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Abstract

We investigated how people balance cognitive constraints (switch costs) against environmental constraints (stimulus
availabilities) to optimise their voluntary task switching performance and explored individual differences in their switching
behaviour. Specifically, in a self-organised task-switching environment, the stimulus needed for a task repetition was
delayed by a stimulus-onset asynchrony (SOA) that increased with each consecutive repetition until a task switch reset
the SOA. As predicted, participants switched tasks when the SOA in task switches approximately matched their individual
switch costs and thus they optimised local task performance. Interestingly, self-reports (confirmed by behavioural switching
patterns) revealed two individual strategies: some participants (N=34) indicated to guide their task selection behaviour
based on preplanned task sequences over several trials, whereas others (N=42) indicated to primarily decide on a trial-
by-trial basis whether to switch or to repeat tasks. Exploration of switching behaviour based on the two strategy groups
revealed additional insights into how people achieved adaptive task selection behaviour in this task environment. Overall,
the present findings suggest that individuals select tasks with the aim of improving task performance when dealing with
multiple task requirements, but they differ in their preferred individual task selection strategies.
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In our daily life, multiple task requirements have become
increasingly prevalent. We are constantly required to
select and process task-relevant information in environ-
ments overloaded with potentially distracting informa-
tion. To reach a currently relevant task goal, information
processing has to be shielded against these distracting
sources of information (e.g., Fischer et al., 2014). Yet, we
also have to monitor the environment for changes in infor-
mation availabilities that indicate that a switch of the cur-
rent task goal is potentially beneficial (e.g., Dreisbach &
Frober, 2019; Goschke, 2000; Kushleyeva et al., 2005)—
despite the time-consuming cognitive operations involved
when switching tasks (e.g., Jersild, 1927; for a review,
see, for example, Kiesel et al., 2010; Koch et al., 2018).
The purpose of this study was to get further insights
into how people trade off environmental task processing

constraints (e.g., stimulus availabilities) against their
internal (cognitive) task processing constraints (as
reflected in switch costs) when voluntarily selecting tasks.
Specifically, we tested whether participants can equally
balance these task-processing constraints into their task
selection behaviour to improve task performance by
using a recently introduced self-organised task-switching

'Department of Psychology, University of Tiibingen, Tiibingen,
Germany

2University of Freiburg, Freiburg, Germany

3University of Otago, Dunedin, New Zealand

Corresponding author:

Victor Mittelstadt, Department of Psychology, University of Tiibingen,
SchleichstraBe 4, 72076 Tiibingen, Germany.

Email: victor.mittelstaedt@uni-tuebingen.de


https://uk.sagepub.com/en-gb/journals-permissions
http://qjep.sagepub.com
mailto:victor.mittelstaedt@uni-tuebingen.de
http://crossmark.crossref.org/dialog/?doi=10.1177%2F1747021820970079&domain=pdf&date_stamp=2020-11-12

Mittelstddt et al.

599

paradigm (Mittelstadt, Miller, & Kiesel, 2018, 2019).
Furthermore, we aimed to illuminate potential self-
reported task-selection strategies in this paradigm to see
whether and how individuals differ in their voluntary task
switching (VTS) behaviour. This is an important endeav-
our because the exploration of how individuals differ in
unconstrained task environments helps to shed further
light on the mechanisms underlying voluntary adaptive
behaviour (e.g., Clarke et al., 2020; Irons & Leber, 2016;
Reissland & Manzey, 2016).

Voluntary task selection and
performance in task-switching
paradigms

In VTS experiments, participants can decide which of two
tasks to perform in a given trial with each task mapped to
one hand (e.g., indicating whether a letter is a consonant or
vowel with the left index and middle finger or whether a
number is odd or even with the right index and middle fin-
ger; for example, Arrington & Logan, 2004, 2005; Frick
et al., 2019; Jurczyk et al., 2019; Kessler et al., 2009). The
stimulus display in each trial contains information associ-
ated with each of the two tasks (e.g., a letter A and a number
6), and the hand used in a given trial reveals which task par-
ticipants selected in this ambiguous situation. The most
typical finding of VTS studies is the repetition bias:
Participants usually show a tendency to select the same task
in trial n that they performed in trial n—1 (e.g., Arrington &
Logan, 2004; Jurczyk et al., 2019; Kessler et al., 2009). This
repetition bias persists when using the common version of
the VTS paradigm in which participants are instructed to
randomly choose the tasks in each trial (e.g., Arrington &
Logan, 2004; Arrington & Weaver, 2015; Demanet et al.,
2010). The additional finding of switch costs (i.e., slower
reaction times [RTs] and increased error rates when switch-
ing compared to repeating tasks) in these studies suggests
that the cognitive costs that incurred when switching tasks
are reflected in both task selection and task performance.
Interestingly, task selection is also influenced by the
specific characteristics of stimuli presented in a current trial
(e.g., Arrington, 2008; Mayr & Bell, 2006). For example,
when the stimulus-onset asynchrony (SOA) of two task
stimuli is randomly manipulated (e.g., either the letter or
the number stimulus is presented first), participants are
biased to select the tasks associated with the first stimulus
(e.g., Arrington, 2008). Such environmental biases in par-
ticipants’ task selection behaviour can be seen as hints of
adaptive attempts to improve overall task performance in
light of environmental constraints (e.g., for similar reason-
ing, see Braun & Arrington, 2018). However, this interpre-
tation can only be made indirectly in most VTS experiments:
Participants actually fail to comply with the instructions to
select a task randomly when they systematically incorpo-
rate any environmental or cognitive factors into their task
selection behaviour (e.g., Mittelstiadt, Dignath, et al., 2018).

