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Abstract

Dual-task performance typically leads to performance impairments in comparison to single tasks (i.e., dual-task costs).
The literature discusses the contribution to these dual-task costs due to (1) bottleneck limitations in the dual-component
tasks and (2) executive control processes regulating access to this bottleneck. Previous studies investigated the characteris-
tics of executive control processes primarily triggered by external stimulus information. In the present study, however, we
investigated the existence as well as the characteristics of internally triggered and driven endogenous control processes to
regulate bottleneck access. In detail, we presented dual-task blocks with varying task orders and informed participants in
advance about repetitions of the same task order as well as switches between different task orders (i.e., task-order repetitions
and switches were predictable). Experiment 1 demonstrated that task-order information and an increased preparation time
generally increase the efficiency for endogenous task-order control and improves preparation for task-order switches. This
finding is basically consistent with the assumption of the existence of endogenous control processes. Experiment 2, however,
did not provide evidence that this endogenous control is related with working-memory maintenance mechanisms. Experi-
ment 3 showed that endogenous control does not only fully complete task-order preparation but also requires exogenous,

stimulus-driven components.

Introduction

A common real-world experience is that attempting to per-
form two tasks simultaneously compromises performance in
one or both of these tasks, that is: there are dual-tasks costs
that manifest in an increase in errors and/or the time needed
to perform the two tasks, as compared to their isolated per-
formance in single tasks (e.g., Kahneman, 1973; Welford,
1952). Studies in the context of the ‘Psychological refractory
period’ (PRP) paradigm investigated these costs through
the presentation of two stimuli with a variable, short delay
between their onsets (stimulus onset asynchrony; SOA),
and participants have to make choice reaction time (RT)
responses to these stimuli. The typical finding is that RTs to
the second (task) stimulus (RT2) increases with decreasing
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SOA, (e.g., Pashler, 1994; Schubert, 2008); this RT2 pattern
is referred to as the ‘PRP effect’.

The PRP effect has been attributed to capacity limita-
tions in resource sharing models assuming that two tasks can
simultaneously share processing resources, so that neither
task in dual tasks is performed as quickly as it would be
performed in single tasks (e.g., Hazeltine, Ruthruff, & Rem-
ington, 2006; Meyer & Kieras, 1997; Miller & Durst, 2015;
Miller, Ulrich, & Rolke, 2009; Mittelstadt & Miller, 2017);
importantly, the amount of capacity shared between tasks
is subject to a strategic choice in the context of resource
sharing models. Supportive evidence for these models is an
increase with decreasing SOA not only of RT2, but also
of RTs to the first (task) stimulus (RT1; Strobach, Schiitz,
& Schubert, 2015). The specific case of a complete distri-
bution of processing resources to one component task and
no such resources shared with the other task is consistent
with assumptions of the central bottleneck model; however,
the central bottleneck model assumes a structural and una-
voidable bottleneck limitation. According to this model, a
processing bottleneck limitation structurally prevents the
two tasks to be performed in parallel. Specifically, this bot-
tleneck limitation is located at a central processing stage
between stimulus perception and response execution, namely
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the response selection stage (e.g., Pashler, 1994; Welford,
1952, 1980). Irrespective of its nature (i.e., strategic capac-
ity limitation or structural bottleneck limitation), the notion
of a processing-limited central response selection accounts
for the PRP effect by assuming that, if the two tasks are
presented with short SOAs between task stimulus 1 and
task stimulus 2, response selection for the two tasks oper-
ates serially, while the initial perception and final response
execution stages of the two tasks can operate in parallel. In
other words, response selection of the second task is post-
poned until the end of this stage in the first task and until the
first task has left the bottleneck stage. While this limitation
assumption provides a commonly accepted explanation for a
variety of findings in dual-task research, the following ques-
tions remain unresolved: how is the capacity limitation (e.g.,
the bottleneck mechanism) allocated to the two task streams?
And how is the task processing order controlled and deter-
mined? In the present study, we investigated the assumption
that the order in which two component tasks are performed
at the limitations might be planned and prepared in advance
due to internally driven endogenous control processes.

Determination of task-order processing:
endogenous and exogenous control

The regulation of task order in dual tasks has been inves-
tigated in a specific variety of the PRP paradigm (Kiibler,
Reimer, Strobach, & Schubert, 2018; Luria & Meiran, 2003;
Sigman & Dehaene, 2006; Szameitat, Lepsien, von Cramon,
Sterr, & Schubert, 20006). In this variety, participants are
asked to execute two-choice RT tasks on two target stimuli
that are presented in quick succession. Importantly, the pres-
entation order of both stimuli varies randomly from trial to
trial and participants are instructed to execute the two tasks
according to the order of stimulus presentation, resulting
in repetitions of the same task order and switches between
different task orders in successive trials. By applying this
paradigm, two potential mechanisms of task-order regulation
have been identified: One possibility to characterize order
control is that bottleneck processing is simply recruited by
the stimuli on an exogenous first-come-first-served basis,
so that the order in which the tasks are handled is deter-
mined by which of the two task stimuli arrives at the bot-
tleneck first. Recent studies provided empirical evidence
that is consistent with the predictions of this first-come-first-
served mode (Hendrich, Strobach, Buss, Miiller, & Schubert,
2012; Leonhard, Ruiz Fernandez, Ulrich, & Miller, 2011;
Ruiz Fernandez, Leonhard, Rolke, & Ulrich, 2011; Sigman
& Dehaene, 2006; Strobach, Hendrich, Kiibler, Miiller, &
Schubert, 2018). The second possible mechanism assumes
that the order in which the tasks are performed might be
planned and prepared in advance due to stimulus presenta-
tion and internally driven endogenous control processes (de
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Jong, 2000; Schubert, 2008; Szameitat et al., 2006). The
assumption of such an endogenous model is consistent with
the general idea of intentional, self-instigated, goal-driven
processes of executive control (Band & van Nes, 2006;
Logan, 2003; Logan & Bundesen, 2003; Monsell & Mizon,
2006) without foreknowledge due to task stimulus informa-
tion (Baddeley, 2012; Norman & Shallice, 1986; Rogers &
Monsell, 1995; W. Schneider & Shiffrin, 1977). The central
issue addressed in the present research concerns (1) whether
these endogenous control components are involved in task-
order processing of dual tasks and (2) the nature of this type
of dual-task control.

One explicit test of the endogenous model could require
an experimental situation in which subjects have the chance
to prepare for a specific task order in a dual-task situation
with variable task orders, i.e., with task-order repetitions
and switches relative to the preceding trial. In this situation,
improvements of dual-task performance compared to a simi-
lar dual-task situation that, in contrast, does not allow for
the preparation of the appropriate task order would indicate
the existence of endogenous control processes that prepare
and schedule the processing order of the component tasks in
advance, i.e., before the presentation of the stimuli.

Direct evidence regarding the existence of endogenous
preparation of task order in dual tasks still appears to be
scarce. This is so, because most of the studies investigat-
ing dual-task situations with varying task orders and, thus,
task-order switches as well as task-order repetitions real-
ized no manipulation of the available information about task
order before stimulus onset (Hendrich et al., 2012; Hirsch,
Nolden, & Koch, 2017; Ruiz Fernandez et al., 2011; Sigman
& Dehaene, 2006; Strobach et al., 2018; Szameitat et al.,
2006; Tollner, Strobach, Schubert, & Miiller, 2012). Instead,
task order was exclusively determined by the presentation
order of the two stimuli. So, it might be that the bottleneck
processing stage is not explicitly allocated to the information
streams of the component tasks by endogenous and prepara-
tory processes but, instead, could be subjected to the first-
come-first-served principle. That is, bottleneck processing
would be allocated passively to the two tasks based on their
central arrival times as proposed by the exogenous model.

One way to investigate the existence of endogenous task-
order preparation and to provide information about task
order before stimulus onset might be to provide cues indi-
cating the stimulus order of the component tasks. de Jong
(1995; see also Luria & Meiran, 2003, 2006, for a similar
approach with top—down and bottom—up processes) inves-
tigated endogenous preparation with the use of such cues
under valid and invalid conditions. Under valid conditions,
the cues correctly prompted the task order, while incorrect
task order was prompted under invalid conditions. Consist-
ent with the assumption of the endogenous model, de Jong
found performance improvements under valid conditions;



Psychological Research (2021) 85:345-363

347

that is, under these conditions, RTs, error rates, and response
reversals (i.e., the response order is different to the order
of stimulus presentation) were decreased. These improve-
ments can be explained with an endogenous preparation of
task order as following: Based on cue information, partici-
pants prepare for a specific task order. This prepared order,
however, contradicts the stimulus-presentation order under
invalid conditions and participants have to reconfigure their
processing order after stimulus presentation which leads to
impaired task performance.

