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Involuntary attentional shifts due to
orientation differences

JULIANS. JOSEPH and LANCE M.OPTICAN
Laboratory ofSensorimotor Research, National Eye Institute

National Institutes ofHealth, Bethesda, Maryland

We tested the ability of orientation differences to cause involuntary shifts of visual attention and
found that these attentional shifts can occur in response to an orientation "pop-out" display. Texture
like cue stimuli consisting of discrete oriented bars, with either uniform orientation or containing a
noninformative orthogonally oriented bar, were presented for a variable duration. Subsequent to or
partially coincident with the cue stimulus was the target display of a localization or two-interval
forced-choice task, followed by a mask display. Naive subjects consistently showed greater accuracy
in trials with the target at the location of the orthogonal orientation compared with trials with uni
formly oriented bars, with only 100msec between the cue and mask onsets. Discriminating these ori
entations required a stimulus onset asynchrony (SOA) of 50-70 msec. The attentional facilitation is
transient, in most cases absent, with a cue-mask SOA of 250 msec. These results suggest that the
preattentive character of some texture discrimination tasks with SOAsof only 100 msec is vitiated
by the involuntary attentional shifts that are caused by orientation differences.

Most models of human visual performance include
two important subsystems, a preattentive system and an
attentional system (see, e.g., Neisser, 1967). The preat
tentive system is generally thought to be responsible for
rapid texture discrimination (Braun & Sagi, 1991; Julesz,
1984) and parallel search performance (Treisman &
Gelade, 1980). In contrast, serial search performance is
generally ascribed to a scan offocal attention (Nakayama
& Silverman, 1986; Treisman & Gelade, 1980; Wolfe,
Cave, & Franzel, 1989). The preattentive and attentional
systems are thought to be coupled in the sense that out
put ofpreattentive processing can cause attentional shifts
(i.e., changes in the spatial distribution of the processing
capacity of the attentional system). This coupling is ev
idenced by the attentional shifts resulting from supra
threshold luminance flashes (Jonides & Yantis, 1988;
Krose & Julesz, 1989; Maylor, 1985; Miller, 1989;
Muller & Rabbitt, 1989; Posner & Cohen, 1984; Yantis
& Jonides, 1984). This link between the two systems is
undoubtedly important for seeing in natural conditions,
since conspicuous elements in the scene pull our atten
tional focus from one location to another. In order to study
this coupling, we need to investigate the involuntary at
tentional shifts elicited by various salient features.
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D. L. Robinson, and S. Yantis for helpful conversations, and 1. W.
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ber 1993 meeting of the Psychonomic Society (Joseph & Optican,
1993a). Correspondence should be addressed to 1. S. Joseph, Vision
Sciences Laboratory, Department of Psychology, Harvard University,
Cambridge, MA 02138 (e-mail: jsj@isr.harvard.edu).

Orientation differences are among the more salient fea
ture gradients known, resulting in rapid discrimination
(Bergen & Julesz, 1983) as well as parallel search per
formance (Treisman, 1985); this has a well-known phys
iological correlate in the orientation selectivity of striate
neurons (Hubel & Wiesel, 1968). Orientation differences
play an important role in figure-ground separation (Beck,
1966; Julesz & Bergen, 1983) and are of interest in the
study of texture segmentation more generally. It has pre
viously been suggested that textural differences, or local
feature gradients, attract visual attention (Julesz, 1984,
1986; Julesz & Bergen, 1983; Koch & Ullman, 1985). If
this is the case, a local orientation difference should cause
an attentional shift and enhance the visual processing of
less salient aspects of the scene in that region of space. On
the basis of this shift, we would predict that within the
traditional masking paradigm used in many texture dis
crimination studies, the processing would not be purely
preattentive at sufficiently long stimulus onset asynchro
nies (SOAs) between the texture and the mask. Eventu
ally, involuntary reallocation of processing resources
would begin to occur. One ofthe purposes ofthis research
is to establish not only that such involuntary reallocation
does indeed occur, but also to determine what SOAs are
required for the vitiation of purely preattentive texture
processmg.

Motivated by the masking paradigms used for the
study of texture discrimination, we conducted a series of
experiments in which the stimuli were composed of an
orientation difference display and a target display followed
by a mask. A task demanding attentional resources in
volved a target that presented either subsequently to or
concurrently with an orientation difference stimulus. The
orientation difference contained no information relevant
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to the task at hand. It is in this sense that the observed at
tentional shifts in response to the orientation differences
were "involuntary." It should be noted that Kahneman
and Treisman (1984) suggested the additional criterion
for automatic attentional capture that the stimulus in
question ought to cause attentional shifts even if atten
tion is initially focused away from it (the "intentionality
criterion"). Several researchers have studied this stronger
sense of an involuntary attentional shift using 100% in
valid (informative) cue stimuli and informative precues
to direct the top-down focusing of attention (e.g., Folk,
Remington, & Johnston, 1992; Remington, Johnston, &
Yantis, 1992; Yantis & Jonides, 1990). In the present re
search, however, we avoided any information content in
the orientation stimulus in order to reduce the effects of
top-down influences. Our goal in this research, then, was
to establish that orientation differences cause attentional
shifts even when they are noninformative for the task at
hand, and it is in this sense that we will term these at
tentional shifts "involuntary."

