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Are attentional dwell times inconsistent
with serial visual search?
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Duncan, Ward,and Shapiro (1994) estimated that attention must remain focused on an object for sev
eral hundred milliseconds before being shifted to another object, and they referred to this period as the
attentional dwell time. An important implication of these long estimates of the dwell time for models
of visual search is that the search process must not involve an item-by-item serial scanning mechanism.
If it did, then searching through an array of items would require enormous amounts of time, which
based on data from visual search experiments-it does not. The present report, however, provides evi
dence that the long estimates of attentional dwell time were caused, at least in part, by the use of masked
targets. Implications of these variable estimates of the attentional dwell time for models of visual search
are discussed.

Many theories of visual perception maintain that there
are two distinct stages of visual information processing:
an early unlimited-capacity stage and a later limited
capacity stage (e.g., Duncan & Humphreys, 1989; Hoff
man, 1979; Neisser, 1967; Treisman & Gelade, 1980;
Wolfe, 1994). Although there is some agreement concern
ing the properties of the first stage, there is considerable
disagreement concerning the nature of the second stage.
Some theories maintain that, during the second stage, ob
ject identification is achieved by focusing attention on
one item at a time (i.e., serialprocessing; see, e.g., Treis
man & Gelade, 1980; Treisman & Sato, 1990; Wolfe,
1994). Other theories maintain that multiple items can be
processed simultaneously during the second stage, but
that for each item added to the display, less processing ca
pacity is available for any given item (i.e., limited-capacity
parallel processing; see, e.g., Bundesen, 1990; Duncan
& Humphreys, 1989).

Distinguishing empirically between serial and limited
capacity parallel processing has proven difficult. The
most common approach is to measure reaction time (RT)
as a function of the number of items in the display (the
display size) in visual search tasks. If search is serial and
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self-terminating, then RT will increase as a linear func
tion of display size and the slope of the RT X display
size function will be twice as great on target-absent tri
als as on target-present trials (Sternberg, 1969; Treisman
& Gelade, 1980). This pattern ofresults has been observed
frequently in visual search experiments and has been
interpreted as evidence that attentive visual processing
operates serially, dwelling on each item in the array for
approximately 50 msec (see Wolfe, 1994, for a review).
Certain limited-capacity parallel models, however, pre
dict exactly the same pattern ofresults (Townsend, 1972,
1990). Therefore, this pattern cannot be taken as strictly
diagnostic of serial processing. Other methods have been
developed to distinguish between serial and limited
capacity parallel processing, but no consensus has been
reached concerning the nature of second-stage process
ing (Egeth & Dagenbach, 1991; Luck & Hillyard, 1990;
Townsend, 1990).

An alternative approach to this problem was recently
reported by Duncan, Ward, and Shapiro (1994; Ward, Dun
can, & Shapiro, 1996; see also Eriksen & Spencer, 1969;
Krumhansl, 1977; Pashler & Badgio, 1987; Shiffrin &
Gardner, 1972; Townsend & Ashby, 1983). Using a dual
task paradigm, they estimated that attention must remain
focused on an object for several hundred milliseconds
before being shifted to another object. Given this long at
tentional dwell time, as this period was called, a serial
search ofeven a moderate-size array (e.g., 12 items) would
require several seconds of search time. Because search
within such arrays can usually be completed in 600
1,200 msec (Wolfe, 1994), Duncan et al. argued that vi
sual search could not possibly be conducted by a high
speed serial scanning mechanism.

