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The effect of 1emporal discontinuity on vi

isual search was assessed by presenting

a display in which one item had an abrupt onset, while other jtems were
introduced by gradually removing tine segmems thai camoutlaged them. We
hypothesized that an abrupt onset in a visual display would capture visual

attention. giving this item a processing a

dvamage over items’' lacking an abrupt

leading edge. This prediction was confirmed in Experiment 1. We designed a

second experiment (o ensure that this findi

ing was due to attentional factors rather

than to sensory or perceptual ones. Experiment 3 replicated Experiment | and .
demonstrated that the procedure used to avoid abrupt onset—camoutlage re-
moval—did not require a gradual waveform. Implications of these findings for

theories of auention are discussed.

The human visual system is exquisitely
sensitive 10 relative movement and to flicker.
The generality of this observation is readily
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apparent (o anyone viewing a complex scene
with a moving object in it: Uniil the move-
ment begins. the object can seem completely
invisible: at movement onset. the object’s
location is immediately and compellingly
manifest. almost without effort on 1he part
of the observer. The salience of flashing lights
on ambulances and radio towers is similarly
obvious. We are concerned in this article
with determining what role. if any. spatial
selective attention plays in the detection of
such stimuli. In particular, we will test a
hypothesis in the context of visual search
which holds that isolated abrupt stimulus
onsets cause a rapid and involuntary deplov-
ment of attention 10 the locus of the iemporal
discontinuity,

Visual Scarch and Attention

Estes and Wessel (1966) and Atkinson.
Holmeren. and Juota (1969) were among the
first to show that the ume required to detect
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a prespecified alpbanumeric character among
‘distractors increases nearly linearly as the
number of distractors increases. This display
size effect is a very robust finding that holds
under a varicty of experimental conditions.
The implication of the display size effect is
clear: When there is uncertainty about the
location of the target in a visual display, a
search must be conducted over locations oc-
cupied by potential targets. Furthermore, the
search is constrained in its speed: several
items cannot be evaluated as quickly as one.
Instead. an increase in the number of poten-
tial targets taxes the capacity of the search
mechanism 10 detect the target.

This patiern of results may be contrasted
with those obtained in a visual search task
in which subjects are informed about the
target’s location in advance of its presentation.
By now there are many demonstrations of
subjects’ ability to allocate attention to a
particular location while they maintain fixa-
tion. Investigators have commonly demon-
strated this by using a precue to specily a
location or set of locations that will contain
information relevant to the task at hand.
This method was used by Sperling (1960) in
his classic study of visual persistence and has
since been used by others to study selective
spatial aitention more directly (e.g., Colgate,
Hoffman, & Eriksen, 1973; Engel, 1971; Er-
iksen & Hoffman, 1972, 1973; Jonides, 1980,
1981; Posner. 1980: Posner, Nissen, & Ogden.
1978). In these experiments. subjects have
typically been asked to determine whether a
prespecified 1arget is present in a multielement
display. When no locational precue is pro-
ed (Atkinson et al., 1969), reaction times
increase roughly linearly with the number of
elements in the display. When a bar marker
reliably indicating the location of an upcom-
ing target is provided (Holmgren, 1974), both
overall reaction time (RT) and the slope of
the regression line relating display size and
latency are smaller than without a cue. Similar
results are seen in the accuracy of re-
sponses under impoverished viewing condi-
tions (Bashinski & Bacharach, 1980: Van der
Heipden & Eertand. 1973). Furthermore, Shaw
(1978) has shown that observers can take
simulus probabitities into account as they
v allucate fixed attentional resources
to multiple spatial locations,

These findings have generally been inter-
preted as showing that subjects can direct
their attention to spatial positions in prepa-
ration for a display and can thereby reduce
processing time by not having to localize
probable targets as they do in an uncued
situation. Put another way, the cue allows
subjects to allocate scarce resources to a
particular spatial channel in advance, result-
ing in rapid processing of whatever signal
subsequently occupies that channel. This
conclusion is compelling given that subjects
cannot take advantage of cues that specify
two noncontiguous spatial positions (Engel,
1971: Hofflman & Nelson, 1981; Posner, Sny-
der, & Davidson, 1980; but see Shaw, 1978).

The locus of control of shifts of visual
attention can be either central or peripheral
(Jonides. 1981; Posner, 1980). That is, a shift
of attention may occur either because an
observer chooses to execute one or because
the occurrence of a peripheral visual event
may automatically capture attention. This
distinction was made by Jonides (1981) in a
series of experiments exploring the effects of
central and peripheral visual cues. He showed
that abrupt peripheral locational cues. as
compared with foveal ones, produced both
faster reaction times and a greater difference
between the benefits of a valid cue and the
costs of an invalid one. From this result and
others. Jonides concluded that shifts of visual
attention elicited by peripheral stimuli are
imperative and automatic, whereas those pro-
duced by central cues are less efficient and
somehow less obligatory.

The identification of a mechanism that
automatically directs attention to salient visual
events in the periphery is consistent with the
finding that simple stimulus features can
often be used as the basis for item selection.
When items are processed this way, subjects’
search behavior mimics their behavior when
they are cued about the location of an im-
pending target. For example. Treisman and
Gelade (1980) demonstrated that targets dif-
fering from nontargets in a simple way (e.g.,
X's among Os) are easily detected. regardless
of the number of distractor elements. Only
when the 1arget is defined by a conjunction
of features (e.g., a red X’ among red Os and
green .\'s) must focal attention be applied to
items serially. Similarly, Egeth. Jonides. and
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Walil (1972) and Jonides and Gleitman (1972)
showed that the detection of digits among
letters could take place in parallel across the
entire visual field, regardiess of the number
of distractor letters. In fact, it is possible with
practice to develop new target categories that
allow rapid. automatic detection (Rabbitt,
1967: Shiffrin & Schneider, 1977).

Results of this sort can be accommodated
by a theory in which cenain stimulus features
(e.g., color) could be used as a basis for
passing stimuli into a limited capacity system
for further processing (Duncan, 1980). Each
stimulus can be interviewed for features rel-
evant to the task at hand, and stimuli pos-
sessing the appropriate features are immedi-
ately admitted to the limited capacity system.

In the experiments reported above, we
explored a stimulus property—abruptness of
onset—that may be used as a basis for ad-
mission into the limited-capacity system. The
choice of this property is not arbitrary. If we
consider some of the commonplace examples
in which visual search seems intuitively to
be directed by distal stimulus features, the
ubiquity of sudden stimulus onset becomes
apparent. Cases in which flashing lights cap-
ture our attention illustrate this point nicely.
Furthermore, there is emerging electrophysi-
ological and psychophysical evidence that
abruptness of onset is a stimulus property to
which the visual system is particularly sensi-
tive. Let us briefly review some of this evi-
dence before we describe our experiments.

Abrupt Onset in Visual Processing

Several investigators have explored the ef-
fect of temporal waveform on the detection
of visual stimuli. This has been motivated in
part by the electrophysiological finding that
cells in the visual system are differentially
sensitive to abrupt and sustained visual events
(e.g., Cleland. Levick, & Sanderson. 1973),
and the finding in psychophysics of visual
channels or mechanisms that are selectively
sensitive to specific temporal and spatial fre-
quencies (e.g.. Kulikowski & Tolhurst, 1973).

Elecirophvsiology

In 1966. Enroth-Cugell and Robson iden-
tified two distinct classes of ganglion cells in
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the cat’s retina: the firing frequency of one
class (denoted Y or transient cells) was en-
hanced at the abrupt onset and offset of a
stimulus and only then: another class of cells
(called X or sustained cells) exhibited contin-
uously enhanced firing throughout the dura-
tion of the stimulus.

Subsequently, several other investigators
corroborated and expanded on this finding.
The two types of cells, it emerged. differ in
several respects. Transient cell receptive fields
have larger surrounds (Cleland et al., 1973)
and are more sensitive to rapid flicker or
motion (Fukada & Saito, 1971) than sustained
cells are. Furthermore. the response latency
of transient cells is shorter and their axonal
propagation velocity is higher than that of
sustained cells (Cleland et al., 1973; Fukada,
1973). Finally, Fukada and Stone (1974)
found that the concentration of sustained-
cell receptive fields is highest in the fovea,
whereas transient receptive fields are more
evenly distributed about the retina.

