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In recent years, the task switchingparadigm has become
an increasinglypopular test bed for the examinationof ex-
ecutive control processes involved in the coordination of
multiple tasks or skills (Allport, Styles, & Hsieh, 1994; De
Jong, 2000; Gopher, 1996; Goschke, 2000; Jersild, 1927;
Kramer, Hahn, & Gopher, 1999; Mayr & Keele, 2000;
Meiran, 1996; Rogers & Monsell, 1995). The task switch-
ing paradigm involves two important conditions or trial
types: trials on which the same task is repeated (i.e., non-
switch trials), and trials on which subjects are required to
switch from one task to another (i.e., switch trials). Switch
costs are defined in terms of the difference between reac-
tion time (RT) or error rate on the nonswitch (repeated)
and on the switch trials. Switch costs have been inter-
preted in terms of the set reconfiguration operations that
must occur as preparation to perform the subsequent task
(Gopher, 1996; Jersild, 1927; Kramer et al., 1999;Meiran,
1996; Rogers & Monsell, 1995; though see Allport et al.,
1994, and Allport & Wylie, 2000, for another interpreta-
tion of switch costs).

Studies that have examined the task switching paradigm
have commonly suggested that the preparatory processes
underlying task switching are separate from the task
processes necessary for performing the individual tasks
(i.e., perceptual, decision, and motor processes). For ex-
ample, Gopher, Armony, and Greenshpan (2000) reported
that instructions concerning the likelihoodand nature of a
switch influenced switching time but not component task
time (i.e., nonswitch time). Rogers and Monsell (1995)
found that the time allotted to prepare for a task switch had
a substantiallylarger influenceon switch time than it did on
component task time, whereas the presence of a warning
cue influencedcomponent task time but not switching time.
Rubinstein, Meyer, and Evans (2001; see also Lauber,
Meyer, Gmeindl, Evans, & Kieras, 1996) reported a num-
ber of dissociationsbetween nonswitch and switch perfor-
mance across 14 different task pairs in five separate studies.

These studies are important in that they suggest a dis-
sociationbetween processes that subserve the performance
of the individual tasks and the processes that are involved
in switching between tasks. However, another important
question, not addressed by the studies reviewed thus far, is
how the processes that support task switching are orga-
nized. For example, given that multiple processes are in-
volved in task switching (Gopher et al., 2000; Rogers &
Monsell,1995;Rubinsteinet al., 2001),such processescould
be organized sequentially as discrete independent pro-
cessing stages (Sternberg, 1998), or they could be per-
formed in parallel. In the former case, sequential process-
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ing might be the result of the need for a common mecha-
nism or controller that cannot coordinatemultipleprepara-
tory processes at the same time. In the latter case, the con-
trollermightbecapableofcoordinatingmultiplepreparatory
processes at the same time (Meyer & Kieras, 1997), or
there might be multiple controllers.

The literature on this issue has produced mixed results.
Allport et al. (1994) had subjects switch either the type of
numerical judgment (i.e., even/odd or ./,5) that they
performed or the stimulus set (i.e., numerical value or
group size) on which they performed the judgmentor both
the judgment and stimulus set. They found an underaddi-
tive interaction between judgment and stimulus type; that
is, performing both switches took no longer than per-
forming either the judgment or the stimulus switch alone.
Such a pattern of data can be interpreted as suggesting that
preparation to switch judgments and stimulus sets can be
carried out concurrently. Kleinsorge and Heuer (1999)
had subjects switch tasks (i.e., numerical vs. spatial judg-
ments) and response mappings (i.e., compatiblevs. incom-
patible, based on response mappings assigned to subjects)
both separately and together. They observed an underad-
ditive interaction between task and response mapping
switches, suggesting,as in Allport et al.’s study, that the two
preparatory operations that they examined could be per-
formed in parallel. Finally, Gopher et al. (2000) examined
the costs of switching between task sets and switching be-
tween speed/accuracy strategies. They found that costs for
switching between task sets could be reduced with addi-
tional preparation time. However, increased preparation
time did not help subjects switch between speed/accuracy
strategies, suggesting different control operations for

speed/accuracy strategy and task set switching. However,
whether such operationscould be performed concurrently
or serially was not addressed. Thus, in summary, the liter-
ature is mixed with regard to whether multiple prepara-
tory operations, which subserve repeatedly switching be-
tween task dimensions, are accomplished in series or in
parallel.

