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Abstract Dual tasks (DTs) are characterized by the
requirement for additional mechanisms that coordinate the
processing order of two temporally overlapping tasks.
These mechanisms are indicated by two types of costs that
occur when comparing DT blocks with fixed and random
orders of the component tasks. On a block level, task-order
control costs are reflected in increased reaction times (RTs)
in random-order compared to fixed-order blocks, indicating
global, monitoring-based, coordination mechanisms. On a
trial level, within random-order blocks, order-switch costs
are indicated by increased RTs on order switch compared
to order repetition trials, reflecting memory-based mecha-
nisms that guide task-order in DTs. To test the nature of
these mechanisms in two experiments, participants per-
formed DTs in fixed- and random-order blocks. In random-
order blocks, participants were either instructed to respond
to both tasks according to the order of task presentation
(sequential-order instruction) or instructed to freely decide
in which order to perform both tasks (free-order instruc-
tion). As a result of both experiments, we demonstrated
that task-order control costs were reduced under the free-
order compared to the sequential-order instruction, whereas
order-switch costs were not affected by our instruction
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manipulation. This pattern of results suggests that the task-
order control costs reflect global processes of task-order
regulation such as engaging monitoring processes that are
sensitive to changes in order instructions, while order-
switch costs reflect rather local memory-based mechanisms
that occur irrespective of any effort to coordinate task-
order.

Introduction

Human performance is usually impaired in situations in
which multiple tasks are performed simultaneously com-
pared to situations in which the same tasks are performed
separately. This can be shown in the dual-task (DT) para-
digm, in which two choice reaction time tasks are per-
formed simultaneously. In this paradigm, DT costs occur,
which are reflected in slower reaction times (RTs) and/or
increased error rates relative to single-task situations. DT
costs are often explained by the assumption of a central
capacity limitation (i.e., a bottleneck) at the response
selection stage that requires the serial processing of both
tasks (Pashler, 1994; Schubert, 1999, 2008). In previous
years, research has addressed various questions regarding
this bottleneck, for example, whether it is structural
(Pashler, 1994) or strategic (Meyer & Kieras, 1997) in
nature. However, irrespective of this and similar debates,
until now, it still remains unknown how the processing
order of two tasks is regulated at the central bottleneck
stage. The aim of the current study is to investigate the
mechanisms enabling humans to schedule the processing of
two temporally overlapping tasks, and how these mecha-
nisms are affected by different environmental demands
such as task instructions.
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Classical bottleneck models (Pashler, 1994) assume a
rather passive scheduling mechanism that allocates the
bottleneck to both tasks according to their arrival time at
the bottleneck stage. However, many studies suggest that
bottleneck processing does not necessarily result from a
passive first-come-first-served scheduling. Instead, DT
situations require additional mechanisms that regulate and
guide the processing order of two tasks that compete for
access to a capacity-limited or serially operating bottleneck
(DeJong, 1995; Logan & Gordon, 2001; Luria & Meiran,
2003, 2006; Schubert, 1999, 2008; Sigman & Dehaene,
2006; Szameitat, Schubert, Miiller, & von Cramon, 2002;
Szameitat, Lepsien, von Cramon, Sterr, & Schubert, 2006).