Psychophysics

Other investigators have found correspons
dences to the electrophysiological findings
described above using psychophysical proce-
dures and human subjects. Kulikowski and
Tolhurst (1973) distinguished two visual
thresholds for temporally modulated sinusoi-
dal gratings: the contrast at which flicker
could be detected and the contrast at which
spatial structure could be identified. Flicker-
detection sensitivity declined dramatically at
high spatial frequencies and low temporal
modulation frequencies. However, at low spa-
tial frequencies, sensitivity to spatial structure
declined, whereas changes in temporal fre-
quency had little effect. Kulikowski and Tol-
hurst concluded that there are (at least) two
independent mechanisms in the visual system,
one sensitive to rapid flicker and low spatial
frequency and the other sensitive to visual
detail and form and high spatial frequency.

Subsequently, Tolhurst (1975) investigated
the onset and offset characteristics of sustained
and transient channels. In this experiment,
sensitivity to a sinusoidal grating was mea-
sured when it was tlashed for 4 ms a1 various
times before. during, and after the presenta-
tion of a subthreshold 800-ms grating of the
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same spatial frequency and phase. Tolhurst
disconered that when the graungs were of fow
spaual frequency (2 cycles/deg), test ilash
sensitivity increased briefly at the onset and
decreased briefly m the offset of the long
Nash. However. at a higher spatial frequency
(7.6 cyclesideg). the sensitivity to the test
llash increased 10 a steady level for the du-
ration of the long flash.

Another demonstration of the importance
of abrupt onset is a study by Breitmever and
Julesz (1975) in which contrast sensitivity to
sinusordal gratings was assessed under either
abrupt or gradual onset and offset. The grad-
uul onsets were 200-ms linear ramps. and all
graungs had the same time-averaged energy.
Breitmever and Julesz found that sensitivity
was enhanced at spaua! frequencies less than
5 cycles/deg when the onset was abrupt as
compared to when it was gradual: there was
litue effect of offset waveform.

Wilson {1978) also obtained contrast sen-
sitivity lunctions for gratings of various spatial
frequencies under 1wo types of temporal
modulation. Mean intensity of the gratings
followed cither a Gaussian function with a
time constant of 250 ms (S-modulation), or
one 125-ms cycle of a square wave (T-mod-
ulation). In agreement with the hndings of
Breitmever and Julesz (1975), T-modulation
increased sensitivity at low spatial frequencies
and reduced sensitivity at high spatial tre-
quencies as compared 10 S-modulation. These
examples suggest that abrupt onset has a
special status in the visual system.

Reaction Time and Detection

This conclusion is supported by other ex-
pertments that explored the effects of abrupt
change on the processing of visual stimuli.
Todd and Van Gelder (1979) measured re-
sponse  latencies to suprathreshold stimuli

" having abrupt onsets or not. Rather than
using a gradual onset contrasted with an
abrunt one. as in the Brestmever and Julesz
L9739 or Wilson (1978) studies. Todd and
Van Gelder emploved what they called the
neonset presentation procedure as a control,
Wil this techmique. stimuli are present before
trial onset. but are complerely camoullaged
by srrelevant stimulus elements. The irrelevant
clements are then removed at tnal onset.

revealing the unchanging display items. This
condition was contrasted with a standard
abrupt onset procedure. In one experiment.
eight asterisks were arraved horizontally be-
fore the subject. At trial onset, seven of them
disappeared. and subjects were required to
exccute a saccadic eye movement to the
remaining target. Eye movement latency in
this no-onset condition was compared to that
in the onset condition in which a singie target
appeared abruptly in what had been an empty
display field. Subjects were uniformly faster
in the onset condition: this difference in-
creased as the complexity of the decision to
be made about the stimulus increased from
one of detection and localization to one of
categorization.

Following Todd and Van Gelder (1979),
Krumhans! (1982) reported a study using a
procedure similar to the onset-no-onset par-
adigm. A linear array of characteristics
was presented in a prestimulus held (e.g.,
i+x+x: +x+xj; « = hxation point). At trial
onset. all but one location was extinguished:
the remaining character was either identi-
cal with the character in that position in
the prestimulus field. (no form change:
|+ - {) or was different (form change:
I x - ). Pattern masks then terminated
the display. Krumhansl found superior local-
ization and identification accuracy in the
form change than in the no-form change
condition. Although this finding is consistent
with the hypothesis that a form change rep-
resents an abrupt onset {or apparent move-
ment) at the target location and hence may
activate transient mechanisms. thereby sum-
moning attention. Krumhansl derived a
quantitative information-processing model
that does not invoke transient mechanisms
or atiention (although she points out that her
data do not rule out such mechanisms). The
model assumes the initiation ol a brief phase
of rapid encoding with stimulus onset, fol-
lowed by a period of relatively less rapid
processing. The rapid phase occurs during
the presumulus array in both conditions?
hawever. the form change condition renews
the rapid phase at tnial onset. whereas the
no-form change does not. resulting in an
advantage tor the form change condition. We
wil return to this enhanced encoding model
i the General Discussion.
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Conclusion

All of the experiments described previously
have consistently demonstrated a processing
advantage conferred by a temporally abrupt
leading edge. This has at times been explicitly
equated with the recruitment of visual atten-
tion. Breitmeyer and Ganz (1976) asserted
that the transient system responds to abrupt
changes in the periphery, such as movement
or flicker, and thus composes “part of an
‘early warning system’ that orients an organ-
ism and directs ils auention o locations in
visual space that potentially contain novel
pattern information™ (p. 31). Similar sugges-
tions have been made by lkeda and Wright
(1972, pp. 796-798) and by Broadbent (1982).
who stated, “'It.seems plausible that a sudden
stimulus onset acts 10 increase intake [of
information] from that sensory region and lo
decrease it from elsewhere . . . " (p. 284)
Indeed, all of ihese writers were anticipated
by Tichener (1908), who said.

sudden stimuli and sudden changes of stimulus exert a
familiar influence upon auemion (p. 192) . . . sudden
stimuli impinge upon nervous elements that have hitherto
been free from stimulation of their particular kind, i.c..
upon nervous elements of a high degree of excitability;
and it is probable that the excitations which they sct up
suffer less dispersion and diffusion. within the nervous
system. than the excitations resulling from gradual ap-
plication of sumulus. {(pp. 204-205)

None of the studies reported above, how-
ever, directly assess the extent to which an
abrupt onset may caplure altention. 1t is not
enough to compare a single abrupt onsel
with multiple onsets; we must establish that
it is the presence of a single abrupt onset
itself that captures autention in the presence
of other (nonabrupt) irrelevant items. One
way (0 conceplualize this capture is in terms
of the monitoring of several visual channels.
A channel in this context refers to a group
of receplive fields in the same retinal area or
to a group of noncontiguous receptive fields
all sensitive to the same spatial lrequency
(Graham. 1981). If the observer is limited in
the number of channels that can be monitored
simultaneously, then an allocation model like
that described by Shaw (1978) may reasonably
account for the performance of the system.
it is not difficult 10 imagine a model in which
the activation of a so-catled transient channel
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causes a rapid shift of resources to the task
of monitoring events on the activaied channei.

Two patterns emerge, then: (a) Abrupt
onset of an object tends 1o conter an advantage
in visual processing, and (b) theories of atten-
tion often assume that although processing
resources are scarce, the assignment of atten-
tion by an etlicient allocation schedule (e.g.,
on the basis of a preparatlory cue or salient
stimulus feature) can overcome these limita-
tions, resulting in quite efficient performance.
How are these patlerns related?

We suggest a simple hypothesis. Abrupt
onsct is a property to which the visual system
is particularly sensitive. According to the
hypothesis. attention is rapidly and involun-
tarily applied to visual stimuli (or channels
containing stimuli) possessing this property
(i.e.. abrupt onset) when no other such stimuli
are present. The first experiment tests one
aspect of this hypothesis, namely the rapidity
with which attentional resources are brought
10 bear upon the relevant stimuli.