In the present study, we further examined the organiza-
tion of preparatory processes that support switching be-
tween task dimensions. We asked subjects to perform two
different perceptual tasks (i.e., color and shape discrimi-
nation) with two different response sets (i.e., different re-
sponse keys in different physical arrangements; see Fig-
ure 1). On any particular trial, subjects could perform the
same perceptual discrimination task with the same re-
sponse set (nonswitch trial), the same task with a different
response set (response set switch trial), a different task
with the same response set from the previous trial (task set
switch trial), or a different task with a different response
set (double switch trial).

We employed additive factors logic (Sternberg, 1998)
to examine the organization of preparatory processes em-
ployed to switch between tasks and response sets. Evidence
in support of sequential organizationof task and response
set preparatory processes would be provided by additivity
in response time for these two factors. On the other hand,
an interaction between response set and task set factors
might suggest shared preparatory control.

Given our assumption that the processes underlyingtask
and response set switches are, at least in part, preparatory
in nature, we also manipulated the cue-to-target interval
(CTI: 100and 800 msec). We expectedthat switch costs, for

Figure 1. A schematic illustration of the trial sequence. The upper panels provide an ex-
ample of the color judgment task with a square shape response key set, and the lower panels
show an example of the shape judgment task with a diamondshape response key set. The dot-
ted and lined patterns on the centrally located objects indicate the red and green colors.
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both task and response sets, would be reduced at the longer
CTI (Kramer et al., 1999; Rogers & Monsell, 1995). Fur-
thermore, we note that the data obtained in the brief CTI
condition is most relevant to the issue of how preparatory
processes are organized,because it is in this condition that
preparatory processes will be reflected in RT.

We also manipulated the manner in which switch and
nonswitch trials were presented to subjects, either in a
blocked (e.g., separate trial blocks for task set switch, re-
sponse set switch, and double switch trials) or randomized
fashion. This manipulationis important in that it offers the
potential to provide insights into the role of subject strate-
gies in task switching.For example, in random conditions,
the fact that all tasks and response sets are relevant (i.e.,
subjectscan beasked to switch from any combinationof task
and response sets to any other combination of task and re-
sponse set) may encourage subjects to utilize a control
structure that entails the activation of all task–response
mappings (see Kleinsorge & Heuer, 1999). Such a strat-
egy might be expected to lead to partially concurrent pro-
cessing of task and response sets, as reflected in an un-
deradditive interaction. On the other hand, the fact that
only a subset of the task–response mappings are relevant
in blocked conditionsmay encourage subjects to deal sep-
arately with different mappings. Such a strategy might be
expected to lead to serial activation of task and response
set switchingoperations, reflected in an additivepattern of
RTs for these factors.

METHOD

Subjects
Eighteen (10 female) paid subjects, 18–21 years old, participated

in the experiment. All of the subjects had normal color vision tested
by the Ishihara color blindness test and normal/corrected normal vi-
sual acuity tested with a Snellen chart.

Apparatus
Stimulus presentation and response collection were controlled

with a CompUSA 700-Hz Pentium PC with a 19-in. Mitsubishi Pre-
cise Point 8705P color monitor. The timing of stimulus presentation
and collection of subjects’ responses were controlled with the RTX
4.2 for Windows NT from Venture Com. Subjects responded with
the numeric keypad on a standard IBM keyboard.

