Psychonomic Bulletin & Review
2005, 12 (4), 647-653

BRIEF REPORTS

The time it takes to switch attention

GORDON D. LOGAN
Vanderbilt University, Nashville, Tennessee

An experiment is reported that measured the time it takes to switch attention from one set of loca-
tions to another in response to a cue that indicates the relevant locations. The experiment compared
sequences of trials in which the same locations were cued in succession with sequences in which dif-
ferent locations were cued in succession in order to separate cue-encoding time from attention-switch-
ing time. Same-location sequences require cue encoding but not attention switching. They were sub-
stantially faster than different-location sequences, which require both cue encoding and attention
switching. Formal models were fitted to time-course functions generated by presenting the cues 0, 100,
200, 300, or 400 msec before the target displays. The model fits suggest that cue encoding took
67-74 msec and attention switching took 76-101 msec.

The time it takes to switch attention has been mea-
sured in many ways, and the measurement is controver-
sial. In visual search experiments, it takes 30—50 msec to
reject a distractor (Wolfe, 1998). That interval measures
switching time only if distractors are examined serially
and individually, which are controversial assumptions
(Townsend, 1990; Treisman, 1982). In attentional blink
experiments, it takes 500-600 msec to finish processing
one target and to begin processing another (Ward, Dun-
can, & Shapiro, 1996). That interval confounds switch-
ing time with target processing time and masking (Moore,
Egeth, Berglan, & Luck, 1996). This article examines a
procedure popularized by Eriksen and colleagues, in
which a cue indicates the position of a target in a multi-
element display (Colegate, Hoffman, & Eriksen, 1973;
Eriksen & Collins, 1969; Eriksen & Hoffman, 1972). The
interval between the onset of the cue and the onset of the
target (stimulus onset asynchrony, or SOA) is manipu-
lated to measure the time-course of switching attention.
Performance improves as SOA increases and reaches as-
ymptote at long SOAs. Researchers often interpret the
SOA at which performance reaches asymptote as a mea-
sure of the time it takes to switch attention (Colegate
etal., 1973; Tsal, 1983). Typical values range from 150 to
300 msec.

There are two problems with using the asymptotic
SOA as an estimate of attention switching time. First, it
is difficult to estimate the asymptote without fitting an
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explicit function to the curve. The asymptotic SOA is
often defined as the point at which differences between
successive SOAs first become significant (Tsal, 1983).
This is questionable statistically (Sperling & Weichsel-
gartner, 1995). Second, switching time is probably a ran-
dom variable, so the asymptotic SOA reflects the upper
limit of the distribution of switching times rather than the
mean (Sperling & Weichselgartner, 1995). This article
addresses these problems by adapting methods for ana-
lyzing time-course functions from Logan and Bundesen
(2003). These methods treat the time-course function as
the cumulative distribution of finishing times for switch-
ing attention, which reflects the probability that the sub-
ject has switched attention to the cued location at a given
SOA. Explicit functions are fitted to the time-course
function and parameters of the functions are interpreted
as measures of switching time.

There is another problem: The time-course function
reflects the time required to encode the cue as well as the
time to switch attention. Cue-encoding time must be a
random variable, so the time-course function reflects the
probability that the cue was encoded at a given SOA as
well as the probability that attention was switched. I ad-
dress this problem by adapting procedures and models
from the explicit task-cuing procedure in the task-
switching literature. In this procedure, a cue indicates
which task to perform on a subsequent target. To esti-
mate task-switching time, researchers compare trials on
which tasks repeat with trials on which tasks change. Cue
encoding occurs whether tasks repeat or change, but task
switching occurs only when tasks change. The difference
between task-repeat and task-change trials provides a
measure of task-switching time that is not confounded
with cue-encoding time.