Although the experiments we present here are not vi
sual search experiments, they can shed some light on what
occurs during a parallel search task. Any attentional shifts
participating in a visual search for a distinct orientation
are driven by top-down (voluntary or "endogenous") in
fluences, as the subject endeavors to locate the target, as
well as bottom-up (involuntary, reflexive, or "exoge
nous") influences (i.e., any involuntary shifts of atten
tion caused by the local orientation difference). There is
evidence that automatic and controlled processes con
tributing to visual attention have distinctive dynamics
(Nakayama & Mackeben, 1989; Weichselgartner & Sper
ling, 1987). To arrive at a conservative measure of the at
tentional shifts occurring during a parallel search, we ap
proached the elimination of top-down influences by
displaying an orientation "pop-out" stimulus whose lo
cation was statistically unrelated to the position ofa sub
sequently presented target.

Numerous studies have explored the involuntary atten
tional shifts caused by other stimuli. Posner and Cohen
(1984) and Muller and Rabbitt (1989) found evidence for
attentional capture by luminance increases in already
visible objects. Abrupt onsets are now well known for
their exogenous cuing property (Jonides & Yantis, 1988;
Remington et aI., 1992; Yantis & Jonides, 1984, 1990).
Miller (1989) found that abrupt offsets can also capture
attention under certain conditions. This was confirmed by
Theeuwes (1991 b), who also found that abrupt onsets
did not attract attention when attention was intentionally
focused according to a central precue. There is evidence
that the appearance of a new object is the underlying
source of the reflexive orienting toward abrupt onsets
(Yantis & Hillstrom, 1994) and is a prerequisite for at
tentional capture by motion (Hillstrom & Yantis, 1994).
Pashler (1988) observed attentional capture by color sin
gletons with targets defined by form, but found that other
patterns of color discontinuities caused no significant
effects. Folk et al. (1992) reported that color discontinu-

ities could also capture attention under conditions in
which the target was defined by color, but not if it was
defined by abrupt onset, while abrupt onsets did not at
tract attention as measured by color-defined targets (but
see Yantis, 1993) and the response (Folk, Remington, &
Johnston, 1993). However, Theeuwes (1991a) observed
that irrelevant items of unique color distracted attention
away from luminance-defined and form-defined targets
(see also Theeuwes, 1992),as well as those definedby color.
Items of unique luminance drew attention away from
color-defined and also luminance-defined targets. More
recently, Theeuwes (1994) has reported attentional cap
ture by color during tasks in which the target was defined
by abrupt onset. Attentional capture by apparent motion
has been found by Folk, Remington, and Wright (1994)
for targets defined by motion but not for those defined
by color or abrupt onset.

Bacon and Egeth (1994) have suggested that Theeuwes'
results (1994) may have been due to a "singleton detec
tion mode" in which any salient singletons capture atten
tion as probed by singleton targets. However, Yantis and
Egeth (1994) observed no attentional capture due to highly
salient motion-defined or color-defined singletons, with
visual search targets that were singletons; the target,
when present, was the only perfectly vertical bar in an
array of randomly oriented items. Therefore, not every
salient singleton captures attention, even when probed
with singleton targets. The present experiments focused
on attentional capture by orientation singletons, using
singleton targets, with the aim ofdetermining whether at
tention can be captured under these circumstances by
this type of orientation difference.

Using cue durations in the range of700 to 1,300 msec,
Kwak and Egeth (1992) observed slowed reaction times at
the cued location (inhibition-of-return) in response to
various types of noninformative cues, including orienta
tion differences. We included cue durations in this range
to see if these effects would also occur within our para
digm. We also included intermediate cue durations for the
purpose ofmeasuring the duration of the effects we might
find for brief cues, thus providing a test ofthe notion that
visual attention can be separated into sustained and tran
sient components, with bottom-up (involuntary) influ
ences dominating the transient part (Nakayama & Mack
eben, 1989).

EXPERIMENT 1
Cuing by Orientation Differences

Texture segregation based on orientation has been
studied using discrete oriented items (see, e.g., Bergen &
Julesz, 1983; Knierim & Van Essen, 1992; Luschow &
Nothdurft, 1993; Treisman, 1985), which give a finite dif
ference approximation to a gradient, as well as using con
tinuous textures (see, e.g., Landy & Bergen, 1991). For the
sake of simplicity, we investigated the effects produced
by a single discrete item that was distinguished from sur
rounding items by having an orthogonal orientation. This



ORIENTATION DIFFERENCES AND ATTENTION 653

Figure 1. Examples ofthe cue stimulus, which mayor may not con
tain an orientation oddbaU, and the probe stimulus, which contains
an L in a field of Ts.The stimuli shown in this example would appear
in a valid trial, in which the target L appears at the same location as
the orientation oddball. Of the trials that contain an oddball, 25%
were of this type. The rest were invalid trials, in which the locations
ofthe oddbaU and target were different.In all displays, the luminance
ofthe background was 30 cd/m2• White in the figures represents a lu
minance value of 90 cd/m-.

ulus was calculated by assigning no weight to points at the back
ground luminance and assigning some arbitrary weight to points at
the stimulus luminance. The Ts were placed with center of mass as
close as possible to that of the squares and bars in order to reduce
the percept of motion in the transition. The L was placed flush with
the rows and columns defined by the Ts in order to keep the probe
task difficult.

A summary of the frame sequence in each trial is as follows:
(I) The fixation cross was presented alone for 500 msec and stayed
on until the selection was made. (2) Squares were presented for a
duration of 1,000 msec - t, where t was the cue stimulus duration
on that trial. (3) The cue stimulus (display of oriented bars) was
presented for a variable duration t. (4) The probe flash consisting
of one L in a field of Ts was presented for 50 msec. (5) The mask
was presented until the selection was made.

