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The target stimuli for the even/odd task were the numbers 2-9 and
for the consonant/vowel task were the uppercase letters A, B, C, E,
I,L, U and W.

Procedure. Trials began with the onset of the fixation screen
containing the fixation cross and placeholders for 1,000 msec. Then
Stimulus 1 (S1) appeared, replacing one of the four placeholders.
Following the SOA of 0, 50, 100, or 150 msec, manipulated within
blocks, Stimulus 2 (S2) appeared at another of the placeholder po-
sitions. S1 was chosen from the letter and number tasks equally
often. The identity and position of each stimulus were determined at
random. Both stimuli and the remaining placeholders stayed on the
screen until a keypress response was performed. Subjects responded
using the index and middle fingers of both hands on the home keys
of the keyboard. Responses for a given task were made with the same
hand, and the specific S—-R mappings were counterbalanced across
subjects. The univalent responses allowed for classification of the
task performed by the subject. Subjects completed practice blocks
of 16 trials for each task and then received standard voluntary task
switching instructions modeled after those published elsewhere (Ar-
rington & Logan, 2004): Subjects were instructed to perform each
task equally often and in a random order. Subjects were not explicitly
informed that the two stimuli might appear at different times and no
further instructions regarding how to select which task to perform
were provided. Following a block of practice with the voluntary task
switching procedure, subjects completed 8 blocks of 64 trials.

Results and Discussion

Trials were sorted into task conditions based on the
hand with which the response was performed on trial n
and into task transition conditions based on the task per-
formed on trials » and n—1. Overall accuracy was high,
97.7%. Trials on which subjects committed an error and
the subsequent trial were eliminated for all analyses. For
the RT analyses, all trials on which the RT was less than
150 or greater than 3,000 msec were trimmed. RT trim-
ming resulted in the removal of 2.1% of the trials. RTs
were calculated from the onset of the stimulus on which
the task was performed, either S1 or S2. Significance test-
ing was performed with a = .05.

Overall, subjects performed the two tasks equally often
with a mean proportion of trials on which the letter task
was performed of .506, which did not differ from the in-
structed value of .5 [#(15) = 1.1, p > .1]. The analysis of
task transition showed that subjects chose to repeat tasks
slightly more frequently than expected by chance, .536;
however, this value did not differ statistically from .5
[#(15) = 1.2, p > .1]. This result is in line with previous
voluntary task switching experiments where the repetition
bias was small and did not differ from chance at longer
RSIs such as that used in this experiment.! Taken together,
these two analyses indicate that subjects were largely able
to perform in accordance with the stated instructions.

Task performance measured in terms of RT showed
standard switch costs (M = 157 msec), with task repeti-
tions being performed more quickly than task switches.
Responses were slightly slower when the task performed
was associated with S1 than with S2 (Ms = 1,050 and
1,019 msec, respectively). Keeping in mind that the RTs
were calculated from the onset of the stimulus on which
the task was performed, this pattern is likely due to re-
sponding to S2 being less influenced by the presence of
the other stimulus that onset before the RT interval for
S2 responses began. Mean RTs for all cells in the de-

Table 1
Reaction Times (in Milliseconds) for Task Repetitions and
Task Switches, As a Function of Stimulus Onset Asynchrony
(SOA, in Milliseconds) and Stimulus on Which
the Task Was Performed for Experiment 1
SOA
0 50 100 150

M SE M SE M SE M SE

Response to S1
Task repetitions
Task switches

945 49
1,127 51

957 56
1,128 50

1,016 63
1,106 62

980 55
1,143 67
Response to S2

Task repetitions
Task switches

939 46
1,107 65

946 5l
1,103 59

940 54
1,105 63

927 55
1,085 78

sign appear in Table 1. A 2 (task transition: repetition or
switch) X 2 (stimulus on which the task was performed:
S1 or S2) X 4 (SOA: 0, 50, 100, or 150 msec) repeated
measures ANOVA conducted on mean RTs showed sig-
nificant main effects of task transition [F(1,15) = 60.1,
MS, = 26,012.5] and stimulus [F(1,15) = 5.9, MS, =
10,697.1]. No other effects were significant.