Evidence for these mechanisms in DT situations comes
from studies comparing DT performance in blocks with
constant order and blocks with random order of both tasks
(DelJong, 1995; Strobach, Soutschek, Antonenko, Floel, &
Schubert, 2015; Stelzel, Kraft, Brandt, & Schubert, 2008;
Szameitat et al., 2002): in the study of Szameitat and
colleagues, participants performed a DT consisting of an
auditory and a visual choice reaction time task. DT trials
were presented in two types of blocks: in fixed-order
blocks, both stimuli were presented with a constant order
throughout the whole block, i.e., either the visual stimulus
as the first stimulus, or the auditory stimulus as the first
stimulus. In random-order blocks, on the contrary, the
presentation order of both stimuli varied randomly from
trial to trial and unbeknownst to participants. Most
importantly, participants were instructed to respond to both
stimuli according to the order of their presentation. When
comparing DT performance in these two kinds of blocks,
task-order control costs arise, which are indicated by
increased RTs and error rates for the tasks in random-order
compared to fixed-order blocks. According to the authors,
the increase in RTs reflects additional control processes
that are required to coordinate the processing order of both
tasks in random-order blocks but that are not required (or
required to a lesser degree) in fixed-order blocks. Further
evidence for these control processes comes from data of
functional magnetic resonance imaging. These data
revealed increased activation during random-order com-
pared to fixed-order blocks in the lateral prefrontal cortex,
a brain region reliably shown to be involved in cognitive
control processes (Szameitat et al., 2002; see also Stelzel
et al., 2008).

Moreover, evidence for mechanisms that guide the
processing order in DTs comes from a similar line of
research that investigated these mechanisms on a more
fine-grained trial-by-trial level (DeJong, 1995; Luria &
Meiran, 2003, 2006; Szameitat et al., 2006). In the study of
Szameitat et al. (2006), participants performed a DT con-
sisting of an auditory and a visual task in random-order
blocks. Within these random-order blocks, the authors

distinguished between two trial types: on same-order trials,
response order was the same compared to the previous trial,
e.g., on both trials, the visual task was responded to first
and the auditory task second. On different-order trials, on
the contrary, response order was reversed relative to the
preceding trial, e.g., on the previous trial, the visual task
was responded to first and the auditory task second, but on
the next trial, the auditory task was responded to first and
the visual task second. When comparing DT performance
on both trial types, order-switch costs arise, which are
indicated by slower RTs in different-order compared to
same-order trials. In addition to blockwise task-order
control costs, the occurrence of these trialwise costs pro-
vides sufficient evidence for control mechanisms that reg-
ulate and guide the processing order in DTs.

Although both task-order control and order-switch costs
have been shown to be reliable phenomena (see also Stelzel
et al., 2008; Strobach et al., 2015; Szameitat et al.,
2002, 2006), the specific mechanisms underlying these two
types of costs are still a matter of debate. Several studies
have shown that performance parameters differ between
task-order control costs and order-switch costs (Luria &
Meiran, 2003) and that non-invasive stimulation protocols
have differential impacts on these costs (Strobach et al.,
2015). Hence, it is tempting to assume that both cost types
reflect distinct mechanisms regulating and guiding the
processing order of two tasks in DTs.

In more detail, recent studies proposed that order-switch
costs may reflect memory-based mechanisms of task-order
regulation. According to Schubert (2008; see also Hirsch,
Nolden & Koch, 2017), the processing order of two tasks
on a current trial can be prepared in advance based on the
processing order on the previous trial: after the execution
of a DT trial, information about task order is stored in
episodic memory. This episodic order trace remains active
over time and influences the DT performance on the sub-
sequent trial. On same-order trials, this results in a per-
formance benefit as the order trace primes the processing
order of the previous trial. This is similar to single-task
situations, in which automatic priming between repeating
stimuli and/or responses in sequential task trials has been
shown to have tremendous effects on response times in a
number of studies (Hommel, 2004). On different-order
trials, the activation of the order trace has to be overcome
and the alternative processing order has to be initiated to
switch the processing order, which causes additional pro-
cessing costs. Thus, order-switch costs seem to reflect
priming-related and transient memory-based mechanisms
of task-order guidance that arise on a trial-by-trial level.