Task and Stimuli
For each trial, subjects performed one of two tasks, color or shape

discrimination. The task to be performed on a particular trial was in-
dicated with a written cue, SHAPE or COLOR, presented above the tar-
get stimulus (see Figure 1). The imperative stimulus (2 3 2 cm in
height and width) was one of four objects—a red circle, green cir-
cle, red square, or green square—that was presented in the center of
the computer display. For each trial, subjects responded by pressing
one of the four possible keys on the numeric keypad. Two different
stimulus–response mapping sets were used: one response set in-
cluded the “1,” “3”, “7,” and “9” keys of the numeric keypad, which
are arranged as a square shape, and the other response set included
the “2,” “4,” “6,” and “8” keys of the numeric keypad, which are
arranged as a diamond shape. The keys used in two response sets
did not overlap, so there was no conflict between the keys in the two
response sets. For each response set, two keys were used for respond-
ing on the color task, and two keys for responding on the shape task.
The task–response mappings were counterbalanced across subjects.

The response set on a particular trial was indicated by the arrange-
ment of symbolic cues presented on the display, including four ob-
jects representing each response (a red letter X, a green letter X, a
gray circle, and a gray square). The response cue objects were
arranged with the same spatial configuration as that of the response
key set, in a square or diamond shape as indicated in Figure 1. To aid
the subjects in discerning the task set and response set assignments,
the cues for these sets remained on the screen throughout the trial.

Procedure
Subjects sat approximately 60 cm from the screen. On each trial,

the display started with a fixation cross (1 3 1 cm) presented in the
center of the screen. When subjects were ready, they started the trial
by pressing the “5” key on the numeric keypad. After subjects
pressed the key, a task cue and a response set cue appeared simulta-
neously on the screen. After 100 or 800 msec (short or long CTI), a
target stimulus replaced the fixation cross in the center of the dis-
play. The task cue, the S–R mapping cue, and the centrally located
target stimulus remained on the screen until subjects responded. Fol-
lowing the subjects’ response, a fixation cross for the next trial ap-
peared on the screen and remained until subjects started the trial by
pressing the “5” key on the numeric keypad. Thus, each trial was
self-paced. A trial sequence is illustrated in Figure 1.

The task switch and response set switch occurred quasi-randomly,
so that for each trial, subjects could either repeat or switch from the
previous task and response sets. The switch for task and response set
occurred after two to six repeated trials. Thus, each of the following
runs occurred with equal probability; S–R, S–R–R, S–R–R–R,
S–R–R–R–R, and S–R–R–R–R–R (with S 5 switch, R 5 repeated).
The task switch and the response set switch could occur either si-
multaneously or separately.

Design
Each subject participated in two experimental sessions. For one

session, the three different switch types—a task switch (i.e., color or
shape task), response set switch (i.e., diamond shaped response set
or squared shaped response set), and a double switch—were blocked.
For the other session, the three different switch types (i.e., task set
switch, response set switch, double switch) were randomized within
blocks. The order of the blocked and mixed sessions was counter-
balanced over subjects. The short (100-msec) and long (800-msec)
CTIs were blocked within each session.

The blocked switch session included six sub-blocks, two task set
switch blocks, two response set switch blocks, and two double
switch blocks. Each of the different types of switch blocks included
one short and one long CTI block. Each block consisted of 240 tri-
als, including 60 switch trials and 180 nonswitch trials.1 The order
of block types and the order of the specific task set and response set
pairings was counterbalanced over subjects. However, it is impor-
tant to note that the specific response keys (within the rectangle and
diamond response key arrangements) to task dimensions arrange-
ments were constant for each subject (e.g., the mapping of the “8”
and “6” keys to the red and green stimuli, respectively).

The randomized switch session included six blocks—three short
and three long CTI blocks—and three different types of switches
were randomized within each block. Before each session, subjects
participated in a short practice block of 80 trials.