Of primary interest in the present experiment was the
effect of stimulus availability on task choice, measured in
terms of the probability of performing the task associated
with S1, or p(S1). As can be seen in Figure 1, p(S1) values
increased with increasing SOA between S1 and S2. The lin-
ear trend of SOA was significant [F(1,15) = 10.2, MS, =
0.009]. Across SOA the p(S1) values were significantly
different from chance only for the two longer intervals.
Examination at the level of individual subjects revealed
that 13 of 16 showed a positive slope in p(S1) values across
SOA and that average p(S1) values varied between .47 and
.75. Thus the effect of SOA on task choice was both robust
across subjects and small in size, ruling out the possibility
that subjects used an explicit strategy to perform the task
associated with S1 in order to speed responding.

These results demonstrate a significant relationship be-
tween stimulus availability and task choice in voluntary
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Figure 1. Proportion of trials on which the task associated with
S1 was performed, as a function of the stimulus onset asynchrony
(SOA) between S1 and S2 for Experiment 1.



994 ARRINGTON

task switching environments. This finding provides clearer
evidence of the influence of external factors on task choice
than has been obtained in the previous analyses performed
by Arrington and Logan (2005) and Mayr and Bell (2006),
who looked at the effect of stimulus repetition on the
choice to repeat or switch tasks. In the present experiment,
the parametric manipulation of SOA showed a highly lin-
ear relationship between stimulus availability and subjects’
likelihood of performing a task. However, it is important to
note that even at the longest SOA, the average p(S1) value
was .0, suggesting that task choice is largely influenced by
other factors. In addition, examination of the task transi-
tion effects showed that subjects’ choices of task were not
significantly different from chance in performance of task
repetitions versus task switches. This finding suggests that
subjects may be controlling task choice sufficiently to meet
the instructions to perform tasks in a random order. These
results suggest that both internal goal-driven and external
stimulus-driven factors influence task choice. The present
experiment systematically manipulated only the stimulus
environment and was not designed to manipulate internal
control, thus prohibiting the examination of any interaction
between these factors.

EXPERIMENT 2

Experiment 2 examined the relationship between internal
and external factors affecting task choice. The procedure was
the same as in Experiment 1, except for an additional manip-
ulation of RSI to include short and long intervals between
tasks. Manipulations of RSI influence task transition proba-
bilities, with the repetition bias being greater at shorter RSIs
(Arrington & Logan, 2004). Many models of task switch-
ing performance have proposed that the time between trials
serves as a preparation interval (Meiran, 1996; Rogers &
Monsell, 1995; cf. Logan, 2003, for an alternative interpre-
tation of the time-course effects). If during the RSI subjects
are preparing for the upcoming task, preparation during vol-
untary task switching is likely to involve internal selection
of the task goal for the upcoming trial. In the framework of
ECTVA (Logan & Gordon, 2001), this situation would cor-
respond to both establishing the task-level representation,
or task goal, and subsequently transmitting the parameter-
level representation to the subordinate systems. For shorter
RSIs, there will be a larger proportion of trials on which this
task selection process is incomplete when the stimuli appear,
either because the individual has not formed an intention
to perform a particular task or because the task set has not
been established. This incomplete preparation on trials with
shorter RSIs may lead to greater effects of external stimuli
than on trials with longer RSIs, when subjects more often
complete an act of internal task selection before the stimuli
appear. If such a relationship exists between internal and
external factors influencing task choice, the effect of SOA
should interact with the manipulation of RSI.

Method

Subjects. Twenty-four individuals from the Lehigh University
community participated for either partial course credit or $10. All
subjects reported normal or corrected-to-normal visual acuity.

