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Abstract Task selection during voluntary task switching in-
volves both top-down (goal-directed) and bottom-up
(stimulus-driven) mechanisms. The factors that shift the bal-
ance between these two mechanisms are not well character-
ized. In the present research, we studied the role that task
frequency plays in determining the extent of stimulus-driven
task selection. In two experiments, we used the basic
paradigm adapted from Arrington (Memory & Cognition,
38, 991–997, 2008), in which the effect of stimulus avail-
ability serves as a marker of stimulus-driven task selec-
tion. A number and letter appeared on each trial with
varying stimulus onset asynchronies, and participants per-
formed either a consonant/vowel or an even/odd judg-
ment. In Experiment 1, participants were instructed as to
the relative frequency with which each task was to be
performed (i.e., 50/50, 60/40, or 75/25) and were further
instructed to make their transitions between tasks unpre-
dictable. In Experiment 2, participants were given no
instructions about how to select tasks, resulting in natu-
rally occurring variation in task frequency. With both
instructed (Exp. 1) and naturally occurring (Exp. 2) rela-
tive task frequencies, the less frequently performed task
showed a greater effect of stimulus availability on task
selection, suggestive of a larger influence of stimulus-
driven mechanisms during task performance for the less
frequent task. When goal-directed mechanisms of task
choice are engaged less frequently, the relative influence
of the stimulus environment increases.
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In multitask environments, task selection results from the
interplay of goal-directed intentions and environmental influ-
ences. The balance between top-down and bottom-up mech-
anisms of behavioral control is of interest to researchers
studying both mental and neural processing (Haggard, 2008;
Krieghoff, Waszak, Prinz, & Brass, 2011). In the present
research, we considered how selection mechanisms are influ-
enced by the relative frequency of tasks and what this effect of
frequency says about the cognitive control mechanisms in-
volved in task selection.

Voluntary task switching (VTS) was developed to study
cognitive control in multitask environments (Arrington &
Logan, 2004). VTS requires participants to choose which task
to perform on a series of bivalent stimuli, with only general
instructions on how to select tasks (e.g., in a random se-
quence) rather than explicit cues dictating the appropriate task.
Task performance during VTS is similar to that derived from
other task-switching paradigms, showing robust switch costs
that decrease as the time between trials increases (Arrington&
Logan, 2005; Demanet & Liefooghe, 2014). VTS also pro-
vides dependent measures of task selection processes, for both
specific tasks and task transitions. Past studies have shown
that task selection is influenced by various top-down factors,
consistent with the interpretation that VTS captures aspects of
intentional control. Task switching decreases with decreased
preparation time (Arrington & Logan, 2005), increased work-
ing memory load (Demanet, Verbruggen, Liefooghe, &
Vandierendonck, 2010), and greater response conflict (Orr,
Carp, & Weissman, 2012).

The environment also influences task selection during
VTS. Stimulus repetition increases task repetition (Mayr &
Bell, 2006), suggesting that stimuli can prime task selection.
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Participants are more likely to choose to perform the task that
was first performed on the initial exposure to a stimulus
(Arrington, Weaver, & Pauker, 2010). For displays containing
multiple stimuli, both the timing (Arrington, 2008) and loca-
tion of stimulus onset (Arrington & Rhodes, 2010; Arrington
&Weaver, in press) affect task selection. The strength of these
bottom-up effects varies across individuals (Butler, Arrington,
& Weywadt, 2011) and situations (Demanet et al., 2010).
Although this brief overview of VTS research suggests that
task selection combines goal-directed and stimulus-driven
factors, the balance between these mechanisms is poorly
understood (Orr & Weissman, 2011).