The present experiments separate attention-switching
time from cue-encoding time by comparing sequences of
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trials in which the same locations are cued with se-
quences in which different locations are cued. The analy-
sis assumes that attention stays in the same location from
one trial to the next, so same-location trials do not re-
quire attention switching but different-location trials do.
This assumption may be controversial because many re-
searchers believe attention is mobile, and there may be
enough time between trials for several shifts of attention.
However, there are theoretical reasons to believe that at-
tention might stay in the same location until it is called
elsewhere. Spatial attention appears to share processes
with spatial working memory, so attended locations may
remain active for several sec (Awh, Jonides, & Reuter-
Lorenz, 1998; Bundesen, 1990; Cowan, 2001; Pylyshyn,
1989). Ultimately, the validity of the assumption is an
empirical question that can be settled by comparing reac-
tion time (RT) on same- and different-location trials.

Attention-switching time can be estimated with mod-
els Logan and Bundesen (2003) developed for time-
course functions in the explicit task-cuing procedure. The
models assume that cue-encoding time and attention-
switching time are both random variables. Subjects re-
spond quickly when cue encoding and attention switch-
ing are complete and slowly when cue encoding and at-
tention switching are not complete. The time-course
function traces the probability that these processes are
complete at each SOA, reflecting the cumulative distri-
bution functions for cue encoding and attention switch-
ing. For simplicity and mathematical tractability, the
models assume that cue-encoding time and attention-
switching time are distributed exponentially (see Logan
& Bundesen, 2003). Model fits to time-course functions
yield estimates of the means of these distributions.

The simplest model is Logan and Bundesen’s (2003)
Model 1. It assumes that subjects begin each trial by en-
coding the cue. If the current cue is the same as the last
cue, there is no need to switch attention. The focus of at-
tention remains where it was on the last trial. RT reflects
cue-encoding time and target-processing time. Thus,

RT=RT,,+ /1 exp (-SOA/u ), (1)

where RTg,. is asymptotic RT and g is mean cue-
encoding time. If the current cue is different from the last
cue, attention must switch to a new location. Consequently,
RT reflects cue-encoding time, attention-switching time,
and target-processing time. When the cue changes

RT=RT,, +exp (-SOA /i) (1, +u,)

1/u,
+W[exp(—SOA /[JS)

—exp(-SOA/u,) | . )

where RTy, . is asymptotic RT, y, is mean cue-encoding
time, and L is mean attention-switching time.

Model 1 assumes cue-processing time is the same
whether or not the cue repeats. This assumption has been
falsified in task-switching experiments that use two cues
for each task (e.g., A and B mean “report color”; C and D

mean “report shape”). Trials on which the cue and the task
repeat (e.g., A — A) are faster than trials on which the cue
changes but the task repeats (e.g., B — A; Logan & Bun-
desen, 2003, 2004; Mayr & Kliegl, 2003). To separate
cue-repetition benefits from task-switching time, Logan
and Bundesen (2003) proposed a more complex model,
called Model 2 + 1, in which cue encoding is faster when
the cue repeats than when it changes, but task-switching
occurs only if the cue indicates a different task.

The present experiment adapted the two-cue-per-task
procedure to attention switching. Two different cues were
used for each target location. If the cue repeats from one
trial to the next, cue encoding could benefit from repeti-
tion but attention would not be switched. According to
Model 2 + 1, on same-cue trials

RT=RT,, +u, exp (-SOA/pu,), (3)

where RTg,. is asymptotic RT and y, is mean cue-
encoding time. When the cue changes but indicates the
same location,

RT =RT, + U, exp (—SOA/ ua), 4)

where RTg,. is asymptotic RT and i, is mean cue-
encoding time. If there are cue encoding benefits, u, <
U,. When the cue changes and indicates a different loca-
tion, the cue must be encoded and attention must be
switched. Model 2 + 1 predicts that

RT =RT,, +exp (-SOA/u, ) (1, + ,)

1/u,
+m|:€Xp(-SOA/‘uS)

—exp(—SOA /1) ] . Q)

where RTy, . is asymptotic RT, u, is mean cue-encoding
time, and y is mean attention-switching time. Model
2+ 1 assumes that y, is the same in Equations 4 and 5.
Model 1 is nested in Model 2 + 1: If u, = u,, then Equa-
tions 3—5 reduce to Equations 1-2. This nesting makes it
possible to test the significance of improvements in
goodness of fit from Model 1 to Model 2 + 1 to determine
the necessity of assuming cue-encoding benefits.