Stimuli, Apparatus, and Procedure. The tasks and experi-
mental setup were identical to those of Experiment 1, except for
the inclusion of a manipulation of RSI. The RSIs were 400 and
2,000 msec, thus bracketing the 1,000-msec RSI used in Experi-
ment 1. RSI was manipulated within blocks. Subjects performed 14
blocks of 64 trials.

Results and Discussion

The data coding and trimming procedures were the same
as in Experiment 1. Overall accuracy was 97.7%. RT trim-
ming resulted in the removal of less than 1% of the trials.
Again, subjects performed the two tasks equally often, with
amean proportion of trials on which the letter task was per-
formed of .507, which did not differ from the instructed
value of .5 [#(23) = 1.7, p = .1]. Examination of the task
transition probabilities showed a repetition bias at the short
RSI but not at the long RSI, with repetition probabilities of
.610 and .499, respectively. The effect of RSI on transition
probabilities was significant [¢(23) = 9.2]. This finding
replicates results from Arrington and Logan (2004, 2005).

The effect of task transition on RTs also replicated the
standard preparation effect on switch costs. The switch costs
were greater at the short RSI (M = 171 msec) than at the
long RSI (M = 74 msec). The 157-msec switch cost found
in Experiment 1 was similar in magnitude to the short RSI
in the present experiment, suggesting that when subjects
were exposed to only one RSI, they may have been “lazy”
in preparing for a task switch (Altmann, 2004). Table 2 pro-
vides RT data for each cell in the design. A 2 (RSI: 400 or
2,000 msec) X 2 (task transition: repetition or switch) X 2
(stimulus on which the task was performed: S1 or S2) X 4
(SOA: 0, 50, 100, or 150 msec) repeated measures ANOVA
performed on the mean RTs showed significant main ef-
fects of RSI [F(1,23) = 8.28, MS, = 18,317.1] and task
transition [F(1,23) = 87.3, MS, = 33,145.8], as well as a
significant interaction of these factors capturing the above-
noted effect of preparation on switch costs [F(1,23) =
38.2, MS, = 11,808.2]. Unlike in Experiment 1, the RT
was influenced by SOA, which showed a significant main
effect [F(3,69) = 5.9, MS, = 5,441.4] and interacted sig-
nificantly with stimulus on which the task was performed
[F(3,69) = 4.22, MS, = 8,302.7] and with task transition
[F(3,69) = 4.43, MS, = 5,177.8]. RTs were stable across
SOA when the task was performed on S1 and decreased
monotonically across SOA when the task was performed
on S2. This decrease over SOA may have occurred because
as the separation between S1 and S2 increased, the disrup-
tion in processing of S2 as a result of interference from S1
decreased. S1 processing would not see a similar change
in RT over SOA, because S2 would always be appearing
during the response interval for responses to S1. RTs were
stable across SOA for task repetitions and decreased mono-
tonically across SOA for task switches. The finding that
SOA influenced RT only on switch trials may be indica-
tive of a weaker task set on these trials, which would allow
for more disruption of stimulus processing when the two
stimuli appear at the same time. However, similar analy-
ses in Experiment 1 failed to show any significant effects
involving SOA, making the present interpretation subject
to further investigation (see Yeung & Monsell, 2003, for
further consideration of how RT switch costs are influenced
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Table 2
Reaction Times (in Milliseconds) for Task Repetitions and Task Switches,
As a Function of Response—Stimulus Interval (RSI, in Milliseconds),
Stimulus Onset Asynchrony (SOA, in Milliseconds),
and Stimulus on Which the Task Was Performed for Experiment 2

SOA
0 50 100 150
RSI M SE M SE M SE M SE
Response to S1
Task repetitions 400 840 26 866 29 857 30 874 29
Task switches 400 1,037 39 1,017 31 1,060 40 1,032 38
Task repetitions 2,000 949 40 938 39 938 40 960 35
Task switches 2,000 1,043 36 1,007 35 1,025 42 979 30
Response to S2
Task repetitions 400 849 28 835 26 811 26 832 25
Task switches 400 1,044 39 1,008 40 976 41 961 36
Task repetitions 2,000 925 31 911 34 877 28 880 32
Task switches 2,000 1,012 34 1,000 41 959 34 946 37

by relative interference between tasks that is manipulated
by temporal asynchronies in stimulus onset).