Duncan et al. (1994; Ward et al., 1996) obtained their
estimate of the attentional dwell time in a dual-task par-
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adigm in which two targets were presented in two differ
ent locations on each trial (see Figure IA). Each target
was followed by a mask, and subjects were required to
identify both targets at the end ofeach trial. The two tar
gets were usually presented successively, and the stimu
lus onset asynchrony (SOA) between them was varied
between 0 and 1,000 msec. We will refer to the first tar
get as "Tl" and the second target as "T2." Duncan et al.
found that identification accuracy was impaired for T2 at
short SOAs but not at long SOAs. They interpreted this
impairment in T2 accuracy as indicating that attention
was still focused on T1 at short SOAs. According to this
logic, then, the attentional dwell time for Tl could be es
timated by determining the SOA at which T2 identifica
tion was no longer impaired. T2 accuracy was found to

be impaired at SOAs of 450 msec or less, implying that
the attentional dwell time is approximately halfa second.

In using this estimate of the attentional dwell time
as evidence against high-speed serial models of visual
search, Duncan et al. (1994; Ward et aI., 1996) implicitly
assumed that dwell time was constant and that the esti
mates obtained from their dual-task paradigm could be
applied directly to the visual search paradigm. It is pos
sible, however, that the attentional dwell time depends
on the specific stimuli and task that are used. Thus, the at
tentional dwell time in typical visual search tasks might
be substantially shorter than the half-second value im
plied by Duncan et al.'s data, and perhaps even fast
enough to be consistent with typical high-speed serial
search models.
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Figure 1. Typical sequence ofstimuli on a single trial in Experiment 1. Each trial began with the pre
sentation ofa fixation point and the placeholders. After a 500-msec delay, the first target (TI) was pre
sented for a subject-specific duration (see text). In the Difficult condition (Panel A), TI was followed
immediately by a mask, which remained present until the end of the trial. In the Easy condition
(Panel B), the TI mask was delayed until the onset of the T2 mask. T2 was presented with a variable
SOA and was followed immediately by a mask which remained present until the end of the trial. Fol
lowing the subject's responses, the screen became blank, and after 500 msec the next trial began.
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There were several differences between the Duncan
et al. (1994) paradigm and the typical visual search par
adigm that could have inflated their estimate of the at
tentional dwell time. Although Duncan et al. showed that
many ofthese differences do not influence the dwell time,
there is one important attribute of their design that they
did not examine, namely the use ofmasks following each
target. It is reasonable to suppose that attention remains
focused longer for difficult discriminations than for easy
discriminations and that the use ofmasks may have made
the discrimination very difficult, thus creating an un
usually long dwell time. If this were true, the long dwell
time that was estimated by Duncan et al. would not serve
as definitive evidence against standard high-speed serial
models of visual search, because it might not be an ac
curate estimate of the dwell time within visual search
paradigms', in which stimuli are typically not masked.
The purpose of the present study was to assess the effects
of masking and thereby determine whether the atten
tional dwell time is constant, as implicitly assumed by
Duncan et aI., or whether the elimination of masking
would lead to a shorter dwell time that would be more
consistent with serial processing models.

Two experiments were conducted using slightly mod
ified versions of the Duncan et al. (1994) dual-task par
adigm. Both experiments manipulated the masking of
the first target (the second target was always masked to
avoid ceiling effects in T2 accuracy, which was the pri
mary dependent variable). The two experiments were
conducted independently, with somewhat different meth
ods and in separate laboratories. This provides some as
surance concerning the generality ofthe results, which is
especially important because the implications ofDuncan
et al. represent an important challenge to widely held
views of attention.

METHOD

Subjects
The subjects were 24 students at Johns Hopkins University (Experi

ment I) and 20 students at the University oflowa (Experiment 2); they
were 18-31 years of age.

Stimuli
Figure I illustrates the stimuli and procedure used in Experiment I

(differences between experiments are noted below). In both experi
ments, a central fixation point and four placeholders-drawn at the 12,
3, 6, and 9 o'clock positions of an imaginary circle-were present
throughout each trial. In Experiment I, the placeholders were 1.4° x
1.4° frames that were drawn in gray on a black background, and the en
tire display subtended 5.7° X 5.7°. In Experiment 2, the placeholders
were 1.2° x 1.2° frames that were drawn in black on a gray background,
and the entire display subtended 8.0° X 8.0°. The targets were sans-serif
uppercase letters (L and T) and digits (2 and 5); they subtended ap
proximately 0.5° X 0.5°. The masks consisted of rectangular grids of
randomly positioned white dots (Experiment I) or of white line seg
ments (Experiment 2), subtending approximately 0.7" X 0.7°.