However, the situation of de Jong (1995) is not con-
clusive to investigate task-order processing in the context
of dual tasks with variable order, because his paradigm
included confounds of variable stimulus-presentation order
and variable cue identity. Studies of task switching and,
thus, cognitive flexibility have investigated the crucial role
of the latter on task preparation. In these studies (Kiesel
et al., 2010; Koch, Poljac, Miiller, & Kiesel, 2018; Monsell,
2003; Rubinstein, Meyer, & Evans, 2001; Sudevan & Taylor,
1987), two different tasks are presented in random order on
a trial-by-trial basis resulting in an alternation between dif-
ferent tasks or repetitions of the same task; thus, in contrast
to the dual-task paradigm, participants performed only one
task per trial in task-switching situations. Usually, both tasks
are executed on the same set of stimuli, and as a result, these
tasks are frequently afforded by distinctly different percep-
tual dimensions thereof, such as when participants switch
between form classification and color classification when
presented with colored geometrical forms. In the task-cuing
procedure, participants are informed about the identity of
the upcoming task by an informative cue that precedes or
accompanies the presentation of the target stimulus (e.g.,
Meiran, 1996). Switching between tasks (i.e., executing a
different task on the current trial than on the directly preced-
ing trial) incurs a cost in RTs and sometimes error rates in
comparison to task repetitions (i.e., executing the same task
on successive trials). However, these task switch costs (over-
view in Kiesel et al., 2010; Monsell, 2003; Vandierendonck,
Liefooghe, & Verbruggen, 2010), can also be explained by
switches between different cues associated with switches
between different tasks (Logan & Bundesen, 2003; Mayr &
Kliegl, 2003; D. W. Schneider & Logan, 2007); thus, there
is a confound between cue switch and task switch to explain
task-switch costs. Equivalent to this confound in the task-
switching context, dual tasks with varying task orders intro-
duced by de Jong (1995) realized a confounded procedure
for investigating task-order switches. Whenever task-order
switches in de Jong’s dual-task situation, cue identity also
switches as well, while on order repetitions, there was no
cue identity switch. As a result, there was no valid investi-
gation of varying task orders in this study, since this study
might have investigated rather cue switching than task-order
switching. In sum, previous studies investigating potential

endogenous preparation of task order in dual tasks either
informed about task order by stimulus-presentation order
(e.g., Sigman & Dehaene, 2006; Szameitat et al., 2006) or by
providing cues informing about task order (de Jong, 1995).
In the former procedure, however, it is unclear whether
task-order preparation was endogenous since this prepa-
ration could be based on stimulus order and reflects, thus,
exogenous preparation exclusively. The latter procedure is
not completely valid since it might have investigated rather
cue switching than task-order switching and preparation. In
the present study, we, therefore, introduced a rather novel
procedure to investigate endogenous task-order preparation.

The present study

Similar to previous studies in this field, we presented dual
tasks with different stimulus-presentation orders and asked
participants to perform both tasks in these orders. However,
these orders were not randomly mixed within blocks, but
their sequence was varied systematically and participants
were explicitly informed about these systematic sequences
before the start of these systematic-order blocks (for a simi-
lar approach see de Jong, 1995, Experiment 3); in this way,
participants were informed about task-order switches and
repetitions in advance (Fig. 1). This type of manipulation
is equivalent to the manipulation of task sequences in the
alternating runs paradigm in the context of task switching
in which the required task was indicated by pre-specified
task sequences (e.g., participants are instructed to switch
tasks on every second trial; Karbach & Kray, 2009; Rogers
& Monsell, 1995). In the following experiments, we aimed
to provide evidence for endogenous task-order preparation
processes and how they are specified (Experiment 1), how
these processes relate to other cognitive components, namely
working memory (Experiment 2), and whether these pro-
cesses are sufficient for preparing and planning the process-
ing order of the component tasks in a dual-task situation
(Experiment 3).

General methods
Participants

Participants were students of the Medical School Hamburg
and other universities in the Hamburg area, recruited via
online databases and personal contacts. All participants were
right-handed and German native-speakers. They reported
normal or corrected-to-normal hearing and vision, and
received course credit for their participation.
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Apparatus Procedure and design

Visual stimuli in the following experiments were presented
on a 22-inch color monitor (Refresh rate: 60 Hertz; viewed
from a distance of approximately 60 cm) and auditory stim-
uli were presented via headphones which were connected
to IBM-compatible personal computers. Experiments were
controlled by the experimental software package Presenta-
tion (Version 18).

Stimuli

Participants performed a visual and an auditory choice RT
task in the present dual-task test. The auditory task included
the presentation of sine-wave tones with pitches of 350, 900,
or 1650 Hz. Participants responded with the index, middle,
and ring finger of the right hand, respectively. The visual
task included the presentation of small, middle, and large
visually presented triangles and responses with the ring, the
middle, and the index finger of the left hand, respectively.
Under conditions of low task difficulty, only 2 stimuli were
presented in each task (i.e., lowest and highest tone in the
auditory task, small and large triangle in the visual task),
while there were all 3 stimuli in each task under conditions
of high difficulty.

@ Springer

Participants performed single-task blocks in which only 1 of
the 2 tasks were presented. They also performed dual-task
blocks that included the presentation of both tasks. Trials of
single-task blocks started with the presentation of 3 dashes
next to each other, of which the middle dash was located at
the center of the screen. The dashes remained on the screen
until the end of each trial, while they disappeared between
trials. An auditory stimulus (i.e., a sine-wave tone) appeared
for 100 ms in auditory single-task block trials, or a visual
stimulus (i.e., a triangle) appeared centrally in the visual
single-task block trials 500 ms after onset of the presenta-
tion of the dashes and, thus, trial start; visual stimuli were
presented until response or a maximum of 2500 ms. Similar
to single-task trials, dual-task block trials started with the
presentation of 3 white dashes that remained on screen until
the end of each trials, but disappeared between trials. After
500 ms, a first stimulus (i.e., auditory or visual) was pre-
sented, followed by the presentation of the second stimulus
(i.e., visual or auditory). The interval between the onsets of
both stimuli (i.e., SOA) was 200 ms. Incorrect trials were
completed with an error feedback (German word: “Fehler”)
for 1500 ms; incorrect trials included wrong or omitted
responses as well as response reversals.
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Single-task blocks consisted of 36 single-task trials and
stimuli were presented with equal frequency in a random
order. In all 36 trials of the dual-task blocks, auditory and
visual stimuli were presented with equal frequency and stim-
uli were selected randomly. The stimulus order was coun-
terbalanced within blocks. Participants were instructed to
respond as quickly and as accurately as possible in single-
task blocks as well as in the dual-task blocks. In dual-task
block trials, priority was instructed for the firstly presented
stimulus.

Across the experiments of this study, we conducted dif-
ferent types of dual-task blocks with different task orders:
dual-task blocks with random task order (random dual tasks)
and dual-task blocks with systematic task order (systematic
dual tasks). Dual-task trials with a first auditory stimulus
(auditory—visual order trials) and with a first visual stimu-
lus (visual-auditory order trials) were randomly mixed in
random-order dual-task blocks. Systematic-order dual-task
blocks included trials in a fixed, predictable, and pre-speci-
fied order, resulting in 50% order-repetition and 50% order-
switch trials. This order was verbally instructed and visually
illustrated to participants before the block start (Fig. 1). Half
of these blocks started with a trial with a first visual stimulus
and the remaining blocks started with a trial with a first audi-
tory stimulus. In random and systematic dual-task blocks,
the frequencies of auditory—visual order and visual-auditory
order trials within each block were equal.

At the beginning of each experiment, one visual and 1
auditory single-task block was presented. Whereas half of
the participants started with a visual block followed by an
auditory block, the remaining participants performed the
blocks in the opposite order. Following, two dual-task blocks
with a fixed task order were conducted. Whereas half of the
participants started with a dual-task block and trials with a
first auditory stimulus followed by a block with trials with a
first visual stimulus, the remaining participants performed
the blocks in the opposite order. After this initial practice
phase, the dual-task test phase started. The remaining dual-
task blocks during dual-task test will be specified in the
Methods sections of the individual experiments.

Experiment 1

Experiment 1 investigated the potential impact of endog-
enous preparation of dual-task processing order in a context
in which such a preparation is available in contrast to a con-
text without the potential of such preparation. To do so, we
presented dual-task blocks with systematic task order as well
as dual-task blocks with random task order; both block types
include varying task-order trials, resulting in order switches
and order repetitions. Further, to investigate the impact of
preparation intervals on preparing task order, we introduced

different preparation intervals between trials of random-
order and systematic-order blocks (i.e., inter-trial intervals
[ITIs] of 700 ms, 1200 ms, and 2500 ms). Our hypotheses
in Experiment 1 are as following: If endogenous preparation
exists and has a general benefit for the maintenance, selec-
tion, and implementation of task orders then performance
should be particularly improved under systematic-order
conditions (i.e., reduced RTs, error rates, and/or response
reversals) in comparison to random-order conditions. And if
the realization of the endogenous preparation requires time,
this general advantage would be increased with long ITIs in
comparison to short ITIs. An addition, it could be that if the
existence of endogenous preparation of task orders in sys-
tematic blocks specifically improves the reconfiguration for a
new task-order order, then this type of preparation improves
task-order switches. Also, if the prolongation of ITIs opti-
mizes this reconfiguration, the benefit for order switches in
systematic blocks increases with longer ITIs.