The self-organised task-switching
paradigm

Recently, we introduced a novel VTS paradigm to directly
test the idea of adaptive task selection behaviour.
Specifically, in this so-called self-organised task-switch-
ing paradigm, the stimulus availability for two tasks was
dynamically adjusted so that the stimulus of the chosen
task subsequently appeared with an SOA which linearly
increased with the number of task repetitions until a task
switch reset it (e.g., SOA step size=50ms; Mittelstédt,
Miller & Kiesel, 2018; Mittelstadt et al., 2019). Across
several experiments, we observed that participants’ switch-
ing behaviour was sensitive to both the external process-
ing constraints imposed by having to wait for the stimulus
associated with the repeated task and the internal pro-
cessing constraints reflected in costs associated with pro-
cessing the potential switch stimulus. For example,
participants switched tasks more often in a context with
large compared to small SOA step sizes while switch
costs remained stable, and they also switched tasks more
often with long compared to short intervals between tri-
als—a context which facilitates task switching and con-
sequently reduces switch costs. Overall, these findings
demonstrate flexible adaptive task selection behaviour by
showing that participants select tasks to improve task
performance while taking into account constraints on
stimulus availability.

Probably, the most interesting finding for performance-
oriented adaptive task selection behaviour becomes evi-
dent when considering at which SOA participants decided
to switch tasks (i.e., switch SOA). Specifically, this switch
SOA was approximately equal to the size of switch costs
when preparatory task selection processes could only
operate minimally in advance of trials. For example, when
the response-stimulus interval (RSI) is short, there is little
or no time to use for selecting and preparing a task switch
in advance of the trial. As a result, these processes must
happen during the trial after RT measurement has
started—thereby producing a systematic influence on task
performance (as measured in switch costs) and task selec-
tion (as measured in switch SOA). From a functional per-
spective, this switch cost-SOA match would suggest that
participants aim to minimise the response time in each
trial. Thus, this strategy would be in line with findings
observed in other non-VTS paradigms in which task
selection is inherently biased to minimise temporal envi-
ronmental or internal costs to achieve a task goal (here: to
respond to one of the two tasks; Anderson, 1990; Carlson
& Stevenson, 2002.

The first major goal of this study was to provide a
strong test of such locally optimal voluntary task selection
behaviour when people are required to balance external
and internal task processing constraints in the self-organ-
ised task-switching paradigm. For this purpose, we used a
version of this paradigm in which the RSI between trials
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was always short. As mentioned above, this was the com-
mon denominator to observe a switch-cost SOA match in
our previous study (Mittelstddt et al., 2019), so we natu-
rally focused on this condition in this study. Thus, a switch
cost-SOA match should also generalise to this modified
task environment if participants’ task selection behaviour
is inherently driven to minimise the RT in a current trial. In
addition, we also compared the main dependent measures
between experimental halves. These analyses allowed us
in particular to explore the stability of the link between
task selection and task performance over the course of an
experiment. For example, substantial practice may be
needed to trade off switch costs versus SOA equally.

Task selection strategies in the self-
organised task-switching paradigm

The second major goal of this study was to investigate how
participants actually trade off their switch costs against the
gradually increasing switch stimulus availabilities. Based
on interviews with participants in the previous studies, it
seems that there are two main ways in which participants
adapt to the self-organised task-switching environment.
Some participants reported that they decided on a trial-by-
trial basis whether to switch or repeat tasks—presumably
because they continuously monitored their task perfor-
mance and the increasing SOA delays. Other participants
reported that they used pre-planned task sequences to
guide their task-switching behaviour. Given the predicta-
bility of the SOA increase over repetitions, participants
were able to preplan their behaviour over several trials,
such as always switching after a fixed number of trials. To
shed more light on this issue, in the current experiment we
specifically asked participants whether they had primarily
preplanned their task selection across several trials or
whether they had primarily decided spontaneously in each
trial which task to select. This allowed us to see how many
participants consciously rely on (and report) preplanning
of task sequences when self-organising their behaviour. As
we will see, we then also investigate whether and how
these subjective reports fit with the behavioural evidence
of switching obtained from the present experiment.
However, it should also be emphasised that the classifica-
tion of participants based on their self-reported strategy
may be influenced by their responses to the predictable
SOA manipulation (i.e., we did not assess strategy in
advance of the study or in another task environment; see
also Ericsson & Simon, 1980, for more details about ver-
bal reports of cognitive processes).

The possible identification of a self-reported preplan-
ning strategy in our paradigm would extend the findings
obtained from previous studies using the standard version
of the VTS paradigm (i.e., participants were instructed to
randomly select tasks in each trial). Specifically, these
studies have revealed that participants at least partially

guide their task selection behaviour based on task
sequences retrieved from long-term memory (e.g.,
Vandierendonck et al., 2012). Note, however, that these
task sequences were created based on the requirement to
select tasks randomly. Thus, the use of a self-reported pre-
planning strategy in the current paradigm would provide
further evidence that switching tasks in predictable
sequences is also a strategy used when people are required
to improve overall task performance without randomness
instructions.

Intuitively, one would expect that most (if not all) par-
ticipants will preplan their behaviour in the current experi-
ments because the changes in task availabilities are fully
predictable. Critically, however, there is also growing evi-
dence suggesting that individuals differ in their voluntary
task selection behaviour in unconstrained task environ-
ments (e.g., Briilning & Manzey, 2018; 2020; Irons &
Leber, 2018; Janssen & Brumby, 2015; Reissland &
Manzey, 2016). Thus, we suspect that some participants
might have a natural preference for a rigid, preplanned
switching strategy, whereas others prefer a spontaneous
switching strategy. Consequently, we expected to observe
both switching strategies in this study.