General Design
In both experiments, two targets (T I and T2) were presented on each

trial. and subjects were required to report the identity of both targets at
the end of the trial (under no time pressure). The SOA between TI and
T2 varied randomly within trial blocks (0, 200, 350, 500, 650, 1,100,

and 1,300 msec in Experiment I and 0, 100, 200, 300, 400, 500, 600,
and 1,000 msec in Experiment 2). Both experiments included a "Diffi
cult" condition in which both targets were followed immediately by a
mask and an "Easy" condition in which the mask for the first target was
either delayed (Experiment I) or completely eliminated (Experiment 2).
The Difficult and Easy conditions were mixed randomly within trial
blocks in Experiment I; they were run in separate, alternating trial blocks,
and the order of conditions was counterbalanced across subjects in Ex
periment 2. Data were collected in 12 blocks of 56 trials each, providing
48 observations for each subject in each of the 14 combinations of SOA
and masking condition in Experiment I; they were collected in 6 blocks
of 96 trials each, providing 36 observations for each subject in each of
the 16 combinations of SOA and masking condition in Experiment 2.

Procedure
Experiment 1. Each trial in Experiment I began with a 500-msec

presentation of the fixation point and placeholders. Tl was then pre
sented for a subject-specific duration (mean = 60 msec), which was de
termined in an initial training period during which single targets (2, 5,
L, or T) were presented and target duration was adjusted until mean ac
curacy was in the range of80%-90%. In the Difficult condition, a mask
was presented at the T I location immediately at the offset ofT I and re
mained visible until the end of the trial. After a variable-duration SOA,
T2 was presented for the same duration as T I. T2 was always followed
immediately by a mask, which remained visible until the end of the trial.
In the Easy condition, a mask was also presented at the location ofTI
at the same time as the T2 mask, which was intended to discourage sub
jects from postponing identification ofT I until after T2 by using iconic
memory. It should be noted that the Difficult and Easy conditions were
identical when the SOA was°msec, and the data from these trials were
therefore excluded from all analyses.

The position and order of the letter and digit stimuli were counterbal
anced across subjects, such that TI was a letter for some subjects and a
digit for others and could appear at the 12 0'clock or 6 0'clock position
for some subjects and at the 3 o'clock or 9 o'clock position for others.
T2 was the opposite target type and was presented in one of the oppo
site pair oflocations. The subjects made two 2-alternative forced-choice
responses to indicate the identity ofT I and T2. They were asked to wait
until both Tl and T2 were presented before making any response and to
make the Tl response before the T2 response. The screen became blank
as soon as the subject responded and remained so for 500 msec, at
which time the next trial began.

Experiment 2. The procedure for Experiment 2 was the same as that
for Experiment I except for the following differences. Targets were al
ways presented for a duration of 50 msec, and accuracy levels were
maintained in the 70%-80% range by adjusting the brightness of the
targets and masks (brightness levels of targets were equated across the
Difficult and Easy conditions). Masks were presented for a duration of
100 msec, and no mask was ever presented in the T I location in the Easy
condition. Tl was always a letter and was presented at either the 3 o'
clock or 9 o'clock position, selected at random on each trial; T2 was al
ways a digit and was presented at either the 12 0'clock or 6 0'clock po
sition, again selected at random. Finally, the placeholders remained
visible at all times in this experiment, and a 4,000-msec response period
separated the offset of the T2 mask and the beginning of the next trial,
which was signaled by the onset of the fixation point.