S I-S6 were presented with cue durations of 100, 250, and
800 msec, each performing a total of 1,200 trials over two sessions.
Thus, 80 trials were performed by each subject per cue duration (3)
per condition (4) (necessarily twice as many for the near-invalid
condition). S7-S8 performed the same number of trials and ses-

allowed us to make a start in determining whether tex
tural differences can cause involuntary shifts of visual
attention.

Method
Subjects. Fourteen naive subjects, ages 18 to 35 years, with nor

mal or corrected-to-normal vision, participated. The subjects were
paid for their participation.

Apparatus. The displays were presented on a noninterlaced NEC
3DS 60-Hz monitor with 800 X 600 resolution and approximately
32.5 pixels/em, controlled by a Number Nine GXi TIGA card in a
PC. Stimuli were viewed binocularly from a distance of 57 cm,
with a chinrest and foreheadrest to constrain head movements.

Stimuli and Procedure. In the first experiment, we measured
the effects of involuntary attentional shifts due to an orientation
difference as a function of its duration and location. We presented
a 7 X 7 array of oriented bars (Figure IA) of variable duration fol
lowed by a 50-msec probe flash containing an L surrounded by Ts
(Figure IB). The probe flash was immediately followed by a mask
consisting of the union of the L and the T. An overview of the pre
sentation sequence in one trial is shown in Figure 2. The subject's
task was to locate the target L at one of four possible locations,
shown in Figure 3. The orthogonal orientation cue contained no in
formation about the target location and was useless for task per
formance. (We use the term cue more generally to refer to the dis
play oforiented bars, whether it contains an oddball or not, despite
the fact that it contains no information relevant to the task.) The
cue stimulus contained an orientation oddball at one of the four
possible target locations on 80% of the trials (cued trials). On the
rest of the trials, all the bars of the cue stimulus were of uniform
orientation (uncued trials). At the beginning ofthe first session, the
subjects were presented with demonstration trials in which each
stimulus frame was frozen, with the target in each one of its four pos
sible locations (circled in Figure 3).

We aimed for an experimental design that measured the effects
of the orientation difference without confounding luminance or
contrast adaptation effects. For this reason, the bars were preceded
by squares with the same number of pixels as the bars at the same
luminance, centered at the same positions. The total presentation
time for the squares plus the bars was fixed at 1,000 msec. Thus,
any luminance or contrast adaptation ofearly spatial filters had oc
curred for the same period of time when the probe appeared. This
allowed the accuracy differences between cued and uncued trials
to be compared more meaningfully across different cue durations.

The subjects initiated a trial by pressing a mouse button, at
which time a fixation cross appeared in the center of the screen and
remained throughout the trial for the purpose of preventing express
saccades (Fischer & Boch, 1983). After the cross had been present
alone for 500 msec, the squares appeared on the display. Eye move
ments were not monitored; the cuing effects we observed were too
rapid « 100-msec SOA) to have been due to eye movements away
from the fixation cross. The subjects were instructed to fixate on
the cross until the mask appeared, at which time they indicated the
perceived target location by sliding and pressing a mouse. (The
mouse arrow did not appear until after the mask had appeared and
the mouse had been moved.) Upon the selection of a location, the
screen cleared to the background gray level, and a beep was sounded
if the selection was correct. At the beginning of each session, the
subjects were informed that the distinctly oriented bar (if present)
was unrelated to the location of the target L. The luminance of all
stimuli was 90 cd/rrr', with a background luminance of 30 cd/m-.
The spacing in the stimulus arrays was lAo between the centers of
neighboring elements. The target locations were centered at an ec
centricity of 3.9°. The squares were 14.8' in size, the bars 7A' X

30', the lines composing the Ls and Ts were 7A' X 18.5', and the
cross hairs were 3.7' X 14.8'. The squares and bars were placed
with equal center-of-mass locations. The center of mass of a stim-

cue
stimulus

(a)

probe
(b)
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probe
(50 msec)

mask
(until
selection)

cue
stimulus }1000 msec

fixation cross
(500 msec)

Figure 2. Overview of a trial in Experiment 1. The fixation cross alone appeared for 500 msec
and remained throughout the trial. The squares played the role of an adapter for the luminance
and contrast changes that occurred when the oriented bars we used were displayed abruptly. The
cue stimulus (oriented bars) then appeared. The durations ofthe adapter and cue totaled 1,000 msec
on each trial, but the cue duration itselfvaried from trial to trial. The probe stimulus (L- T display)
lasted 50 msec, This was followed by a union mask, which remained on display until subjects made
their selection.

sions, but were presented with cue durations of 50, 250, and
500 msec. Finally, 89-814 were presented with cue durations of
50, 100, 250, and 800 msec. They each performed three sessions
totaling 1,920 trials, giving 96 trials per cue duration (4) per con
dition (4) (192 for near-invalid).

The sessions were held on separate days and lasted approxi
mately 80 min each. Each subject was given 50 practice trials be
fore the first session. Within each session, trials were balanced for
background bar orientation (horizontal or vertical), target loca
tion, location of the orientation difference (if present), and cue du
ration, and they were randomly shuffled.

Results
Terminology used in discussing the data is defined in

Figure 3, which illustrates the possible target locations
relative to the orientation difference. The location of the
orthogonal orientation is the pop-out (or valid) location,
while the other possible target locations are the near
invalid and far-invalid locations, in accordance with their
respective proximities to the pop-out cue. Trials with
uniformly oriented bars are the null-cue condition. The
observed accuracies in the valid, null-cue, near-invalid,
and far-invalid are plotted in Figure 4. The chance level
of 25% is shown by the dashed line.