RESULTS

The RT datawere submitted to a four-way repeated mea-
sures analysis of variance with block type (blocked, ran-
dom), CTI (100 msec, 800 msec), task set switch (task non-
switch trials, task switch trials), and response set switch
(response set nonswitch trials, response set switch trials)
as within-subjectsvariables.2 The RT data are presented in
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Figure 2. Main effects were obtainedfor the CTI [F(1,17)5
175.6,MSe 5 23,533, p , .01], task set switch [F(1,17) 5
129.7, MSe 5 15,211, p , .01], and response set switch
[F(1,17) 5 41.1, MSe 5 8,027, p , .01] variables. RTs
were faster for the longer than for the shorter preparation
interval. RTs were faster when subjects repeatedly per-
formed the same task than when they switched between
the color and shape judgment tasks. Finally, RTs were also
faster when subjects repeatedly used the same response
set than when they switched between the diamond and
square response sets.

The main effects were qualified by a number of signif-
icant interactions. Significant two-way interactions were
obtained for block 3 CTI [F(1,17) 5 5.2, MSe 5 2,903,
p , .01], CTI 3 task switch [F(1,17) 5 158.7, MSe 5
2,795, p , .01], and CTI 3 response switch [F(1,17) 5
37.8, MSe 5 3,356, p , .01]. None of the other two- or
three-way interactions was significant. As can be seen in
Figure 2, switch costs were substantially larger when sub-
jects had 100 msec to prepare for the subsequent task or
response set (199-msec and 118-msec switch costs for
task and response set switches, respectively) than when
they had 800 msec to prepare for the next task or response
set (41-msec and 34-msec switch costs for task and re-
sponse set switches, respectively). These results are con-
sistent with those of previous studies in which subjects
were found to capitalize on longer preparation times in
order to reduce switch costs (Gopher et al., 2000; Kramer
et al., 1999; Rogers & Monsell, 1995). Subjects also

showed larger performance costs for the random than for
the blocked conditions when given only 100 msec to pre-
pare for the next task (39 msec slower for the random than
for the blocked conditions) but essentially equivalent per-
formance when given 800 msec to prepare (9 msec slower
for the random than for the blocked conditions).

Finally, and most importantly, we obtained a significant
four-way interaction for RT [F(1,17) 5 5.3, MSe 5 1,651,
p , .05]. Inspection of Figure 2 suggests that response
set 3 task set effects are additive for the blocked 100-
msec and 800-msec CTIs and for the random 800-msec
CTI condition.On the other hand, the task set 3 response
set appears to be underadditive for the random 100-msec
CTI condition. These observations were consistent with
planned comparisons. The task set 3 response set inter-
action was significant for only the random 100-msec CTI
condition [F(1,17) 5 8.9, MSe 5 2,920, p , .01]. In this
case an underadditiveinteractionwas obtained for the task
set 3 response set contrast such that the response set
switch minus nonswitch effect was 169 msec when the
task set was repeated and 93 msec when subjects also
switched task sets. The F ratios for the three nonsignifi-
cant task 3 response set contrasts were F(1,17) 5 0.20,
MSe5 2,662,p . .65, for 100-msecCTI blocked;F(1,17) 5
0.02, MSe 5 1,659,p . .88, for the 800-msec CTI blocked;
and F(1,17) 5 0.04, MSe 5 1,359, p . .83, for the 800-
msec CTI random condition.

The error rate data were also submitted to a four-way
repeated measures analysis of variance with block type

Figure 2. Mean reaction times (RTs) with standard error bars for each of the conditions in the study.
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(blocked, random), CTI (100 msec, 800 msec), task set
switch (task nonswitchtrials, task switch trials), and response
set switch (response set nonswitch trials, response set
switch trials) as within-subjectsvariables.The error rate data
are presented in Table 1. Response set errors could occur
only for the relevant response set, because the other re-
sponse set keys were inactivated(i.e., if the square response
set was relevant, the diamond response set was inacti-
vated). Main effects were obtained for the CTI [F(1,17) 5
5.6, MSe 5 0.0012,p , .05] and task set switch [F(1,17) 5
82.9, MSe 5 0.0015, p , .01] variables. Error rates were
smaller for the longer than for the shorter preparation in-
terval. Error rates were also smaller when subjects repeat-
edly performed the same task than when they switched be-
tween the color and shape judgment tasks. These effects
are consistent with the RT effects reported above.