RESULTS

Figure 2 summarizes the discrimination performance
for both the first and second targets. In both experiments,
the first target was discriminated substantially more ac
curately in the Easy condition than in the Difficult con
dition, indicating that the masking manipulations were
successful in influencing the difficulty ofthe T I discrim
ination. There was little change in T1 accuracy across
SOAs, however, which indicates that T1 was identified
with very little interference from T2.
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Figure 2. Percent correct as a function of SOA for the first tar
get (TI) (squares) and T2 (circles) in Experiment 1 and Experi
ment 2. The filled symbols are the data from the Easy condition;
the unfilled symbols are the data from the Difficult condition. As
terisks indicate significant differences between the Easy and Dif
ficult conditions at the given SOA (p < .01).

ment 2 [F(7,133) = 1.48, n.s.] but did reach significance
in Experiment 1 [F(5,115) = 2.42, P < .05], although
there was no easily interpretable pattern of interaction in
the means.' Planned comparisons confirmed that T 1 iden
tification was more accurate in the Easy condition than
in the Difficult condition at all six of the nonzero SOAs
in Experiment 1 and at all eight SOAs in Experiment 2
(p < .01 in every case).

Analogous ANOVAs were conducted for the T2 accu
racy data. In both experiments, responses to the second
target were generally more accurate following an Easy T 1
than following a Difficult Tl, which led to a significant
main effect of masking the first target [Experiment 1,
F(1,23) = 15.06,p<.01;Experiment2,F(I,19) = 4.52,
P < .05]. The main effect of SOA was also significant in
both experiments [Experiment I, F(5,115) = 10.84,p <
.01; Experiment 2, F(7,133) = 6.92,p < .001], reflecting
a general trend toward greater accuracy at longer SOAs.
The masking X SOA interaction did not reach significance
in either experiment, although it was marginally signifi
cant in Experiment 1 [Experiment 1, F(5,115) = 2.06,
P < .08; Experiment 2, F(7,133) = 1.65, n.s.].

Planned comparisons between the Easy and Difficult
conditions were conducted for each SOA, although these
must be interpreted with some caution due to the lack of
a significant masking X SOA interaction. These compari
sons indicated that performance began to improve sooner
in the Easy condition than in the Difficult condition. Spe
cifically, there were no significant differences in either
experiment for SOAs less than 300 msec or greater than
500 msec (p > .15), but accuracy was significantly greater
in the Easy condition than in the Difficult condition at
the 350-msec [t(23) = 2.9,p < .01] and 500-msec [t(23) =
3.7,p < .01] SOAs in Experiment 1 and at the 400-msec
SOA in Experiment 2 [t(19) = 2.95, P < .01]. The dif
ference was also marginally significant at the 300-msec
[t(19) = 1.89, P < .08] and 500-msec [t(19) = 1.68, p <
.12] SOAs in Experiment 2. Combined with the similar
ity ofthe results across the two independent experiments,
these planned comparisons provide evidence that the at
tentional dwell time was shorter in the Easy condition than
in the Difficult condition.

Curve Fitting
Analysis ofvariance and related techniques are primar

ily sensitive to vertical displacements in the dependent
variable, but the relevant issue in the present experiment
is whether masking influenced the accuracy X SOA func
tion in the horizontal dimension of time, with the upswing
in accuracy occurring at an SOA that was shorter in the
Easy condition than in the Difficult condition. To test
this more specific question, we fit ogive-normal curves
to each subject's accuracy X SOA function in the Diffi
cult and Easy conditions and determined whether there
was a horizontal shift in the point of inflection in these
functions. The curve fitting was conducted with a simplex
algorithm that minimized the mean-square error between
the curve and the observed accuracy values. This curve
fitting procedure allowed the horizontal position of the
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Analyses of Variance
The accuracy data for Tl were submitted to separate

two-way analyses of variance (ANOVAs) for the two ex
periments, with masking condition (Easy and Difficult)
and SOA as within-subjects factors. In both experiments,
the main effect ofmasking was significant [Experiment 1,
F(I,23) = 39.48,p<.01;Experiment2,F(1,19) = 185.80,
P < .01]. The main effect of SOA was not significant in
Experiment 1 [F(5,115) = 1.87, n.s.] but was in Experi
ment 2 [F(7,133) = 2.44, P < .05], apparently because
ofa slight increase in accuracy at longer SOAs. The mask
ing X SOA interaction was not significant for Experi-