To determine the significance level of the observed
within-subject accuracy difference between each cued
condition and the null-cue condition, we performed the
Fisher exact test (Brownlee, 1965; Fisher, 1935).1 In the
bar graphs representing the data, an asterisk (*) denotes
a difference from the null-cue condition with a signifi
cance level ofp < .05. Error bars are plotted to aid inspec
tion, as the standard error [f(l - f)lN]\ wherefis the
observed fraction correct and N is the number of trials.
Trials in which the subject selected an impossible loca
tion, that is, a location that was not one of the four possi
ble target locations, were omitted from the analysis. Such
trials constituted less than 0.4% ofthe trials in all experi
ments and all subjects, with no individual subject mak
ing more than 0.8% ofthis type oferror. Weattribute these
errors to accidental buttonpresses while the mouse was
being moved toward the location ofthe intended selection.

Each of the 8 subjects presented with 50-msec cues
showed facilitation at the pop-out location relative to the
near-invalid location at the p < .05 level. All 8 also
showed greater performance in valid trials compared with
their performance in far-invalid trials. Ofthese 8 subjects,
7 showed improved performance in trials with a valid pop-
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Figure 3. An example ofthe cue stimulus with the four possible tar
get locations indicated. The target was equally likely to appear in each
of these four locations. A valid trial had the target at the pop-out lo
cation. The invalid trials were subdivided into near-invalid and far
invalid trials, according to the proximity of the target to the POJH)ut.
The dotted lines were not present in the actual stimulus. The possible
target locations were at 3.9"eccentricity.

out relative to their performance in the null-cue condi
tion (no pop-out). The only exception to this, S14,showed
the effect with p < .056. The attentional shifts can there
fore be observed when the cue-mask SOA is only 100msec
long. Evidence for attentional shifts in response to an
orientation difference can also be obtained by observing
the degraded performance at invalid locations. Perfor
mance decrements at locations other than the pop-out
were to be expected in the event ofan attentional shift to
ward the pop-out location. Of the 8 subjects presented
with 50-msec cues, 6 showed poorer performance at
near-invalid locations compared with performance in
trials without pop-out.

For the 100-msec cue duration, 12 out of 12 subjects
showed greater pop-out facilitation compared to their
performance in the null-cue condition. The cuing effects
at later times were quite different, however. For 250-msec
cues, only 5 of 14 subjects showed pop-out facilitation;
3 showed inhibited performance. Thus, for longer pop
out durations, the effectiveness ofan orientation pop-out
cue often dissipated over time. This transient quality is
consistent with the hypothesis of a transient component
of attention to bottom-up processes (Nakayama & Mac
keben, 1989). One of the 2 subjects presented with 500
msec cues showed inhibited performance. None of the
12 subjects showed facilitatory effects for 800-msec cue
durations, and 3 showed inhibition. The complete ab
sence of facilitatory effects for 800-msec cue stimuli
demonstrates that the cuing effects at the shorter cue du-

rations were not due to attentional capture by any cue in
the transition from the oriented bars to the target stimu
lus. If some cue in that transition were responsible for the
early cuing effects we observed, they would be present
in the same strength even for very long bar durations. By
the same reasoning, the effects at the shorter cue dura
tions cannot have been due to display-display interac
tions between the cue and probe. Otherwise, such inter
actions would have caused an effect in the trials with
800-msec cues. The observation of inhibited perfor
mance at the valid location relative to invalid locations or
the null-cue condition for the longer cue durations within
some subjects corroborates Kwak and Egeth's (1992) ob
servation of Posner and Cohen's (1984) "inhibition-of
return" for 700-I,300-msec SOAs.

The cuing effects seen repeatedly at the 50- and 100
msec cue durations could arguably have been due to a
bias in favor of selecting the cued location. That this is
not the case can be verified by looking at the selections
made on invalidly cued trials with incorrect responses.
These are trials in which the cue and target locations
were different, and a nontarget location was selected.
One of the three nontarget locations was the cued loca
tion, while the other two were uncued. A selection bias
should then be revealed by a tendency to select the cued
location on incorrect invalidly cued trials at a frequency
greater than the chance level of 33%. We find no such
tendency. At the 50-msec cue duration, the cued location
was selected with a frequency of 30%, which is not sig
nificantly different from chance [t(7) = 1.31, p > .1].
Similarly, at the 100-,250-, and 800-msec cue durations,
respectively, the proportions with which the cued loca
tion was selected were 28% [t(11) = 1.76,p > .1], 36%
[t(13) = 1.11, P > .1], and 35% [t(11) = 0.73, P > .1].
Therefore, there was no selection bias favoring the cued
location. Hence, selection bias can be ruled out as an ex
planation for the cuing effects that we have reported. We
addressed this issue more directly in Experiment 4 by
means of a two-interval forced-choice paradigm.

EXPERIMENT 2
The Cuing Effects Occur Without the

Contrast-Adapting Stimulus

In the preceding experiment, we presented an array of
squares before the oriented bars so that there was no
change in the light level or the contrast of the display
when the bars appeared. Each square was centered at the
same position as the bar that would replace it, so there
was no first-order motion signal in the transition from
squares to bars. However, the second spatial moments of
the square were different from those of the bar, and the
change in these moments during the transition differed
between the pop-out location and other locations. It is at
least conceivable that the transition from squares to bars
in Experiment 1, rather than the orientation difference
itself, contained some cue that was responsible for the
observed effects. While this contrast-adapting stimulus
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* + P(NULL-CUE), p < .05

50 100 250 800

CUE STIMULUS DURAnON (msec)

Figure 5.Results ofExperiment 2.For 5O-msec and lOO-msec cues,
aU3 subjects showed facilitation at the pop-out location relative to
nuU-cue as wellas near-invalid trials (p < .05).