This article measures attention-switching time and
separates it from cue-encoding time by fitting Models 1
and 2 +1 to data from experiments in which subjects
were cued to attend to locations to search for targets.
There were four potential target locations. A character—
target or distractor—appeared in each location, and two
locations were cued on each trial. Targets were vowels
and distractors were consonants. Targets occurred in cued
locations on half of the trials. Following Eriksen and col-
leagues, vowels occurred in uncued locations on half of
the trials to ensure that subjects processed the cues and
attended to cued locations. Ignoring the cues would pro-
duce errors on half of the “target absent” trials.

Two versions of the experiment were conducted, dif-
fering only in the configuration of the target displays. In
the “diamond” version, the configuration was diamond
shaped. Targets and distractors appeared directly above



and below the center of the screen and directly to the
right and left of the center of the screen. In the “square”
version, the configuration was square shaped. One char-
acter appeared in the upper left corner, one in the upper
right, one in the lower left, and one in the lower right.
With both configurations, subjects were cued to attend to
opposite locations (e.g., with diamond displays, they
were cued to attend to top and bottom or to left and right
locations) to discourage eye movements. Half of the
transitions between trials involved attending to the same
location, and half involved attending to different loca-
tions, following common practice in the explicit task-
cuing literature.

The cues were dots placed near the target locations.
There were two kinds of cues for each display configura-
tion. One set of cues appeared “outside” the configura-
tion (e.g., above the top character and below the bottom
character in diamond displays) and the other set appeared
“inside” the configuration (e.g., below the top character
and above the bottom character in diamond displays).
This produced three transitions between successive trials:
same cue, in which the same cue signaled the same loca-
tions, same location, in which a different cue signaled the
same locations, and other location, in which a different
cue signaled the other locations. According to Models 1
and 2+1, the time-course function on same-cue and
same-location trials should reflect cue-encoding time but
not attention switching time, and the time-course func-
tion on other-location trials should reflect both cue-
encoding time and attention-switching time.

METHOD

Subjects

Two groups of 16 subjects each served in a single session for pay
or course credit. One group saw the diamond configuration and the
other saw the square configuration.

Apparatus and Stimuli

The stimuli were displayed on Sony Trinitron monitors con-
trolled by Dell Dimension computers. Responses were collected
from the “z” and “/” keys on the computer keyboard. Viewing dis-
tance was not constrained, but it was approximately 60 cm. At this
distance, 1 cm is approximately equal to 1 degree of visual angle.
There were four displays on each trial. The first was a 500-msec
warning display, consisting of an 8 X 8 cm white outline box that
surrounded the area in which targets, distractors, and cues would
appear. The second was a cue display, consisting of two white 1.5-
mm dots presented 0.7 cm inside or 0.7 cm outside the location the
letters would occupy. There were four cues with each display type.
For diamond displays, inside cues appeared either below the top let-
ter and above the bottom letter or to the right of the left letter and
to the left of the right letter. Outside cues appeared above the top let-
ter and below the bottom letter or left of the left letter and right of
the right letter. For square displays, cues appeared on imaginary di-
agonals extending from the center of the display outward. After an
SOA of 0, 100, 200, 300, or 400 msec, the target display appeared.
Target displays contained four white 5 X 8-mm letters and the two
cues from the cue display. Targets were the vowels A, E, I, O, and
U. Distractors were the consonants B, C, D, F, and G. The distance
between the top and bottom letters in each display was 4.2 cm. The
distance between the left and right letters in each display was also
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4.2 cm. The target display was exposed until subjects responded,
whereupon it was replaced by a 500-msec blank screen.

Procedure

A target was presented in one of the cued locations on half of the
trials. To ensure that subjects attended to the cued locations, a vowel
was presented in one of the uncued locations on half of the target-
present trials and target-absent trials. Thus, ignoring the cues would
produce errors on 50% of target-absent trials. The targets and dis-
tractors presented on each trial were selected at random. Targets oc-
curred equally often in each cued location and in each uncued lo-
cation. There were two types of cues for each location (inside and
outside). Each cue type occurred equally often with each target po-
sition. Each cue type and target position occurred equally often at
each SOA. There were 960 trials. The order of trials was random-
ized separately for each subject.