Accounts of the selection processes during VTS incorpo-
rate both top-down and bottom-up factors. Arrington and
Logan (2005) proposed that competing heuristics that com-
bine these two factors may guide task choice. The represen-
tativeness heuristic involves comparing a mental representa-
tion of a random sequence to the sequence of recently per-
formed tasks held in working memory, to decide what next
task would make this sequence most representative of ran-
domness. This heuristic requires the active manipulation of
information in working memory. The availability heuristic
guides task selection on the basis of the most active task set.
Task availability is determined by factors that are both top-
down and bottom-up. Deviations from randomness, such as
the repetition bias, result when the passive availability heuris-
tic overcomes the more controlled use of the representative-
ness heuristic. Vandierendonck, Demanet, Liefooghe, and
Verbruggen (2012) provided a more formal account of task
selection in their chain-retrieval model, while still incorporat-
ing factors representing top-down and bottom-up processes.
Individuals retrieve chains of tasks from long-term memory
on the basis of a mental representation of randomness. Again,
the actual performance of task sequences can deviate from
randomness as a result of chain selection that is biased by
either the ease of performance or stimulus-based priming.

In the present research, we explored the modulation of
stimulus-based influences on task selection as a function of
differential task frequency. The stimulus-based effect consid-
ered is the influence of stimulus availability, in which stimulus
availability is operationalized as the stimulus onset asynchro-
ny (SOA) between two stimuli affording different tasks
(Arrington, 2008). When presented with two stimuli and
instructed to perform the tasks randomly, participants select
the task associated with the first stimulus with a probability, or
p(S1), greater than chance. This effect decreases as the time
between trials increases, which Arrington attributed to partic-
ipants being more likely to have established an intention to
perform a particular task following longer preparation times.
If a top-down goal has not been formed during a short
response-to-stimulus interval (RSI), then stimulus availability
may influence task selection in a bottom-up fashion; however,
if enough time has intervened between trials for a top-down

goal to be established, then participants will search for the
stimulus affording that task, regardless of the relative stimulus
availability. Arrington framed this conclusion within Logan
and Gordon’s (2001) executive control theory of visual atten-
tion (ECTVA), which allows for the control of task perfor-
mance based on a combination of parameters transferred top-
down, from working memory to subordinate systems, and
parameters determined bottom-up, by the stimulus environ-
ment. The bias parameter, β, represents the top-down bias
toward responses associated with a particular task, whereas
the evidence parameter, η, represents the bottom-up evidence
for particular responses associated with the available stimuli.
Thus, for long RSIs, the β values are more likely to be set for a
particular task prior to stimulus onset, and they dampen the
effect of stimulus availability by overcoming the benefit
gained from the earlier accumulation of evidence from S1.
In the present study, we consider whether the relative frequen-
cy with which top-down goals are instantiated can modulate
the bottom-up effect of stimulus availability. If relative task
frequency is conceptualized as varying the likelihood that
participants are prepared to perform a given task (i.e., β values
are set high for responses for that task), then task frequency is
likely to influence the stimulus availability effect.

The experimental paradigms, including VTS, used to ex-
amine cognitive control are artificial in many ways. Of im-
portance here, real-world tasks rarely occur equally often (e.g.,
one does not stir the noodles as frequently as the sauce when
preparing pasta). When the top-down goals for different tasks
are instantiated with differential frequencies, the influence of
the bottom-up environmental factors on task selection may
also vary. No research has looked directly at how the process-
es of task selection are influenced by relative task frequency;
however, two related lines of task-switching research should
be considered. First, the influence of transition frequency (i.e.,
the proportion of repetition vs. switch trials) has a substantial
influence on switch costs in explicit task-cuing paradigms
(Dreisbach&Haider, 2006; Schneider & Logan, 2006), which
may suggest dynamic adjustment of control in varying switch
contexts, but does not speak directly to task frequency.
Second, relative task strength influences performance in task
switching (Monsell, Yeung, & Azuma, 2000). Asymmetric
switch costs, with larger costs being associated with switching
to the stronger task, occur in tasks that vary in preexperimental
strength and intra-experimental practice (Yeung & Monsell,
2003). In VTS, the difference in task strengths influences task
selection processes, with participants performing the weaker
taskmore often, presumably to avoid the difficult switch to the
stronger task (Liefooghe, Demanet, & Vandierendonck, 2010;
Yeung, 2010). Drawing from this related literature and from
the interaction between stimulus availability and preparation
time found in Arrington (2008), we hypothesized that the less
frequent task would show a larger influence of the external
environment. This hypothesis was further supported by model
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predictions within ECTVA (Logan & Gordon, 2001).
Variations in the frequency with which a task is selected
may influence the β values associated with each task, in terms
of both the likelihood and the strength with which these values
are set in working memory and transmitted to the subordinate
systems. The multiplicative relationship between β and η
values results in a relative decrease in the effect of stimulus
availability, captured in the η values, when top-down goals,
captured in the β values, are greater.