Methods

Stimuli, procedure, and design were identical to the gen-
eral methods described above, with the following speci-
fications. In Experiment 1, tasks were performed under
high difficulty conditions (i.e., three stimuli per task). This
experiment included the following block order during the
dual-task test: four dual-task blocks with random task order,
eight dual-task blocks with systematic task order, followed
again by 4 dual-task blocks with random task order. In sys-
tematic task-order blocks, task orders were switched every
second trial (Fig. 1a). Dual-task blocks were performed with
3 ITI levels across all blocks, namely 700 ms, 1200 ms, and
2500 ms, varied between three groups of participants (so,
one of the 3 ITI levels was chosen for each subject, stay-
ing consistent across all blocks). Thirty-two, 30, and 30
participants conducted the experiment versions with ITIs
of 700 ms (22 female, mean age: 23.5 years, age range:
18-26 years), 1200 ms (20 female, mean age: 22.8 years,
age range: 18-25 years), and 2500 ms (18 female, mean
age: 23.8 years, age range: 19-26 years), respectively. Each
experimental session lasted approximately 60 min.

Results

Before analyzing RTs, error rates, and response reversal
rates, we excluded those participants with total error rates
of more than 25% across the dual-task blocks. As a con-
sequence, we included 19, 22, and 26 participants in the
experiment versions with ITIs of 700 ms, 1200 ms, and
2500 ms, respectively. RTs (after the exclusion of trials with
errors on the choice decisions within the component tasks
and response reversals), error rates, and response reversal
rates (after the exclusion of trials with errors on the choice
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decisions within the component tasks) were aggregated
across visual—auditory and auditory—visual order trials in
the dual-task blocks. The first trial of each block was not
analyzed.

We included the error rate and RT dual-task data of the
trials with same task order and different task order across
blocks with systematic task orders as well as blocks with ran-
dom task orders into the analyses of Task 1 (firstly presented
task) and Task 2 (secondly presented task) performance.
The performance of both tasks were separately analyzed
in mixed measures ANOVAs including the within-subjects
factors TRIALTYPE (same order vs. different order) and
BLOCKTYPE (systematic order vs. random order) as well
as the between-subjects factor ITI (700 ms, 1200 ms, and
2500 ms).

RTs (Fig. 2) Analyzing RT1, the main effect of TRI-
ALTYPE was significant, F(1, 64)=170.050, p <.001,
yp*=.73, generally replicating findings of order-switch costs
in previous studies (e.g., Kiibler et al., 2018; Szameitat et al.,
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Fig.2 Reaction times (RTs) in ms in Experiment 1 across the groups
of participants with inter-trial intervals (ITI) of 700 ms, 1200 ms, and
2500 ms, in blocks with random dual-task orders and systematic dual-
task orders as well as in trials with repetitions of task order (same)
and switches between different task orders (diff.). a RT1. b RT2.
Error bars represent standard errors of the mean
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2006): same-order trials showed lower RTs (M =1374 ms)
than different-order trials (M = 1477 ms). Further, BLOCK-
TYPE was also significant, F(1, 64)=148.650, p <.001,
yp?>=.70, demonstrating generally faster RTs in systematic-
order blocks (M =1323 ms) in comparison to random-order
blocks (M =1528 ms). This finding demonstrated a general
endogenous control benefit. The RT1 analysis showed no
interaction including the factors TRIALTYPE and BLOCK-
TYPE, Fs<1.411, ps> .24. Thus, this analysis provided no
evidence that information about task order modulates the
order-switch costs across all or within ITI conditions. Also,
the main effect of ITI, F(2, 64)=1.700, p> .19, as well as
the interactions BLOCKTYPE x ITI and TRIALTYPE x ITI
were non-significant, Fs(2, 64) < 1.550, ps > .22.

Analyzing RT2 similar to RT1, the main effect of TRI-
ALTYPE was significant, F(1, 64)=161.928, p <.001,
yp*=.72, generally replicating findings of order-switch costs
in previous studies (e.g., Kiibler et al., 2018; Szameitat et al.,
2006): same-order trials showed lower RTs (M= 1478 ms)
than different-order trials (M = 1584 ms). Furthermore,
BLOCKTYPE was also significant, F(1, 64)=117.757,
p<.001, yp*>=.65, demonstrating generally faster RTs in
systematic-order blocks (M= 1433 ms) in comparison to
random-order blocks (M =1628 ms). This finding demon-
strated the endogenous control benefit on the maintenance
of different task orders in the RT2 data. The present analy-
sis showed no significant interaction including the factors
TRIALTYPE and BLOCKTYPE, Fs<3.214, ps> .08.
Thus, there is no convincing evidence that information
about task order modulates RT2’s order-switch costs across
all or within ITI conditions. Also, the main effect of ITI,
F(2,64)=2.412, p> .10, as well as the interaction BLOCK-
TYPE x ITI and TRIALTYPE x ITI was non-significant,
Fs(2,64)<1.

Errors (Table 1) The error analysis of the first task was
equivalent to the RT analysis and revealed main effects

Table 1 Error rates (in percent) of the first task (Task 1) and the sec-
ond task (Task 2) in Experiment 1 across the groups of participants
with inter-trial intervals (ITI) of 700 ms, 1200 ms, and 2500 ms, in
blocks with systematic task orders and random task orders as well as
in trials with repetitions of task order (Same) and switches between
different task orders (Different)

Task  ITI Systematic block order Random block order
Same Different Same Different
1 700 103 (1.4) 157(1.6) 245Q22) 35624
1200 7.7(1.2) 9.5(1.5) 1512.0) 23622
2500 6.8 (1.5) 7.9 (1.8) 9924) 11.22.6)
2 700  12.7(1.5) 18.1(42) 2652.1) 37222
1200 95(1.4) 11239 17519 2482.0)
2500 82(1.6) 105(25) 127(23) 16.6(2.4)

Brackets represent standard errors of the mean
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for TRIALTYPE, F(1, 64)=113.013, p <.001, yp>=.64,
BLOCKTYPE, F(1, 64)=140.615, p<.001, yp*=.69,
and ITI, F(2, 64)=13.127, p <.001, yp*=.29. Error rates
were lower in same-order trials (M =12.4%) than in dif-
ferent-order trials (M =17.2%); they were lower under the
systematic-order condition (M =9.6%) compared to the
random-order condition (M =20.0%); and participants with
ITIs of 2500 ms showed the lowest error rates (M =8.9%),
followed by participants under ITI condition of 1200 ms
(M =14.0%), and of 700 ms (M =21.5%), all ps <.05.
The interaction of BLOCKTYPE and TRIALTYPE was
significant, F(1, 64)=20.559, p <.001, pp*=.24, dem-
onstrating lower order-switch costs in systematic-order
blocks (M =2.8%) than in random-order blocks (M =7.0%),
both ps<.05. BLOCKTYPE interacted with ITI, F(2,
64)=19.459, p<.001, I]p2= .38, revealing that the error
rates in systematic-order blocks in comparison to random-
order blocks were significantly lower under the ITI condition
of 1200 ms (M =17.0%) and 2500 ms (M =10.7%), both
ps < .05, while there was no significant difference between
systematic- and random-order blocks under the ITI condition
of 700 ms (M =3.2%), p=.051; this is general evidence for
endogenous task preparation. TRIALTYPE also interacted
with ITI, F(2, 64)=18.418, p <.001, yp*=.37, demon-
strating significant order-switch costs under the ITI condi-
tion of 1200 ms (M =8.3%) and 2500 ms (M =5.1%), both
ps <.05, while there was no significant evidence for such
costs under the 700-ms ITI condition (M =1.2%), p=.16.
All factors, BLOCKTYPE x TRIALTYPE x ITI, interacted,
F(2, 64)=4.545, p< .05, ;]p2= .12. This three-way inter-
action revealed that the reduced order-switch costs under
systematic in comparison to random-order conditions (i.e.,
the interaction of BLOCKTYPE x TRIALTYPE) was exclu-
sively present when the ITT was 1200 ms, F(1, 21)=12.524,
p<.01, gp*=.37, and 2500 ms, F(1,25)=16.468, p <.001,
yp? = .40, but not with an IRI of 700 ms, F(1, 18) < 1.