If these two self-reported strategies are indeed at play,
we will also use the subjective reports to explore whether
and how these two types of task selection behaviour modu-
late our main dependent measures. It is not clear how the
use of these two potential task selection strategies modu-
lates task performance, nor how it modulates the relation
between selection and performance as operationalised by
the switch cost-SOA trade-off.

Method

Participants

A total of 76! German speakers (51 female, 25 male) were
individually tested at the University of Freiburg, Germany,
and they ranged in age from 18 to 33 years (M=23.42). All
participants had normal or corrected-to-normal vision,
gave informed consent before testing, and received either
course credit or money for participation. Four additional
subjects were also tested but data of these participants
were excluded for the following reasons: questionnaire
data of one participant was missing, one participant had
very long RTs (>1,500 ms), and two participants had fewer
than 10 valid switch and/or repeat trials (cf. Mittelstadt
et al., 2019, for the same exclusion criterion).

Apparatus and stimuli

The experiment took place in individual testing rooms.
Stimulus presentation and data collection were controlled
by E-Prime software running on a Fujitsu Esprimo P920-0
computer with a 24-in monitor. All stimuli were presented
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on the black background of the computer monitor. Stimuli
were the numbers 2-9 for the number task (i.e., even/odd)
and the uppercase letters A, E, G, I, K, M, R, and U for the
letter task (i.e., consonant/vowel). The stimuli of the two
tasks appeared one above the other at the centre of the screen
with letter/digit stimulus location constant across the experi-
ment but counterbalanced across participants. All stimuli
were presented in white and they were 6 mm in height and
Smm in width. The specific identities of the two stimuli
were selected randomly in each trial. Responses for each
task were made with the index and middle finger of the
same hand on a QWERTZ keyboard with the “y,” “x,” «,”
and “.” keys. The task-hand mapping was counterbalanced
across participants, and the specific finger-response map-
pings were randomly selected for each participant.

Procedure

Overall, each participant was tested in 15 blocks. The first
block was a practice block and this block was not ana-
lysed. Participants were then tested in four blocks (“manip-
ulation check blocks’) which served to explore participants’
task selection sensitivity to the increasing switch SOA
manipulation without receiving explicit instructions about
this manipulation. Specifically, for two consecutive blocks
the potential repetition switch stimulus appeared increas-
ingly delayed (SOA step size=50ms) as described in more
detail within the experimental trial procedure. For the
other two consecutive blocks, the potential repetition stim-
ulus was also presented with a delay, but with a constant
(non-increasing) SOA of 50 ms, and block order was coun-
terbalanced across participants. Critically, the change
between the constant versus increasing SOA block types
was implemented without any additional instructions and
participants were not informed about the stimulus delays
in advance of these blocks. After participants had per-
formed all four manipulation check blocks, the experi-
menter asked participants whether they had recognised the
increasing SOA manipulation before they were then
informed about this manipulation for the following experi-
mental blocks.

In each experimental block, participants had to perform
50 trials in the letter task and 50 trials in the number task.
Participants were instructed that one of the tasks appeared
later than the other and that they should select the tasks to
minimise overall time in each block while attaining high
accuracy. Specifically, participants received a German ver-
sion of the following central instructions which were para-
phrased by the experimenter if needed:

You have to respond to 50 letters and 50 numbers in each
block. Try to perform all of these 100 tasks as quickly and
accurately as possible: Overall time and error measurements
for each block start at the beginning of a block and end after
you have completed every task in this block. After you have

SOA
step size (ms)

\Previous Trial:
 Letter-
i | Response

step size (ms)
X1

Time

Figure |. Typical trial sequences of the adaptive SOA blocks.
Stimuli were always centrally presented, but only the stimulus
needed for a task switch was presented immediately at the end
of the response stimulus interval (RSI). The stimulus needed
for a task repetition was presented with a stimulus-onset
asynchrony (SOA) step size (50 ms) that depended on the
previous task selection history (i.e., how often this task was
selected before).

responded to a task in a trial, the next trial starts immediately
and you should respond again as quickly and accurately as
possible. However, one of the tasks (i.e., letter or number)
appears earlier than the other task. You can decide whether to
respond to the task presented first or to wait for the other task.
If a #-sign appears instead of one task, you always have to
wait for the other task.

Stimuli of the two tasks were only presented simultane-
ously in the first trial of a block, whereas in the remaining
trials only the stimulus needed for a task switch was pre-
sented immediately. The stimulus needed for a task repeti-
tion was presented with an SOA that depended on the
number of consecutive task repetitions. Specifically, as
can be seen in a typical trial sequence in Figure 1, the SOA
linearly increased by an additional 50ms with each task
repetition until it was reset by a task switch (i.e., SOA step
size=50ms).

After the necessary number of tasks of the same type
was completed, a placeholder (i.e., “#”-sign) was pre-
sented at the corresponding position and key presses for
this task were not recognised anymore.? After each trial,
participants received auditory feedback via headphones.
Following correct responses, participants received a
low-pitched sound and the stimulus display of the next
trial was presented after a blank screen (RSI) of 150 ms.
Following incorrect responses, participants received a
high-pitched sound and the next trial was presented
after an RSI of 650ms. Breaks between blocks were
self-paced and participants received performance feed-
back after each block (i.e., total block duration in sec-
onds and number of errors). In case of more than 10
block errors, participants were presented with an addi-
tional screen for a fixed period of 60s indicating that
there were too many errors in this block as well as the
correct stimulus-response mappings. After completing
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Table I. Mean switch rates, mean median reaction time (RT) as a function of trial transition (i.e., task switch vs task repetition),
as well as mean median switch costs (i.e., task switch RT—task repetition RT) and mean median switch stimulus-onset-asynchrony
(SOA) overall (i.e., for all experimental adaptive SOA blocks) and separately for the first and second half of the 10 experimental

blocks.