Experiment 1

Method

Participants Sixteen individuals participated in exchange for
course credit. All participants reported normal or corrected-to-
normal vision.

Tasks and design The tasks were even/odd and consonant/
vowel judgments. The first independent variable was SOA,
with eight levels: 0, 17, 66, 100, 133, 167, 200, and 233 ms.
SOA varied randomly within each block. The second inde-
pendent variable was task frequency, with three levels: 50/50,
60/40, and 75/25. Frequency varied across sessions. All par-
ticipants completed the 50/50 condition in the first session,
and the order of the other conditions was counterbalanced
across participants in the remaining two sessions. The third
independent variable was task bias, with two levels: high and
low frequency. The tasks mapping to these values varied
across participants.

Apparatus and stimuli All experimental procedures were pro-
grammed using E-Prime software (Psychology Software
Tools Inc., Sharpsburg, PA) on Dell Dimension computers
with 17-in. CRTmonitors. Stimuli were presented in black 18-
point Courier New font on light gray backgrounds. The fixa-
tion screen contained a central cross, as well as pound sign (#)
placeholders at four possible target locations, positioned in a
square around fixation. The leading edge of each placeholder
was 1.25 cm from fixation. The target stimuli were the num-
bers 2–9 and the letters A, B, C, E, I, L, U, and W. Responses
were made on QWERTY keyboards using the Bd,^ Bf,^ Bj,^
and Bk^ keys, with a counterbalanced mappings of one task
per hand.

Procedure Trials began with the fixation screen for 500 ms. A
number and letter replaced the placeholders in two possible
target locations with a variable SOA. The identity, position,
and order of the two stimuli were selected randomly, with the
constraint that S1 and S2 were equivalent across tasks. Both
stimuli and the remaining placeholders were present until a
response occurred.

Each session began with the instructions and 16 practice
trials for each task. Participants then received the VTS instruc-
tions, informing them that both a letter and a number would
appear on each trial, and that they should select one task to
perform. Participants were further instructed regarding the
frequency with which each task was to be performed, and
finally were instructed to choose the tasks in a random order.
(The exact instructions are provided in the Supplemental
materials.) Participants completed a 16-trial VTS practice
block, then completed eighteen 64-trial blocks. Participants
received feedback after each block, showing their overall
accuracy and the percentage of time on which the more
frequent task was performed. Participants completed each
frequency condition in separate 1-h sessions on different days
within one week.

Results and discussion

Task choice was coded on the basis of the hand used to
respond. The data were initially trimmed to remove the first
trial of each block, error trials, and trials following errors,
resulting in the removal of 11.6 % of the trials. Overall,
participants complied well with the frequency manipulation
(Ms = 50.6, 58.4, and 73.2 for the more frequent task in the 50/
50, 60/40, and 75/25 conditions, respectively), although they
were slightly less biased than instructed in both the 60/40,
t(15) = 2.7, p < .05, and 75/25, t(15) = 4.2, p < .05, conditions.
Importantly, task selection varied significantly as a function of
instructions, F(2, 30) = 692.6, p < .05, ηp

2 = .979, with LSD
contrasts showing highly significant differences among all of
the conditions. Participants’ choice data showed the standard
repetition bias, with the probabilities of switching at .304,
.290, and .257 for the 50/50, 60/40, and 75/25 conditions,
respectively, but this bias did not differ significantly as a
function of frequency condition, F(2, 30) = 2.4, p = .11, ηp

2

= .136. Reaction time (RT) analyses were not central to the
research question, but appear in the Supplemental materials.