The error analysis of the second task revealed main
effects for TRIALTYPE, F(1, 64)=93.116, p<.001,

yp*=.59, BLOCKTYPE, F(1, 64)=133.513, p<.001,
pp*=.68, and ITI, F(2, 64)=12.838, p <.001, yp*>=.29.
Error rates were lower in same-order trials (M = 14.5%) than
in different-order trials (M =19.0%); they were lower under
the systematic-order condition (M =11.9%) compared to the
random-order condition (M =21.6%); and participants with
ITIs of 2500 ms (M =10.9%) and of 1200 ms (M =15.7%)
showed no conclusive evidence for differences in error rates,
p=.055, while the error rates under the ITI condition of
700 ms (M =23.6%) was increased, both ps <.01. The inter-
action of BLOCKTYPE and TRIALTYPE was significant,
F(1, 64)=14.746, p<.001, yp2= .19, demonstrating lower
order-switch costs in systematic-order blocks (M =2.6%)
than in random-order blocks (M =6.3%), both ps <.001.
BLOCKTYPE interacted with ITI, F(2, 64)=23.567,
p<.001, yp*= .42, revealing that the error rates in system-
atic-order blocks in comparison to random-order blocks
were significantly lower under the ITI condition of 1200 ms
(M=16.5%) and 2500 ms (M =10.8%), both ps <.001, while
there was no evidence for a significant difference under the
ITI condition of 700 ms (M =1.9%), p=.24. Similarly,
TRIALTYPE also interacted with ITI, F(2, 64)=18.885,
p<.001, pp?=.37, demonstrating significant order-switch
costs under the ITI condition of 1200 ms (M =8.1%) and
2500 ms (M =4.5%), both ps <.001, while there was no
significant evidence for such costs under the 700-ms ITI
condition (M =.9%), p=.33. The combination of all fac-
tors, BLOCKTYPE x TRIALTYPE x ITI, interacted, F(2,
64)=3.965, p <.05. This three-way interaction revealed
that the reduced order-switch costs under systematic in
comparison to random-order conditions (i.e., the interac-
tion of BLOCKTYPE x TRIALTYPE) was exclusively pre-
sent when the ITI was 1200 ms, F(1, 21)=38.845, p<.01,
yp*>=.28, and 2500 ms, F(1,25)=9.810, p <.001, yp*= .36,
but not with an IRI of 700 ms, F(1, 18)< 1.

Response reversal rates (Fig. 3) The analyses of the
response reversal rates revealed main effects for TRI-
ALTYPE, F(1, 64)=138.706, p <.001, yp>=.68, and
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Fig.3 Response reversal rates in percent in Experiment 1 across the
groups of participants with inter-trial intervals (ITI) of 700 ms (a),
1200 ms (b), and 2500 ms (c), in blocks with random dual-task orders
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and systematic dual-task orders as well as in trials with repetitions of
task order (same) and switches between different task orders (differ-
ent). Error bars represent standard errors of the mean
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BLOCKTYPE, F(1, 64)=127.171, p<.001, yp*=.67.
The response reversal rates were significantly reduced in
same-order trials (M =5.9%) than in different-order trials
(M=11.1%) and these rates were also reduced under sys-
tematic conditions (M =4.4%) in comparison to random-
order conditions (M =12.7%). The combination of both
factors interacted significantly, F(1, 64)=62.070, p <.001,
yp* = .49, revealing that the difference between response
reversal rates in different-order trials and same-order trials
was increased under random-order conditions (M =8.2%) in
comparison to this difference under systematic-order con-
ditions (M =2.3%). This finding demonstrates that partici-
pants’ endogenous preparation benefited from information
about the upcoming order and this benefit was particularly
relevant for task-order switches. The interaction of TRIAL-
TYPE and ITI, F(1, 64)=62.070, p <.001, yp* = .49, dem-
onstrated increased response reversal rates in switch-order
trials after an ITI of 700 ms (M =6.9%) in contrast to ITIs
of 1200 ms (M =4.7%) and 2500 ms (M =4.2%). However,
this data pattern was similar across random and systematic-
order conditions, F(2, 64)=1.051, p>.36. The combina-
tion of BLOCKTYPE and ITI was also non-significant, F(2,
64)=1.923, p>.16.

Note that due to the exclusion criterion and upper cap
of 25% of errors, we excluded different numbers of par-
ticipants in each ITI group (i.e., 700 ms: N=13; 1200 ms:
N=8; 2500 ms: N=4). We note that this exclusion criterion
might have introduced an artificial bias into these groups
with more participants with high error rates excluded and
generally higher skilled participants in the group of the ITI
700 ms condition in contrast to the alternative groups. Thus,
the group with an ITI of 700 ms might have been less het-
erogeneous than these alternative groups. To validate our
results of Experiment 1 in more heterogeneous groups, we
repeated the RT and error analyses including all participants
regardless of the exclusion criterion. In sum, these analyses
showed a pattern similar to the analyses including this crite-
rion reported in detail above. Thus, the present findings also
hold in more heterogeneous samples.

Discussion

The present experiment aimed to provide empirical evidence
and investigated the characteristics of endogenous prepara-
tion in dual tasks with different task orders; in detail, we
investigated the endogenous preparation of dual tasks with
same and different orders between successive trials. RTs,
error data, and response reversal rates consistently revealed
two conclusions. First, dual-task performance with differ-
ent task orders after an order switch results in order-switch
costs, i.e., performance is impaired under different-order
conditions compared with performance under same-order
conditions. This result is consistent with previous studies
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(e.g., Szameitat et al., 2006). Further, information about the
upcoming task order leads to general performance improve-
ments in contrast to conditions under which no such infor-
mation is provided. We, thus, conclude that the general
maintenance, selection, and implementation of different
task orders are improved by endogenous control and that
our method to provide participants with information about
task order to allow predictions about this order was generally
effective. This general view on endogenous dual-task control
is consistent with conclusions from previous studies (e.g.,
Band & van Nes, 2006; de Jong, 2000).

Importantly, the error data and the response reversal rates
revealed that, in addition to the general improvement due
to task-order preparation processes, performance in trials
in which task order changes relative to the preceding trial
specifically benefits from endogenous preparation. More
specifically, the error data demonstrated that with increased
ITIs before the start of a trial with a predictable order switch,
performance is improved in contrast to decreased ITIs. This
improvement is demonstrated by reduced order-switch
costs with ITIs of 1200 ms and 2500 ms in comparison to
ITIs of 700 ms. That is, with a prolonged interval before
an order switch, there is more time to correctly prepare for
this switch. Since this correct preparation is anticipatory
before the start of dual-task trials including this switch, we
interpret this finding as evidence for the existence of endog-
enous preparation of task order in dual tasks. The response
reversal rates demonstrated an increased rate of two tasks
performed in the wrong order in order-switch trials in com-
parison to order-repetition trials. However, this impairment
in order-switch trials was reduced when participants have
the opportunity to correctly prepare for an order switch in
systematic dual-task blocks. Importantly, the correctness of
this preparation increases with prolonged preparation time
(i.e., with prolonged ITIs). This result pattern suggests that
endogenous task-order preparation specifically improves
the reconfiguration of a new task order. However, the RT
data provided no convincing evidence for endogenous task-
order preparation since there is no interaction including the
ITI factor in the RT analyses. There are two speculative
explanations for this lacking evidence which we cannot dif-
ferentiate at this point. First, it might be that endogenous
task-order preparation leads to an increase in the correctness
of task-order preparation. However, this preparation does
not increase the processing speed and thus the processing
efficiency of this type of preparation. Second, it might be
that participants strategically put more effort into correct
task-order preparation instead of fast preparation of task
order and the effect of this effort increased with prolonged
ITIL. Such a strategic effect might occur although partici-
pants were instructed to focus on both speed and correct-
ness (i.e., participants were instructed to respond as quickly
and as accurately as possible). The following experiments
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aimed to specify the processing characteristics of this endog-
enous dual-task control (Experiment 2) and its relation to
exogenous, externally triggered components of this control
(Experiment 3).

Experiment 2

While Experiment 1 provided first evidence for endogenous
preparation of task order in general and task-order switches
in particular, Experiment 2 further explores the charac-
teristics of this order preparation and the specific factors
which determine the efficiency of this preparation and the
related cognitive components. In the present experiment, we
addressed the question whether a varying working-memory
(WM) capacity may affect the efficiency of endogenous
preparation of task-order switches, and thus whether the
WM component is involved in this switch preparation. This
component is of special interest here because converging
evidence from different research areas suggests that execu-
tive control and WM processes rely on related mechanisms.
That is, many authors assumed that task representations are
maintained in WM during ongoing task processing with one
(Braver et al., 1997; Dreisbach & Haider, 2009; Kane &
Engle, 2003; MacDonald, Cohen, Stenger, & Carter, 2000)
or multiple tasks (Hartley & Little, 1999; Huestegge &
Koch, 2009; Maquestiaux, Hartley, & Bertsch, 2004; Schu-
bert & Strobach, 2018). For instance, we showed that task
information of both component tasks will be activated in
WM at the beginning of a dual-task trial (Schubert & Stro-
bach, 2018). While this activation may be incomplete or
ineffective at the beginning of practice and after separate
practice of component tasks under single-task practice con-
dition, dual-task practice of both component tasks together
enables the activation of task order information in WM. It is
open, however, whether the maintenance of task-order infor-
mation and the preparation of task-order switches are related
with WM capacity.