Method
Stimuli and Procedure. In the last videoframe of the bars,

there was a dark square centered on one of the four possible target
positions. The square was 8 pixels on each side and had a lumi
nance of 4 cd/m-, This was followed by a 100-msec white-noise
mask consisting ofchecks 4 pixels on a side with luminances of90
and 4 cd/m/. The mask region completely covered the region oc
cupied by the bars. After the mask there appeared an array of se
lection tokens consisting of square outlines centered at each of the
bar positions. The tokens remained until the subject selected one.
We included a selection token at each array location as a check on
whether the subjects understood which were possible target loca
tions. The rate of selecting impossible locations was less than
0.4%. In all other respects, the procedure was exactly the same as
that in Experiment 2. Because the target luminance decrement had
a presentation time of only 17 msec, subject performance in this
task was substantially less than perfect, making this task a useful
probe for visual attention.

We emphasize that because the target was presented simulta
neously with the last videoframe of the cue, this paradigm gives a
stricter measure of the SOAs for which the effects of attentional
shifts occur. In Experiments 1 and 2 we had to add the target du
ration of 50 msec to the cue duration in conservatively determin
ing this. That was not necessary in Experiment 3, however, because
the cue duration included the presentation of the probe stimulus, so
this duration alone was the SOA of interest.

Subjects. Two new naive subjects and one author (1.S.1.) par
ticipated.

Results
The results for Experiment 3 are shown in Figure 7.

All subjects showed facilitation at the pop-out location
for 1OO-msec cue durations, compared with the null-cue,
near-invalid, and far-invalid conditions (p < .05). Be
cause the target here was presented together with the last
video frame ofthe cue, we concluded that cuing effects of
the orientation pop-out occurred with a lOO-msec SOA.
These results confirm the existence of involuntary at
tentional shifts due to orientation differences, as mea
sured by a very different probe target. Furthermore, with

To ensure that these cuing effects of an orientation
difference were not peculiar to the type ofprobe we used
in the first two experiments, we repeated Experiment 2
with a very different target. An overview ofone of these
trials is shown in Figure 6.

EXPERIMENT 3
The Cuing Effects Occur With

a Different Probe Task

Results
The results are shown in Figure 5. All 3 subjects showed

significantly greater accuracy (p < .05) in validly cued
trials than in the trials without pop-out for 50- and 100
msec cue durations. For both ofthese cue durations, each
subject also showed greater performance in valid trials

- compared to both near-invalid and far-invalid trials.
Thus, the cuing effects seen for short cue durations in
Experiment 1 were not an artifact of the squares used in
that experiment. As in Experiment I, none of the sub
jects showed facilitation at the 800-msec cue duration.

** * * ** *

]j;]it~
* * **50 100 250 800

CUE STIMULUS DURATION (msec)

IlilJliIij
o * * * *

50 100 250 800
CUE STIMULUS DURATION (msec)

Method
Subjects. Two new naive subjects and one of the authors (1.S.1.)

participated.
Stimuli and Procedure. The stimuli and procedure were the

same as those in Experiment I, except that no contrast-adapting
squares were presented before the orientation stimulus. Each sub
ject was presented with cue durations of 50, 100, 250, and 800 msec.
Each performed in two sessions for a total of 1,280 trials, yielding
64 trials per cue duration per condition (128 for near-invalid).

IjJk~

eliminates adaptation and gain control effects from the
performance dynamics, it is not required in order to mea
sure the effects ofattention at anyone time. As a control,
then, we repeated Experiment I without the contrast
adapting squares. We emphasize that an accuracy differ
ence between conditions at a given cue duration contin
ues to indicate that an attentional shift has occurred in
response to that cue.

.. VALID

o NULL-CUE

Wi! NEAR INVALID

~ FAR INVALID
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selection
tokens

mask
(100 msec)

probe } cue
(17 msec) stimulus

17 msec (t)

fixation cross
(500 msec)

Figure 6. Overview of a trial in Experiment 3. The fixation cross appeared alone for 500 msec
and remained until the selection was made. The cue stimulus appeared for a time chosen randomly
from among SO, 100, 250, or 800 msec. On the last videoframe of this cue presentation, of 17 msec
duration, was a dark square target centered on one of the four possible target locations. This was
immediately followedby a 1OO-msec white-noise mask and a display of square-framed tokens used
by the subjects to make their selections of the target location. Black in the figure represents a lu
minance of 4 cd/m",

the 50-msec SOA, S17 showed pop-out facilitation rela
tive to null-cue trials at the p < .055 level, and IS.I at the
p < .07 level. These results suggest that the rate of appear
ance ofthese cuing effects is subject to individual differ
ences and can in some cases produce attentional shifts with
only a 50-msec SOA. All subjects tested showed cuing
effects within 100 msec, however. As in Experiments I
and 2, no facilitation was seen at the 800-msec SOA.

