
significant interaction between onset target condition and
display size [F(3,42) = 5.l6,p < .01] such that the increase
in RT with increasing display size was larger for targets

in the onset-irrelevant condition than in the onset-relevant
condition.

An analysis of simple effects yielded significant main
effects for display size between each pair ofadjacent dis
plays sizes (ps < .05). The effect of onset condition was
not significant between small display sizes (p > .20). A
display size X onset target condition interaction occurred
between the intermediate display sizes [F(l,I4) = 7.14,
p < .05] but was unreliable for large sizes [F(I,I4) =
3.29,p < .10]. The error rate for onset targets (see Table 1)
did not vary between the two onset conditions, nor by dis
play size.

These results show that, for small display sizes, an ir
relevant onset captures attention. As the number of items
increases from 3 to 5, RT to an onset target remains con
stant relative to non-onset targets and yields a search slope
that does differ from onset-relevant targets. These RT
effects at small display sizes replicate prior research
(Jonides & Yantis, 1988; Yantis & Jonides, 1984) and are
consistent with the predictions of an attentional priority
model ofonset, or new-object, capture (Hillstrom & Yan
tis, 1994; Yantis & Hillstrom, 1994). However, a new per
ceptual object is not always accorded attentional priority,
as evidenced by the increase in RT for onset targets at
larger display sizes. RT to onset targets begins to increase
as display size exceeds 5 items. Furthermore, the search
slope for onset-irrelevant targets differs from that observed
when an onset is correlated with the target.

Our data are consistent with the interrupt threshold hy
pothesis, which suggests that increasing display change
(in the present case, realized via an increase in display
ratio) modulates the capture ofattention by irrelevant on
sets. Interestingly, the search for task-relevant onsets does
not appear to be disadvantaged by increasing display
change. The search rate for the onset-relevant targets was
relatively stable across display sizes. These data would
appear to suggest that goal-directed, or top-down, search
mechanisms (Treisman & Sato, 1990; Wolfe, 1994) are
less susceptible to the deleterious influence of transient
display change than are stimulus-driven mechanisms,
such as those responsible for the generation of atten
tional interrupts.

EXPERIMENT 2

In Experiment 1, we varied display ratio by increasing
the number of non-onset stimuli as one means of exam
ining the influence ofdisplay change on attentional cap
ture by new objects. In Experiment 2, we varied stimu
lus ratio as another means to examine the interrupt
threshold hypothesis.

The complex premasks used by Miller (1989) to equate
offset and onset transients between stimuli were imple
mented in the displays of Experiment 2. On the basis of
the interrupt threshold hypothesis, we expect that search
slopes for onset targets will be relatively steep for both
small and large display sizes. This follows, since, in Ex
periment 2, the amount ofdisplay change, via an increase
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Display Size

Figure 3. Mean RT (in milliseconds) by display size for onset
target, non-onset target, and target-absent trials in the onset
irrelevant (top panel) and onset-relevant (bottom panel) condi
tions of Experiment 2.

Error rate (see Table 3) was higher for target-present
responses than for target-absent responses [F(1,11) =
70.82, P < .01], and error rate increased with display size
[F(3,33) = 38.23,p < .01]. Display size interacted with
target type such that larger increases in error rate with dis
play size occurred for target-present responses than for
target-absent responses [F(3,33) = 9.28,p < .01].

A separate ANOVAwas conducted to contrast perfor
mance in the two target-present conditions, with session
(1 and 2), display size (3, 5, 7, and 13), and target type
(onset and non-onset) as factors. RT decreased between
Sessions 1 and 2 [F(1,II) = 52.32,p < .01]. Increases in
RT were observed between onset and non-onset targets
[F(1,11) = 11.58, P < .01] and as display size increased
[F(3,33) = 71.43, P < .01]. Session interacted with dis
play size [F(3,33) = 3.34, P < .05], with Session 1 re
sponses showing larger increases in RT with increasing
display size. As shown in Figure 3, the effect oftarget type
on display size was significant [F(3,33) = 4.40,p < .01],
with larger increases in RT as display size increased for
non-onset targets than for onset targets.