We varied WM capacity by varying (1) load of a WM
task and (2) complexity of the component tasks that consti-
tute the dual task. To vary the WM load, we presented dual-
task blocks with systematic task order under low and high
WM load conditions, i.e., participants had to maintain one or
four digits across blocks. If WM capacity is involved in the
endogenous preparation (i.e., maintenance, selection, and
implementation) of task orders, we should find an impaired
performance (i.e., increased RTs, error rates, and/or response
reversal rates) in the present systematic-order blocks under
high in contrast to low-WM-load conditions. In addition,
if WM capacity is specifically involved when endogenous
preparation reconfigure a new task order, we should spe-
cifically find an impaired performance in the order-switch
trials under high-WM-load conditions. To investigate the

impact of task complexity, we realized visual and auditory
tasks with sets of two stimulus—response mappings (low
difficulty) and sets of three stimulus-response mappings
(high difficulty); we assume that an increased number of
stimulus—response mappings require increased WM capac-
ity. If endogenous preparation and the reconfiguration of a
new task order (i.e., order-switch trials) is affected by this
complexity manipulation in WM, order-switch costs should
be increased under high- in comparison to the low-complex-
ity conditions. General dual-task performance differences
between high- and low-complexity conditions cannot be
interpreted in the context of endogenous task-order prepa-
ration, since these differences simply reflect complexity dif-
ferences within the dual tasks.

Methods

Stimuli, procedure, and design were identical to the general
methods described above, with the following specifications.
The dual-task test of Experiment 2 included 32 dual-task
blocks with systematic order exclusively; each block had
18 trials. These blocks were realized with an ITI of 700 ms,
and 2 levels of WM load. High WM load included the pres-
entation of 4 digits before the start of the dual-task blocks
and we instructed the maintenance of these digits across the
dual-task blocks, while low load included the presentation
of 1 digit before dual-task blocks and its maintenance across
blocks. The order of high-WM-load blocks (16 blocks) and
low-WM-load blocks (16 blocks) was alternating and half
of the participants started with high-load blocks, while the
other half started with low-load blocks. Under both WM
load conditions, participants reported the maintained infor-
mation (i.e., 4 digits and 1 digit under high- and low-load
conditions, respectively) to the experimenter after the indi-
vidual dual-task blocks. This manipulation of WM load was
realized under 2 conditions of stimulus—response difficulty:
two stimulus—response mappings under the low difficulty
condition and three stimulus-response mappings under the
high difficulty condition (see General methods). Thirty-two
and 32 participants conducted the experiment versions with
low task complexity (23 females, mean age: 22.5 years, age
range: 19-27 years) and high task complexity (22 females,
mean age: 24.0 years, age range: 20-28 years), respectively.

Results

Before analyzing, we excluded those participants with total
error rates of more than 25% across dual-task blocks. As
a consequence, we included 20 and 22 participants in the
experiment versions with two and three stimulus—response
mappings, respectively. Further, to check our WM manip-
ulation, we analyzed the number of correct responses in
the WM task (maximum 16 correct responses) in a mixed
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measures ANOVA with the within-subjects factor WM
LOAD (low load vs. high load) and the between-subjects
factor TASK COMPLEXITY (low complexity vs. high
complexity). TASK COMPLEXITY showed a significant
effect, F(1, 40)=8.256, p< .01, Up2: .17, resulting from
more correct responses under the low-complexity condi-
tion (M =15.9) in comparison to the number of correct
responses under the high-complexity condition (M =15.6).
Importantly, there were significantly more correct responses
with low WM load (M =15.8) in contrast to the number
of these responses with high WM load (M =15.6), F(1,
40)=5.253, p< .05, ij2= .12. The factors did not interact,
F(1,40)=1.870, p=.18. Thus, this analysis provided evi-
dence that the different task complexity levels as well as the
different load levels of our WM task resulted in different
performance levels in this task which is a necessary pre-
condition to investigate its effect on dual-task performance.

RTs (after the exclusion of trials with errors on the choice
decisions within the component tasks and response rever-
sals), error rates, and response reversal rates (after the exclu-
sion of trials with errors on the choice decisions within the
component tasks) were aggregated across visual-auditory
and auditory—visual order trials in dual-task blocks with a
correct response in the WM task. We included the aggre-
gated RT, error, and response reversal data of the trials with
same task order and different task orders across blocks with
low and high WM load. Task 1 (firstly presented task) and
Task 2 (secondly presented task) performance was sepa-
rately analyzed in mixed measures ANOVAs including the
within-subjects factors TRIALTYPE (same order vs. differ-
ent order) and WM LOAD (low load vs. high load) as well
as the between-subjects factor TASK COMPLEXITY (low
complexity vs. high complexity).

RTs (Fig. 4) Analyzing RT1, the main effect of TRIAL-
TYPE was significant, F(1, 40)=47.977, p<.001, yp* = .54,
generally replicating findings of order-switch costs in pre-
vious experiments (e.g., Experiment 1) and studies (e.g.,
Kiibler et al., 2018; Szameitat et al., 2006); same-order tri-
als showed lower RTs (M = 1177 ms) than different-order
trials (M =1276 ms). Further, while WM LOAD showed
no significant effect, F(1, 40) <1, TASK COMPLEXITY
was also significant, F(1, 40)=11.816, p <.001, yp*=.23,
demonstrating faster RTs under conditions of low com-
plexity (M =1091 ms) in comparison to high complexity
(M =1363 ms). The RT1 analysis showed no interaction,
Fs<3.493, ps>.07. Thus, this analysis provided no convinc-
ing evidence that task complexity and WM load hampered
general endogenous preparation of task order in DT as well
as specific endogenous preparation of order switches.

Analyzing RT2 similar to RT1, the main effect
of TRIALTYPE was significant, F(1, 40)=55.651,
p <.001, pp*=.58, consistent with previous experi-
ments (Experiment 1) and studies (e.g., Kiibler et al.,
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2018; Szameitat et al., 2006): same-order trials showed
lower RTs (M =1269 ms) than different-order trials
(M =1381 ms). Furthermore, TASK COMPLEXITY was
also significant, F(1, 40)=11.309, p <.001, 1]p2 =.22,
demonstrating faster RTs under conditions of low com-
plexity (M =1187 ms) in comparison to high complex-
ity (M =1463 ms). Similar to RT1, the present analysis
showed no significant interactions, Fs <3.181, ps > .08.
Thus, there is no substantial evidence that manipulations
of WM capacity (i.e., task complexity and WM load) mod-
ulated endogenous order preparation. The main effect of
WM LOAD was also not significant, F(1, 40) < 1.

Errors (Table 2) The error analysis of the first task was
equivalent to the RT analysis and revealed a main effect
for TASK COMPLEXITY, F(1, 40)=36.032, p<.001,
yp? = .47. Error rates were lower under the low-complex-
ity condition (M =1.6%) than under the high-complexity
condition (M =6.5%). All other main effects, Fs<3.777,
ps> .06, as well as interactions, Fs < 1.109, ps> .30, were
non-significant.



Psychological Research (2021) 85:345-363

355

Table 2 Error rates (in percent) of the first task (Task 1) and the sec-
ond task (Task 2) in Experiment 2 across the groups of participants
with low and high task complexity, in blocks with low and high work-
ing-memory (WM) load as well as in trials with repetitions of task
order (Same) and switches between different task orders (Different)

Task Task complexity ‘WM load Trial type

Same Different

1 Low Low 1.7.(.9) 1.7 (.6)
High 1.9 (.7) 1.2 (0.7)

High Low 7.4(9) 6.1 (.6)

High 6.5 (.7) 5.7(.6)

2 Low Low 34 (1.1) 3.7(8)
High 3.3(.8) 4.7(1.1)

High Low 12.0 (1.0) 11.3(.8)
High 10.5 (.7) 10.6 (1.0)

Brackets represent standard errors of the mean

The error analysis of the second task also revealed a main
effect or TASK COMPLEXITY, F(1, 40)=45.763, p<.001,
yp*=.54; error rates were lower under the low-complexity
condition (M =3.7%) compared to high-complexity condi-
tion (M =11.1%). The remaining factors showed no main
effects, Fs< 1, and did not interact, Fs <3.467, ps>.07.