Unlike order-switch cost, task-order control costs seem
to reflect rather global monitoring-based mechanisms of
task-order regulation (Stelzel et al., 2008; Strobach et al.,
2015). In fixed-order blocks, in which the two component

@ Springer



42

Psychological Research (2018) 82:40-53

tasks are presented with constant stimulus order, the
demands on such monitoring-based mechanisms are
reduced as participants can use the same task scheduling
strategy throughout the entire block. In random-order
blocks, however, the order of stimuli varies permanently.
Since participants are asked to respond to the stimuli in the
order of occurrence, they have to monitor the order of
stimuli and permanently adjust the task processing order;
this results in additional task-order control costs in random-
order compared to fixed-order blocks. Preliminary evi-
dence for the assumption that these costs reflect monitor-
ing-based processes comes from a study showing that task
instructions modulate DT performance (DeJong, 1995; see
also Hendrich, Strobach, Miiller, & Schubert, 2017 sub-
mitted). In this study, DeJong (1995, Experiment 2) pre-
sented DT trials in random-order blocks and tested two
groups with different task instructions requiring different
degrees of task-order monitoring: one group received a
sequential-order instruction requiring participants to
respond to both stimuli according to the order of their
presentation. Thus, this group had to monitor and to adjust
the processing order to a normative (pre-instructed) task-
order specified by the stimulus sequence. The other group
received a free-order instruction and could freely decide
which task to perform first and which task second. The
results showed that RTs for both tasks were faster in the
free- compared to the sequential-order instruction group.
Further, DeJong also analyzed the number of task-order
reversal trials. In these trials, participants respond to the
tasks in a reversed order relative to the order of stimulus
presentation, e.g. if the visual stimulus is presented first and
the auditory stimulus second, the response for the auditory
task is given first and the response for the visual task
second. When comparing both groups, the sequential-order
instruction group produced less task-order reversals than
the free-order instruction group.

According to DeJong (1995), these results indicate
increased demands on global monitoring-based mecha-
nisms of task-order regulation in the sequential-order
group. The participants of this group have to monitor the
sequence of stimuli, decide about the appropriate task-
order corresponding to the perceived stimulus sequence,
and adjust their processing order accordingly. This
adjustment and the corresponding decrease in task-order
reversals come, however, at the cost of increased RTs. In
the free-order instruction group, in contrast, performance
can be accomplished with less reliance to the stimulus
order and with more reliance on an internally chosen order,
which results in decreased RTs and increased task-order
reversal rates relative to the sequential-order group.

The findings by DeJong (1995) give first evidence for
the fact that instructions modulate task-order regulation
processes in general. However, due to methodological
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issues, it is hard to draw clear conclusions about the
specific effects of instructions on task-order control and
order-switch costs, as well as their underlying mechanisms.
First, DeJong only assessed DT performance on random-
order blocks and did not include fixed-order blocks in his
design. The latter would have been necessary to test the
effect of instructions on task-order control costs, i.e., RT
differences between fixed- and random-order blocks. Sec-
ond, within the random-order blocks, the author did not
distinguish between same-order and different-order trials,
which makes it impossible to evaluate the impact of
instructions on order-switch costs. The aim of this study
was to disentangle the effect of instructions on task-order
control and order-switch costs and their underlying
mechanisms.

Rationale of the study

To dissociate the effects of instructions on monitoring- and
memory-based mechanisms that are employed during DTs,
we administered an instruction manipulation similar to the
one used by DeJong (1995) and applied the following
design logic (for a similar approach for task switching, see
Rubin & Meiran, 2005): if an instruction manipulation
affects monitoring-based mechanisms of task-order regu-
lation, it should influence performance in random-order
blocks compared to fixed-order blocks, i.e., the task-order
control costs. In contrast, if the same manipulation has an
impact on memory-based mechanisms of task-order guid-
ance, the instruction would affect order-switch costs, i.e.,
the RT difference between same- and different-order trials.