An analysis of simple effects was conducted to evalu
ate this interaction. Main effects of display size and tar
get type were observed between each pair of adjacent
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in the stimulus ratio, was further increased relative to
that in Experiment 1. Thus, we expect a further decrease
in the proportion oftrials on which the appearance ofnew
objects capture attention in a stimulus-driven fashion.
On the other hand, on the basis of the results of Experi
men! 1, it seems likely that the search for onset targets
(i.e., onset-relevant condition) will be relatively immune
to the amount of transient change associated with the
non-onset objects.

The procedures employed in Experiment 2 were iden
tical to those of Experiment 1, with the exceptions de
scribed below.As in Experiment 1,a between-subjects de
sign was used to manipulate onset relevance (relevant or
irrelevant). Target type (present or absent) and display
size (3, 5, 7, or 13) were manipulated within subjects. As
in Experiment 1, the onset-relevantcondition was included
to serve as a baseline against which to evaluate atten
tional capture by irrelevant onsets.

Method
Subjects. Twenty-four University of Illinois undergraduate stu

dents, who had not participated in Experiment I, served as subjects
in Experiment 2. Twelvesubjects (7 women and 5 men) participated
in the onset-irrelevant condition, and 12 subjects (4 women and 8
men) participated in the onset-relevant condition. All subjects
demonstrated adequate near and far visual acuity (minimum 20/40)
with the Snellen eye chart.

Stimuli. The premask used was a block figure eight with an "X"
inscribed in each half of the figure. The center panels of Figure I
illustrate the premasks used in Experiment 2 to form the stimulus
display.Other than the premasks, the stimulus letters, premask con
figurations, and display sizes were identical to those of Experi
ment I.

Results and Discussion
Less than 2% ofthe observations were discarded prior

to analysis using the same criteria adopted for Experi
ment 1. Mean RTs for correct trials (collapsed across ses
sions) as a function of display size are plotted by target
type for the onset-irrelevant condition and the onset-rel
evant condition in the top and bottom panels, respec
tively, of Figure 3. Error rates in all experimental condi
tions (collapsed across sessions) are presented in Table 3.
We first report the results of the separate ANOVAs con
ducted on the onset-irrelevant and onset-relevant data
and then describe the results of the ANOVA that con
trasts the RTs and error rates obtained for the onset tar
gets in the two conditions.

Onset-irrelevant condition. The ANOVA for the onset
irrelevant condition included session (1 and 2), display
size (3, 5, 7, and 13), and target type (present and absent)
as factors. RTs were longer for Session 1 responses
[F(1,II) = 57.96, P < .01] and showed larger increases
as display size increased [F(3,33) = 10.48, P < .01] in
Session 1 than in Session 2. As shown in Figure 3, RT in
creased between target-present and target-absent trials
[F(1,11) = 72.59,P < .01] and increased with display size
[F(3,33) = 85.23,p < .01]. Display size and target type
interacted with target-absent responses, showing greater
increases in RT with increasing display size than with
target-present responses [F(3,33) = 47.29, P < .01].
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Table 3
Error Rate for Display Size (DS) by Target Type in the

Onset-Irrelevant and Onset-Relevant Conditions of Experiment 2

Error Rate

Target OS3 OS5 OS7 OS13

Onset Irrelevant
Absent .03 :03 .04 .05
Non-onset .04 .08 .10 .16
Onset .04 .06 .06 .07

On~ Relevant

Absent .04 .03 " .04 .04
Onset .05 .06 .07 .05

display sizes (ps < .01). The display size X target inter
action was not significant between smaIler display sizes
(ps > .10). The effect of target type on display size was
significant only between the two largest display sizes
[F(I,Il) = 11.85,p < .01]. However,as shown in Table 4
(which provides the search slopes between adjacent dis
play sizes), even between the large display sizes, the search
slopes for both onset and non-onset targets were signif
icantly greater than zero.