Response reversal rates (Fig. 5) The analyses of the
response reversal rates revealed main effects for TRI-
ALTYPE, F(1, 40)=10.343, p< .01, yp>*= .21, and WM
LOAD, F(1, 40)=7.708, p<.01, yp*=.16. The response
reversal rates were significantly reduced in same-order trials
(M =4.5%) than in different-order trials (M =6.1%); repli-
cating the findings of Experiment 1. These rates were also
reduced under low-load conditions (M =4.7%) in comparison
to high-load conditions (M =5.9%). However, this impact of
the manipulation of WM capacity on task performance was
limited to only a single condition, F(1, 40)=4.417, p < .05,

yp*=.10. While WM load had an impact under the condition
of high task complexity and same-order trials (p <.01), this
load had no impact under the remaining conditions (high
task complexity—different order, low task complexity—same
order, low task complexity—different order) (ps>.19). Since
the impact of WM load is rather limited in the response
reversal data and this impact is not corroborated by the RT
and error data, we are careful with interpretations about the
impact of WM load and exogenous task-order preparation.
The remaining main effect and factor combinations were not
significant, F's(1, 40)<2.708, ps>.11.

Discussion

The present experiment aimed to further specify the pro-
cessing characteristics of endogenous task-order preparation
and the involvement of WM capacity in this preparation.
Although it cannot be excluded that there was a lack of sta-
tistical power resulting in a beta-error despite the decent
sample size, the present data did not demonstrate a signifi-
cant impact of the present manipulations of WM load on
the general dual-task performance with varying task order
as well as the specific order-switch costs. Further, the task
complexity manipulation revealed no effect on these costs
as well. Thus, these data provided no reliable evidence that
the WM component is involved in the endogenous prepara-
tion of task order. (Note that the only impact of WM load on
dual-task performance emerged under the conditions of high
task complexity and same-order trials and this impact was
limited to the response reversal data, but was not evident in
the RT and error data.)

There are several options to explain these results. First,
although we found an impact of WM load on the perfor-
mance in the WM task and an impact of task complexity on
this task as well as on the dual task, it might still be possible

12 (A) Low task complexity

2 1 —e— High WM load
—o— Low WM load

Response reversal rates (in percent)
(2]

12 (B) High task complexity

10 A

0 : .
same different

Fig.5 Response reversal rates (in percent) in Experiment 2 across the
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of the mean
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that these manipulations were not effective to tap the limits
of the subjects’ WM capacity in a way that affects prepara-
tion of task order. In essence, there might be still capacity
left for an efficient preparation because of an incomplete
exhaustion of available WM capacity across individual
subjects. Assessing individual differences in WM capacity
would, thus, be an idea of investigating the relation between
WM and task-order preparation in future studies. Second,
the present manipulations rather required the maintenance
of information in WM, i.e., the maintenance of one or four
digits as well as the maintenance of two-choice or three-
choice component tasks. However, it might be that at least
the information of the WM task are represented in a com-
ponent that differs from the component related to the pro-
cessing of dual tasks (Baddeley, 2012). While the digits of
the WM task are verbal information, the dual task includes
task information that is convertible into spatial and proce-
dural information. The lacking impact of our manipulation
of the WM task on the dual task in general is consistent with
this assumption. This lacking impact is also consistent with
the assumption that response selection processes within the
component tasks are not only related with domain-general
processes, but also they engage domain-specific WM pro-
cesses (Hazeltine & Wifall, 2011). That is potential interfer-
ence between the WM task and the dual task might not occur
because of the different WM load conditions, but because of
the manual responses in the dual task. However, this latter
task characteristic (i.e., manual responses) is held constant
across the different WM load conditions and we would not
assume varying dual-task performances across these condi-
tions. Future studies could investigate this assumption using
different response modalities between different dual tasks
and consider individual differences as a further factor mod-
erating the relation between WM and dual-task processing.

Third, it might be that endogenous preparation of order
switches and thus, executive control is not related to the
maintenance of WM content, but rather to building and
updating processes on this content (Oberauer, 2009; Stelzel,
Kraft, Brandt, & Schubert, 2008). This assumption is still
consistent with the assumption that endogenous order prepa-
ration is associated with WM. However, this preparation is
rather associated with WM updating processes, than with
maintenance of information in WM. These options require
further investigations in future studies.

Experiment 3

The previous experiments demonstrated, as did Szameitat
et al. (2006), that there is a substantial component of the
order-switch cost that cannot be eliminated by allowing par-
ticipants appropriate time to endogenously prepare for the
task-order switch (e.g., up to 2500 ms in Experiment 1).
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There are three hypotheses concerning this residual com-
ponent of order-switch costs and their predictions for what
should be observed when we extend the sequence of trials
between task-order switches beyond two, as we did in this
Experiment 3.

It could be that the costs of task-order switching arise
because of interference exerted proactively by the residue
of the previous task order. The time costs of switching order
cannot be understood as the reflection of a discrete stage that
must be completed before the start of the next dual-task trial.
Rather, these costs may represent the additional time needed
for the cognitive control to settle to a unique task order (or
first component task) after the trial started. Such a settle-
ment would be equivalent to phenomena in the context of
task switching that show persistent adaptation of cognitive
control over several trials (Alport, Styles, & Hsieh, 1994).
A crucial feature of this residue order activation hypothesis
is that the residue activation responsible for this additional
time might have persistence on the order of several follow-
ing trials. Hence, if we increase the length of the runs in
systematic dual-task blocks, not only the first trial following
a task-order switch, but also a number of trials thereafter,
should still show the effects of this residue activation. As a
consequence, performance should not only be improved in
trials with the first repetition of a task order in contrast to
trials with task-order switches, but there should be further
improvements after the first repetition in following trials,
1.e., order-switch costs decrease with an increase in the num-
ber of order repetitions.

A similar prediction can be derived from dynamic pro-
cesses of optimization that happen on a time scale of indi-
vidual trials. For example, over a series of trials, RTs reduce
steadily until the participant makes an error, lengthens
abruptly on the posterror trial, and then improves steadily
again until another error is made (a phenomenon called post-
error slowing; Dutilh et al., 2012; Rabbitt & Vyas, 1970).
This performance pattern implies a dynamic tracking pro-
cess for staying close to the optimum speed—accuracy trade-
off. It also seems likely that order-specific processing is
adjusted dynamically from trial to trial. This option explains
order-switch costs by assuming that the participant embarks
on each new sequence of trials and it takes a few trials to re-
optimize performance on the basis of trial-by-trial feedback;
such a re-optimization might be one form of endogenous
task-order preparation. Like the hypothesis of residue order
activation, this optimization hypothesis appears to predict
that the order-switch costs should take more than a single
trial with the new order to dissipate.

The completion hypothesis proposes that an endogenous
act of executive control deployed before the onset of the
dual-task stimuli can achieve only part of the process of
task-order reconfiguration. Completion of this reconfigura-
tion is triggered by the presentation of these stimuli and



Psychological Research (2021) 85:345-363

357

their order. In detail, moment-by-moment reorganizations
of processing resources to accomplish different tasks and
different task orders are achieved by the combined and
often sequential operation of anticipatory endogenous and
stimulus-triggered exogenous executive control mechanisms.
Luria and Meiran (2003, 2006) proposed a similar interplay
of top—down mechanisms (such as the endogenous prepa-
ration of task order) and bottom—up mechanisms (such as
the presentation order of the task stimuli). This hypothesis
makes a strong prediction different from that made by either
the residue order activation hypothesis or the optimization
hypothesis. After the stimulus-cued completion of task-order
reconfiguration has been triggered once by dual-task stimuli,
this reconfiguration should not be required again while the
task order remains unchanged. Hence the cost of switching
between orders should not be further reducible after the first
trial with an order repetition. Experiment 3 was a test of
this prediction on order-switch costs. Instead of switching
between different task orders after sequences of only two
trials as in the previous experiments, participants switched
order, still completely predictably, after sequences of four
trials in each order.

Methods

Stimuli, procedure, and design were identical to the gen-
eral methods described above, with the following specifica-
tions. Experiment 3’s dual-task test was performed with 10
dual-task blocks with systematic orders exclusively. Each
block included 36 trials; we selected this increased number
of trials per block to have a sufficient number of trials under
each trial condition (i.e., order switch, first order repetition,
second order repetition, and third order repetition). This is
because, in contrast to the previous experiments, task order
switched every 4 trials, resulting in sequences of 4 trials
with the same task order. I'TI was 700 ms across all blocks.
Twenty participants conducted this experiment (12 females,
mean age: 22.6 years, age range: 19-25 years).