In two experiments, participants performed a DT in
fixed- and random-order blocks. In random-order blocks,
participants received either a free-order or a sequential-
order instruction. Under the free-order instruction, partici-
pants could respond to both tasks in the order they pre-
ferred, which should reduce the demands on monitoring-
based mechanisms as there was neither a need to keep track
of the stimulus order nor to match the processing order
(like under the sequential-order instruction). We expected
task-order reversal rates to increase under the free-order
compared to the sequential-order instruction, as partici-
pants could base the processing order of both tasks on their
free-order choice and not according to the normative
stimulus order. In addition, we expected task-order control
costs to decrease under the free-order compared to the
sequential-order instruction due to decreased demands on
monitoring-based mechanisms. Note that this hypothesis is
in line with evidence from research on voluntary task
switching, which showed faster RTs for situations with free
task choice compared to situations with cued task choice
(e.g., Mayr & Bell, 2006; but see Arrington & Logan,
2005).
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Unlike task-order control costs, order-switch costs
reflect mechanisms that guide the processing order by pre-
activating an episodic memory trace containing the pro-
cessing order of the tasks in the previous trial. These
mechanisms should occur irrespective of any active effort
to regulate the processing order according to instructions if
they are based on a rather automatic activation of the
processing order’s memory trace from the previous trial.
Several authors (Hommel, 2004; Mayr, 2002) showed that
the repetition of certain task components between
sequential trials can influence task performance indepen-
dently of the operation of effortful control processes.
Consequently, order-switch costs based on automatic pre-
activation of the task order from a previous trial should be
unaffected by an instruction manipulation requiring the
adjustment of performance according to a normative task-
order. Alternatively, it could be that in DT situations, task
instructions affect priming-based mechanisms of response-
order regulation, because some studies have shown that
top—down control can interact with trial-based priming
effects in task-switching situations (Dreisbach & Haider,
2006; Koch & Allport, 2006).

Experiment 1

In Experiment 1, the goal was to disentangle the effect of
order instructions on monitoring- and memory-based
mechanisms regulating and guiding task order in DTs. For
that purpose, two groups of participants performed a DT in
fixed- and random-order blocks under two different task-
order instructions. One group was instructed to respond to
both tasks according to stimulus order (sequential-order
instruction) and the other group was instructed to freely
decide about their response order (free-order instruction).
We compared task-order control and order-switch costs
under both instructions and hypothesized that task-order
control cost should be reduced under the free-order com-
pared to the sequential-order instruction.

Materials and methods
Participants

Fifty participants (40 female) took part in the experiment.
Participants were randomly allocated to one of the two
instruction groups. Half of the participants received the
sequential-order and the remaining half the free-order
instruction in random-order blocks. Mean age was
25.07 years (SD = 4.22 years). All participants reported
normal or corrected-to-normal vision and hearing and
received either course credit or payment (8 Euros/h) for

their participation. Informed consent was obtained from all
participants.

Apparatus and stimuli

The experiment was programmed in Presentation (Version
18.0 12.05.14) and run on a Dell Optiplex 760. Visual
stimuli were presented on a 24 inch LCD monitor at a
resolution of 1920 x 1080 pixels with a refresh rate of
144 Hz at a viewing distance of 80 cm. For the visual task,
one of three white colored squares differing in size was
presented centrally on a black background for 200 ms: a
small square (1.8° x 1.8°), a medium-sized square
(2.36° x 2.36°), or a large square (3.54° x 3.54°). Par-
ticipants responded by pressing the “,”, “.”, and “-”-key
on a QWERTZ keyboard with their right index, middle,
and ring finger, respectively. Auditory stimuli were pre-
sented for 200 ms and consisted of three sine-wave tones
with frequencies of 200, 650, and 1100 Hz. Participants
were instructed to respond by pressing the “y”, “x”, and
“c”-key with their left ring, middle, and index finger,
respectively.