A significant two-way interactionwas also obtainedfor
the CTI 3 task switch variables [F(1,17) 5 5.8, MSe 5
0.0006, p , .05]. There was a larger cost to task switch-
ing in error rates for short than for long preparation inter-
vals (4.2% and 2.7% for the 100-msec and 800-msec
CTIs, respectively). None of the other two- or three-way
interactions was significant.

DISCUSSION

The main question addressed in the present study was
how preparatory processes are organizedwhen subjects are
required to switch among different task and response di-
mensions. We therefore manipulatedthe task and response
sets with which subjects performed the experimental tasks.
We also varied the CTI in an effort to verify that the oper-
ationsnecessary for switchingtask dimensionscouldbecar-
ried out, on the basis of instructions, in advance of the im-
perative stimuli. Finally, the manipulationof trial blocking
enabled us to examine potential strategic effects in the or-
ganization of task and response set switching operations.

We found that switch costs, for both task and response
sets, were reduced with longer CTIs. Given our assump-
tion that the processes underlyingset switches are prepara-
tory in nature, this finding was expected. In addition, be-
cause it is in the brief CTI condition that preparatory

processes will be reflected in RT, we focus our discussion
on this condition.

We found that the influence of the task set and response
set switches on RT varied as a function of whether trial
types were blocked or randomized. Under blocked condi-
tions, we observed an additive effect of task set and re-
sponse set variables on RT. However, under random con-
ditions, task and response set had an underadditive effect
on RT. This pattern was found for both long and short
CTIs under blocked conditions, and for the short CTI
under random conditions. These results are interesting
from a number of perspectives. First, although other re-
searchers (Allport et al., 1994;Kleinsorge & Heuer, 1999)
have examined combinations of components of task set
reconfiguration in task switching, they have done so in ei-
ther blockedor random conditions,rather than contrasting
performance under both conditions.As the present data il-
lustrate, the influenceof different set variables on RT may
vary under blocked and random conditions, suggesting
that subjects’ strategies may play an important role in the
organization of preparatory processing in task switching.

Second, the use of both blocked and random conditions
with the same subjects and task parameters enabled us to
examine the potential impact of subjects’ strategies on
task switching. We suggested, in agreement with Klein-
sorge and Heuer’s (1999) control structure model of task
switching, that in random conditions the fact that all tasks
and response sets are relevant (i.e., subjects can be asked
to switch from any combination of task and response sets
to any other combination of task and response set) may
encourage subjects to utilize a control structure that en-
tails the activation of all task–response mappings (see
Kleinsorge & Heuer, 1999). Such a strategy might be ex-
pected to lead to partially concurrent processing of task
and response sets, reflected in an underadditive interac-
tion, particularly for the short CTI. On the other hand, the
fact that only a subset of the task–response mappings is
relevant in blocked conditions may encourage subjects to
deal separately with different mappings. Such a strategy
might be expected to lead to serial activation of task and
response set switching operations, reflected in an additive
pattern of RTs for these variables. The RT data were con-

Table 1
Mean Error Rates for Task (Color and Shape) and Response Set (Diamond and Square
Arrangement) for Both Blocked and Randomized Conditions at the Short (100-msec)

and Long (800-msec) Cue to Target Intervals

Switch Condition

Repeated Task Switched Task

Response Set (R) Response Set (S) Response Set (R) Response Set (S)

Condition M SE M SE M SE M SE

Blocked 100 msec 3.5 0.5 1.9 0.4 7.7 1.1 7.8 1.0
Blocked 800 msec 2.2 0.4 2.4 0.6 5.8 0.8 4.6 0.8
Random 100 msec 2.8 0.3 3.1 0.8 6.6 0.6 5.5 0.9
Random 800 msec 1.9 0.4 3.2 0.8 5.6 1.0 4.6 1.0

Note—R indicates that the response set repeats; S indicates that the response set switches.
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sistent with these predictions. With short preparatory in-
tervals, an underadditive interaction was obtained for the
task and response set variables. However, an additive RT
pattern was obtained in the blocked conditions.