Results

Identical to the previous experiments, we excluded those
participants with total error rates of more than 25% across
the dual-task blocks before analyzing RTs and error rates.
As a consequence, we included the data of 16 participants
in this experiment. Similar to the previous experiments, RTs
(after the exclusion of trials with errors on the choice deci-
sions within the component tasks and response reversals),
error rates, and response reversal rates (after the exclusion
of trials with errors on the choice decisions within the com-
ponent tasks) were aggregated across visual-auditory and
auditory—visual order trials in the dual-task blocks.

We included the RT, error, and reversal data of the trials
with different task order as well as the first, second, and third
repetition of the same task order (same order 1, same order
2, and same order 3, respectively). Task 1 (firstly presented
task) and Task 2 (secondly presented task) performance was
separately analyzed in repeated measures ANOVAs includ-
ing the within-subjects factor TRIALTYPE (different order,
same order 1, same order 2, and same order 3).

RTs (Fig. 6) Analyzing RT1, the main effect of TRIAL-
TYPE was significant, F(3, 42)=21.113, p <.001, yp*= .60,
generally replicating findings of order-switch costs in pre-
vious experiments (Experiment 1 and 2) and studies (e.g.,
Kiibler et al., 2018; Szameitat et al., 2006). That is, different-
order trials showed higher RTs (M =1299 ms) than same-
order trials with the first repetition (M = 1120 ms, p <.001),
with the second repetition (M = 1145 ms, p <.001), and with
the third repetition (M =1179 ms, p <.001). Repetitions of
the same task order did not improve task-order control, since
RTs of the second and third order repetitions were not below
RTs of the first repetition. Instead, RTs of the second rep-
etition and third repetition did not differ (p =.19) as well
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1500 +
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1100 T T : . .
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Fig.6 Reaction times (RTs) in ms in Experiment 3 in trials with
switches between different task orders (diff.), the first repetitions of
the same task order (same 1), the second repetitions of the same task
order (same 2) as well as the third repetitions of the same task order
(same 3). a RT1. b RT2. Error bars represent standard errors of the
mean
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as significantly above (uncorrected ps <.05) the first repeti-
tion’s RTs, respectively. (We will come back to this latter
finding in the discussion.)

Analyzing RT2 similar to RT1, the main effect of TRIAL-
TYPE was significant, F(3, 42)=16.414, p<.001, z]p2 =.54,
consistent with previous experiments (Experiment 1 and
2) and studies (e.g., Kiibler et al., 2018; Szameitat et al.,
2006). In detail, different-order trials showed higher RTs
(M =1414 ms) than same-order trials with the first rep-
etition (M =1245 ms, p <.001), with the second repeti-
tion (M =1273 ms, p<.001), and with the third repetition
(M=1301 ms, p<.001). Similar to the conclusions on RT1,
repetitions of the same task order did not improve task-order
control, since RTs of the second and third order repetitions
were not below RTs of the first repetition. Instead, RTs of the
second repetition and third repetition did not differ (p =.17)
as well as significantly above (uncorrected ps <.05) the first
repetition’s RTs, respectively.

Errors (Table 3) The error analysis of the first task was
equivalent to the RT analyses and revealed a main effect
for TRIALTYPE, F(3, 42)=12.780, p <.001, pp* = .47.
In detail, different-order trials showed higher error rates
(M =14.2%) than same-order trials with the first repetition
(M=17.2%, p<.01), with the second repetition (M =4.7%,
p <.01), and with the third repetition (M =10.9%, p <.05).
Consistent with the RTs, repetitions of the same task order
did not improve task-order control consistently, since error
rates of at least the third order repetitions were not below
these rates of the first and the second repetitions. Instead,
error rates of the third repetitions were significantly above
the error rates of the first and the second repetitions (uncor-
rected ps <.05).

The error analysis of the second task revealed a main
effect for TRIALTYPE, F(3, 42)=9.244, p <.001, yp* = .40;
different-order trials showed higher error rates (M =15.6%)
than same-order trials with the first repetition (M =8.9%,
p <.01), with the second repetition (M=8.7%, p<.01), and
with the third repetition (M =12.2%, p <.05). Similar to the
previous analyses, repetitions of the same task order did
not improve task-order control, since error rates of the third

Table 3 Error rates (in percent) of the first task (Task 1) and the sec-
ond task (Task 2) in Experiment 3 in trials with switches between
different task orders (different), the first repetitions of the same task
order (Same 1), the second repetitions of the same task order (Same
2) as well as the third repetitions of the same task order (Same 3)

Task Trial type

Different Same 1 Same 2 Same 3
1 14.2 (3.0) 7.2 (1.7) 4.7 (1.3) 10.9 (2.2)
2 15.6 (3.2) 8.9 (2.2) 8.7 (1.6) 122 (2.4)

Brackets represent standard errors of the mean
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order repetition were not below these rates of the first and
the second repetitions. Instead, error rates of the first and
second repetitions did not differ (p =.85) and significantly
below (uncorrected ps <.05) the third repetition’s error rates.

Response reversal rates (Fig. 7) The analyses of the
response reversal rates revealed a main effect for TRIAL-
TYPE, F(3,42)=11.858, p<.001, )]p2= .46. The response
reversal rates were significantly increased in different-
order trials compared to all conditions of order-swetitions
(ps <.05). Similar to the previous analyses, repetitions of
the same task order did not improve task-order control,
since response reversal rates of the third order repetition
were not below these rates of the first and the second repeti-
tions. Instead, response reversal rates of the first and second
repetitions did not differ (p =.50) and significantly below
(ps <.05) the third repetition’s rates.

Discussion

The present experiment tested the predictions of the residue
order activation hypothesis, the optimization hypothesis,
and the completion hypothesis. In essence, our results are
largely consistent with the assumptions of the latter hypoth-
esis: the cost of switching between orders was not further
reduced after the first trial with an order repetition. Thus,
after the stimulus-cued completion of task-order reconfigu-
ration has been triggered once by the dual-task stimuli, this
reconfiguration appears not to be required again while the
task order remains unchanged. However, it has to be noted at
this point that the present data do not fully rule out the resi-
due order activation and the optimization hypothesis, since a
further reduction of RTs over task-order repetitions might be

12

10

Response reversal rates (in percent)
»

0 : : : :
diff. same1 same2 same3

Fig.7 Response reversal rates (in percent) in Experiment 3 in trials
with switches between different task orders (diff.), the first repetitions
of the same task order (same 1), the second repetitions of the same
task order (same 2) as well as the third repetitions of the same task
order (same 3). Error bars represent standard errors of the mean
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masked by anticipatory task-order preparation on the third
order repetition and this interpretation is partly based on a
non-significant difference between trials with a first and a
second order repetition.

However, is there evidence for endogenous preparation
of task order at all in this set of data? We assume that the
increase of RTs, error rates, and response reversal rates from
the first to the last repetition of the same task-order and thus
within-sequence slowing reflects components of order prep-
aration that are not exogenously stimulus triggered. If there
is exogenous preparation exclusively, we would not expect
such a RT slowing and error rate increase. Instead, there
are two not mutual exclusive explanations consistent with
endogenous task-order preparation. First, it might be that
participants expect the end of the current sequence of the
same task order and prepare the switch to another order. This
preparation initiates the upcoming alternative, but currently
irrelevant task order, leading to impairment during progres-
sive sequence positions. Alternatively, it might be that RT
slowing and error rate increase reflect a further demand of
endogenous task-order preparation under the systematic-
order condition. Namely, participants need to monitor task
progression and keep the task sequence in mind (i.e., basi-
cally count trials) to know when an order switch will occur;
this counting is a consequence of not having an explicit
cue in the present experiment. However, at the end of the
sequences, participants might have lost track when count-
ing and endogenous preparation is less reliable. In the con-
text of both explanations, however, endogenous preparation
actually impairs dual-task performance. However, since this
impairment is not foreshadowed by the dual-task stimuli, we
interpret this data pattern as evidence for the endogenous
preparation component and this component is responsible
for within-sequence slowing.

These interpretations are also rather inconsistent with an
alternative interpretation of the findings in Experiment 1.
In this experiment, we interpreted the reduction of order-
switch costs with prolonged ITIs and predictable switches
in the error rates and response reversals as evidence for the
existence of endogenous task-order preparation. However,
it could also be that the activation of task-order information
merely decays with prolonged ITIs, leading to the reduction
of task-order switch costs. In such a case, we would expect
a performance improvement with an increase in repetitions
of the same task order in the present experiment. Weak evi-
dence against the decay explanation as an alternative expla-
nation to endogenous task-order preparation comes, how-
ever, from the constant performance between the first and
the second task-order repetition and generally the lacking
improvements of performance across repetitions of the same
task order in Experiment 3. In fact, there is rather a perfor-
mance impairment since the last appearance of an alterna-
tive order; this impairment could be based on anticipatory

preparation effects especially since it was predictable for the
participants when the next task-order switch was coming.
Thus, since we did not observe a performance improvement,
the present data are inconsistent with this decay alternative
in Experiment 1.