The error rate in the onset-irrelevant condition in
creased between onset and non-onset targets [F(l, 11) =
17.68, P < .01] and as display size increased [F(3,33) =
10.71, P < .01]. The error rate for target type also varied
as a function ofdisplay size [F(3,33) = 3.97,p < .05] and
session [F(l,II) = 9.16,p < .01]. With increasing dis
play size, and between Sessions 1and 2, more errors were
observed in response to non-onset targets than to onset
targets.

These results show little evidence of attentional cap
ture by irrelevant onsets and replicate Miller's (1989) re
sults obtained at small display sizes. Consistent with the
interrupt threshold hypothesis, a comparison ofthe search
slopes for Experiments 1 and 2 for the onset-irrelevant
condition (see Tables 2 and 4) also suggests that stimu
lus ratio and display ratio combine to modulate the abil
ity of onset targets to capture attention in a stimulus
driven manner. A comparison of the onset-irrelevant
slopes at the smaller display sizes in the two experiments
provides evidence for the influence of stimulus ratio on
attentional capture. Display ratio effects are observed in
both experiments in the form of steep slopes for larger
display sizes on the onset trials. Finally, the combined
influence of stimulus and display ratio can be observed
in the steeper slopes at the larger display sizes in Exper
iment 2 relative to those in Experiment 1.

Onset-relevant condition. As in Experiment 1, the
analysis of the onset-relevant data was performed to pro
vide a baseline against which to evaluate the rather steep
search slopes obtained for the onset-irrelevant condition.
The ANaYA for the onset-relevant condition included
target type (target absent and onset target present) and dis
play size as factors. RT was longer for target-absent tri
als than for target-present trials [F(l, 11) = 9.98,p < .01].
RT also increased with display size [F(3,33) = 44.54,

p < .01]. Error rate was higher for target-present trials
than for target-absent trials [F( 1,11) = 9.20, p < .01].

Comparison ofonset-relevant and onset-irrelevant
conditions. ANOYAs for RT and error rate, with onset
(relevant and irrelevant) as the between-subjects factor
and display size (3,5, 7, and 13) as the within-subjects
factor, were conducted to determine whether responses
to an onset target differed as a function of relevance. RT
increased with display size [F(3,66) = 67.00, p < .01]
and was longer for onset-irrelevant targets than for onset
relevant targets [F(l,22) = 9.92, p < .01]. As suggested
by Figure 3, the increase in RT with display size was
greater for onset-irrelevant targets than for onset-rele
vant targets [F(3,66) = 22.45, p < .01].

An analysis of simple effects revealed main effects of
display size and onset type between each pair ofadjacent
display sizes (ps < .05). The comparisons of RT differ
ences between adjacent display sizes indicated larger RT
effects for irrelevant onsets than for relevant onsets at
each comparison (ps < .05). Therefore, the steep search
slopes obtained for the onset-irrelevant trials cannot be
explained by grouping or contour interaction phenom
ena. The error rate for onset targets (see Table 3) did not
vary between the two onset conditions, nor by display
size (ps > .10).

EXPERIMENT 3

The results of Experiments 1 and 2 are consistent with
the interrupt threshold hypothesis. The search rate for
onset-irrelevant targets slowed with increases in the
number of offset transients. Thus, it would appear that
the capture ofattention by new objects can be modulated
by stimulus-driven factors (e.g., transient changes in old,
or non-onset, objects) as well as goal-directed factors
(Folk et aI., 1992; Yantis & Jonides, 1990).

Experiment 3 was conducted for two reasons. First, we
were interested in determining whether a further de
crease in the probability of attentional capture by new
objects would occur with an increase in the stimulus ratio.
To that end, non-onset premasks were increased in com
plexity (see Figure 1, bottom panels) such that more seg
ments would be removed when a premask changed into
a non-onset stimulus than segments would be added with
the appearance of an onset stimulus. Second, the error
rates, particularly for the non-onset trials with the large

Table 4
Search Slope (Milliseconds/Item) and Intercept (Milliseconds)

for the Target-Present Conditions of Experiment 2

Onset Irrelevant
Non-onset 34.0 31.0 32.3 32.3 502
Onset 27.5 28.5 26.2 26.9 492

Onset Relevant
Onset 11.5 12.0 4.5 7.1 487

Note-OS. display size



display sizes, were rather high in our first two experiments.
We attempted to decrease the error rates in Experiment 3
by further emphasizing accurate responding. As in the first
two experiments, onset relevance (irrelevant and relevant)
was manipulated between subjects. Target type (present
or absent) and display size were varied within subjects.
The experimental design and procedures were identical
to those of Experiments I and 2.