Subjects were allowed breaks every 80 trials. Half of the subjects
in each group pressed the z key for “target present” and the / key for
“target absent.” The other half did the opposite.

RESULTS

Mean RT and the percentage of correct responses were
calculated for each subject for each cell of a 2 (target
present or absent) X 3 (cue transition: same cue, same
location, other location) X 5 (SOA: 0, 100, 200, 300,
400 msec) experimental design. Separate 2 X 3 X 5
analyses of variance (ANOVAs) were conducted for RTs
and accuracies for each display configuration. Summary
tables for the ANOVAs appear in Table 1. Accuracy was
high, averaging 96% with the diamond configuration
and 95% with the square configuration, suggesting that
subjects used the cues to direct their attention. The only
significant effect in the accuracy ANOVAs was target
presence. Accuracy was lower for target-present re-
sponses (M = 95% for diamond, 93% for square) than
for target-absent responses (M = 98% for diamond, 97%

Table 1
Summary Tables for ANOVAs Performed on Mean Reaction
Times and Percentage of Correct Responses for the Diamond
and Square Display Configurations

Reaction Time Percent Correct

Effect df  MS, F MS, F
Diamond
Target presence (T) 1,15 21,423.61 15.63*" 36.86 25.53™
Cue transition (C) 2,30  4,511.62 30.53* 5.02 1.00
SOA (S) 4,60 2,348.04 73.76™* 13.25 0.38
TXC 2,30 1,757.31  1.00 17.09 143
TXS 4,60 1,496.07 0.38 17.99 1.33
CXS 8,120 1,198.22  7.27** 17.10  1.98
TXCXS 8,120 2,027.03  0.98 13.85 041
Square

Target presence (T) 1,15 11,760.33 27.14** 52.25 30.53™
Cue transition (C) 2,30  3,009.63 21.34* 18.27  0.37
SOA (S) 4,60 2,364.04 53.80"" 12.71 249
TXC 2,30 2,750.92  0.17 1145 217
TXS 4,60 1,560.69 1.10 19.06 1.39
CXS 8,120 1,819.00 2.80*" 19.41 1.24
TXCXS 8,120 1,825.26 0.46 15.67 0.74

Note—SOA, stimulus onset asynchrony. **p < .01.
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for square). This effect did not compromise the effects of
cue transition or SOA, so the analyses focus on RT.

Mean RT

Mean RTs across subjects are presented as points in
Figure 1 for the diamond configuration and in Figure 2
for the square configuration. For both configurations,
RT was faster for target-present responses (M = 697 msec
for diamond; 706 msec for square) than for target-absent
responses (M = 749 msec for diamond; 758 msec for
square), and RT decreased as SOA increased. For both
configurations, RT was affected by cue transition. Re-
peating the cue had little effect: Same-cue RTs were 703
and 721 msec for diamond and square, respectively,
whereas same-location RTs were 709 and 719 msec for
diamond and square, respectively. RT was slower when
the cued location changed—other-location RTs were 757
and 755 msec for diamond and square, respectively—
suggesting a substantial cost for shifting attention. The
cue transition effect decreased as SOA increased and dis-

appeared by the longest SOA. These conclusions were
supported by ANOVAs on mean RTs (see Table 1).

Model Fits

The models were fit to the mean RTs averaged over
subjects and to the mean RTs for each subject. The val-
ues of the best-fitting parameters and measures of good-
ness of fit (the correlation, », and the root-mean squared
deviation, RMSD, between observed and predicted val-
ues) are presented in Table 2. The models fit the means
across subjects better than individual subjects, but the
parameter values for the fits to the means fell within the
95% confidence intervals of the average parameter val-
ues from the fits to individual subjects. Thus, the fits to
the means across subjects describe individual subjects
well, so I will focus on those fits.