Experiment 1

We employed a standard visual search task
in which the targets and nontargets were not
distinguishable on the basis of simple physical
features (e.g., color: cf. Treisman & Gelade,
1980) or categorical status (e.g., alphanumeric
class: cf. Egeth et al., 1972). Furthermore.
the stimuli served as targets and as distractors
equally ofien. preventing practice with a con-
sistent set of targel items. Thus the mapping
of stimuli to responses was varied (Schneider
& Shiffrin, 1977).

Display size was two or four items. We
chose only two display sizes because we were
interested in the relative magnitudes of the
display size effect under various conditions.
and not in the linearity of the display size
functions. This goal dictates collection of
data only at the endpoints of the display size
functions.

We used a version of Todd and Van Gelder's
(1979, Experiment 5) no-onset procedure to
present items lacking an abrupt onset. We
did this because of a fundamental probiem
associated with using gradual onset as in
some previous studies (e.g., Breitmeyver &
Julesz. 1975; Wilson. 1978); Our dependent
variable is response latency, and the temporal
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asynchrony inherent in using gradual versus
abrupt onset would make interpretation of
latencies dificult at best. The no-onset pro-
cedure circumvents this problem and at the
same time minimizes (indeed, eliminates)
change in the nonabrupt items.

The variable of interest here is onset type.
On every trial, exactly one item had an
abrupt onset, and the remaining items were
presented via the modilied no-onset procedure
(Todd & Van Gelder, 1979) in which cam-
ouflaging premasks were removed gradually.
The use of gradual camouflage removal was
intended to reduce the possibility of atten-
uonal capture by abrupt offsets. On some
trials, the target was the abrupt onset item:
on other trials, the target was revealed grad-
ually: on still others. of course, the target was
absent altogether.

If the aforementioned hypothesis is correct,
then the abrupt onset item, whether or not it
is the target, is identified first on every trial.
If on a particular trial the abrupt onset item
is the target, scanning halts and a positive
response is emitted. Otherwise. scanning con-
tinues in a serital. self-terminating manner or
in an equivalent parallel limited capacity
search (cf. Atkinson et al, 1969: Townsend,
1972). Consequently, the hypothesis predicts
little increase in latency with display size
when the target is presented abruptly, but the
usual increase of about 40 ms/comparison
when the target is of the no-onset type or is
absent.

Method

Subects.  Eighteen University of Michigan undergrad-
uates were paid $7 for participation in two 50-min
SCSSI0NS.

Apparatus and sumudi. - A Digital Equipment Corpo-
ration (DEC) PDP-11/60 computer controlled stimulus
presentation and response collection. Stimuli were dis-
plaved on the Jace of a DEC VT-11 graphics display
device P4 phospbor). and responses were made on a
Hewlett-Packard Model 2621A 1erminal kevhoard. Sub-
Jects were seated in a dimly it sound-attenuating booth
with an illuminance at the display screen of 25 Ix.

The sumuli consisted of the letters £, /. P. S and L.
constructed by illuminating the appropriate five segments
scven-segment character (sce Figure | for examples),
| ctters subtended a visual angle of 1° in width and 1.9°
m a viewing distance of 45 cm. They were
m fizanon and occupied sarious subsets
an smaginary hexagon with sides of
s separation 1s well outside the range off
lateral anwerterence tymically found in masking studics

7

rertices

(Bouma. 1978 Wolford & Chambers, 198)) as well as
outside the esumated 1° focus of attention (Eriksen &
Hoftman, 19721

The luminance of a test patch with approximately the
same number of points as a letter was 11.9 cd/m*, and
the luminance of the blank screen was 0.7 cd/m’.

Procedure. Trial events, illustrated in Figure 1, were
as follows. Each trial began with a 1,000-ms interirial
interval. The t1arget item for the trial was shown for
1,000 ms in the topmost display location and then
extinguished. A central dot then appeared. upon which
subjects remained fixated throughout the trial. A 500-
ms pause ensued, followed by 1he presentation of three
figure-8 premasks arranged in an upward-pointing equi-
laieral triangle. ARer 1,000 ms. irrelevant display segments
began to fade in a series of four luminance decrements.’
The offsct lasied 80 ms. During offser. all remaining
scgments stayed at-a constant intensilty. When display
size was jour. all three premasks changed gradually to
letters: when it was two, one changed 10 a letter and the
other two taded to blanks.

Al the ¢nd of camouflage offset, one letter was abruptiy
illuminated in what had been a blank display location.
Subjects were told 10 scan the resulting display 1o deter-
mine whether the prespecified target was present. If it
was indeed present. a prespecified key was pressed with
the right index finger: if the target was absent, another
key was pressed with the lefi index finger. Several 1ypes
of errors were possible, i
a failure 10 respond within 2,000 ms. or the depression
of an irrelevant key. When an error occurred, a single
beep was emitted by the terminal as feedback. The
display was then extinguished. and the next trial began
1,000 ms later.

Reaction time was measured Trom the onset of the
abrupt stimulus. that is, from the end of camouflage
removal. Thus, in principle. subjects had up to 80 ms of
“free viewing™ of the no-onset stimuli as they were
revealed over time. This timing of events was required
to ensure that any advantage observed for onset items
could be attributed only to atientional factoss and not 10
percepiual ones. For instance. if the onset item appeared
at the beginning of the gradual offsel. an abrupt onset
advantage could be interpreted as reflecting contrast
differences rather than attentional capiure.

Subjects were instructed 10 respond as quickly as .

b,

P while keeping errors 10 a i They also
were advised to maintain fixation at center.

Design. The two main variables. tnal tvpe and display -

size. were completely crossed. The three trial types were

the possibl capturing

s of the avalable equipment.
This was accomplished by reducing the luminance of.the
irrclevant segments in the figure-8 premasks in four
discrete b ¢ decrements i 27 ms apart.
Thus the fast siep. which completely extinguished the
camoutlage. occurred 81 ms after the first one. This
lovked like a constant. gradual fading. The ohjection
may be raised that this staircase comprises several abrupt
changes that could summon attention. This possibi
evaluated ain Expenment 3.

luding an incorrect response.
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Duration ONSET NO—ONSET Table 2
ﬂ_ ﬂu Mean Error Raites (%) For Each Condition and

K000

e 8|8 8

% 5 E 2 E

ol E | P E

Figure 1. Sequence of events for a typical wrial (display
size = 4) in Experiment 1. (Dashes represent fading line
segmenis. Duration in ms. The correct response for both
trial types here is yes. Under display size = 2. not shown,
two of the figure eights would fade to blanks.)

target present with an abrupt onset (or, for brevity, onset),
target present with gradual camouflage removal (or no-
onset) and target absent (or aegative). Half the trials in
each session required 3 positi and the re-
ing ones a negati

Display sizes of 1wo and four occurred under each of
the three trial type conditions. Exactly one onset item
appeared in every test display, and the remaining items

Table 1
Number of Trials per Block in Each Condition
of Expeniment 1

Display Sizé (2 and 4} in Experiment 1

Onset No-onset Negative

Day 2 4 2 4 2 4
1 16 49 19 13 34 34
2 )2 3 54 6.2 32 3o

were alwavs no-onsets. When display size = 2, halfl the
positive trials were onset and haif no-onset. When display
size = 4. however. only one quarier of the posiive nals
were onsel, and the remaining were no-onsel. These
relative frequencies were chosen so that the uccurrence
of an abrupt onser was not itsell correlated with the
ovcurrence of a 1arget; we thereby precluded the possible
strategy of intenuonally using the absupt omset as a
selection cue.’ For clarity. the number of trials per block
in cach-ol the six conditions is shown in Table .

Each of the tive letiers served as wamget equally olien
in each condition and as the onset stimulus approximately
equally often. The one onsel item that appeared on each
trial occupied each of the three onset display locatuons
equally often. No letier was repeated in a display. Within
these constraints, the trials were ordered randomiy within

. 80-trial blocks.

Each subject compleied four 80-triat blocks on each
of two days, for a 101al of 640 observations per subject.
Short rest periods were taken afler every block.

Results and Discussion

The mean error rate across subjects and
conditions was 4.4%. Error rates for each
condition are shown in Table 2. In general.
error rates were lower on Day 2 than on Day
1, were slightly higher when set size = 4 than
when set size = 2, and were greater when the
target was no-onset than when il was onset.
These error rates are positively correlated
with reaction time (r = .23); a speed-accuracy
trade-off was not evident.