Method
Subjects. Twenty-four University of Illinois undergraduate stu

dents, who had not participated in the first two experiments, served
as paid subjects in the Experiment 3. Twelvesubjects (9 women and
3 men) participated in the onset-irrelevant condition, and 12 sub
jects (4 women and 8 men) participated in the onset-relevant condi
tion. All subjects demonstrated adequate near and far visual acuity.

Stimuli. The bottom panels of Figure I illustrate the premask
and stimulus displays of Experiment 3. To increase the complexity
of the premask, a four-segment "star" was inscribed in each half of
the block figure eight. The size of the premask was increased to
0.96° height and 0.55° width such that the line segments ofthe pre
mask were distinct at a viewing distance of 90 em. The premasks
were positioned 5.0° from fixation, yielding a minimum edge-to
edge separation between onset and non-onset stimuli of 0.25° vi
sual angle.

Results and Discussion
Using the procedure described for the previous exper

iments, less than 2% of the observations were excluded
from the analysis. Mean RTs for correct trials (collapsed
over session) by display size for each target type are pre
sented for the onset-irrelevant and onset-relevant con
ditions in the top and bottom panels, respectively, of
Figure 4. Error rate is shown in Table 5. The analyses con
sisted of separate ANOVAs for the onset-irrelevant
condition and the onset-relevant condition, followed by
ANOVAsthat examined the effect ofonset targets in the
two conditions. In addition, an ANOVA was conducted
to evaluate the effect of premask complexity across the
three experiments.

Onset-irrelevant condition. The ANOVAs for RT
and error rate in the onset-irrelevant condition included
session (I and 2), display size (3, 5, 7, and 13), and tar
get type (present and absent) as factors. RTs were slower
in Session I than in Session 2 [F(I, II) = 55.62,p < .01],
increased with display size [F(3,33) = 126.52,p < .01],
and between target-present and target-absent conditions
[F(l, II) = 144.04,p < .0 I]. Session interacted with dis
play size [F(3,33) = 3.47, p < .05] and with target type
[F(l,II) = 7.64,p < .05], with Session 1 showing greater
increases in RT with display size and between target
present and target-absent conditions than Session 2. Dis
play size and target type interacted [F(3,33) = 92.01,p <
.0I], with the target-absent condition showing greater in
creases in RT with increasing display size followed by
the target-present conditions.

The error rate was higher in Session I than in Session 2
[F(l, II) = 5.83, P < .05]. Errors increased with display
size [F(3,33) = 15.96,p < .01] and between target-absent
and target-present conditions [F(l, II) = 42.78,p < .0 I].
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Figure 4. Mean RT (in milliseconds) by display size for onset
target, non-onset target, and target-absent trials in the onset
irrelevant (top panel) and onset-relevant (bottom panel) condi
tions of Experiment 3.

Separate ANOVAs for RT and error rate were conducted
to evaluate the two target-present conditions, with session
(I and 2), display size (3, 5, 7, and 13), and target type
(onset and non-onset) as factors. RT decreased between
Sessions 1 and 2 [F(l,II) = 29.32, p < .01], increased
with increasing display size [F(3,33) = 84.41, p < .01]
and between onset and non-onsettargets [F(l, II) = 25.94,
p < .01]. In contrast to the results of the first two exper
iments, the display size X target type interaction failed
to reach significance (p > .25).

Error rate increased between the onset and non-onset
targets [F(l,II) = 27.00,p < .01]. Display size and tar
get type interacted [F(3,33) = 3.5, p < .05], with a
greater increase in errors as display size increased ob
served for non-onset targets, relative to onset targets.