Measure Condition
Overall First half Second half Preplan strategy Spontaneous strategy
(blocks 1-10) (blocks 1-5) (blocks 6-10) (n=34) (n=42)

Switch rate 0.27 (0.02) 0.26 (0.02) 0.28 (0.02) 0.35 (0.03) 0.21 (0.02)

Task switch RT 757 (21) 772 (21) 750 (22) 732 (26) 777 (32)

Task repetition RT 517 (5) 520 (6) 519 (7) 520 (9) 515 (6)

Switch costs RT 240 (20) 252 (20) 231 (21) 212 (21) 262 (31)

Switch SOA 203 (16) 227 (19) 198 (16) 150 (16) 246 (24)

The last two columns show the corresponding measures of the experimental blocks separately for participants indicating the use of a preplan versus
spontaneous task selection strategy. Standard error of the means in parentheses.

these blocks, participants were asked whether they had
primarily followed a specific strategy when selecting
tasks. If they answered affirmatively, this strategy was
noted by the experimenter, and participants were later
categorised into the preplanned switching group when
they reported they had switched after a fixed task
sequence for most of the trials/blocks. Participants who
reported no use of a strategy or participants who gave an
ambiguous answer were also directly asked whether
they had switched after a fixed trial sequence or whether
they had primarily decided spontaneously which task to
select (see data including all verbal responses on the
Open Science Framework (OSF)).

Results

The practice block and the first trial of each block were
excluded from any analyses. Following Mittelstddt et al.
(2019), we then excluded any trials without the possibility
of choosing between the two tasks (11.6%), trials in which
a response was given prior to stimulus onset (<0.1%) and
post-error trials (5.3%) for all analyses. For RT and task
selection analyses, 5.3% error trials were additionally
excluded as well as trials with RTs less than 200 ms (0.1%)
and greater than 3,000 ms (0.2%).

Manipulation check blocks. The mean switch rate was 11%
smaller in the constant (M=0.05) compared to increasing
(M=.16) SOA blocks and this difference was significant,
«(1, 75)=8.38, p<.001, n =.48. Data of the interim
questionnaire indicated that 43 of 76 participants reported
that they noticed the SOA increase.

Overall task selection and task performance in the experimen-
tal blocks. The first column of Table 1 displays switch rates,
mean median RT switch costs (as well as task switch and
repetition RTs), and mean (interpolated) median switch
SOA (i.e., when switches occurred without considering
how many switch and repetition trials there were in total,

for more details, see Mittelstidt et al., 2019).> A paired
t-test between repetition and switch median RT yielded sig-
nificant switch costs, #(1, 75)=12.25, p<.001, nf) =.67.
As can be seen in Table 1, these switch costs were descrip-
tively slightly higher than switch SOA, but a paired #-test
indicated that there was only a marginally significant dif-
ference between these measures, #(1, 75)=1.96, p=.053,
n, =05, 95% confidence interval (CI)=[-1, 73]4

Overall, mean percentage error (PE) was low (5.1%)
with numerically higher mean PEs in repetition (5.3%)
compared to switch trials (4.9%), (75)=1.11, p=.272,
n, =.02.

Task selection and task performance in the first and second half
of experimental blocks. The second and third columns of
Table 1 show the corresponding measures calculated sepa-
rately for blocks in the first and second halves of the experi-
ment. There was a significant increase in switch rates from
the first half to the second half, #75)=2.18, p=.032,
nf) =.06, and significant decreases from the first to second
half for switch SOA, #(75)=2.58, p=.012, n_ =.08.

An analysis of variance (ANOVA) with the factors of
transition (switch vs repetition) and half (first vs second)
on median RTs revealed significant main effects of transi-
tion (i.e., switch costs of 241ms), F(1, 75)=145.37,
p<.001, . =.66, and half (ic., first=646ms; sec-
ond=635ms), F(1, 75)=4.38, p=.040, n; =.06 , as well
as a significant interaction between the two factors, F(1,
75)=4.73, p=.033, m;=.06, with a slightly smaller
switch cost in the second half.

As can be seen in Table 1, switch SOA was only slightly
smaller than switch costs in both the first and second
halves of the experiment, and this difference was not sig-
nificant within either half, with #1, 75)=1.27, p=.207,
n: =.02, 95% CI=[-14, 65] and (1, 75)=1.71, p=.091,
ng =.04,95% CI=[-5, 70] for the first and second halves,
respectively).

PEs were slightly higher for the switch compared to
repetition trials in the first half of the experiment (5.7% vs
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Figure 2. Cumulative distribution functions (CDF) of switch
SOA:s separately for participants indicating the use of a
preplanned versus spontaneous task selection strategy.

5.3%), whereas PEs were lower for switch compared to rep-
etition trials in the second half of the experiment (4.3% vs
5.3%). An ANOVA with the factors of transition and half on
mean PEs revealed a significant main effect of half (first:
5.5%; second: 4.8%), F(1, 75)=17.23, p=.009, ni =.09,and
a significant interaction, F(1, 75)=8.58, p=.004, n;‘; =.10.

Exploring the impact of self-reported strategies. In the post-
experiment interview, 32 participants reported that they pri-
marily pre-planned their task selections in advance of trials
(i.e., “preplanned-strategy group’), whereas the remaining 44
participants reported they primarily decided spontaneously
when to switch tasks (“spontaneous-strategy group”). To
check the validity of these self-reports, we compared the dis-
tribution of switch SOAs separately for participants of the
preplanned to those of the spontaneous strategy group. We
reasoned that switch SOAs should be less widely spread out
for participants of the preplanned group (vs spontaneous
group) because these participants reported that they primarily
switched after a fixed number of trials. The mean SDs of
switch SOAs were smaller for participants of the preplanned
group (48ms) compared to spontaneous strategy group
(121ms) and this difference was significant, #74)=7.17,
p<<.001, nf) =.41. Thus, this analysis supports the classifi-
cation of participants based on their self-reported strategies.