An analysis of variance was conducted on
the mean reaction time data, the factors of
which were days (I and 2), trial type (onsel.

? Note that (when display size = 4} this resulis in the
1argel Appeanng in any one onsel location only one
twelih ot the time. but sn any single no-onstt location
one fourth of the ume. Were subjects aware of this
contingency. they would be expected 10 opumally a
toward the high-frequency (no-unset) ko

Trial type
Display
swe Onset No-onset Negative
2 10 10 20
4 5 3] 20

and away Irom the low-1requency (oaset) focations (Shaw,
1978). thereby reducing the probahility of producing the
predicted resuls.
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Figure 2. Mean reaction time on Dav 2 as a function of display size. (Curve parameler is trial type. The
number of trials per point is proportional 1o the entries in Table 1. See text for explanation of predicted

posnis.)

no-onset, and negative), and display size (two
and four). Large main effects of all the factors
were found: For days, F(L, 17) = 179, M(S, =
4.442: for trial type, F(2, 34) = 109, }MS. =
1,840: and for display size, F{), 17} = 169.
MS. = 726: all ps < .001. No interaction
involving day was significant (all Fs < 1),
Finallv. the interaction between trial type and
displav size was highly significant, F(2, 34) =
22.6. MS, = 508. p < 000

Given the lack of interaction involving day,
we shall focus on data from the sccond
session only. because they retlect more highly
practiced performance and are theretore less
able. Mean Day 2 reaction times across
all subjects are shown as the observed data
points in Figure 2. An inspection of the figure
shows that the increase in mean RT with
mcreasing display size was not large when
the wrget had an abrupt onset: The increment

in RT (or slope) was 7.9 ms/item. The onset
slope contains zero in its 95% confidence
interval. which was 9.04. The slope was larger
when the target was no-onset (slope = 24.5
ms/item) and larger still when the target was
absent (slope = 35.0 ms/item).* The Trial
Type X Display Size interaction is readily ap-
parent here.

* Four of the subjects had exceedingly large error rates
tgreater than 10% in at least one condition). Because
these subjects may have exhibited a speed-accuracy
trade-oif, the axoOva was rerun excluding them. The
pattern of results was unchanged the main effects
were h signiticant. and the only sigmificant interaction
was Tral Type X Set Size. A2, 26) = 22.15. WS, = 469,
o< N

* Extluding the four error-prone subjects tsee Footnote
3y gave siopes of 5.6, 23.3. and 36.4 ms/uem for the
onsct. nu-onset. and negative conditions, respecinely.
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Bonferroni muhiple contrasts were con-
ducted on the Day 2 data to determine the
sources of the significant interaction. The
differences between the slopes of each pair of
trial types were all significant at the .05 level
(the difference between the onset slope and
the no-onset slope was 16.6; between the
onset and negative stopes was 27.1; and be-
tween the no-onset and negative slopes was
10.5; a 95% simultaneous confidence interval
is 9.04).

Quantitative model. We it 10 the data a
simple visual search modet postulating that
the abrupt onset item is scanned first on
every trial but that otherwise the search is
serial and self-terminating. We shall refer 10
this as the abrupt-capture model. This model
bears some resemblance to Schneider and
Shiffrin's (1977, p. 29) Mode! 1a. The model
is expressed as

RT = A+ kT + N, n

where F(4) = a, E(T) = r, E(N) = v, RT is
a random variable representing reaction time,
A is a random variable reflecting the time for
all mental operations (e.g., encoding, motor
programming, response executlion) not ac-
counted for by the other terms in the equa-
tion, k is the number of comparisons required
on a trial, T is a random variable reflecting
the time required 10 complete one compari-
son, & is an indicator variable that equals 1
if the target is absent and O otherwise, N is a
random variable corresponding 10 the extra
time required to deal with a negative trial
(Nickerson, 1965), and E denotes expected
value. Under the model, k is exactly one
when the target has an abrupt onset, no
matter how many other items are present in
the display. When the target is absent, Xk is
equal to the display size d since the search is
exhaustive in this case. When the target is
present but has a gradual onset,
J4-v+t_ 4
2 2

The initial 1 in this equation corresponds to
scanning the abrupt onset item, which by
stipulation is not the target. This leaves d —
1 items to be scanned in a self-terminating
seargh. The mean number of subsequent
@a-n+i “v+ _. (This

k=1

comparisons then will be
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Table )
Parameters and Predictions of the Model, Day 2
Data Oniv. Experiment |

Mean RT (ms)

Tewal Display
ype size k ) Obs Pred
Onset 2 ] 0 4418 4500
Onset 4 1 0 451.7 450.0
No-onset 2 2 0 4829 488.1
4 k] 0 $31.9 526.2
2 2 1 5234 5213
4 4 1 594.4 976

Note. In the no-onset-4 condition, & 15 3 on the average.
All other values ot & are exact. R? = 987 RT = reaction
time: Obs = obscrved: Pred = predicted.

holds because the target appears in each
location equally often in a random order.)
Thus in the present case. k =2 when the
display size is two, and k has an expected
value of 3 when the display size is four.

The values of k and § under each of the
conditions. as well as the observed response
latencies. are displaved in Table 3.

Multiple regression of the data under this
model gave estimates of the parameters as
follows: @ = 411.9, 7 = 38.1, and » = 33.2.
The fit was quile satisfactory, accounting for
98.7% of the variance in the means with only
three parameters.* The predicied means are
shown in Table 3 and Figure 2. The estimate
of 38.1 ms/comparison for the search param-
eter 7 is in good agreement with other esti-
mates in the literature (e.g., Schneider &
Shiffrin’s (1977) estimate of 42 ms/compari-
son and Sternberg’s (1966) of 38 ms/compar-
ison).

Root mean squared (RALS) error® was 5.9
ms, or less than 2% of mean RT. To further

* The abrupt capiure model also makes predictions
about variances under each condition (cf. Schneider &
Shiffrin. 1977, Appendix G). The it of the predicted
variances 1o our data was not good. In particular, uader
conditions for which a disproporuionately large amount
of variance was predicted (i.e.. those in which different
numbers of comparisons are made across trials). we
observed even more vanance than predicted. The standard
error of the obscrved variances was quite large, however,
and so our ability w0 reject any plausible model was
weak.

* RMS efror 15 defined as

12
_Hn Slobs, - pred. g
n
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assess the adequacy of the model. fits were
perforined using the means from each con-
dition for each subject individually. The me-
dian proportion of variance accounted for by
the mode! within each subject was .933 (range:
.58-.99). The parameter estimates were sim-
ilarly reasonable for individuals; for instance,
the median r obtained was 38 ms/comparison
(range: 15-61).]

We fit several other plausible models, in-
cluding Model 1, a parallel, limited capacity,
abrupt-capture model that mimics the serial,
capture model (Atkinson et al.. 1969; Town-
send. 1972); Model 2, a parallel. unlimited
capacity, capture model that does not allow
for display size eflects; Model 3, a parallel-
capture model that requires a serial re-search
of the display set on negative trials; and
Model 4. a standard serial model with no
provision for abrupt capture. (See the Appen-
dix for further description of these models.)
None of these models fit the data as well as
the serial-capture model did, although Model
1 did almost as well. The proportions of
variance accounted for by Models 1 through
4 were 985, .761, .895, and .772, respectively,
as compared to .987 for the serial abrupt
capture model. RMS error values for Models
1-4 were 6.3, 25.1, 18.8, and 24.5 ms, re-
spectively, whereas the value for the seria!
abrupli-capture model was 5.9 ms. The con-
trasts in these fits underline the quality of the
serial abrupt-capture fit. We prefer the serial
abrupt-capture model 1o the parallel, limited
capacity model because the latter predicts
parallel slopes for the negative and no-onset
conditions, whereas our analysis revealed a
significant deviation from this pattern (p <
.05 see previous discussion of results).

From these results we conclude that the
data are well described as being generated by
a process that scans the single onset Jocation
first and all other locations serially in a
random order until a target is found or the
search is complete.