Design and procedure

The trial structure is shown in Fig. 1. Each trial began with
the presentation of a fixation cross for 750 ms that was
followed by a blank screen for 250 ms. Subsequently, both
stimuli were presented sequentially for 200 ms each and
separated by a constant SOA of 200 ms. After presentation
of the stimuli, the screen was cleared for a response period
of maximum 2850 ms, which was followed by an intertrial
interval (ITI) of 750 ms. Error feedback was given for
omitted responses as well as incorrect stimulus discrimi-
nation and consisted of the German words ‘ZU LANG-
SAM’ (too slow) or ‘FALSCH’ (incorrect), respectively.
The feedback was presented centrally for 500 ms during
the ITI.

DT trials were presented in fixed-order and random-
order blocks. In fixed-order blocks, the order of stimulus
presentation remained constant throughout the whole block
(either blocks with the visual stimulus first or blocks with
the auditory stimulus first). In random-order blocks, the
stimulus order varied randomly from trial to trial with the
visual task occurring first in half of all trials. In addition,
we controlled for the occurrence of 50% trials with repe-
titions and switches of stimulus order relative to the pre-
vious trial.

Task instruction was manipulated on a group level: in
random-order blocks, half of the participants received the
free-order instruction, and the other half received the
sequential-order instruction. In the sequential-order group,
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fixation 750 ms
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order group

blank display 250 ms .
sequential-

tone 200 ms order group

square 200 ms C

response session 1

ITI 750 ms
session 2

Fig. 1 Trial and block design for both experiments. a Time course
for an exemplary DT trial in which the tone was presented first is
shown on the left. b Block sequence for Experiment 1: on random-
order blocks, the free-order group and the sequential-order group
received the free-order and sequential-order instructions, respectively.
After finishing the random-order blocks, participants of both groups
performed fixed-order blocks with the sequential-order instruction.
¢ Block and session sequence for Experiment 2: on session 1,
participants first performed random-order DT blocks with a free-order

participants were instructed to respond “on each trial as
fast and accurately as possible to both stimuli in the same
order in which they were presented”. In the free-order
group, participants were instructed to respond “on each
trial as fast and accurately as possible to both stimuli and to
freely decide which task to perform first”. The free-order
group was additionally instructed not to use a systematic
response pattern, e.g., always reacting to the same task first
or constantly alternating response orders between trials
(DeJong, 1995). Note that this additional requirement
might have increased processing demands during random-
order blocks with the free-order instruction as participants
have to exert top—down control to prevent systematic bia-
ses in their order choice. However, this additional
instruction was necessary, as it prevents the most likely
strategy, namely, to stay with a fixed response order, and,
thus, guarantees a comparable amount of same- and dif-
ferent-order trials (for a similar approach in voluntary task
switching, see Arrington & Logan, 2005).

In fixed-order blocks, all participants received the
sequential-order instruction. This was necessary, as task-
order control costs reflect additional processes that are
required in DT blocks with variable task-order compared to
DT blocks with fixed task-order. Thus, applying the
sequential-order instruction in fixed-order blocks for both
groups guaranteed a constant task-order in these blocks and
allowed investigating whether additional processing
demands in random-order compared to fixed-order blocks
are modulated by different instructions.

At the beginning, participants completed four practice
blocks: two single-task blocks with 12 trials and two ran-
dom-order DT blocks with 18 trials each. The main exper-
iment consisted of two parts: in the first part, participants
performed six random-order blocks consisting of 72 trials
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fixed-order blocks with
sequential-order instruction

random-order blocks with
free-order instruction

random-order blocks with
sequential-order instruction

fixed-order blocks with
sequential-order instruction

fixed-order blocks with
sequential-order instruction

random-order blocks with
free-order instruction

fixed-order blocks with
sequential-order instruction

yoked random-order blocks
with sequential-order instruction

instruction that were followed by fixed-order blocks with the
sequential-order instruction. On session 2, participants first performed
yoked random-order DT blocks with a sequential-order instruction,
which were followed by fixed-order blocks with the same instruction.
ITI intertrial interval, white and light grey boxes indicate random-
order and fixed-order blocks, respectively, grey and black frames
indicate blocks with the free- and the sequential-order instruction,
respectively