To see whether individuals consistently apply their strat-
egies across the two halves of the experiment, we also com-
puted the SDs of the first and second experimental half for
each participant. We then computed the correlation of first-
and second-half mean SDs across participants. There was a
substantial positive relation between these measures,
r(76)=.79, p<<.001. Thus, this analysis suggests that the
preferred strategies were consistently used over the course
of the experiment.

Table 1 summarises the central measures separately for
these two groups of participants. Interestingly, mean
switch rates were significantly higher for the preplanned

compared to spontancous-strategy group (.35 vs .21),
#(74)=3.71, p<.001, nf) =.16 . Not surprisingly, then,
switch SOAs were significantly lower for the preplanned-
compared to spontaneous-strategy group (150ms vs
246ms), #(74)=3.17, p=.002, ni =.12.6

To examine in more detail switching behaviour as a
function of SOA, we plotted the corresponding cumulative
distribution function (CDF) of switch SOA averaged over
participants for each strategy group (see Figure 2).” Thus,
these CDFs show the distribution of switches out of the
trials in which switches did occur so that these CDFs natu-
rally also display the corresponding average median switch
SOA values mentioned above (i.c., points when the CDFs
crosses the .50 values). Interestingly, as can be seen in
Figure 2, the mean proportion of switches for the first SOA
level was descriptively very similar between the two
groups (with switch proportion of .14 and .13 for the pre-
planned and spontaneously switching group, respectively)
and there was no significant difference when comparing
these values (p=.880, ﬂ; <.001). Thus, these analyses do
not demonstrate that there are fewer switches at the first
SOA level for the preplanned than for the spontaneous
switching group, as one could have expected when partici-
pants would strictly follow a preplanned switching strat-
egy (e.g., only switching after three repetitions). We will
return to this finding in our General Discussion.

Median RT switch costs were numerically lower for
participants of the preplanned compared to spontaneous-
strategy group (212ms vs 262 ms), but a mixed ANOVA
with the factors of strategy group and transition on median
RTs revealed only a main effect of switch costs, F(1,
74)=146.49, p<.009, n; = .66 , and no significant inter-
action, p=.204, 1} = .02

We then checked how switch SOAs were related to
switch costs for the two groups. To do so, we first plotted
the individual median switch costs against the individual
median switch SOAs while considering the reported strat-
egies. As can be seen from Figure 3, there was a positive
correlation between these measures for participants of the
preplanned (#(34)=.41, p=.015) as well as the spontane-
ous (r(42)=.48, p<<.001) switching group. Although we
can of course not infer the direction of causality from these
correlational analyses, the relations between these two
measures at least suggest a link between task selection (as
measured by switch SOA) and task performance (as meas-
ured by switch costs) for both strategy groups. However,
the scatter plots also demonstrate considerable individual
variability concerning the question of locally optimal
behaviour (i.e., to minimise current RTs) which has been
observed on an average level by showing that switch SOAs
were substantially larger than switch costs for some indi-
viduals but substantially smaller for others.

We then explored the switch cost-SOA matches sepa-
rately for participants of the two self-reported strategy
groups. As can be seen in Table 1, switch SOAs were
smaller than switch costs for both groups. Separate switch
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Figure 3. Scatterplots of individual median switch costs
(x-axis) against individual median switch SOAs separately
for participants indicating the use of a preplanned versus
spontaneous task selection strategy.

cost-SOA comparisons for each strategy group revealed
that this difference was significant for the preplanned- (#(1,
33)=3.02, p=.005, ni =.22, 95% CI=[20, 103]) but
not for the spontaneous-strategy group (#(1, 41)=0.54,
p=.591, nf, <.01,95% CI=[-42, 74]). Given that changes
in statistical significance are not necessarily statistically
significant (e.g., Gelman & Stern, 2006), we conducted a
mixed ANOVA with the factors of group and measure (i.e.,
SOA vs RT) on the corresponding times. This ANOVA
revealed only significant main effects of measure, F(I1,
74)=4.37, p=.040, ni =.06 , and strategy, F(1, 74)=6.03,
p=.016, nf) =.08, but no significant interaction, p=.217,
‘r]i =.02 . Thus, this analysis does not demonstrate that the
chosen cost-SOA trade-off differs between groups.

Discussion

In this study, we explored how people balance cognitive
processing constraints against environmental constraints in
their VTS behaviour. For this purpose, we investigated both
task performance and task selection using a version of the
recently introduced self-organised task-switching paradigm.
Specifically, in our experiment (N="76), the stimulus needed
for a task repetition was delayed by an SOA that increased
with each consecutive repetition until a task switch reset it.
Overall, we observed that the SOA in task switches approxi-
mately matched switch costs, which indicates that partici-
pants equally balanced the cognitive and environmental
constraints on task processing in adjusting their task selec-
tion behaviour to improve performance. Critically, post-
experiment questionnaire data indicated that some
participants (N=34) guided their task selection behaviour
based on task sequences over several trials, whereas others
(N=42) primarily decided on a trial-by-trial basis whether
to switch or to repeat tasks. These self-reported strategies

were confirmed by examining specific behavioural patterns,
which were themselves stable over the course of the experi-
ment. After we have discussed our findings on an overall
level, we discuss the implications of our study concerning
the use of these individual strategies and relate our findings
to recent observations of individual differences in other vol-
untary task selection paradigms (e.g., Irons & Leber, 2018;
Reissland & Manzey, 2016).