Experiment 2

The critical independent variable in Ex-
periment 1 was onset type. and the conclu-
sions to be drawn from the results of that
experiment depend on the assumption that
gradual no-onsets as instantiated in this study

are not perceptually more difficult 1o process
than abrupt onsets are. But this assumption
may be false. For instance, the visual receptors
may adapt to the figure-8 premasks. resulting-
in reduced sensitivity at locations they occupy.
Because we are claiming that the effect of
abrupt onset is 1o summon attention when it
is not already directed to the abrupt onset
stimulus location, then the processing advan-
tage an abrupt item confers should decline
or disappear if attention is appropriately di-
rected in advance. Indeed. in such a case the
subject may be able 10 make better use of
the preview afforded by the gradual target
revelation and thereby show an advantage for.
no-onset stimuli. However. if the advantage
of abrupt onset in Experiment | was not due
to attentional factors, then the advantage
should remain when attention is appropriately
directed in advance.

Experiment 2 was conducted 10 test these
predictions and thus to distinguish between
a perceptual and an attentional explanation
for the eflects observed in Experiment |I.
Subjects were required on each trial to identify
a single letter that occupied a known location;
in some blocks, the item had an abrupt onset,
and in others, it appeared via the modified
no-onset procedure used in Experiment .
Eve position was monitored to ensure that
departures from fixation were detected and
admonished. Thus the retinal eccentricities
of Experiment | were maintained.

Method

Subjecis.  Twenty undergraduates with uncorrecied
normal vision (11 femate. 9 male) each served in a single
JO-min session. None had setved in Experiment |.
Compensation was $3.

Apparatus and stimudi.  In addition 10 the equipment
used in Experiment |, 3 Gull and Western model 200
scleral reilectance eye movement monitor was used Lo

" One aspect of the capture model that remaing un-
specified is whether search is consistently ordered. and if
so. how it is ordered. To invesugate this issuc. we
calculated mean response umes 10 no-onsct targets when
the display size = 4 (all other cases are degenerale) as a
function ol oaset Hem locauon. No consistent ordering
of response times was obsersed. including (a) clockwise
or counterclckwise from the oaset locavon and (hy
locations near the onset item first and opposite the anset
item last. Insotar as our data can reveal. then. search in
this task 18 nol consistently ordered.
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determince eye position. Eye movement data were collected
through an analog-1o-digital (A/D) converier on the PDP-
11760 compuier.

Head position was maintained by a chinrest. Subject’s
eve position was calihrated at the beginning of cach 30-
trial hlock and again whenever departures from fixation
were detected on 3 irials since the last calibration run.
A simpie position criterion (£2° from fixation) was used
to detect eye movements toward any of the display
locations. Because the itor was conh d 10

within a block. the calibration routine was automanicaily
invoked

Design. Al five fetters served equally often as the
targer. One half of 1he trials required positive responses.
the rest negative. On negative trials, the display nem was
chusen randomly from the four nomarget items for tha
triak. Each target also appeared at cach display position
equally ofien. Two blocks of 3O trials each (plus rerun
trials) were completed with abrupt onscis. and two with

only horizontal movements. glances directly upward or
downward could not be detected. Subjects were unaware
of this. Nevertheless. in the analyses below, trials are
partitioned into those with vertical and those with non-
verucal display locations in order 10 reveal possible
differences due 10 undetected vertical movements.

Eve movement calibration.  All eye position sampling
via the A/D converter was at | kHz. Calibration consisted
of sampling for 50 ms at each of five eye positions,
corresponding 10 fixation, +2°, and +4°, run in random
order. Conversion from A/D unils 10 gaze position was
hrough lincar lati Preliminary tests showed
that observers could not voluntarily move their eyes or
heads without such movement being detecied.

Procedure. The sequence of events on each (rial (see
Figure 3) was as follows. A single target letter appeared
at fixation for 1,000 ms. The targer was replaced by a
fixation cross, which remained throughout the duration
of the wrial. Afier 150 ms. an indicator rectangle appeared
at one of the six possible display locations. During no-
onset blocks. the indicator was a block figure 8; during
onsct blocks, the indicator was a configuration of six dots
at the vertices of a block figure 8. The indicator was
present for 1,000 ms. The procedure for the \wo types
of blocks differs somewhat at this point. For no-onset
blocks, irrelevant segments began 10 fade as in Experiment
| over a period of 80 ms, gradually revealing the display
item (see¢ Footnote 1). For onset blocks. the six-dot
conliguration began 10 fade as a whole over an 80-ms
period. At the instant the dots were gone, the display
item was abruptly illuminated at 1hat location. The
display item remained until a response was made, at
which time feedback appeared for 500 ms. A 1,000-ms
intertrial interval followed. :

Subjects were 10ld that the purpose of the indicator
was to allow them 10 prepare in advance for the display
itemn: They were asked to “pay atiention™ 1o the spatial
focation occupied by the indicator, because the display
item would appear there after a consisient delay. They
were further informed that they should do this while
maintaining fixation. The working principles of the mon-
itor were brictly described.

Subjcis were instrucied to respond as quickly as possible
while making very few errors. A positive response was
required if the display item was identical 10 the target:
otherwise a negative response was called for. As in
Experiment L. response latencies were measured from
the end of the camoutlage removal. or, equivatenity, from
the onsct of the abrupt-onset item. A heep after each
error served as feedback. [f an eye movement was detected,
the beep sounded. and the trial response was discarded.
All 1hals during which Jdepartures (rom fixaton were
detected were rerun at the end ol each biock. As men-
tioned earlier. iIf movements were detected on three trials

. Onset 1ype (no-onsel. N, or onset. O) and
response (positive or negative) were completely crossed
within-subject variables. Order of blocks (onset or no-
onsct lirs)) was a between-subject variable. Half the
subjects ran with blocks ordered ONON, and the rest
with NONO.

Results and Discussion

Eye movements were detected on 8.7% of
the trials. Many of these can probably be
attributed to inadvertem head movements

Duration ONSET NO-ONSET
000 *U _U
000 . .

80 .

RT

5 =

'
|
j

Freure 3 Scquence of events for a3 wypical tnal «in
Experiment 2. tDashes represent lading line segments.
The correct response for both trial types here 1s no.}
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permitied by the unintrusive chinrest used.
Nevertheless, we discarded all trials during
“which movements were detected; these trials
are not included in what follows.

The mean error rate across all conditions
was 7.2%. The somewhat higher error rate
observed here is probably due to the relatively
small amount of practice in this experiment.
Overall, subjects were less accurate in the
condition with which they began. Errors were
positively correlated with RT (r=.75),
indicating the absence of speed-accuracy
trade-off.

Mecan RT for each group and condition is
shown in Table 4. The practice effect evi-
denced in the error data is clearly apparent
here: Subjects were slowest in the condition
in which they started. Overall. however, sub-
jects were 10.6 ms faster when the display
item appeared in the gradual, no-onset fashion
ol Todd and Van Gelder (1979) than via the
standard abrupt-onset method.

To assess the magnitude of these effects,
an analysis of variance was conducted with
order as a between-subjects variable (onset or
no-onset block first) and onset type (onset or
no-onset) and response (positive or negative)
as within-subjects variables. Subjects were
faster on positive than on negative trials, F(I,
18) = 42.4, A5, = 1,258, p < .001. The main
effect of onset type, however. did not attain
significance, F(I, 18) = 1.4, MS,= 1,624,
p > .20, although no-onset RT was 10.6 ms
faster than onset RT (SE = 10.1 ms). The
practice effect is seen in the significant Or-
der X Trial Type interaction, F{1, 18) = 5.6,
MS. = 1,623, p < .05: Subjects improved
more when they began with an onset block
than when they began with a no-onset block.
This interaction suggests that with practice.
subjects were better able to take advantage of
the 80 ms of preview afforded by the gradual
camouflage removal.

The analysis was repeated excluding vertical
trials. that is, trials on which the target ap-
peared directly above or below fixation. These
are trials on which anv eye movements would
have escaped detection. The pattern of results
was the same: Positive responses were faster
than ncgative ones. F(1. 18) = 16.5, S, =
2.268. p < .001. but again. although no-onset
RTs were faster than onset RTs by 2.2 ms,
this differcnce did not attain significance

Table 4
Mean Reaction Time and Standard Error (ms) in
Each Condiion of Experimemt 2

Gradual
Abrupt onset onset
Order of
conditions M SE M SE
Onset-No-onser 26 pal 492 23
No-onset-Onset 34 25 546 24
Combined $30 16 s19 t7

(F < 1). Apparently, then, eye movements
cannot account for these results.