T2 discrimination, in contrast, was impaired at short
SOAs, just as in Duncan et al.'s (1994) study. The time
course of this impairment, however, was different in the
Difficult and Easy conditions. Specifically, performance
was impaired to the same level in both conditions at the
shortest SOAs and recovered to the same asymptote level
at the longest SOAs, but rose to asymptote sooner in the
Easy condition than in the Difficult condition. Thus, the
duration of the attentional dwell time appears to depend
on whether or not the first target is masked.



364 MOORE, EGETH, BERGLAN, AND LUCK

accuracy X SOA function to be summarized by a single
value-the point of inflection of the ogive-normal func
tion-and therefore allowed a more specific and there
fore more powerful test of our hypothesis than was pro
vided by the analyses of variance.?

The accuracy of the curve-fitting was reasonably good,
with average root-mean-square errors of0.35% and 0.49%
in the Easy and Difficult conditions of Experiment 1 and
1.41% and 0.69% in the Easy and Difficult conditions of
Experiment 2. After the curve-fitting was completed, a
point-of-inflection value was computed for each subject in
each ofthe two masking conditions, and these values were
submitted to a separate paired t test for each experiment. A
large and significant difference in the inflection point was
observed for both Experiment 1 [t(23) = 3.22,p < .01] and
Experiment 2 [t(19) = 2.15, p < .05], with mean inflection
points of 112 and 625 msec for the Easy and Difficult con
ditions ofExperiment 1and 220 and 524 msec for the Easy
and Difficult conditions of Experiment 2. This significant
change in the time course ofthe accuracy X SOA function
provide additional evidence for an effect ofmasking on the
attentional dwell time.

DISCUSSION

Based on estimates from a dual-task paradigm, Duncan et al. (1994;
Ward et a!., 1996) argued that the dwell time of attention was too long to
be compatible with the high-speed serial models ofvisual search that are
considered in the current literature (e.g., Treisman & Sato, 1990; Wolfe,
1994).lfit takes nearly haifa second to reallocate attention from one ob
ject to another, then it would take several seconds to process most visual
displays by means ofa serial (item-by-item) mechanism. Because even
difficult search displays do not require that much time to process, visual
processing must not involve a pure item-by-item scanning mechanism.

Duncan et al.'s (1994) argument depends on the assumption that their
estimate of the attentional dwell time is comparable to the dwell times
that occur during visual search. The present results, however, under
mine that assumption. Specifically, this study showed that the long at
tentional dwell time that was obtained by Duncan et a!' depended on
masking, and that the dwell time was substantially shorter when the first
target was not masked or the mask was delayed. Because stimuli are
typically presented without masks during visual search, it follows that
the attentional dwell time during visual search is probably shorter than
the dwell time estimated by Duncan et a!.

Although we found a shorter attentional dwell time in the Easy con
dition than in the Difficult condition, it might be argued that the dwell
time in the Easy condition was still far longer than would be expected
on the basis of visual search data. In both experiments, performance
was substantially impaired in the Easy condition at SOAs of up to
200 msec, suggesting that the attentional dwell time is at least 200 msec
even with a very easy perceptual task. One might argue that this is still
too long to accommodate typical visual search results, because a dwell
time of 200 msec might be expected to lead to a 200-msec increment in
RT for each additional item in the display, which is far larger than the
increments that are usually observed.