Figure 2 shows the average p(S1) values as a function of
SOA, separated by RSI. The effect of SOA replicated the
results of Experiment 1, showing the influence of external
stimulus availability on task choice: As SOA increased, the
p(S1) values also increased. RSI, manipulating the time to
prepare for the upcoming trial, had the opposite effect: As
RSIincreased, the p(S1) values decreased. Importantly, the
SOA and RSI variables interacted in such a way that the ef-
fect of SOA was smaller when the RSI was longer. A 2 (RSI:
400 or 2,000 msec) X 4 (SOA: 0, 50, 100, or 150 msec) re-
peated measures ANOVA confirmed the significant linear
trend in p(S1) as a function of SOA [F(1,23) = 9.2, MS, =
0.011] and a main effect of RSI [F(1,23) = 9.7, MS, =
0.002]. The interaction of RSI with the linear trend of the
SOA effect was also significant [F(1,23) = 5.8, MS, =
0.001]. This analysis captures the increasing separation be-
tween the short and long RSI conditions as SOA increases.
At the level of individual subjects, the 19 of 24 (400-msec
RSI) and 16 of 24 (2,000-msec RSI) displayed a positive
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Figure 2. Proportion of trials on which the task associated with
S1 was performed, as a function of the stimulus onset asynchrony
(SOA) between S1 and S2 and separated by response—stimulus
interval (RSI), for Experiment 2.

slope for p(S1) values as a function of SOA, and average
p(S1) values varied between .49 and .65 (400-msec RSI)
and .46 and .63 (2,000-msec RSI).

The key result of Experiment 2 is the demonstration that
the effect of stimulus availability on task choice is reduced
when subjects have more time to prepare for the upcom-
ing task. This finding is appealingly simple: If there has
not been adequate time to form an internal task goal before
the stimuli appear, then relative stimulus availability has a
larger influence on task choice, pushing subjects toward
more frequent performance of the task associated with S1.
However, if there has been adequate time to form a task goal
and establish a task set, then subjects are less influenced by
stimulus availability. Once an internal task goal has been
established, subjects may search for the target stimulus that
affords the chosen task regardless of when it becomes avail-
able. This explanation suggests that task goals may serve as
a guide for selection of task-relevant external information—
an idea similar to the concept of attentional control settings,
which has been studied extensively in the visual attention
literature (Folk, Remington, & Johnston, 1992).

These results provide a potential explanation for the dif-
ferent conclusions drawn in previous considerations of the
role of external stimuli in directing task choice in voluntary
task switching. Arrington and Logan (2005) found rela-
tively weak evidence for the influence of external stimuli,
whereas Mayr and Bell (2006) found much larger effects
of stimulus repetition on task choice. Mayr and Bell used
a 100-msec RSI, allowing very little time for subjects to
form an internal task goal prior to the onset of the target
stimulus. On the other hand, Arrington and Logan (2005)
examined the effect of stimulus repetition over a range of
RSIs from 100 to 1,000 msec. The variability in RSI, as
well as the longer time intervals, allowing for more in-
ternal control over task choice, may have led to smaller
effects of stimulus repetition in these experiments.

GENERAL DISCUSSION

The results of two experiments demonstrated an influ-
ence of stimulus availability on task choice. In a voluntary
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task switching environment where two stimuli appeared
with varying SOA, performance of the task associated
with the first stimulus to appear increased as the SOA
between the two stimuli increased. This effect of exter-
nal stimulus availability was reduced when subjects had
longer to prepare for the upcoming trial. The findings
from these two experiments demonstrate effects of both
external stimuli and internal preparation on task choice in
multitask environments.