The effect of stimulus availability was captured in the
probability of performing the task associated with the first
stimulus to appear. These p(S1) values appear in Table 1, and
were analyzed in an 8 (SOA: 0, 17, 66, 100, 133, 167, 200, or
233 ms) ×2 (Task Bias: less frequent or more frequent) ×3
(Frequency: 50/50, 60/40, or 75/25) repeated measures anal-
ysis of variance (ANOVA). We found a significant effect of
SOA, F(7, 105) = 4.5, p < .05, ηp

2 = .229, with p(S1) values
generally increasing across SOAsmonotonically until 167ms,
where they appeared to reach asymptote. There was a margin-
ally significant effect of task bias, F(1, 15) = 4.0, p = .064, ηp

2

= .211, with p(S1) values being larger for the less frequent (M
= .552) than for the more frequent (M = .540) task.
Additionally, the interaction of task bias and frequency was
also marginally significant, F(2, 30) = 3.1, p = .058, ηp

2 =
.173. This analysis considered all of the frequency conditions,
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including the 50/50 condition. Because the 50/50 condition
was completed first, participants were unaware that the tasks
would differ in frequency in the later sessions, and the assign-
ment of tasks to task bias conditions was not meaningful
because both tasks occurred equally often. An analysis includ-
ing only the conditions in which the two tasks differed in
frequency showed that the effect of task bias on p(S1) values
was significant, F(1, 15) = 5.0, p < .05, ηp

2 = .249, but did not
differ as a function of frequency, F(1, 15) = 1.6, p = .23, or
SOA, F(7, 105) = 1.3, p = .27.

The effect of stimulus availability biased participants to
select the task associated with the first stimulus to appear,
demonstrating a bottom-up influence on task selection
(Arrington, 2008). As we hypothesized, the bias was stronger
for the less frequent task in both the 60/40 and 75/25 condi-
tions. Thus, the strength of the bottom-up effect appears to be
modulated by the frequencies with which participants are
performing the two tasks.

Experiment 2

In the real world, factors such as relative importance, difficul-
ty, and personal preference combine to determine task fre-
quency, rather than instructions. In Experiment 2, we consid-
ered whether such naturally occurring biases in task frequency
affect the influence of external stimuli on task choice. In the

absence of instructions regarding how to select and se-
quence tasks, participants performing VTS often select
one task with greater frequency (Arrington, Reiman, &
Weaver, 2014; Kessler, Shencar, & Meiran, 2009). With
tasks, stimuli, and timing that were identical to those
elements of Experiment 1, participants performed VTS
without instructions on how to select the tasks. A range
of frequencies in task bias arose, and we examined the
effect of stimulus availability for the more and less fre-
quent tasks on the basis of participants’ choices.

Method

Participants Sixty-six individuals participated for course
credit. All participants reported normal or corrected-to-
normal vision.

Procedure The apparatus, stimuli, tasks, and trial proce-
dure were identical to those aspects of Experiment 1. The
instructions regarding task selection differed. After single-
task practice, participants were instructed that both a num-
ber and a letter would appear on each trial, and that they
must pick which task to perform. However, they were
given no specific instructions as to the frequency or order
with which the tasks should be selected (see the
Supplemental materials). Participants then completed
one VTS practice block and eighteen 64-trial data collec-
tion blocks in a single 1-h session.

Table 1 Means and standard
errors of the probability of
selecting the task associated with
the first stimulus to appear, as a
function of frequency condition
(Exp. 1 only), task bias, and SOA
for Experiments 1 and 2

Frequency
condition

Task bias SOA

0 17 66 100 133 167 200 233

Experiment 1

50/50 Less frequent Mean .495 .510 .540 .547 .557 .560 .577 .585

SE .011 .014 .019 .025 .020 .024 .028 .025

More
frequent

Mean .492 .504 .537 .561 .560 .565 .562 .574

SE .013 .013 .018 .022 .020 .021 .021 .022

60/40 Less frequent Mean .509 .544 .561 .543 .561 .594 .581 .589

SE .014 .019 .024 .030 .028 .035 .033 .033

More
frequent

Mean .509 .526 .544 .539 .553 .576 .567 .581

SE .009 .014 .019 .025 .026 .025 .027 .029

75/25 Less frequent Mean .525 .513 .549 .544 .588 .581 .551 .540

SE .022 .026 .023 .027 .037 .030 .028 .033

More
frequent

Mean .511 .504 .528 .530 .532 .534 .534 .525

SE .008 .009 .012 .010 .012 .014 .014 .014

Experiment 2

– Less frequent Mean .507 .540 .618 .580 .631 .648 .695 .697

SE .008 .021 .027 .033 .039 .034 .038 .045

– More
frequent

Mean .493 .529 .596 .556 .601 .610 .636 .628

SE .006 .009 .025 .032 .031 .030 .031 .038
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Results and discussion