General discussion

The aim of the present study was to provide evidence for
internally driven endogenous control and preparation of
dual-task orders that regulate the access to a bottleneck stage.
To operationalize endogenous preparation, we presented
dual-task blocks with varying task orders and informed par-
ticipants in advance about repetitions of the same task order
(i.e., task-order repetitions) as well as switches between dif-
ferent task orders (i.e., task-order switches); thus task-order
repetitions and switches were predictable. Experiment 1
demonstrated that task-order information and an increased
preparation time generally increases the efficiency for
endogenous task-order control and improves preparation
for task-order switches. This finding is basically consistent
with the assumption of the existence of endogenous control
processes. Experiment 2, however, did not provide conclu-
sive evidence that this endogenous control is related with
WM maintenance mechanisms. Experiment 3 showed that
endogenous control does not only fully complete task-order
preparation but also requires exogenous, stimulus-driven
components.

Relations between the present and previous
findings in the dual-task literature

Consistent with numerous studies in the dual-task literature
applying variations of the PRP dual-task type is that there
is control of dual tasks with different task orders and thus
control of the access to a potential bottleneck stage (e.g.,
Hendrich et al., 2012; Hirsch et al., 2017; Ruiz Fernandez
et al., 2011; Sigman & Dehaene, 2006; Strobach et al., 2018;
Szameitat et al., 2006; Tollner et al., 2012). However, some
of these studies assumed that bottleneck processing is simply
recruited by the stimuli on an exogenous first-come-first-
served basis, so that the order in which the tasks are handled
is determined by which of the two task stimuli arrives at the
bottleneck first (e.g., Hendrich et al., 2012; Kiibler et al.,
2018; Leonhard et al., 2011; Ruiz Fernandez et al., 2011;
Sigman & Dehaene, 2006; Strobach et al., 2018). Alternative
to this exogenous model, the endogenous model assumes
that executive control processes actively coordinate and pre-
pare access to the bottleneck and thus task order. However,
previous studies testing this model applied cues indicating
the first task and, thus, task order (de Jong, 1995; Luria &
Meiran, 2003); in the introduction, we discussed potential
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issues with this method investigating the endogenous model.
Therefore, we provided information about the sequence of
task order over successive trials and made task order pre-
dictable. Consistent with the previous findings, the present
findings supported the assumption of endogenous task-order
control and preparation when applying this new experimen-
tal method (i.e., provide information about task order before
the start of the experimental blocks).

As a consequence, we assume that bottleneck processing
models require not only assumptions about the characteris-
tics of processing stages within the component tasks (e.g.,
bottlenecks at response selection stages), but also assump-
tions about executive control processing during dual-task
processing (e.g., Szameitat et al., 2006). For instance,
Szameitat, Schubert, and colleagues (Szameitat et al., 2006;
Szameitat, Schubert, Miiller, & von Cramon, 2002) sug-
gested that the flow of information from perceptual chan-
nels into a central response selection processor is controlled
by an endogenous gating mechanism, regulating the order
in which the perceptual information of the two tasks is fur-
ther handled in the putative central processor. According to
the endogenous model, the order of processing is explicitly
controlled by this gating mechanism by initially allocating
the central channel to the task to be performed first (and
re-allocating it to the other task after the first task is done
with it). Furthermore, endogenous task-order preparation
might require monitoring the task progression to keep the
task sequence in mind to know when an order switch will
occur (see discussion of Experiment 3) and this preparation
might be realized by information activating higher-level task
representations that includes information about task order
(Hirsch et al., 2017; Hirsch, Nolden, Philipp, & Koch, 2018;
Lien & Ruthruff, 2004). However, the present experimental
design does not allow specifying whether this higher-level
task representation includes the relevant task-order infor-
mation exclusively (Hiibner, Futterer, & Steinhauser, 2001)
or include the relevant task-order information plus specific
information about the component tasks (Philipp & Koch,
2010). Future studies are required to differentiate between
these two possibilities. Such study should also characterize
the nature of the capacity limitation in situation with the
potential for endogenous task-order preparation. So far, we
mainly discussed this issue from the perspective of central
bottleneck theories and structural bottlenecks (Pashler, 1994;
Sigman & Dehaene, 2006). However, when focussing on
resource sharing models, endogenous task-order preparation
might not define a particular task order, but this prepara-
tion regulates the amount of limited processing capacity
distributed between simultaneous component tasks based
on demands of the present dual task with different orders
(Miller et al., 2009).

The findings of the present Experiment 2 provided no
convincing evidence that the task-order preparation involves
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the same WM component that is involved in the maintenance
of digits and is not modulated by the number of relevant
stimulus—response mappings. In the discussion of Experi-
ment 2, we discussed numerous options that might explain
the lack of evidence for the relation between WM capacity
and task-order preparation. This lacking evidence is incon-
sistent with assumptions of other dual-task practice studies.
These studies assumed that the practice-related acquisition
of task coordination skills leads to an improved task control
and this control is at least partially associated with the work-
ing-memory component (Stelzel et al., 2008). For instance,
dual-task control is improved with practice because of an
efficient and conjoint instantiation of relevant information
of two component tasks in working memory at the onset
of a dual-task trial (Maquestiaux et al., 2004; Schubert &
Strobach, 2018; Strobach, Salminen, Karbach, & Schubert,
2014). The present study, however, provided no evidence
for an involvement of the working-memory component in
predictable task-order control.

Relations between the present dual-task findings
and previous findings in the task-switching
literature

As foreshadowed in the introduction, endogenous task con-
trol was investigated not only in the context of dual tasks,
but also in the task-switching literature. For instance, in the
task-cuing procedure, the two tasks are presented in random
order and participants are informed about the identity of the
upcoming task by a cue that precedes the presentation of the
target stimulus (Meiran, 1996) and switching between tasks
incurs task-switch costs. Because participants are informed
about the identity of the upcoming task by the task cue, a
manipulation of the length of the cue-target interval (CTI)
produces different amounts of processing times for task-
specific preparation. Performance usually benefits from an
increase of the CTI more so on task-switch trials in com-
parison to repetition trials, resulting in a reduction of the
switch costs (Meiran, 1996). This reduction at long CTIs
in contrast to short CTIs has been referred to as the Reduc-
tion In Switch Cost (RISC) effect (Liefooghe, Demanet, &
Vandierendonck, 2009). The RISC effect in the task-cuing
procedure has been accounted for more effective endogenous
task preparation in task-switch trials, suggesting some form
of advanced task-set reconfiguration during CTIs. Such an
advanced reconfiguration is not necessary in task-repetition
trials, reducing the impact of CTIs on task repetition perfor-
mance (Kiesel et al., 2010; Rogers & Monsell, 1995). One
option to explain this effect is to assume improved prepara-
tory attentional weighting of perceptual dimensions (i.e.,
biasing processing towards the target stimulus dimension
of the upcoming task; Lien, Ruthruff, & Johnston, 2010;
Meiran, 2000; Miiller, Reimann, & Krummenacher, 2003)
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with longer CTTs and task switches. With respect to the pre-
sent study, both the dual-task and the task-switching litera-
ture discuss endogenous task-control processes (Monsell &
Mizon, 2006) (however, see Logan, Schneider, & Bundesen,
2007).

The findings of the present Experiment 3 showed that
endogenous task-order control does not only fully complete
task-order preparation but also requires exogenous, stimu-
lus-driven components. On some level, this conclusion is
consistent with explanations of the phenomenon of residual
task-switching costs in the task-switching literature. Task-
switching costs remain even after the preparation time has
been extended to multiples of the switch cost itself (e.g.,
5 s), suggesting that there are sources of persisting inter-
ference that cannot be overcome by advance preparation
for a task switch (e.g., Monsell, 2003). The residual task-
switching costs seem to imply that there are structural limits
of task-switching preparation (de Jong, 2000). Two-stage
models of reconfiguration proposed that a first stage includ-
ing “advance reconfiguration” (Rogers & Monsell, 1995) or
“goal shifting” (Rubinstein et al., 2001) can be completed
prior to target onset and thus represents cognitive flexibility.
At a second stage “stimulus-cued completion” or “rule acti-
vation” can occur only when being triggered by the actual
task stimulus and thus represents a structural limitation for
final task readiness. This assumption of a structural limita-
tion is consistent with assumptions of a structural limitation
to prepare predictable task orders in the present Experiment
3.

In sum, the present findings are basically consistent with
the assumption of the existence of endogenous control pro-
cesses. These processes are, however, not related with work-
ing-memory maintenance mechanisms. Further, endogenous
control does not only fully complete task-order preparation
but also requires exogenous, stimulus-driven components.
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