Onset-relevant condition. The ANOVAfor the onset
relevant condition included target type (present and ab
sent) and display size as factors. RT increased with
increasing display size [F(l,II) = 26.85, p < .01] and
between target-present and target-absent conditions
[F(l,II) = 31.45, p < .01]. Error rate showed a small
increase between target-absent and target-present re
sponses [F(l,II) = 4.77,p = .05].
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Table 5
Error Rate for Display Size (DS) by Target Type in the

Onset-Irrelevant and Onset-Relevant Conditions of Experiment 3

Error Rate

Target DS3 DS5 DS7 DSI3

Onset Irrelevant

Absent .03 .03 .03 .06
Non-onset .06 .07 .08 .11
Onset .04 .07 .05 .06

Onset Relevant

Absent .02 .03 .03 .03
Onset .04 .03 03 .04

Table 6
Search Slope (Milliseconds/ltem) and Intercept (Milliseconds)

for the Target-Present Conditions of Experiment 3

Onset Irrelevant

Non-onset 28.0 40.5 34.2 34.6 457
Onset 29.5 19.0 39.5 33.7 423

Onset Relevant

Onset 8.0 13.0 8.0 5.6 453

Note-DS, display size.

Comparison ofonset-relevant and onset-irrelevant
conditions. ANOYAswere conducted to evaluate RT and
error rate for the target-present conditions, with onset
(relevant and irrelevant) as the between-subjects factor
and display size as the within-subjects factor. RT increased
between onset-relevant and onset-irrelevant targets
[F(l,22) = 32.82,p< .01] and with increasing display size
[F(3,66) = 57.65,p < .01]. The increase in RT as a func
tion ofdisplay size was larger for onset-irrelevant targets
than for onset-relevant targets [F(3,33) = 30.55,p < .01].

Analysis of simple effects yielded main effects of dis
play size and onset type between each pair of adjacent
display sizes (ps < .01). As suggested by the search
slopes given in Table 6, the analysis also revealed that,
relative to onset-relevant targets, larger increases in RT
occurred for onset-irrelevant targets between small (3
and 5) display sizes and large (7 and 13) display sizes
(ps < .01), but not for intermediate display sizes (p > .3).
The error rate for onset targets (see Table 5) did not vary
between the two onset conditions, nor by display size
(ps> .3).

Analysis of the premasks. To evaluate the effect of
increasing premask complexity, an ANOYA was con
ducted using premask condition as the between-subjects
variable (i.e., between Experiments 1,2, and 3) and using
target type (onset and non-onset) and display size as the
within-subjects variables. Significant main effects for RT
were observed for display size [F(3,87) = 186.12,P < .01]
and target type [F(l,29) = n.24,p < .01]. Target type in
teracted with display size [F(3,87) = 7.38, P < .01] and
premask condition [F(3,87) = 4.48, P < .05]. The three
way interaction [F(6,87) = 2.38, p < .05] was evaluated
in separate analyses for onset and non-onset targets. For
non-onset targets, only a main effect of display size was

observed [F(3,87) = 218.26,p < .01]. For onset targets,
a main effect ofdisplay size [F(3,87) = 109.05, P < .01]
and a display size X premask interaction [F(6,87) = 2.87,
P = .01] were observed. The display size slope for onset
targets increased from 20 msec for the simple figure eights
(Experiment 1), to 27 msec for the figure eights with the
inscribed "X" (Experiment 2), to 34 msec for the complex
premasks (Experiment 3).

Errors decreased as premask complexity increased from
the simple figure-eight premasks to the complex pre
masks of Experiment 3 [F(2,29) = 3.73, p < .05], in
creased with increasing display size [F(3,87) = 18.07,p <
.01] and between onset and non-onset targets [F(l,29) =
46.33, P < .01]. A larger increase in error as a function of
display size was observed for non-onset targets, relative
to onset targets [F(3,87) = 4.45, P < .01].