Interactive behaviour based on temporal
cost—benefit trade-offs

The finding that participants tended to switch tasks when
the size of the SOA corresponded approximately to their
switch costs indicates that tasks were selected in such a way
as to minimise RT in the current trial. Thus, this study fits
well with our recent suggestion that participants equally
balance the internal and external task processing constraints
in a given trial to improve task performance (Mittelstadt
et al., 2019). Another interesting finding was that switch
cost-SOA matches were observed for both the first and sec-
ond half of the experiment, which suggests that extensive
practice is not needed to achieve such temporally balanced
task selection behaviour. Such flexible adaptive selection
behaviour® attempting to optimise task performance has
also been observed across different voluntary multitasking
settings (i.e., if anything switch SOAs were less than switch
costs, but see section “Speculations about local versus
global optimization criteria”). For example, participants
adapt their dual task selection strategies to maximise their
overall performance in response to changes in task diffi-
culty (e.g., Howes et al., 2009; Janssen & Brumby, 2015;
Leonhard et al., 2011). In general, therefore, self-organised
multitasking involves flexible adaptive task selection
behaviour subject to the interactive temporal constraints
imposed by the cognitive system and the local task environ-
ment (e.g., Anderson, 1990; Chater & Oaksfoard, 1999;
Grey et al., 2000).

An important open issue is how the underlying pro-
cesses operate to achieve this temporally balanced task
selection behaviour. Inspired by others (e.g., Dreisbach &
Frober, 2019; Jiang et al., 2018; Schumacher & Hazeltine,
2016), we have recently proposed that the competition
between multiple active task sets is regulated based on the
contextual processing requirements to influence task selec-
tion behaviour (Mittelstddt et al., 2019): specifically, task
selection behaviour is guided by the most-active task set
and the activity of task sets is biased by the interactive
influences of the predictive internal and external task pro-
cessing demands. Thus, with short RSIs like those used in
this study, time-consuming cognitive processes to update
the switch task set fall into the slack created by the stimu-
lus availability manipulation. Clearly, there is abundant
room for further specifying such task set competition
accounts. For example, it remains to be seen whether task
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selection processes during a trial act as a bottleneck during
which perceptual processing is not possible.

Individual differences in self-organised
multitasking

Importantly, this study has revealed that individuals differ
in their preferred self-reported task selection strategies.
Specifically, 34 individuals reported they had guided their
task selection behaviour based on task sequences created in
advance of several trials whereas 42 participants stated they
did not preplan their task selections. By comparing the dis-
tribution of switch SOAs, we could also show that these
self-reported strategies were highly consistent with the
behavioural pattern (i.e., switch SOAs were less wide-
spread for the preplanned compared to spontaneous switch-
ing group). In addition, the strong correlations of the
distribution of switch SOAs between the first and second
half of the experiment suggest stable switching prefer-
ences. Such individual differences in voluntary switching
strategies fit well with similar observations made in the
context of other, unconstrained task environments (e.g.,
Irons & Leber, 2016, 2018; Reissland & Manzey, 2016).
Nevertheless, it is actually somewhat surprising that so
many participants decided to spontaneously switch task,
because changes in task availabilities were entirely predict-
able. We conjecture that random variation in task-set activa-
tions could also produce random variability in the size of
switch costs and hence make it difficult to anticipate pro-
cessing requirements in advance of several trials.
Fluctuations of task-set activations influencing task selec-
tion behaviour could also explain an interesting finding of
the preplanned switching group. Specifically, more fine-
grained exploration of switching behaviour revealed that
participants of this group showed no differences in the fre-
quency of switches at the first SOA level when compared to
the switch frequencies at this level of participants of the
spontaneous switching group. From an intuitive point of
view and based on the self-reports of this group (e.g., “I pri-
marily switched after three trials”), it would be plausible to
observe smaller switch proportions for the smallest SOA.
Instead, the observed pattern suggests that environmental
factors (here: switch stimuli) can sometimes override task
selection guided from pre-planned task-sequences—pre-
sumably because these stimuli sometimes automatically
prime the switch task-set. This interpretation would be in
line with suggestions made in the context of VTS studies
with randomness instructions (and hence random task
sequences; for example, Vandierendonck et al., 2012).
Clearly, further research is needed to tackle the intrigu-
ing question of which factors actually influence individu-
als to apply one strategy over the other. Considering the
findings of previous studies, subjective mental effort could
be one likely candidate that has influenced individual strat-
egy selection (e.g., Inzlicht et al., 2018; Irons & Leber,

2018; Vandierendonck et al., 2012). For example, one
might speculate that some participants avoided trial-by-
trial task selection processes because these processes were
perceived as effortful (e.g., Frick et al., 2019), whereas
others might actually even seek to engage in such effortful
mental processes because they consider these processes as
intrinsically rewarding (e.g., Inzlicht et al., 2018).
Relatedly, findings from studies using the VTS paradigm
with randomness instruction have revealed that switching
behaviour is reduced when task switching and not just
hand switching is required—presumably because of the
effort involved when switching tasks (e.g., task-set recon-
figuration) (Vandierendonck et al., 2012). Thus, the con-
siderably overall larger switch rates for the preplanned
compared to spontaneous switching group could indicate
that some participants might find the mental effort needed
to implement task switches less aversive than others.