These data may also be interpreted in the context of
Mayr and Kliegl’s (2000) long-term memory (LTM) re-
trieval model of task switching.3 Mayr and Kliegl have ar-
gued that switch costs, by and large, reflect the time re-
quired by subjects to retrieve the appropriate task rules
from LTM. This conclusion is consistent with their find-
ing that switch costs are larger when the switches involve
high retrieval demands than when they involvelow retrieval
demands. In the present experiment, one might have ex-
pected subjects to have particular difficulties in the ran-
dom condition when a single dimension was switched
(i.e., either the task or response set), because under these
conditionsthe bindingbetween the two dimensionsneeded
to be changed. Evidence in support of this speculation is
provided by the fact that underadditivity of the random
100-msec CTI condition was found through increased
single-dimension switch costs—in comparison with the
blocked 100-msec CTI condition—instead of decreased
double-dimensionswitch costs (see Figure 2). No such ef-
fects would be expected in the blocked conditions, be-
cause only a subset of dimensions is relevant in any par-
ticular trial block.

The present data do not permit us to distinguishbetween
Kleinsorge and Heuer’s (1999) control structure and Mayr
and Kliegl’s (2000) LTM retrieval account of switch costs.
Indeed, these explanations are not necessarily mutually
exclusive, because control structures are likely to be con-
structed and maintained in LTM. Future studies will be
needed to examine this issue further.

Kleinsorge and Heuer (1999) used a randomized design
and found that judgment type and response compatibility
had an underadditive effect on RT, a pattern of data simi-
lar to our finding of underadditivitywith task and response
set switches in the random conditionwith short CTI. How-
ever, Allport et al. (1994) employed a blocked design and
found that numerical operation and stimulus dimension
variables had an underadditive effect on RT. This is quite
different from our finding, in blocked conditions, of an
additive RT pattern for task and response set switching.
What might be the source of the different patterns of ef-
fects for blocked conditions in the present study and in
Allport et al.? One possibility concerns the way in which
the relevant dimensions were cued in the two studies. In
Allport et al., subjects needed to keep track of which di-
mension was relevant on any particular trial, whereas in
the present study (see Figure 1), the task set and response
set were explicitly cued on each trial. Thus, it is conceiv-
able that internal and external cuing might have led to dif-
ferent preparatory strategies.

Clearly, additional studies will be required to examine
the generalizability of the effects observed in the present
study. It would be prudent if such studies included both
random and blocked conditions, in order to enable the ex-

amination of strategic effects on task switching. Such
studies might also examine the influence of different task
dimensionson the ability of subjects to strategicallyadjust
the manner in which they organize different preparatory
processes in the service of task switching. In summary, the
results of the present study clearly suggest that multiple
switching operations can be implemented in either a se-
quential or a concurrent fashion. Future studies will be
necessary to examine the boundary conditions on these
effects.
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NOTES

1. To ensure that subjects were exposed to all pairings of task and re-
sponse set arrangements in the blocks, a switch was made mid-block
(i.e., after the first 120 trials). For example, in the task switch blocks,
subjects who started out with the diamond response key arrangement
switched to the rectangle responsekey arrangement mid-block.This switch
was explicitly indicated to subjects with instructions on the computer
screen, and the trial immediately after the mid-block switch of the re-
sponse set was discarded. The same procedure was used in the response
set switch blocks as well as in the double switch blocks to ensure that
subjects were exposed to all combinations of task set and response set
arrangements. To ensure that this change did not influence the pattern of

RT, before and after the dimensional change, we performed an analysis
of variance with first/second half of block as a variable. The effect of
this variable was not significant, nor did this variable interact with other
experimental variables.

2. We collapsed across all of the nonswitch trials (from different run
lengths) following a switch because the RTs did not significantly differ
across these trials.

3. We would like to thank Ulrich Mayr for suggesting this possibility.

(Manuscript received April 18, 2000;
revision accepted for publication March 20, 2002.)
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