GENERAL DISCUSSION

The results of the three experiments, which involved
two different manipulations of display change (i.e., dis
play ratio and stimulus ratio), are consistent with the in
terrupt threshold hypothesis. This hypothesis suggests
that capture ofattention by new objects will become less
likely as the amount of (non-onset) change in the visual
field increases. The reduction in capture is attributed to
a fixed ratio threshold that must be exceeded for the at
tentiona1 interrupt-and, hence, attentional capture by
the new object-to be realized. That is, it is assumed that
(non-onset) display change produces noise in the inter
rupt mechanism, and, with increasing noise, it becomes
less likely that the appearance of a new object will pro
duce sufficient activation such that the fixed ratio thresh
old will be exceeded, thereby triggering an attentional
interrupt. However, even in the absence of the production
ofa stimulus-driven attentional interrupt, the new object
can receive preferential treatment in visual search. This
was demonstrated by the results obtained in the onset
relevant conditions in which subjects intentionally
searched for the new object. Across the three experiments,
search rates were fast and relatively insensitive to the
magnitude of display change.

The results of Experiment I revealed that when the ap
pearance of an onset stimulus is not correlated with tar
get identity or location, RT to onset targets is relatively
independent ofdisplay size when there are relatively few
display items (3-5 stimuli). This finding replicates prior
research providing evidence that onsets capture atten
tion. However,as display size increased (from 5 to 13stim
uli) with a corresponding increase in the display ratio of
non-onsets to onsets, ~T to an onset target also began to
increase.

In Experiment 2, we used the complex premasks of
Miller (1989) such that the number ofoffset stimulus tran
sients and the number of onset stimulus transients were
approximately equal, in order to examine the extent to
which both the stimulus ratio and the display ratio limit
capture by irrelevant onsets. Our results at small display
sizes correspond to those of Miller: Offset transients re-
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Table 7
Observed and Predicted Mean RT (Milliseconds) for the Strong and Weak Capture Models

Experiment 1 Experiment 2 Experiment 3

Predicted Predicted Predicted

Display Strong Weak Strong Weak Strong Weak
Target Size Observed Capture Capture Observed Capture Capture Observed Capture Capture

Onset 3 619 651 617 571 613 560 536 583 521
5 641 651 654 626 613 619 595 583 589
7 689 651 693 683 613 676 633 583 662

13 814 651 809 840 613 848 870 583 871
Non-onset 3 677 730 668 597 697 604 566 672 558

5 729 783 728 665 753 669 622 731 630
7 783 835 788 727 809 737 703 790 701

13 954 992 968 921 974 938 908 966 921
Absent 3 698 717 689 665 682 640 627 645 595

5 796 822 809 755 793 772 718 763 739
7 913 927 929 878 904 905 849 881 883

13 1,287 1,242 1,289 1,323 1,240 1,303 1,330 1,235 1,315

R2 .87 .99 .79 .99 .75 .99
RMSE 59 8 89 14 106 19
RMSE/Mean RT .07 .01 .12 .02 .14 .03

duced the probability of attentional capture by onset
transients. In addition, the results ofExperiment 2 show
that stimulus ratio further decreased the rate at which the
subjects identified onset-irrelevant targets in large dis
plays relative to the findings obtained in Experiment 1.
Finally, in Experiment 3, in which the number of offset
transients exceeded the number ofonset transients at the
level of the single stimulus, the rate at which onset
irrelevant targets were identified was slowed even further.

Collectively, these results provide strong support for
the interrupt threshold hypothesis. However, thus far, we
have offered only qualitative support for this hypothesis.
While the changes in search slope for the onset-irrelevant
targets are in agreement with the predictions ofthe inter
rupt threshold hypothesis, our proposal would be strength
ened by a quantitative demonstration that the proportion
of trials on which onsets capture attention declines with
increasing display change.

In an effort to provide such support, we fit the data ob
tained in the three experiments to two different quantita
tive models of attention capture. Both of these models
have been previously used by Yantis and Jonides to char
acterize attentional capture (Jonides & Yantis, 1988; Yan
tis & Jonides, 1984). In one model, which we will call
the strong capture model, it is assumed that if an onset
item is present, it is identified first; otherwise, search oc
curs in a serial self-terminating fashion through the ob
jects in the display. In the second model, which we will
call the weak capture model, it is assumed that atten
tional capture by new objects may fail on some proportion
of trials. On trials on which capture does not occur, the
display is searched in a serial fashion for the target.