Regardless of why one strategy is preferred over the
other by individuals, it would be quite interesting to inves-
tigate whether participants need to follow their preferred
task selection strategy to improve task performance or
whether adaptive task selection behaviour can also be
achieved when they adopt the opposite strategy.
Specifically, the present findings suggest that not only
trial-by-trial but also preplanned task selection strategies
helped participants to improve overall task performance.
In fact, individuals of both strategy groups apparently
incorporated the cognitive and environmental constraints
equally to improve task performance. This suggests that
individuals in the preplanned group were able to create
task sequences sensitive to both the internal temporal and
external task processing constraints. Against the back-
ground of the above-mentioned task-set activation compe-
tition account, it is possible that the modulation of task-set
activations within task sequences may involve hierarchical
control processes (Schneider & Logan, 2006), which are
also sensitive to the processing demands.

Speculations about local versus global optimization criteria. To
improve task performance in the self-organised task-switch-
ing environment, participants can minimise RTs in a current
trial by equally trading the trial-specific size of switch costs
against the trial-specific task availabilities (i.e., switch
cost=switch SOA, local optimization account). In principle,
however, participants might also improve task performance
by proactively switching tasks when the switch SOAs were
still smaller than switch costs to reset the SOA because this
would lead to lower SOA on the following (potential) repe-
tition trials (i.e., switch SOA <switch costs, global optimi-
zation account). Thus, global optimization would in fact
help participants to minimise mean RT (or block RT as was
instructed) more than local optimization which minimises
only current (local) RTs.

Although the overall switch SOA match is in line with
the idea that participants often strive for local optimization
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at the expense of suboptimal global task performance
(Anderson, 1990; Fu & Gray, 2006), the exploration of
individual differences revealed some interesting though
speculative findings: specifically, switch SOAs were
descriptively smaller than switch costs for both the sponta-
neous (difference of 16 ms) and the preplanned switching
group (difference of 62ms), and this difference was sig-
nificant for the latter strategy group. Although the com-
parison of trade-offs between groups was not significant,
the interpretation of null findings is of course always prob-
lematic and the lack of a significant interaction might be
due to low power. Therefore, we explored whether a global
optimization account can explain the chosen switch SOAs
by computing for each participant the switch SOA alobal PTC-
dicted by a global optimization account. As is described in
more detail in the online Supplementary Material, the opti-
mal switch SOA ;.. depends on both the switch SOA step
size (i.e., here: 50 ms) and the individual switch costs. This
procedure revealed average switch SOAs alobal values which
were considerably lower (i.e., preplanned group: 72ms;
spontaneous group: 85 ms) than the observed switch SOAs
displayed in Table 1. Separate switch SOA-SOA elobal COMN-
parisons for each strategy group revealed that this differ-
ence was significant for both the preplanned- (p <.001,
np =.47) and for the spontaneous-strategy group
(»p<.001; np =.59). Interestingly, a mixed ANOVA with
the factors of group and SOA measure (i.e., switch SOA vs
SOAglobal) on the corresponding times revealed a signifi-
cant interaction, F(1, 74)=9.50, p=.003, np .11. Thus,
even though these analyses do not demonstrate that partici-
pants of the groups strive to optimise global performance,
the analyses seem at least to be in line with the assumption
that the chosen switch SOAs of the preplanned switching
group were more strongly influenced by global optimiza-
tion than the chosen switch SOAs of the spontancous
switching group. Taken together, this study suggests that
switching behaviour of both strategy groups improved task
performance (i.e., if anything switch SOAs were less than
switch costs), but future studies, which take these global-
local-optimization ideas into account, are recommended to
identify further shared or distinct characteristics of these
two strategy groups.

Relations to other paradigms showing individual differences in
voluntary task selection. Finally, as mentioned above, indi-
vidual differences in voluntary task selection behaviour
have been also observed across two other novel paradigms
(Irons & Leber, 2016; Reissland & Manzey, 2016). Con-
sidering that we are not aware of any other studies that
have explicitly shown that individuals differ in their task
selection behaviour when voluntarily selecting tasks, it
seems important to us to illuminate these paradigms and
findings in more detail. First, Reissland and Manzey
(2016) developed a VTS paradigm with preview somewhat
similar to the one used in this study. More precisely, in

their task environment, participants could select between
processing one of two task stimuli in a current trial, but the
stimulus associated with the non-chosen task was repeated
in the following trial(s) until it was processed. Consistent
with the present findings, a series of studies have revealed
that VTS behaviour in their task environment is influenced
by individual preferences in task organisation strategies
(Briining & Manzey, 2018; Briining et al., 2020; Reissland
and Manzey, 2016). For example, some participants
mainly repeated tasks (“blockers™), whereas other partici-
pants mainly switched tasks (“switchers”).

Second, Irons and Leber (2016) developed an adaptive
choice visual search paradigm that also shares some char-
acteristics with the paradigm used in this study. In their
task environment, participants could select between
searching for one of two targets (i.e., a small blue square
and a small red square) among coloured distractors. More
precisely, the colour of distractors changed predictably
over a certain amount of trials from red to blue and vice
versa thereby varying the efficiency for searching for
either of the two targets.’ Consistent with the present find-
ings, they identified (by self-reports among others) in par-
ticular two individual search strategies that were stable
over sessions (Irons & Leber, 2018). Specifically, some
participants updated their search settings based on the
environment (“updating strategy”), whereas other partici-
pants used a search strategy that was unaffected by the
changing environment (“consistent strategy”). Future
studies could investigate whether there is a common
ground for the observed individual differences found in
our and their studies or not. For example, blocker partici-
pants of the VTS paradigm by Reissland and Manzey
(2016) and participants using a consistent strategy in the
voluntary search paradigm by Irons and Leber (2018) may
prefer a preplan task selection strategy in the self-organ-
ised task-switching environment. From a broader perspec-
tive, our results are in line with other studies suggesting
that considering individual differences in cognitive psy-
chology may be helpful to further constrain theories of the
cognitive mechanisms underlying behaviour (cf. Clarke
et al., 2020; Vogel & Awh, 2008).
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Notes