The lack of experimental control resulting from the free nature
of the instructions to participants resulted in the need to
exclude a large number of participants who provided no
useable data. We removed 30 participants who performed
the less frequent task on less than 5 % of trials (M = 0.1 %).
Of the remaining participants, we removed 20 who switched
tasks on less than 5 % of trials (M = 1.0 %), leaving 16
participants. These data were trimmed as in Experiment 1,
resulting in the removal of 12.4 % of the trials.

On average, participants selected their preferred task on
62.3 % (SD = 11.6 %) of trials, representing a significant bias
toward the preferred task, t(15) = 4.2, p < .05. RTanalyses (see
the Supplemental materials) indicated that participants were
also faster to respond to their preferred task. Participants also
showed the expected repetition bias, with an average p-
(switch) of .199, which differed significantly from chance,
t(15) = 8.7, p < .05. The p(S1) values (Table 1) replicated the
pattern found in Experiment 1, when task bias was manipu-
lated. An 8 (SOA: 0, 17, 66, 100, 133, 167, 200, or 233 ms) ×2
(Task Bias: less frequent or more frequent) repeated measures
ANOVAwas performed. The p(s1) values generally increased
across SOAs, though in a nonmonotonic fashion, F(7, 105) =
11.4, p < .05, ηp

2 = .432. Importantly, the p(S1) values were
significantly larger for the less frequent (M = .614) than for the
more frequent (M = .581) task, F(1, 15) = 12.8, p < .05, ηp

2 =
.460. Task bias and SOA did not interact, F(7, 105) = 1.3, p =
.237.

The bottom-up effect of stimulus availability was modulat-
ed by variations in task frequency, which in this case were
naturally occurring. The less frequent task showed larger
effects of the external environment on task selection.
Although this basic effect of task bias replicated our previous
results, it is worth noting that the p(S1) magnitude was overall
larger in Experiment 2 than in any condition in Experiment 1
(see the Supplemental materials for cross-experiment analy-
ses). This difference between the experiments likely indicates
a smaller influence of bottom-up stimulus effects on task
selection in Experiment 1, in which the more constrained
instructions regarding task frequency and order may have
resulted in stronger top-down goals.

Some consideration should be given to the exclusion of a
large number of participants from this study. Only a quarter of
the participants run in Experiment 2 provided useable data,
because most participants either exclusively performed one
task or switched between tasks at a very low rate. Although
this pattern is consistent with other studies of VTS using
unconstrained instructions (Arrington et al., 2014), it appears
to contrast with studies of free-choice decisions that allow
participants to freely decide between two tasks or responses
(Soon, He, Bode, & Haynes, 2013), in which choice does not
show a strong repetition bias, even without explicit

instructions to make the choices at random. Critical factors
such as the type of task and the speed at which the decision
must be performed differ between these paradigms, and our
understanding of free-choice processes would benefit from a
systematic investigation of the differences between these
situations.

General discussion

In the present study, we addressed the question of whether
the bottom-up influences on task selection vary as a func-
tion of relative task frequency. Across two different pro-
cedures, variations in task frequency resulted in similar
shifts in the influence of the external environment on task
selection. Both when task choice was instructed (Exp. 1)
and when it was naturally occurring (Exp. 2), the less
frequently performed task showed a greater effect of stim-
ulus availability on task selection. Specifically, whereas
the probability of performing the task associated with the
first stimulus to appear increased with increasing SOA for
both tasks, the p(S1) values were significantly larger for
the less frequent task.