To further evaluate the onset-no-onset dif-
ference. we attempted to remove the practice
effect seen as an interaction in Table 4. Mean
reaction times for the four blocks. collapsed
across conditions, were 596, 520, 508, and
513 ms. respectively, suggesting asymptotic
performance by Block 3. An analysis of vari-
ance as above was therefore conducted on
Blocks 3 and 4 only to determine whether,
after practice, gradual presentation produces
responses as fast or faster than abrupt onsets
when attention is appropriately allocated.
Mean no-onset RT was 13 ms faster than
mean onset RT, but once again this difference
was not significant. F(1, 18) = 2.0, MS, =
1,676, p > .10. Of the remaining effects and
interactions, only the response type F ratio
exceeded unity, F(1, 18) = 26.2, MS, = 1,999,
p < .001.

In summary, the results of Experiment 2
indicate that when attention is appropriately
directed in advance of a visual display, there
is no advantage for abrupt onsets over gradual
no-onsets. The pattern of results obtained in
Experiment 1 cannot be attributed to percep-
tual or sensory factors. Instead. an explanation
of that experiment based on attentional cap-
ture is supported.

These results may seem somewhat incon-
sistent with some findings reported by Todd
and Van Gelder (1979). In particular. Exper-
iments 3 and 4 in that article involved the
use of precues that provided some locational
information about upcoming stimulus events.
In principle. following the reasoning used
here. subjects in those experiments ought to
have been able to allocate their attention to
the cued locations in advance and thereby

-

—-—
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eliminate the latency difference between onset
and no-onset. In contrast, Todd and Van
Gelder found a large effect of onset type on
cued trials. Two aspects of their procedure,
however, may have precluded the effective
assignment of attention before trial onset.
First, the cues were only partially valid: On
25% of the trials, the stimulus appeared in
an uncued location. Second, the cues indi-
cated two spatial locations that were at least
5° and as much as 20° of visual angle apart.
Hoffman and Nelson (1981), Posner et al.
(1980), and others have shown that subjects
cannot simultaneously attend to mubtiple
noncontiguous spatial locations efficiently.
Thus Todd and Van Gelder’s cuing procedure
should not be viewed as an effective atten-
tional manipulation.

The fact that no-onset RT was only 10.6
ms faster than onset RT deserves some com-
ment. One might expect that because no-
onset stimuli began to be revealed 80 ms
before the clock started, they might result in
responses that were as much as 80 ms faster
than those to onset stimuli. There are two
reasons to doubt this. First, the no-onset
items did not become clearly discriminable
until perhaps 20-40 ms before the clock
started. Thus the 80 ms figure is an overes-
timate of the “preview time.” Second, there
is some reason to suspect that RTs to onset
stimuli may indeed be faster than to no-onset
stimuli after attentional effects have been
minimized (Todd & Van Gelder. 1979, Ex-
periment 3). Thus the latency advantage for
no-onset stimuli is smaller than the preview
duration might suggest. The important point
from this experiment is that the advantage
for onset stimuli vanishes when attention is
appropriately directed in advance of an abrupt
event, demonstrating the attentional nature
of the advantage.

Experiment 3

In Experiment |, we altered Todd and Van
Gelder’s (1979) no-onset procedure by re-
moving the camouflage gradually rather than
abruptly. Our reason for doing this was to
minimize the possible attention-capturing ef-
fecis of abrupt offsets. There is evidence from
both clectrophysiology (lkeda & Wright. 1974)
and psychophysics (Kulikowski & Tolhurst,
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1975) that the transient system responds to
offscts as well as to onsets. Consequently, to
optimize our test, we avoided abrupt offsets.

However. there is reason to believe that
this precaution was not neccssary. For in-
stance. Breitmeyer and Julesz (1975) found
enhanced contrast sensitivity to gratings with
abrupt leading edges and gradual trailing
edges, but not to ones with only abrupt
trailing edges, suggesting the visual system is
not as sensitive to offsets as to onsets. Fur-
thermore, Todd and Van Gelder (1979) used
only abrupt offsets in their no-onset experi-
ments and still obtained large effects. In fact,
they found that increasing the number of
irrelevant abrupt offsets facilitated RTs to no-
onset items. Offsets, then, may have a fun-
damenually different attentional status than
onsets do.

In Experiment 3, we replicated Experiment
I twice within subjects: Camouflage was re-
moved either with an 80-ms Gaussian offset
function or abruptly. These two offset types
were randomly intermixed. The apparatus
used in Experiment 3 was an improvement
over that used in Experiment 1: Here we
used seven-segment light-emitting diodes
(LEDs) driven by a digital-to-analog converter
allowing nearly continuous intensity changes
and thus smooth temporal waveforms. We
could therefore assess the adequacy of the
offset step function emploved in Experiment
1 (see Footnote 1).

Method

Subjects.  Nineteen University of Michigan under-
graduates participated in two 50-min sessions. None of
these people had served in Experiments | or 2. and cach
was paid $7 for his or her time.

Apparatus and sumuli.  In order 10 effect greaier
conltrol over the temporal waveform of the onscts and
offsets of the stimuli. we construcied a display device
consisting of six 7-scgment LEDs {Jimpak #DL-750) and
an array of digital Yogic o control the individual LED
segmens. The hardware fogic was under software conurol
via a digital output interface. The LED segments were
driven by the digial-10-analog (D/A) converier of a DEC
PDP-11/34 computer. The D/A converter was configured
10 output voltages at | kHz. so that vohiages could be
aliered once per mitlisecond. There were 1,024 tuncuonal
voltage fevels. Letters with abrupt onsets were slluminated
through the action of a single digually conwralied relay.

In removing the ¢ 1} LED s we
emploved a Gaussian offset (uncaon sumilar 10 that
emploved by Wilson (1978). us duration was 80 ms Irom
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Figure 4 Temporsal luminance profile of camouflage removal in Experiment 3.

completely on 10 enurely off. The equation for the
Guussian (with ¢ in ms) was

Ht) = exp{~(1/407),

where 1 is refative intensity and 0 < 1 < 80 Figure 4
shows the 1emporal luminance profile. At their maximum
brightness. each letter had a luminance of 5.6 cd/m°.
The luminance of the hlank display screen was 1.8 cd/
m°, and general booth illuminance was 190 Ix at the
display surface.

The LEDs were arrayed at the vertices of an imaginary
hexagon centered about fixation. The LEDs were 5.7°
from tfixation and 5.7° apan center 10 center. Each of
the bve-scgment letters (E, H, P, S, and U') subtended
1.9° of visual angle in height and 95° in width. The
LEDs were mounted in a flat black display susface 60
cm (53°) high and 50 cm (48°) wide. AN visual angles
were measured from a viewing distance of 45 cm.

The LED display was comrolled and responses collecied
by a DEC PDP 11734 comp Subjects responded by
pressing the appropriate kevs on a Hewlen-Packard 2621A
ternuinal keybhoard. Subjects were seated in a sound-
attenuating booth iltluminated by a Hluorescent bulb
located above and bebind them.

Procedure. The procedure was identical 10 1that used
in Experiment 1. with the exception that on haif the
trials the arrelevant segments were removed abruptly.
whereas on the remaning tnals the irrelevant segmenis
were remaned via an 80-ms half-Gaussian (see Figure 4).
The dessgn of Experiment 1 was thus replicated twice.
once with abrupt camoufluge removal and once with
graduad camoutlage removal. with the two tnal types
nicrmived. Subjects were not informed of this
. and upon debricfing none reported having any

awareness of it. Subjects completed 6 blocks of 80 trials
on cach of 2 days. for a total of 960 trials per subject.

Results and Discussion

The mean overall error rate collapsed across
days. subjects. and conditions was 5.4%. Error
rates for each condition are shown in Table
5. As before, error rates for the various
conditions correlated positively with the as-
sociated reaction times (r = .41), indicating
the absence of a speed-accuracy trade-off.