EXPERIMENT 4
The Cuing Effects Are Not Due to a Selection Bias

The pop-out facilitation observed for brief cue dura
tions is unlikely to have been due to a bias on the part of
the subjects toward selecting the pop-out location. An anal
ysis of incorrect invalidly cued trials revealed no signif
icant bias for selecting the cued location more frequently
than at chance level. This absence of a selection bias is
not surprising, given that the subjects had been informed
that the target location was unrelated to the location of
any uniquely oriented item, and this fact was confirmed
by their experience during the trials. However, to make

sure that the cuing effects still occur even when a selec
tion bias is impossible even in principle, we ran 2 new
naive subjects and one author (IS.I) in a two-interval
forced-choice paradigm (Krose & Julesz, 1989; Sper
ling & Dosher, 1986). Two sequences of stimuli were
presented, separated by a 500-msec blank interval. The
two sequences were identical, except that one contained
the targquence contained the target by pressing one of
two et. The subject's task was to indicate which sequence
contained the target by pressing one of two mouse but
tons. Figure 8 illustrates the two sequences that appeared
in one trial; in the example depicted, the target appears
in the first sequence.

Method
In each sequence, a fixation cross appeared in the center of the

screen and remained through the masking stimulus. After 500 msec
of the fixation cross alone, the cue stimulus was presented for ei
ther 50 or 100 msec. In the last two frames of this presentation
(33 msec), the target appeared (if this was the sequence containing
the target). The target was a square break in the center of one of the
bars, 4 pixels on a side (the width of the bars), at the background
luminance level. As in Experiments 1-3, this target was equally
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CUE STIMULUS DURATION (msec)

Ihd~;dj
* * *

entation oddballs, one at each possible target location. This all
cued condition was presented with the same cue durations as the
other trials and was randomly interleaved with them.

The subjects were given demonstration trials in which the stim
uli were frozen, with the target in each position and each sequence.
They were then given 50 practice trials, followed by 1,152 trials in
two sessions (96 trials per cue duration per cue condition). The
trials in each session were balanced for cue duration, target se
quence, and cue condition, and they were randomly shuffled.

Results
The results are shown in Figure 9. All 3 subjects

showed pop-out facilitation relative to the null-cue con
dition for 100-msec cues (p < .05), confirming that the
observations ofpop-out facilitation for a 100-msec SOA
in Experiments 1-3 were not due to a selection bias.
These attentional shifts produced substantial perfor
mance differences between the valid-cue and null-cue
circumstances. These differences cannot have been due
to inhibition-of-return caused by the first sequence, since
that would not have resulted in enhanced performance.
We note that none of the subjects showed facilitation for
50-msec cues, indicating that the cuing effects become
detectable and indeed strong at SOAs between 50 and
100 msec. In each subject, the performance in all-cued
trials was significantly lower than in the valid-cue trials
(p < .05). This means that multiple orientation cues do
in fact compete for processing resources, as expected
for a limited attentional capacity.

800250

INVALID

INVALID

100

VALID

NULL-CUE

"/: P(NULL-CUE), P <.05
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FAR
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o • •

SO 100 250 800

CUE STIMULUS DURATION (msec)

Figure 7. Results of Experiment 3. For l00-msec asynchrony be
tween the cue stimulus and the mask, all 3 subjects showed facilita
tion at the pop-out location relative to null-cue trials as wellas near
invalid trials and far-invalid trials. For 5O-msec cues, performance
was greater in valid-cue than in the null-cue trials for S17 (p < .055)
and for J.S.J. (p < .07).It is important to emphasize that, because the
probe appeared on the last videoframe of the cue, the cue duration
equals the cue-mask stimulus onset asynchrony (SOA).Thus, atten
tion effectsare seen with an SOAof only 100 msec.

likely to appear in each of the same four possible locations inde
pendently of the appearance of the bars. The target was equally
likely to appear in either the first or second sequence. It was im
mediately followed by a 100-msec white-noise mask consisting of
checks 4 pixels on a side with luminance levels of 90 cd/m- and
30 cd/m-, covering the region occupied by the bars.

Wealso used this experiment as an opportunity to explore the ef
fects of competing orientation differences in the display. Given
what is known about the limited processing capacity of visual at
tention (Eriksen & St. James, 1986; Eriksen & Yeh, 1985), one
might suspect that performance would be poorer when there are
multiple cues competing for attentional resources than with a sin
gle cue. We tested this assertion by including trials with four ori-

EXPERIMENT 5
Rapid Discrimination and Localization

To demonstrate that our orientation stimulus is a rea
sonable one from the point of view of traditional studies
oftexture discrimination, we measured the orientation dis
crimination performance with the same stimuli at a vari
ety of SOAs. This permitted comparison with the SOAs
that are known from the literature to be expected for this
type of discrimination task.

Method
Design. We used a design that keeps the conditions close to

those ofthe pop-out cuing experiments. The orientation difference
stimuli used in this experiment were precisely the same as those in
Experiments 1-4, and all subjects had participated in those exper
iments as well. For subjects who had participated in Experiment I,
the oriented bars were preceded by squares of the same number of
pixels and the same luminance as in that experiment, with the total
duration of the squares plus the bars fixed at 1,000 msec. Subjects
who had participated in Experiments 2 and 3 were not presented
with these adapting squares. The four possible locations of the
pop-out were also the same. The task required subjects to attend to
the same four locations as those in Experiments 1-4.