1. This sample size was preplanned based on the goals of this
study: One major goal was to provide a meaningful test of
an overall switch cost-SOA match and we considered the
following points when setting our sample size in anticipa-
tion of a null effect. First, in our previous studies, the 95%
confidence interval (CI) for the difference between switch
costs and switch SOAs in conditions with switch cost-SOA
matches had reasonable widths ranging from 82ms (i.e.,
95% CI=[—17ms, 65ms]) to 140ms (i.e., 95% CI=[-73 ms,
67ms]). We decided to test twice as many participants as in
our previous studies, because this is expected to further reduce
the width of the confidence intervals by the factor 1/sqrt(2)
which seemed adequate precision. Note also that power is a
function of test and design (including preciseness of meas-
ures) and we correspondingly also used longer experimental
sessions without changing experimental conditions as in our
previous study (e.g., RSI, Mittelstidt et al., 2019). Second, in
our previous studies, the smallest effect size in conditions with
switch cost-SOA mismatches was d=0.4. A power analysis
for detecting an effect of this size with a power level of 90%
and a significance level of 5% would suggest 68 participants
(two-sided) indicating that the planned sample size of 80 par-
ticipants was sufficiently powered to detect such an effect.
Furthermore, we reasoned that this larger sample size would
also allow us to tackle our second major goal—that is, inves-
tigating whether participants report using different strategies
(i.e., preplanned vs spontaneous) or not. If so, we could also
explore changes in the main dependent measures (i.e., switch
rate/switch SOA, switch costs, switch SOA-cost trade-offs)
between strategies. With the given sample size of N=76 we
had over 80% power to detect differences between strategy

groups of d=0.65 (with balanced groups) and d=0.69 (with a
1/3 vs 2/3 split in strategy group sample sizes).

Note that SOAs continued to increase linearly for repetition
stimuli whereas the placeholder was immediately presented.
As elaborated by Mittelstddt et al. (2018, 2019), the use of
the median RT makes the measure of switch costs more com-
parable to the median switch SOAs (and the distribution of
switch SOA was in the current and previous studies strongly
right-skewed so we think median switch SOA is the best
summary measure for task choice behaviour as a function of
SOA). Nevertheless, because median RT is a biased meas-
ure (Miller, 1988; 2020), we reanalysed all results using a
method to correct the bias in median RT (bootstrap=200, for
more details, see Rousselet & Wilcox, 2020). The resulting
bias-corrected median RTs were descriptively very similar to
the reported median RTs and the corresponding test statistics
(including the comparison with median switch SOAs) were
also similar to the reported ones. Thus, the bias inherent in
median RT did not influence the conclusions in these data.
We also computed interpolated median switch SOA by con-
sidering both the number of switch and repetition trials at
each SOA (for more details, see the appendix of Mittelstadt
et al.,, 2019). The resulting average median switch SOA
(213 ms) was quite similar to the one without considering
the switch/repeat proportion and there was also no signifi-
cant difference between this alternative switch SOA meas-
ure and switch costs (p=.145). Thus, for this (as well as for
all of the following analyses) the choice of switch measures
did not influence the conclusions.

An analysis of variance (ANOVA) with the within-subject
factors of type of measure (SOA vs RT) and half (first vs
second) on the corresponding mean times revealed that the
interaction was not significant (p=.598, n; <.01).

Note that there was no significant difference in switch rates
between the two strategy groups in the baseline blocks
with constant SOA (p=.109, 12 =.03 ). Thus, this finding
does not suggest that that there are individual differences
in switching behaviour independent of the adaptive task
environment. The rather low overall switch rates for the pre-
planned (.08) and spontaneous strategy group (.04) weakens
the power of the test for a difference, however, due to the
possibility of floor effects.

For example, a participant with 10 switch trials in total with
1 switch at SOA=50ms and 2 switches at SOA=100ms
would obtain values of .10 at SOA=50ms and .30 at
SOA=100ms in the corresponding individual cumulative
distribution function (CDF).

Another possibility is that the observed behaviour does not
reflect (and should not be called) “flexible adaptive selection
of behaviour” because individuals may just aim to follow the
instruction to minimise the global time per block (i.e., mean
RT). In general, however, we would like to note that we do
not really see this as an alternative explanation. If participants
are able to adjust their behaviour to minimise RT as instructed,
then we consider this as an example of “flexible adaptive selec-
tion.” We argue that failing to adjust their behaviour would be
evidence against flexible adaptive selection, but clearly that
is not what our results show. It should also be emphasised
that we did not instruct participants that they should switch or
when to switch. Instead it was up to them to decide to switch,
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and they tended to do this when the SOA reached a certain
level. Beyond these rather general points, we would also like
to note that minimising the time in a current trial as suggested
by a switch cost-SOA match would actually not minimise the
instructed mean RT. As is elaborated later in the Discussion
(see also the online Supplementary Material), if participants
aim to minimise mean RTs, they actually should switch
considerably earlier (i.e., switch SOA <switch costs) than
suggested by the observed switch SOAs. Finally, the “manipu-
lation check blocks” before the experimental blocks even pro-
vide additional evidence that participants adapt their switching
behaviour to the dynamic SOA manipulation independent of
any instructions. Specifically, there was a considerable dif-
ference in switch rate between constant and dynamic SOA
block types even though the instruction remained the same
(and the block type change was made without any additional
instructions, cf. Method and Result sections). Considering all
these points, we think that our interpretations—including the
wording of “flexible adaptive task selection behaviour”—are
appropriate.

9. For example, there were three trials with red distractors,
followed by nine trials with changes in discrete steps from
reddish to bluish, then three trials blue distractors, followed
by nine trials with changes in discrete steps from bluish to
reddish and so on.
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