An ANOVA was performed on the mean
RTs with the following factors: day (1 or 2).
camouflage removal waveform (abrupt or
gradual), trial type (onsel. no-onset, or neg-
ative), and display size (iwo or four). Alt of
the main effects were highly significant: (I,
18) = 59 for day, F(I, I8) = 106 for cam-
ouflage waveform, F(2. 36) = 133 for trial

* The intensity of LEDs is known 10 vary linearly with
current but not with voltage (cf. Nyvgaard & Frumhes.
1982). Because we intended to sary the intensity of
indwidual LED segments via voltage changes in the D/
A converter, we empirically determined the funcuion
relaning voltage (0 ntensity {or current). The relaton
beiween voltage and current was gquadrance. We compen-
sated for this nonlinearity in our vollage oulput tunction.
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Table 5
Mean Error Rates (%) for Each Condition and
Display Size (2 and 4} in Experiment 3

Onset No-onset Negative
Camouflage
removal 2 4 2 q 2 4
Day |
Gradual 31 52 82 87 89 10
Abrupt 45 66 79 121 62 82
Day 2
Gradual B N A X 52 310 21
Abrupt 27 30 44 32 34 o

type, and F(I, 18) = 146 for display size, ail
ps < .001. No interaction involving day was
significant (all ps > .05). As in Experiment
1, the interaction beiween trial type and
display size was significant, F(2, 36) = 23.2,
MS, = 753, p < .001; again, the display size
effect depended upon the trial type.

We shall once again concentrate on the
more highly practiced Day 2 performance in
what follows, given the lack of interaction
involving day. Mean response times are shown
as the observed points in Figure 5. Of partic-
ular importance in this experiment was the
effect of camouflage offset waveform on the
Trial Tvpe X Display Size interaction. This
three-way interaction did not autain signifi-
cance, F(2, 36) = 0.4, MS, = 278. In agree-
ment with this result, the Camouflage Wave-
form X Display Size interaction also failed
1o reach significance, (I, 18) = 0.1, MS, =
261. Thus the abrupt-capture effect seen in
Experiment 1 was uninfluenced by whether
the camouflage was removed gradually or all
a1 once.

The Camouflage Waveform X Trial Type
interaction, however, did auain significance.
F(2, 36) = 4.65, MS, = 515, p < .05; the
relative positions of the three trial type func-
tions in the iwo panels of Figure 5 depend
upon the offset waveform. In particular, al-
though there was a general increase in latency
with abrupt camouflage removal compared
10 gradual removal (as revealed by the main
effect of camouflage waveform), the no-onset
funciion climbed more than the onset func-
tion did: this suggests that gradual removal
did give subjects some usable preview infor-

mation. Nevertheless. abrupt onset targets
were always detected more rapidly.

An inspection of Figure 5 will confirm
that both abrupt and gradual Camouflage
removal produced the eflect scen in Experi-
ment 1: In both cases. we observed a negligible
display size effect for onset targets and a
larger one for no-onset targets. The slopes for
the Day 2 onset. no-onset. and negative con-
ditions, respectively, were 9, 12. and 27 ms/
item lor gradual camoullage removal. and 7,
14, and 25 ms/item for abrupt camouflage
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Table ¢
Puramerer Estimnates for Serial Capture Model,
Experiments 1 and 3

Dataset @ ’ R*

-

Experiment | 412 38 N2 987
Expeniment 3
Graduval removat 475 288 50.3 987
Ahrupt removal 488 354 425 965

removal. Bonferroni multiple contrasts con-
firmed that the onset slopes in each camou-
Nage waveform condition were not signifi-
cantly larger than zero (p > .05). Although
no-onset slopes were significantly larger than
zero (p < .01), they were not significantly
larger than the onset slopes (p > .05), in
contrast to the findings of Experiment 1.
Finally, there was a significant difference be-
tween no-onset and negative slopes and be-
tween onset and negative slopes (p < .01).
The data were fit 10 the serial abrupt-
capture model described in Experiment 1.
The predicted means are illustrated in Figure
5. Table 6 summarizes the resulting parameter
estimates, along with those from Experiment
| for comparison. The model accounts for
98.7% and 96.5% of the variance in the
means for the gradual and abrupt camouflage-
waveform conditions. respectively. RMS error
in the mean data was 5.4 ms and 9.8 ms for
the gradual and abrupt waveform conditions,
respectively; these values are less than 2% of
the mean response times. Individual fits for
each subject yielded median proportions of
variance accounted for by the model within
each subject of .923 (range: .68-.99) and 884
(range: .65-.99) for graudal and abrupt cam-
ouflage removal conditions, respectively. The
parameter estimates were again reasonable;

Table 7

for instance. the median r obtained was 32
ms/comparison (range: 8-69). The fts are
satisfactory and the parameter estirnates are
in rough agreement with those from Experi-
ment |. :

We once again fit to the data the four
alternative models described in the Appendix.
Table 7 summarizes the goodness of fit for
the data from Experiments | and 3 for the
serial abrupt-capture model as well as for the
four alternatives. Again, the serial, abrupi-
capture model prevails. As in Experiment 1,
the parallel, limited capacity, capture model
was fit quite well. However, because the no-
onset and negative slopes were significantly
different (p < .01)—a violation of the parallet
model’s predictions—the serial, abrupt-cap-
ture model is preferred.

These results indicate that our precaution
of removing the camouflage gradually in Ex-

periment 1 was not crucial 10 the outcome’

of the experiment. At least in the context of
this study, the presence of several abrupt
offsets (sometimes as many as two complete
figure eights) did not dramaiically disrupt the
apparent attention-capturing property of a
single abrupt onset. This is consistent with
Todd and Van Gelder's (1979, Experiment 2)
finding that with stimulus-response uncer-
tainty held constant, increasing the number
of abrupt offsets in a display does not interfere
with responses 10 remaining items.

One inconsistency between Experiments |
and 3 remains: The Bonferroni contrasts
showed that in Experiment |, no-onset slopes
were significantly larger than onset slopes,
whereas in Experiment 3, the two were not
statistically distinguishable. This result may
be accounted for by the fact that the search
rate r for subjects in Experiment 1 (38.1 ms/

Goodness of Fit for Alternative Models. Experiments | and 3

Serial caplure Parallel limited

Paraliel Parallet

unlimited re-search Standard serial

Experiment  R? RMSE R} RMSE R? RMSE R? RAMSE R’ RMSE
1 987 59 985 6.3 761 5.1 89S 18.8 amn 245
3
G 987 54 965 8.9 862 176 954 10.2 843 188
A 965 9.8 961 10.1 893 16.7 885 17.5 684 90

¢ RAMSE = root mean squared error: G = gradual camoutlage removal; A = abrupt camoullage removat
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comparison) was somewhat slower than that
for subjects in Experiment 3 (28.8 and 35.4
ms/comparison). The more rapid search rates
observed in Experiment 3 may have rendered
true differences between the two slopes un-
detectable. The satisfactory model fits we
have observed throughout support this view.

General Discussion

The results of these experiments are well
described by the abrupt-capture modet out-
lined at the end of Experiment {; On every
trial of visual search, attention is rapidly
assigned 10 the channel containing the abrupt
item. A comparison is made with the target
item residing in memory, and on a maich. a
positive response is emitted: on a mismatch,
the search continues in the standard serial
sell-terminating fashion. In Experiment 2, we
tested and rejected the possibility that subjects
could more easily process the onset items
than the no-onset items due to some physical
difference between the two. In that experi-
ment, when attention was appropriately al-
located in advance, there was no difference
in detection latency. Finally, in the .third
experiment, we established that the no-onset
procedure of Todd and Van Gelder (1979) is
effective whether or not camouflage is re-
moved gradually.

A consistent finding in both Experiments
1 and 3 was not predicted by the abrupt-
capture model. In all three replications, we
observed small positive slopes in the abrupt-
onsetl conditions, where a slope of zero was
predicted. A possible explanation for this
result® is that attention is captured on almost
all of the trials. but on some small proportion
p of the trials, capture is not effective, and a
serial search of the entire display ensues. In
Experiment |, for instance, p was estimated
at about 10%. The addition of this parameter,
however. improved R’ from .987 to only .989,
hardly justifying its inclusion in the model.
Nevertheless, this mixture assumption appears
1o give a reasonable post hoc account of the
otherwise unpredicted nonzero abrupt onset
slopes.