Stimuli and Procedure. Figure 10 shows an overview of one
trial. In a practice block consisting of 192 trials, bar durations of
50,67,83, and 100 msec were presented in equal numbers. Half
the trials had an orthogonally oriented bar, while the remainder had
uniformly oriented bars, and the subjects were told this. Immedi
ately following the bars was a 100-msec white-noise mask con
sisting of checks equal in size to the bar width, with check lumi
nances of 90 cd/m/ and 4 cd/m-. The masked region completely
covered the region occupied by the oriented bars. Following the
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100 msec

cue
stimulus
(t)

t

}

500 msec

/ gap (500 msec)

probe
(33 msec)

t - 33 msec

fixation cross
(500 msec)

Figure 8. Overview of a trial in Experiment 4. Each trial consisted of two stimulus sequences,
separated by a 5O()..msec blank gap, which were identical except that one contained the target (con
tained in the first sequence in the example depicted). The fixation cross appeared alone for
500 msec and remained throughout the sequence. The cue stimulus then appeared for a duration
of either 50 or 100 msec, In the sequence containing the target, the last two videoframes ofthe cue
stimulus presentation contained a square break in one ofthe oriented bars, with luminance equal
to that of the background. This was immediately foUowed by a l00-msec white-noise mask. The
subjects selected which sequence contained the target by pressing one of two buttons.

mask was an array ofselection tokens consisting of square outlines
centered at the bar positions. The subject had 2 sec to press a but
ton if he/she thought a distinctly oriented bar was present. If not,
the subject was to wait the 2 sec, at which time the screen cleared
to the background gray level. If the subject pressed the button dur
ing the 2-sec interval, the selection tokens stayed on the screen
until the subject indicated one of the four possible locations with
a mouse, at which time the screen cleared. A correct selection was
indicated with a beep. The subjects could not initiate a trial for
2 sec after completion ofthe preceding trial. Other display param
eters were the same as those in Experiment 1. At the beginning of
the session, the subjects were shown frozen versions of the bars
with the oddball at each one of its four possible locations, as well
as examples of uniformly oriented bars. If performance for 50
msec bars in the practice session was above 70%, the bar durations
presented in the experiment were 33, 50, 67, and 83 msec. Other
wise, the same bar durations used in the practice (50, 67, 83, and
100 msec) were used in the experiment.

The frames involved in each trial were as follows (Figure 10):
(l) The fixation cross appeared alone for 500 msec, and remained
until the end of the trial. (2) For SIO-S14 only, the squares were

presented for 1,000 msec - t, where t is the duration of the ori
ented bars. (3) The oriented bars were presented for a time, t.
(4) The white-noise mask was presented for 100 msec. (5) The array
of selection tokens was presented until the button was pressed or
until 2 sec had passed.

S10-S18 and one author (J.S.1.), who participated in the atten
tion experiments previously described, performed this task in one
final session lasting approximately 70 min. After the practice, each
subject completed 448 trials. The trials were balanced for pop-out
presence, background orientation, bar duration, and the location of
the pop-out (if any), and they were randomly shuffled. For S15
S18 and 1.S.1.,who participated in Experiments 2 and 3, no squares
were presented before the bars in order to keep the stimulus as
close as possible to what they had seen in the attention experiment.

Results
Figure 11 shows the results of the discrimination and

localization experiment. For clarity, we have plotted only
the fraction correct (about presence/absence of oddball)
for the discrimination. The fraction of trials with correct
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displays that have been used in the present research are
therefore not unusual in this respect.

DISCUSSION

We conclude that orientation differences can cause
shifts ofvisual attention, regardless ofwhether they con
vey any information relevant to the task at hand. This in
stance of a textural difference across space provides the
first direct confirmation of the general hypothesis that
texture gradients can cause involuntary shifts of visual
attention. These attentional shifts can be observed with
very brief SOAs between the orientation stimulus and
the target mask; the experiments reported here show that
a 100-msec SOA is sufficient. The attentional facilitation
that results from a noninformative orientation difference
is transient, in many cases absent for a 250-msec SOA.
No facilitation was observed for an 800-msec SOA, and
inhibition-of-return was observed in some cases.

These results have implications for the nature of the
processing involved in rapid texture discrimination. With
an SOA of only 100 msec, involuntary attentional shifts
resulting from texture differences in the display have an
effect on the processing of visual stimuli. In an orienta
tion discrimination experiment, such as Experiment 5,
visual attention is directed toward the oriented elements
that are relevant to that task. By contrast, in experiments
testing for involuntary attentional shifts due to orienta
tion differences, the oriented elements are irrelevant to
the task at hand, and so might not be processed quite as
rapidly as they are in an orientation discrimination ex
periment. Conservatively, then, one should consider the
100-msec SOA for which we observed effects of invol
untary attentional shifts to be an upper bound on the
minimum SOA required for such shifts to affect dis
crimination performance. At SOAs of 100 msec or longer,
the preattentive nature of orientation discrimination is
vitiated by the involuntary attentional shifts that occur nat
urally as a result oforientation differences in the display.
Such experiments might be said to be probing bottom-up
processing, which includes both the conventional notion
of pre attentive vision and the involuntary attentional
shifts that can follow from it.

The findings reported here are also consistent with
the notion that threshold orientation discrimination does
not involve reallocation of attentional resources. The
SOA required for threshold discrimination of the orien
tations in our displays was measured to be in the range
of 50-70 msec. These SOAs were too brief for an appre
ciable effect ofattentional shifts on the observed perfor
mance. Up to threshold performance, then, the results are
consistent with preattentive processing underlying ori
entation discrimination.