We have two responses to this argument. First, the experiments re
ported here demonstrate that the attentional dwell time depends on the
stimulation conditions, and it is therefore plausible that the dwell time
varies across paradigms as well. For example, the use of simultaneously
presented stimulus arrays in the visual search paradigm might yield
faster shifts of attention because a sequence of shifts can be pro
grammed. at the onset of the display, whereas a shift cannot be pro
grammed until the second target has appeared in the present paradigm.
Similarly, simultaneously presented arrays provide an opportunity for
the visual system to perform substantial parallel preprocessing before
attention is focused on a given item, which may also reduce the dwell

time in visual search tasks. As a result of these-and perhaps other
features of the visual search paradigm, it may be inappropriate to apply
estimates of dwell time from the present dual-task paradigm to that of
visual search.

Our second argument concerns the relationship between RT X display
size functions and the dwell time of attention in the visual search para
digm itself. It is typically assumed that the slope of the RT X display
size function on target-absent trials reflects the time spent on each item,
and this slope is generally in the range of 15-50 msec per item. The slope
of the RT X display-size function, however, almost certainly under
estimates the amount of time spent on each item, because not all items
in a display are processed during visual search, even on target-absent
trials. Specifically, preattentive information about features can be used
to guide attention toward the most likely target items, allowing target
absence to be determined without an exhaustive search (Egeth, Virzi, &
Garbart, 1984; Treisman & Sato, 1990; Wolfe, Cave, & Franzel, 1989).
As a result, the slope from an RT X display-size function may be based
on an overestimate of the number of items processed, and may therefore
lead to an underestimate of the amount of time spent on a single item.
Indeed, when the stimuli are designed to minimize feature-based guid
ance, RT X display-size slopes can reach 100 msec per item (e.g., Bil
sky & Wolfe, 1995). Finally, even in the absence of preattentive guid
ance, subjects may frequently make a target-absent response before
exhausting the entire array, especially when the array has many items.
This assertion is supported by the almost universal findings of greater
error rates at larger display sizes and larger numbers ofmisses than false
alarms. J Thus, the commonly cited slope of 50 msec per item may sub
stantially underestimate the actual dwell time.

What, then, is the dwell time of attention in visual search? The most
direct interpretation of the present data would suggest a value of ap
proximately 200 msec, at least for the usual case of unmasked stimuli.
As discussed above, however, attention may operate more efficiently
within visual search paradigms than within the sequential presentation
paradigm used here. Consequently, the 200-msec estimate derived from
the present data may be an overestimate. Likewise, the 50-msec value
that is commonly estimated from RT X display-size functions is prob
ably an underestimate. We therefore suggest that the true dwell time
probably lies somewhere between 50 and 200 msec. Standard serial
models, such as those of Treisman (e.g., Treisman & Sato, 1990) and
Wolfe (e.g., 1994), could be adjusted to accommodate a dwell time in
the 50- to IOO-msec range, but could not easily accommodate a dwell
time approaching 200 msec. It will therefore be important for future re
search to provide a more precise estimate of the actual dwell time in vi
sual search.
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NOTES

1. Visual inspection ofthe figure suggests that the interaction may have
arisen from a smaller masking effect at the 650-msec SOA (-650 msec
in Figure 2a, Experiment 1). We have no explanation for why the effect
of masking should have been smaller at this SOA than at the other
SOAs.

2. This analysis is not meant to imply that the shape of the accuracy
x SOA curves was precisely ogive normal or that the influence of
masking consisted of a pure shift in the horizontal dimension. Rather,
ogive-normal functions were used as a convenient method ofproviding
a single parameter (the inflection point) that could be used to test the
specific hypothesis of a change in the time course of the accuracy x
SOA function. A specific test of this nature is typically more powerful
than the more general interaction test in an ANOVA, which is capable
of detecting many possible patterns of interaction but is typically less
sensitive to any particular pattern than is a specific test of that pattern.

3. It should be noted that other factors may also contribute to these
error effects (see Palmer, Ames, & Lindsey, 1993).
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