Model 1 was fit to mean RTs using the Solver routine
in Microsoft Excel to minimize RMSD. Equation 1 was
fit to the same-cue and same-location conditions, and
Equation 2 was fit to the other-location condition. Equa-
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Figure 1. Mean reaction time as a function of the stimulus onset asynchrony between the cue and the tar-
get display for the diamond display configuration. The top panel contains reaction times for target-present

responses. The bottom panel contains reaction times

for target-absent responses. The points represent the

observed data. The lines represent the theoretical predictions from Model 1.
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Figure 2. Mean reaction time as a function of the stimulus onset asynchrony between the cue and the tar-
get display for the square display configuration. The top panel shows reaction times for target-present re-
sponses. The bottom panel shows reaction times for target-absent responses. The points represent the ob-
served data. The lines represent the theoretical predictions from Model 1.

tions 1 and 2 were fit simultaneously to the 30 means in
the diamond condition and then to the 30 means in the
square condition. Four parameters were estimated for each
display configuration: RTg, . present O target-present re-
sponses, RT g, apsent fOI target-absent responses, and
common values of cue-encoding time () and attention-
switching time (u,) for target-present and target-absent
responses. The predicted values from the fits to means
across subjects are plotted as lines in Figures 1 and 2.

Model 1 fit the data quite well for both display con-
figurations. Fisher’s least significant difference (LSD)
test was used to calculate 95% confidence intervals for
the mean RTs, using the error term for the interaction be-
tween target presence, cue transition, and SOA. LSD was
32 msec for diamond displays and 30 msec for square
displays. No predicted value fell outside these 95% con-
fidence intervals.

Model 2+1 was fit to the mean RTs using the same
procedure as the Model 1 fits. Equation 3 was fit to the
same-cue condition, Equation 4 to the same-location

condition, and Equation 5 to the other-location condi-
tion. Five parameters were estimated for each display
configuration: RTg, . present fOT target-present responses,
RT g ce-apsent fOI target-absent responses, cue-encoding
time on same-cue trials (4,), cue-encoding time on same-
location and other location trials (,), and attention-
switching time (4 ). Model 2+1 fit the data well, but no
better than Model 1. The significance of the improve-
ment in goodness of fit over Model 1 was tested by com-
paring the correlations between observed and predicted
values. The improvement was not significant for dia-
mond [F(1,25) = 1.62], or square displays [F(1,25) <
1.0], indicating there was no significant cue-encoding
benefit with either configuration.

DISCUSSION
The results with both display configurations showed

typical time-course functions. RT decreased and ap-
proached asymptote as SOA increased. The novel empir-
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Table 2
Values of the Best-Fitting Parameters and Measures of Goodness of Fit of Models 1
and 2+1 to the Mean Reaction Times (in Milliseconds) Over Subjects and
to Mean Reaction Times for Individual Subjects from the Diamond
and Square Display Configuration Conditions

Diamond Configuration

Model 1

RTBase-Present RTBase-Absent :uc :us r RMSD
Mean over subjects 661 714 74 101 983 10
Average individual 658 711 76 102 .852 36
Standard error 20 22 9 12 014 3

Model 2+1

RTBase-Present RTBase-Absent :ur :u'a :us r RMSD
Mean over subjects 662 714 69 80 96 984 10
Average individual 657 709 75 82 97 .859 36
Standard error 20 22 9 10 12 .014 3

Square Configuration
Model 1

RTBase-Present RTBase-Absent :uc :us r RMSD
Mean over subjects 679 730 67 76 975 10
Average individual 674 726 73 73 780 38
Standard error 21 21 8 12 .026 3

Model 2+1

RTBase-Present RTBase-Absent :ur :u'a :us r RMSD
Mean over subjects 679 731 69 65 78 975 10
Average individual 674 725 76 69 78 791 37
Standard error 21 21 10 10 11 .025 3

Note—r = correlation between observed and predicted values; RMSD = root-mean squared
deviations between observed and predicted values. Mean over subjects = values from model
fits to data averaged over subjects. Average individual = average values from fits to individ-
ual subjects. Standard error = standard error of average values from fits to individual subjects

(i.e., standard error of Average individual).

ical contribution was to separate cue-encoding time from
attention-switching time by distinguishing between cue
transitions. Same-cue and same-location transitions did
not differ from each other, suggesting there was no ben-
efit from repeating a cue (cf. Logan & Bundesen, 2003,
2004; Mayr & Kliegl, 2003). Both were faster than other-
location transitions, indicating a cost for switching at-
tention separate from the cost of cue encoding. This cost
is consistent with the assumption, borrowed from the
task-switching literature, that attention remained fo-
cused on the locations from the last trial unless it was
called elsewhere, and it justifies the modeling of the
time-course functions.!