Since the interrupt threshold hypothesis predicts that
the probability that new objects will capture attention
will decrease with increases in the magnitude of display
change, we expect that (I) the goodness offit for the strong
capture model will decrease from Experiment I to Experi-

ment 2 and, finally, to Experiment 3 and (2) for the weak
capture model, the estimate of the proportion oftrials on
which attentional capture by new objects occurs should de
crease from Experiment 1 to Experiment 2 and, finally,
to Experiment 3.

The data presented in Table 7 address these predictions.
Consistent with the interrupt threshold hypothesis, the
amount of variance accounted for (i.e., R2) by the strong
capture model declined with an increase in stimulus ratio.
As the non-onset premasks became more complex-re
sulting in an increasing number of offset transients-the
variance accounted for by the strong capture model de
clined from 87% to 75%. Similarly, the root mean square
error (RMSE) increased with increasing stimulus ratio. As
can be seen in Table 7, the weak capture model fit the data
from the three experiments equally well. However,what is
not reflected in the table is that this was accomplished by
an adjustment in the parameter, which considers the num
ber of trials on which new objects captured attention. This
parameter was estimated as 64%, 49%, and 40% for Ex
periments 1,2, and 3, respectively. Thus, as predicted by
the interrupt threshold hypothesis, the proportion oftrials
on which attentional capture by new objects was estimated
to occur declined with increasing stimulus ratio (i.e., with
increases in the number ofoffset transients ).1

The interrupt threshold hypothesis also suggests that
the proportion of trials on which capture occurs should
vary with display ratio, at least when relatively simple
non-onset premasks are employed. To examine this pre
diction, we fit the strong capture model separately to the
mean RT data obtained at the large and small display
sizes in Experiment 1. Consistent with our hypothesis,
the variance accounted for by the strong capture model
was substantially higher for the small display sizes (98%)
than for the large display sizes (86%). Additionally, the
estimate of the proportion of trials on which attention was
captured by the onset target decreased from the small
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display sizes to the large display sizes. These data suggest
that the probability ofattentional capture by new objects
decreases with increasing numbers ofnon-onset objects.?

Finally, assuming that top-down, or goal-directed, con
trol of attention is relatively insensitive to the magnitude
ofdisplay change, we would expect that the onset-relevant
data from Experiments 1, 2, and 3 would be well fit by
the strong capture model. The variance accounted for by
the strong capture model was 97%, 99%, and 98% for
Experiments 1,2, and 3, respectively. Therefore, it would
appear that, although stimulus-driven attentional capture
is modulated by display change in the form ofoffset tran
sients, the intentional search for a new-object target is rela
tively immune to changes in at least some physical char
acteristics of objects in the visual field.

Similar limitations upon stimulus-driven attentional
capture occur in response to goal-directed, or top-down,
factors. When attention is focused in response to central
cues, irrelevant peripheral onsets fail to elicit capture (Ko
shino, Warner, & Juola, 1992; Theeuwes, 1991; Yantis
& Jonides, 1990). Conversely, irrelevant feature singletons
may capture attention, given a goal-directed attentional
control setting for a particular feature (Folk et al., 1992)
or when subjects engage in singleton detection mode (Ba
con & Egeth, 1994).

On the basis ofour results, we suggest that, in addition
to goal-directed factors such as those described above,
stimulus-driven attentional capture may be modulated by
salient features (i.e., offset transients) ofdisplay stimuli,
which, like onsets, are irrelevant to target location or
identity but nonetheless interfere with the generation of
attentional interrupts. The allocation ofattention to a par
ticular element is then not solely determined by its sta
tus as a new object, but it can also be limited by the de
mands ofother objects and events within the visual field.
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NOTES

I. Given that the error rates differed rather dramatically between the
irrelevant onset and non-onset target conditions at the larger display
sizes in Experiments I and 2, one might question the fits of the strong
and weak capture models for these data. In an effort to examine the in
fluence ofdifferential error rates on the model fits, we conducted a sec
ond fit ofthe strong and weak capture models to the mean RT data ob
tained in Experiments I and 2. In this fit of the models, we adjusted the
mean RTs obtained in the non-onset target trials by decreasing the
search rate by 20% to compensate for the higher error rates on the non
onset target trials than on the onset target trials.