The combination of external, or stimulus-driven, and
internal, or goal-directed, influences on behavior has been
studied in varied cognitive domains, such as visual atten-
tion (Yantis & Jonides, 1990) and attention to action (Nor-
man & Shallice, 1986). These two factors are considered
prominently in theorizing about performance in standard
task switching environments. Numerous researchers have
proposed mechanisms underlying switch costs caused by
external factors (Allport & Wylie, 2000; Waszak, Hom-
mel, & Allport, 2003), internal factors (Meiran, 1996), or
both (Rogers & Monsell, 1995; Ruthruff, Remington, &
Johnston, 2001; for recent reviews, see Logan, 2003; Mon-
sell, 2003). Although the specific mechanisms proposed
in these studies differ, the focus has been on explaining the
slower and less accurate performance that occurs on task
switches relative to task repetitions. The present research
examined the influence of internal and external factors on
task choice as well as on task performance.

Arrington and Logan (2005) argued that the voluntary
task switching procedure must necessarily involve internal
control of task choice, because, unlike in other task switch-
ing paradigms, the task identity is not cued by the experi-
menter. Furthermore, they suggested that choice probabili-
ties may involve a competition between a representativeness
heuristic and an availability heuristic. The representative-
ness heuristic involves comparing the previous 7 trials in
working memory with an internal concept of a random
sequence and selecting the next task in order to make the
series most representative of this concept of randomness
(Rapoport & Budescu, 1997). The availability heuristic
results in task choice driven by habitual or more easily re-
trieved responses (Baddeley, Chincotta, & Adlam, 2001).
The availability heuristic may result in a repetition bias due
to the greater availability of the recently performed task set.
The present findings may be reconciled to the description
of Arrington and Logan (2005) in the following way. The
representativeness heuristic requires consideration of the
recent trials in working memory and matching the current
trial sequence to the internal representation of a random
sequence. It takes time and requires internal control to carry
out this process, and this requires internal control. However,
this process should be uninfluenced by the manipulation of
stimulus availability. The availability heuristic may incor-
porate the influence of the external environment. When the
stimulus affording a particular task appears, it may increase
the availability of that task set. Arrington and Logan (2005)
suggested that these two heuristics may function in parallel,
with the more rapid availability heuristic having a greater
influence at shorter RSIs. The results from Experiment 2,
showing a larger effect of stimulus availability at the shorter
RSI, would support this view.

The account of task choice based on competing heu-
ristics is a useful verbal description of the cognitive pro-
cesses involved in determining task choice in voluntary
task switching. Ideally, however, a formal model of these
processes should be developed, in which the relationship
between internal and external factors is clearly specified.
One candidate theory that may accommodate the present
findings is ECTVA (Logan & Gordon, 2001). As noted
above, both the external evidence for a categorization,
1, and the internal bias toward making that categoriza-
tion, f3, are key parameters in defining the task set and in
guiding task performance. Consideration of the process
by which these parameters are set and how they deter-
mine the choice process may increase understanding of
the mechanisms that underlie the present results. First,
with regard to the basic stimulus availability effect, the
appearance of the stimulus establishes the # value for that
stimulus and categorization can begin. The onset of S1
initiates the race for the categorization of S1, and when
the SOA is greater than 0, the race for the categorization of
S1 begins earlier than that for S2. Thus, the likelihood that
the response produced on that trial will be appropriate for
the task associated with that S1 is increased, resulting in
higher p(S1) values. Whereas the # values result from the
external stimulus environment, other parameters within
the task set, including the B values, are under the control
of the executive. Once the executive has transmitted pa-
rameters to the subordinate systems, § values are set high
for one task and low for the other task. Because the 8 and
values combine in a multiplicative fashion, high 3 values
for one task will drive responding when both stimuli are
present. According to ECTVA, the transmission of con-
trol parameters from the executive takes time. Thus, as
the RSI increases, the proportion of trials on which the
B values are set prior to the onset of either stimulus will
increase. In this situation, the control parameters set by the
executive may overcome the benefit of early onset of the
categorization process for S1. In this way, the mechanisms
of attention and categorization formalized in ECT VA may
account for the relationship between stimulus availability
and preparation time seen in the present research.