each. These trials resulted from all possible combinations of
visual stimuli (small, medium, and large square), auditory
stimuli (200, 650, and 1100 Hz), order of stimuli on the
present (auditory stimulus first and visual stimulus first), and
the previous trial (repetition of stimulus order and switch of
stimulus order). In the second part, after random-order
blocks, DTs were presented in four fixed-order blocks under
the sequential-order instruction for both groups with 72
trials each. In half of the fixed-order blocks, the auditory
stimulus was presented first; in the other half, the visual
stimulus was presented first. Random-order blocks were
always administered before fixed-order blocks to avoid
biasing participants’ order choices in random-order blocks
under the free-order instruction based on a previous fixed
response order and its instruction in fixed-order blocks.

Results

Participants’ RTs for the first task (task 1, RT1) and the
second task (task 2, RT2) and task-order reversals, i.e., trials
on which participants gave their responses in a reversed
order relative to the order of stimuli, were used as dependent
variables. For RT analyses, trials with RTs longer or shorter
than £2.0 standard deviations for each participant and
condition as well as trials with incorrect or omitted
responses were excluded (m = 11.69%). In addition, for
fixed- and random-order blocks with the sequential-order
instruction, trials with task-order reversals (m = 8.05%)
were excluded from RT analyses, as participants were
instructed to match their response order to the order of
stimuli. We investigated RTs with two main analyses. First,
to analyze task-order control costs, RTs from fixed- and
random-order blocks were compared between both groups.
In a second analysis, the effect of the instruction
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manipulation on order-switch costs was investigated by
analyzing RTs from same- and different-order trials. Mean
RTs for block and trial types were pooled across trials with
the auditory and the visual stimulus presented first. Analyses
of variances (ANOV As) and post-hoc 7 tests were calculated
using a significance threshold of 5%.

Task-order reversals

Under the free-order instruction, participants responded to
the auditory stimulus first on 50.29% of the trials in random-
order blocks, which indicates no strategic preference for one
of the two potential response orders. Task-order reversals
were analyzed to test whether participants followed the given
instruction. According to DeJong (1995), larger amounts of
task-order reversals should occur in the free-order compared
to the sequential-order instruction group in random-order
blocks. The percentages of task-order reversals are illus-
trated in Fig. 2 and were analyzed using an ANOVA with the
within-subjects factor block type (fixed-order block, ran-
dom-order block) and the between-subjects factor instruc-
tion group (sequential-order group and free-order group).
This analysis revealed a main effect of the factor block type,
F(1, 48) = 137.39, p < .001, > = .74, showing that par-
ticipants committed more task-order reversals in random-
order [mean (m) = 20.06%] than in fixed-order blocks
(m = 3.30%). Furthermore, the free-order group produced
more task-order reversals (m = 20.22%) than the sequen-
tial-order group (m = 6.55%), F(1,48) = 41.37, p < .001,
n* = .46. Most importantly, we found a significant block
type X instruction group interaction, F(1,48) = 19.37,
p <.001, n* = .29. Subsequent pairwise comparisons
revealed that the increase in task-order reversals from fixed-
order to random-order blocks was much larger in the free-
order group (m = 28.35%) compared to the sequential-order

60 - Experiment 1

B sequential-order
[ free-order

50 A
*

40 4 r—%

T

30

20 A

L m

task-order reversals [%]

group (m = 12.87%), t(48) = 4.40, p < .001. This pattern
of results indicates that, in random-order blocks, the free-
order group, in accordance with their instruction, performed
both tasks with less reliance to the order of stimuli compared
to the sequential-order group.