The model fits allowed estimates of the time it takes
to switch attention. The u, parameters for the Model 1
fits in Table 2 suggest that it took 101 msec to switch at-
tention with the diamond displays and 76 msec to switch
attention with the square displays. The difference ap-
proached significance in the fits to the individual sub-
ject data [#(30) = 1.70, p = .10]. I have no explanation
for this difference. Both values are substantially shorter
than the SOA at which the other-location time-course
function reached asymptote, suggesting that the asymp-
totic SOA overestimates the time it takes to switch at-
tention (also see Sperling & Weichselgartner, 1995).

The model fits also allowed estimates of the time it
takes to encode the cue. The , parameters from Model
1 fits in Table 2 suggest that it took 74 msec with the di-
amond display and 67 msec with the square display. Cue
encoding contributed about as much to the time-course
function as attention switching. This finding challenges
the standard interpretation of the time-course function as
ameasure of the time it takes to switch attention (Colegate
etal., 1973; Eriksen & Hoffman, 1972; Tsal, 1983). It un-
derscores the importance of using procedures and mod-
els in which cue-encoding time and attention-switching
time can be separated (Logan & Bundesen, 2003). The
modeling analysis shows that attention-switching time
cannot be estimated simply by subtracting RT in the
same-cue or same-location condition from RT in the
other-location condition: Subtracting Equation 1 from
Equation 2 does not remove cue-encoding time from the
other-location time-course function.

The model fits assumed that subjects paid attention to
two locations simultaneously and switched attention
from one set of two locations to another in a single act of
control. Although there is evidence that people can at-
tend to two locations simultaneously (Awh & Pashler,
2000; Kramer & Hahn, 1995), it is important to consider
what would happen if only one location was attended at



a time. I constructed a serial version of Model 1 and fit-
ted it to the data. The fits were as good as the fits of the
parallel model and the switching time parameters were
essentially the same. This followed because the extra at-
tention switches in the serial model occurred after the tar-
get appeared (after the SOA) and so affected only RTg,..
During the SOA, there was one attention switch on other-
location trials and no attention switch on same-cue and
same-location trials, just as in the parallel model. Tar-
get-absent trials required one attention switch after the
target display appeared—to examine the second letter—
and target-present trials required a switch on half of the
trials. Thus, the difference between target-present and
target-absent RTs represents half of an attention switch
and half of the time required to decide a letter was a
consonant.

Should the cuing procedure be the preferred method
for estimating attention-switching time? Each method
has advantages and disadvantages. Visual search is
plagued by mimicry problems. The attentional blink pro-
cedure needs to be modeled formally to separate atten-
tion switching from target processing and masking (but
see Sperling & Weichselgartner, 1995). The cuing method
requires assumptions about how cues are processed and
the controversial assumption that attention stays in the
same location from one trial to the next. Ideally, different
methods should be integrated into a general theory of at-
tention, like Bundesen’s (1990) theory of visual attention
or recent extensions of it (Logan, 2002; Logan & Gordon,
2001) to provide principled measures of all of the pro-
cesses involved.
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NOTE

1. It is possible that attention is switched on all trials, but the switch
is faster on same-cue and same-location trials than on other-location tri-
als. To assess this possibility, I constructed a version of Model 1 in
which attention was switched on every trial. I used Equation 2 for all
conditions but allowed a different switching time (L) for same-cue and
same-location trials than for other-location trials. The model fit the data
well but required a 0-msec cue encoding time to do so, which is unre-
alistic. When cue-encoding time was set equal to the estimates from the
fits to Model 1, switching time for same-cue and same-location trials
approached 0 msec, which is essentially Model 1.
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