The strong capture model fit the adjusted RT data more poorly than
it did the unadjusted data (i.e., the mean RT data displayed in Table 7).
The strong capture model accounted for 84% and 75% of the variance
in the adjusted mean RT data in Experiments I and 2; it accounted for
87% and 79% of the variance in the unadjusted mean RT data in the
same experiments. Furthermore, the estimates ofthe percent of trials on
which the onset targets captured attention declined from that obtained
on the unadjusted mean RT data (i.e., when the weak capture model was
fit to the adjusted non-onset RT data). The estimates of the proportion
of trials on which the onset targets captured attention were 54% and
36% in Experiments I and 2, respectively. These estimates can be con
trasted with estimates of64% and 49% capture for the unadjusted mean
RT data in Experiments I and 2, respectively.

Therefore, on the basis of these data, it appears safe to conclude that
we were quite conservative in our estimation of attention capture fail
ures in response to offset transients.

2. We have argued that attentional capture by new objects is modu
lated by the amount of change in old (non-onset) objects that occurs in
the visual field. Furthermore, we have suggested that this process of
modulation of attentional capture is the result of increasing noise in the
attentional interrupt mechanism, which results in the failure of the new
object to produce sufficient activation to exceed a fixed ratio threshold
(i.e., the interrupt threshold hypothesis). Our data, as well as those of
Miller (1989), are quite consistent with this proposal.

However, data have also been obtained in a number ofstudies that may
appear, at first glance, to belie our interrupt threshold account. For ex
ample, Jonides and Yantis (1988; see also Yantis & Jonides, 1984) have
conducted studies in which subjects were initially presented with six fig
ure-eight premasks (e.g., their Experiment 2). In the display size 7 con
dition, segments of the six premasks were removed to reveal letters, and
an additional onset letter appeared in the display. However, in the display
size 3 condition, four premasks disappeared completely, segments were
removed from the remaining premasks to create letters, and an onset ap
peared in a previously unoccupied display location. For the onset targets,
RTs were faster for the smaller display size than for the larger display size.

Given the larger amount of display change in the smaller display size
condition in this study, one might imagine that our interrupt threshold
account would predict less attentional capture by the new object for the
small display size than for the large display size. However, such a pre
diction would clearly be inconsistent with the data in this study given
the faster RT obtained in the smaller display size condition.



What then is the solution to this apparent discrepancy between the
data from disappearing premask studies and our interrupt threshold hy
pothesis? Miller (1989) proposed a possible solution to this conundrum
that, with a slight modification, seems quite plausible in the present cir
cumstances. Miller suggested that "offset transients do not attract at
tention to a region in visual space, but rather attract attention to a stim
ulus object. When no stimulus object remains, offset transients might
have no distracting effect" (Miller, 1989, p. 570).

We suggest that display change contributes to the noise distribution
in the interrupt mechanism only when a representation of an old (non
onset) object is available. In the absence of the availability of an object
representation, as would be the case when a premask completely disap
pears, display change does not influence the interrupt mechanism and,
hence, has no effect on the probability ofattentional capture by new ob-
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jects. Such a proposal that noise accrues only from display change as
sociated with object representations would appear plausible given the
fact that feature and object maps, which form the basis of many theo
ries of visual search (Treisman & Sato, 1990; Wolfe, 1994), represent
only stimuli that are currently available to perception.

In summary, if we assume that the accrual of noise results from changes
in currently available object representations, then our interrupt thresh
old hypothesis provides a good account of both disappearing premask
and premask change studies. Of course, this assumption should be ex
plicitly examined in additional studies.
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