The larger effects of stimulus availability on task choice for
the less frequent task fit within the competing-heuristics
(Arr ington & Logan, 2005) and chain-re t r ieval
(Vandierendonck et al., 2012) accounts of task choice.
Although both accounts were developed to capture choice
processes under random instructions, the basic approach of
selecting tasks to conform to a mental representation of a
representative task sequence (or to all possible task sequences
in long-term memory, in the case of the chain-retrieval model)
can easily accommodate tasks of varying frequencies. When
one is performing one task more frequently, either by instruc-
tion or by preference, the mental representation will favor the
more frequent task. Thus, on any given trial the more frequent
task is more likely to be selected intentionally on the basis of
top-down control, or in Logan and Gordon’s (2001) ECTVA
terminology, the β values for the more frequent task are more
likely to be transmitted to the subordinate systems. However,
the influence of bottom-up processes associated with stimulus
availability, an advantage resulting from greater environmen-
tal evidence (η values), should occur without regard to the
specific task that results from intentional selection. That is,
whereas the bottom-up effects may vary as a function of
factors such as preparation time (Arrington, 2008), working
memory load (Demanet et al., 2010), and mind wandering
(Demanet, DeBaene, Arrington, & Brass, 2013), they should
not be differentially engaged on the basis of task frequency,
though see the comment below about tasks of asymmetric
strengths. Thus, if the less frequent task is the one less likely to
be established prior to stimulus onset, the impact of stimulus-
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based factors that draw participants to select this task will be
relatively greater.

This account of the present findings relies only on the
differential frequencies with which the top-down goal to per-
form each tasks occurs, not on the differential strengths of the
top-down goals for the two tasks. Studies using asymmetric
tasks (i.e., Stoop color naming and word reading) have shown
that task choice is biased when tasks differ in strength
(Liefooghe et al., 2010; Poljac & Yeung, 2014; Yeung,
2010). Accounts of these findings suggest that the top-down
goal to perform the harder task (i.e., color naming) must be
more strongly maintained, thus making it more difficult to
switch to the easier task (i.e., word reading), and ironically
resulting in biases toward performing the harder task. The
effect of differential strengths between tasks may change the
rate of bottom-up intrusions for each task, with more strongly
instantiated tasks being less likely to be interrupted by stimu-
lus priming. There is some suggestion in the asymmetric
switch costs in the RT data for the 75/25 condition in
Experiment 1 (see the Supplemental materials) that, with
extreme differences in frequency, two tasks may start to vary
in task strength; however, the present findings are unlikely to
be driven by differences in task strength, given that they
appear across conditions that do not show asymmetric switch
costs. Further research with tasks specifically designed to
manipulate task strength will be needed to assess the impact
of task strength on the stimulus availability effect.

Contrasting the two experiments provides further insight
into the influence of environmental stimuli on task selection.
Experiment 1 featured a constrained environment in which the
instructions dictated both task frequency and transitions,
whereas Experiment 2 was less constrained, with no instruc-
tions guiding task selection. Looking across the experiments,
the influence of stimulus availability was greater in
Experiment 2, when fewer constraints guided task selection,
suggesting that as top-down goals are minimized, participants
may rely more on environmental influences to guide task
selection (Arrington et al., 2014). Furthermore, these experi-
ments make an important methodological point about the VTS
paradigm. A question frequently arises: Can anything learned
from a paradigm so constrained as to require participants to
perform tasks in a random order be applied to cognitive
control processes in Breal^ multitask environments? The sim-
ilar effects of task frequency on stimulus-based selection
processes across the two experiments suggest that the
Bconstrained^ environment in Experiment 1 and the Buncon-
strained^ environment in Experiment 2 likely engaged the
same underlying mechanisms balancing the influences of
top-down and bottom-up control over task selection. As such,
researchers interested in studying the cognitive control mech-
anisms involved in multitasking may prefer the tighter exper-
imental control afforded by more standard instructions in
VTS, and may additionally want to avoid the costs associated

with the unconstrained versions (i.e., running 66 participants
to obtain 16 that provide useable data).

In sum, task choice in the VTS paradigm shows clear
influences of both top-down and bottom-up factors in task
selection.When considering tasks of unequal frequencies, less
frequent tasks show a larger influence of the external environ-
ment. In real-world multitask environments, in which some
tasks occur relatively infrequently, it may be particularly
important to consider environmental cues that drive task
selection.

Author note This research was supported by the National Institutes of
Health under Grant No. R03 MH082216-01A2 to the first author.
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