Other evidence also suggests an important role for basic
visual attention processes in behavior in voluntary task
switching environments. In a recent study of the neural
basis of voluntary task switching, Forstmann, Brass, Koch,
and von Cramon (2006) found evidence for a frontopa-
rietal network differentially engaged in task choice over
no-choice conditions. They interpreted the more anterior
region of activation in the area of the midcingulate cor-
tex as associated with the voluntary selection of a task set
through a resolution of decision-making conflict, and the
more posterior regions of activation in the superior pari-
etal lobule and inferior parietal sulcus as associated with
visual attentional selection processes. The importance of
the visual attentional selection processes in performance
in the task choice conditions raises an interesting possible
interpretation of the present behavioral results. The onset
of S1 may exogenously engage visual attention processes
(Yantis & Jonides, 1990) and thus in a bottom-up fashion
influence key processes necessary for performance in the



TASK CHOICE IN VOLUNTARY TASK SWITCHING 997

multitask environment through interactions of the anterior
and posterior attention systems (Posner & Petersen, 1990).
Processes of visual attention may serve to mediate the in-
fluence of environmental stimuli on task choice in multi-
task environments. Indeed, evidence for this interpretation
can be found in a voluntary task switching study incor-
porating hierarchical stimuli (i.e., stimuli with local and
global features) with lateralized visual field presentation,
in which subjects’ choice of task was influenced by the
visual field of presentation (Arrington & Rhodes, 2007).

Finally, the present experiments use manipulations of
timing between stimulus presentations and between trials
to examine external and internal factors influencing task
choice. These simple manipulations are appealing, in part
because they provide an easy avenue for parametric varia-
tions in these factors. There would be clear boundary con-
ditions beyond which such manipulations would lose their
utility. If the SOA was very long, then the external factor of
stimulus availability would completely drive task perfor-
mance, thus removing the possibility of top-down choice.
However, within reasonable values, these easily controlled
parameters may provide a diagnostic tool sensitive to vary-
ing relationships between internal and external factors. For
example, the relationship between task choice under vary-
ing degrees of external stimulus availability and individual
differences in executive control processes, as measured by
working memory span tasks (Kane & Engle, 2003) or the
attention networks test (Fan, McCandliss, Sommer, Raz, &
Posner, 2002), may provide insight into how internal and
external factors interact. Such future research will be im-
portant in addressing the larger question of how cognitive
control is employed in selecting and executing voluntary
behavior in multitask environments.
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NOTE

1. In this and the following experiment, the proportion of task transi-
tions was not analyzed as a function of the SOA. The task transition is
related by definition to the task chosen on given trials (trial » and trial
n—1). Thus, the influence of stimulus availability on task choice on each
trial, which is the primary measure of interest, will influence the task
transition probabilities as well. The designation of the letter and number
stimuli as S1 and S2 on each trial is randomized by the experimenter.
Therefore, the increasing effect of stimulus availability on task choice as
SOA increases acts to moderate any task transition effects that might re-
sult from changes in SOA. That is, as subjects more often choose to per-
form the task associated with S1, the task transitions will consequently
become more random; however, it is difficult to interpret whether such
a trend toward more equal numbers of task repetitions and task switches
would simply result from more random task ordering associated with the
random assignment of stimuli to the S1 and S2 positions.

(Manuscript received September 6, 2007;
revision accepted for publication January 14, 2008.)