It is important to remark that the occur-
rence of an abrupt onset does not by itself
constitute a sutlicient stimulus for capturing
attention. Almost all experiments involving
the presentation of visual stimuli. and in
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particular nearly all the visual search exper-
iments conducted over the last decade and a
half, invoived only stimuli with abrupt onsets.
Because we know that autention cannot be
simultaneously committed to multiple non-
contiguous spatial channels (Hoffman & Nel-
son, 1981: Posner et al., 1980), then clearly
attention cannot be summoned to all abrupt
visual events at once. Apparently only when
the visual field contains but one such event
(as when a relatively static scene is viewed
and a moving object appears in the visual
periphery) can attention be engaged in the
manner illusirated by these experiments.

A demonstration of this idea was reported
recently by Kahneman, Treisman, and Burkell
(1983). Subjects in these experiments were
asked to read or to detect the presence of
words appearing at spatially uncertain loca-
tions in the visual field. In some conditions.
the relevant stimulus appeared alone. and in
others it appeared simultaneously with irrel-
evant and highly discriminabie distractors.
Kahneman et al. found that even when the
distractors were patches of random dots with
almost no features in common with the target
word, subjects were significantly slower in
naming the word as compared to conditions
in which the word appeared alone. We inter-
pret this as representing auentional capture
by the single item. an event that is impossible
when more than one abrupt onset occurs.
This view is supported by the vesults of
Experiment 5 by Kahneman et al. (1983), in
which distractor elements were presented at

various asyvnchronies with respect to the target’

word. When either an abrupt onset or an
abrupt offset occurred simultaneously with
target onsel. response latencies were signifi-
cantly slower than in a 1arget-alone condition.
In contrast. continuously present distractors
or distractors removed well in advance of
target onset resulted in RTs as fast or faster
than those in the target-only condition.'®

* We thank J. E. K. Smith for this idea.

" This hnding is somewhat inconsistent with the results
of Expeniment 3. which indicated 1hat abrupt offsets did
not interlere with capiure by abrupt onsers. However,
because the Kahreman ct al. (1983) experiment included
some conditions that are not analogous 0 any in the
present eapenments. direct compurisons may nol be
appropriate.
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n (scarce resources, a limited ca-
essing mechanism) seems required
| reported here.
‘rent model would account for
I's data in the following manner.
tention is evenly distributed over
iulus array. When the prestimulus
ypears, the subject must localize
y the remaining stimulus. If the
object is of the form-change type
yre exhibits an abrupt change at
attention is immediately secured
yropriate input channel, and the
‘ocesses may proceed at once with
In contrast, when the remaining
; not contain an abrupt change at
there is no attentional imperative
the relevant channel. Thus time
cupied with a rather slower local-
cess (which frequently is not com-
sk onset) before stimulus identifi-
commence.
current model, an abrupt onset
lual ones has an attentional status
hat of an X among Os (Treisman
1980) or a digit among letters
. 1972). That is, it is a perceptual
he stimulus that can be “encoded™
irly level of the visual system in
d without restriction across the
and that can then be used as a
issing the associated stimulus into
wpacity system (Duncan. 1980). In
he abrupt onset differs from these
ilus properties (e.g., shape, cate-
1t it is an imperative; it summons
n Duncan’s terms. it requires im-
ssage into the limited-capacity sys-
aps without intention. effort, or
on the subject’s part. These are
: commonly held criteria for pro-
ymaticity (Posner & Snyder, 1975;
% Shiffrin, 1977).
edictions of this mode!l may make
yncrete. One is that with brief
objects spatially adjacent to the
:ct should be processed more eifi-
1 those farther from it (cf. Hoffman
1981). Other predictions have to
involunmary nature of automatic-
ubject is asked to attend to a
spauial location (e.g., Eriksen &
973) and if that location contains
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a target, then we would expect that an abrupt
nontarget in some other location would be
more likely to interfere with target processing
than a no-onset nontarget would. Conversely,
if an unattended object is the target, we
would expect performance to be nevertheless
quite good if it has an abrupt onset. In other
words, objects with abrupt onsets should be
efficiently processed regardless of the subject’s
intentional allocation of attention. These pre-
dictions hold only, of course, if there is at
most one abrupt item in each display.

A m:a.:m of Todd and Van Gelder :33
that is also predicted by this model involves
the increased complexity of the task required
of subjects across experiments from one of
simple detection to more difficult letter dis-
crimination. The relative advantage of onset
over no-onset presentation increased with
complexity. This is consistent with the finding
(Shaw, 1984) that letter discrimination cannot
be accomplished with divided attention,
whereas simple luminance increment detec-
tion can be. If abrupt onsets capture attention,
the observed effects of such capture would
be expected to be greatest when attention is
most needed. This is just what Todd and Van
Gelder (1979) observed.

Conclusion

We have shown in these experiments that
isolated abrupt onsets are rapidly detected in
visual search, and we have offered an atten-
tional capture model that satisfactorily ac-
counts for the data. The model provides for
the immediate recruitment of attentional re-
sources by visual channels containing signals
with abrupt onsets.’
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Appendix

Description of the Alternative Models

A brief description of the four alterative models
we tested is given here. Theoretical predictions for
these models. as well as for the serial abrupt
capture modei described in the texe. are shown in
Figure AL All of these predictions are based on
varying the dehinition of & in Equation 1. while
feaving sts other terms intact.

L Parallel. limited  capacity  abrubt-caprure
muodel. As Aikinson et al. (1969) and Townsend
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Fieure 11 Theorctical predicuions of the five allernative
muodels considered in ths arucle. (For convenience. we
have set # = 7. Panel 3 senal abrupt capuure. Panel b:
paralicl. limited capacity capture. Panel ¢ paralle). un-
limuted capacuy capture. Panel d: paratlel. unlimited
capacity re-search capture. Panct ¢ standard. senial, sell-
tertminaung. A = abrupt onset. G = gradual no-onset,
N = negstine. )

(1972) have pointed out. a paralic! process can
perfectly mimic a serial process. with the inclusion
of ceriain assumpuions. For instamce, a paraliel
process can produce the display size etfect—which
is the paradigmatic case of a serial process—if it
is assumed that (a) processing resources are limited.
(b) processing raie 1s directly proportional 10 the
amount of available processing resources. and (¢)
as each itcm is identlied. the raie of processing
for all unfinished items increases as limited pro-
cessing resources become available. Thus. as the
number of nomarget items in the display increasces.
the expected response latency also increases. be-
cause available resources for any one item (and
hence processing rate) are declining.

We instantiated the parailel mimic by assuming
that the abrupt onset item. as in the serial capture
model. summons atiention and is processed hrst.
If the abrupt item is not the target. all other items
in the array are scanned in parailel. with processing
rate inversely proportional (0 the number of re-
maining nems. No-onset and negative slopes are
therefore predicted to be equal. Relerring to Equa-
tion I, when the target is the abrupt onset item,
k = 1: otherwise, k = d.

2. Pardlletl. unlimited capacity capture model
This model assumes that the onset item is processed
first. and if it is not the target. all other items are
processed in parallel with processing rate indepen-
dent of display size. Here. k = | when the abrupt
item is the target and & = 2 otherwise. This model
predicts zero slopes lor all three trial types. with
intercept differences of 7 between the onset and
no-onset funtions and v between the gradual and
negalive functions.

3. Pardllel, unlinuted capacity re-search capture
maodel. In order to produce nonzero slopes for the
negative trials, we evaluated a model identical to
Model 2 with the added assumption that a senad
re-search of the display occurs on negative trials.
Undcr this modet. & is as in Model 2 except on
negative trials. when k = 2 + d

4. Standard scrial model. This model assumes
that ail the items in the display are treated iden-
tically. so the onset and no-onset dina are predicied
to be the same. A serial. self-terminaung scarch
predicts a positive stope that is one hall’ the mag-
nitude ol the negative slope. In terms of Equation
I, A = td + 12 on positive trials and & = ¢ on
negative 1rials.

Recewved January 13, 1984
Revision received Apnil 27, {984 m