The only difficulty with the idea that orientation dis
crimination is "preattentive" comes from the results of
Mack, Tang, Tuma, Kahn, and Rock (1992), who found
that large orientation differences can go undetected under
conditions of inattention. Apparently, orientation discrim-
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responses for both the discrimination and the localiza
tion was never significantly different from this. The SOA
required to perform the discrimination at the 75% cor
rect level under these conditions was in the range of 50
70 msec. This is consistent with processing times in the
range of 40-65 msec typically reported for orientation
discrimination (Bergen & Julesz, 1983). The orientation

Figure 9. Results of Experiment 4. Both subjects showed signifi
cantly enhanced performance in trials with a valid pop-out relative
to trials without pop-out with a lOO-msec stimulus onset asynchrony
(SOA) between the cue and the mask. For lOO-mseccues, all 3 sub
jects also showed significantly greater accuracy in valid trials com
pared with aII-cued trials (oddball at each of the four possible target
locations). The target appeared on the last two videoframes ofthe cue
stimulus.
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2 sec
or

ilJiill until selection

mask
(100 msec)

discriminand }
1000
msec

adapter

fixation cross
(500 msec)

Figure 10. Overview of a trial in Experiment 5. To keep the stimuli as close as possible to what
was presented in Experiments 1-3,SI 0-814 were presented with squares before the oriented bars;
S15-S18 and J.8.J. were not. The display of oriented bars (the discriminand) was presented for
a randomly chosen time interval; for some subjects this ranged from 33 to 83 msec, while for others
the range was SO-I00 msec, This lias immediately foUowedby a l00-msec white-noise mask and
a display of selection tokens. These disappeared after 2 sec if the subject wished to indicate that no
oddbaU was present; otherwise they remained on display until a location was selected.

ination does require the allocation of some attentional
resources, although the attentionalload is light (Braun &
Sagi, 1991). This finding can easily be incorporated with
our results, however. When resources are available for the
detection of the orientation difference, the detected ori
entation difference causes an involuntary reallocation of
the attentional resources.

We can conceive of several different pictures for the
kind of signal that might be driving involuntary shifts of
visual attention. Caelli's (1985) model of texture seg
mentation includes as its first stage the application of
static nonlinear filters to the image input. An array of
orientation-selective filters tuned to the pop-out orienta
tion produces a strong output at the pop-out location,
whereas the filters at other locations produce essentially
no response. Considering this array as a processed im
age, this "neural image" contains luminance differences
whereas the original image contained textural differ
ences. These luminance differences might then be re
sponsible for involuntary shifts of visual attention, sim
ilar to the cuing effects that have been observed in
response to noninformative luminance flashes (Krose &

Julesz, 1989; Maylor, 1985; Posner & Cohen, 1984). In
other words, after simple filtering, an orientation pop
out display becomes an (almost) abrupt onset. The tex
ture segregation model of Bergen and Adelson (1988)
produces an output that could be used in a similar fash
ion. Related to this is the possibility that attention is at
tracted to the outstanding perceptual group represented
by a distinctly oriented bar against a background of oth
erwise like-oriented bars. An alternative perspective re
lates to the suggestion that texture segregation has access
only to some kind of surface representation, and has no
direct access to the output of an early filtering stage (He
& Nakayama, 1994). At present we do not know whether
it is a surface representation or an early filtering stage that
provides the driving signal for involuntary attentional
shifts. The data presented here are consistent with either
alternative, and further experiments will be required in
order to distinguish between these two possibilities.

The attentional shifts resulting from orientation differ
ences potentially have important consequences for nat
ural texture perception. The naturally occurring texture
difference produced by an object against a background is
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Figure 11. Results of the rapid orientation discrimination experiment. Data points indicate the
fraction correct for the discrimination without regard to localization performance. For clarity, the
fractions correct in discrimination and localization together are not shown; they are nearly the
same as for correct discrimination. The chance level for the discrimination (50%) and the 75%
levelare indicated by dashed lines.Subjects typica1lyrequired a 56- to 70-msec stimulus onset asyn
chrony (SOA) to achieve 75% correct discrimination under these conditions.

likely to contain not only an orientation difference but
also differences of less salient textural properties. The
perception of these less conspicuous properties would
greatly benefit from the increased processing capacity
associated with the attentional shifts.

A related set of issues is the neurophysiological basis
ofattentional shifts of the involuntary as well as the vol
untary kind. This has been the subject of numerous in
vestigations (see, e.g., Bushnell, Goldberg, & Robinson,
1981; Colby, 1991; Goldberg & Wurtz, 1972; Moran &
Desimone, 1985; Motter, 1993; Petersen, Robinson, &
Morris, 1987). Nakayama and Mackeben (1989) pointed
out that it is possible in principle for involuntary atten
tional shifts to be mediated by an area as early as VI.
Since then, orientation pop-out stimuli have been used to
study macaque VI neurons (Knierim & Van Essen, 1992;
Lamme, 1994), and cells have been found to be sensitive
to the presence of orientation differences in the display.
With multiple stimuli in the display, VI responses can be

influenced by the voluntary allocation ofattention (Mot
ter, 1993). Whether V I responses are affected by the va
lidity of an orientation difference that is noninformative
for the task at hand remains to be seen.
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Nan:

I. The Fisher test is conservative in that it is slightly biased in favor
of not rejecting the null hypothesis that the means are equal. Thus, the
Type I error probability for each comparison is less than the value
quoted. Tocher (1950) showed that the introduction of a randomization
procedure for borderline cases corrects this bias and produces a
slightly more powerful test. We avoided this randomization, however,
by choosing to discuss borderline cases individually.
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