Note, however, that the participants’ processing order
under the free-order instruction was still biased in a bot-
tom—up way by the order of stimuli. Though task-order
reversal rates in random-order blocks were higher in the
free-order (m = 34.84%) compared to the sequential-order
group (m = 12.98%), #(48) = 7.64, p <. 001, this per-
centage differed from a task-order reversal rate of 50% that
one would expect in the free-order group if participants
based their order choice solely on a “free” decision,
1(24) = 892, p <.001. Thus, under the free-order
instruction, the processing order of both tasks was not only
influenced top—down by participants’ free order choices,
but also bottom—up by the order of stimuli on a given trial.

Task-order control costs

To test whether task-order control costs were reduced in
the free-order group, we performed an ANOVA on RTs
with the within-subjects factor tasks (task 1 and task 2) and
block type (fixed-order and random-order blocks) and the
between-subjects factor instruction group (sequential-order
group and free-order group). This analysis revealed a sig-
nificant main effect of the factor task, F(1, 48) = 37.19,
p < .001, 1712, = .44. As can be seen in Table 1, RTs for task
1 (m =994 ms) were faster than those for task 2
(m = 1082 ms). The main effect of the factor block type
was also significant, F(1, 48) = 190.87, p < .001,
nﬁ = .80, indicating task-order control costs, i.e., slowed
responses in random-order (m = 1151 ms) compared to
fixed-order blocks (m = 926 ms).

60 - Experiment 2

R sequential-order
[ free-order

50 A
*

ol —_—

-~

30

20

L mm

task-order reversals [%]

fixed-order random-order

block type

Fig. 2 Task-order reversals in % from Experiment 1 (left panel) and
Experiment 2 (right panel) as a function of the factor block type
(fixed-order blocks and random-order blocks), and instruction
(sequential-order instruction and free-order instruction). Error bars

fixed-order random-order

block type
denote the standard error of the mean. Asterisks denote a significant

difference in task-order reversals between both instruction groups in
random-order blocks (p < 0.01)
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Table 1 Mean reaction times (and standard error of the mean) (in milliseconds) from Experiment 1 and Experiment 2 for Task 1 (RT1) and Task
2 (RT2) for each block (left) and trial type (right) depending on the instruction condition

Group Experiment 1
Block type Trial type from random-order blocks
Fixed-order blocks (with ~ Random-order blocks (with ~ Same-order trials (with Different-order trials (with
sequential-order group specific instruction) group specific instruction)  group specific instruction)
instruction)
RTI RT2 RTI RT2 RT1 RT2 RTI RT2
Free-order 909 (209) 988 (242) 1056 (196) 1153 (238) 1021 (191) 1114 (235) 1092 (207) 1191 (246)
Sequential-order group 869 (257) 938 (252) 1143 (281)  1250. (282) 1110 (277) 1219 (275) 1176 (289) 1282 (295)

Session Experiment 2
Block type Trial type from random-order blocks
Fixed-order blocks (with Random-order blocks (with Same-order trials (with session Different-order trials (with
sequential-order instruction) session specific instruction) specific instruction) session specific instruction)
RT1 RT2 RT1 RT2 RT1 RT2 RT1 RT2
Session 1 939 (205) 1038 (252) 1119 (190) 1255 (254) 1081 (179) 1210 (255) 1156 (190) 1300 (260)
Session 2 909 (190) 990 (242) 1208 (233) 1319 (267) 1165 (236) 1272 (275) 1251 (238) 1366 (267)

The main effect of instruction group was not significant, F(1,
48) < 1,p = .97, 175 < .001. However, we found a significant
block type x instruction group interaction, F(1, 48) = 17.82,
p < .001, 11[2, < .27, suggesting that the factor instruction group
modulated RT differences between fixed- and random-order
blocks. Subsequent comparisons revealed that task-order con-
trol costs, i.e., the RT increase from fixed- to random-order
blocks, were larger in the sequential-order (m = 294 ms)
compared to the free-order group (m = 156 ms), #(48) = 4.22,
p < .001 (see Fig. 3). This finding is in line with the assumption
that the instruction manipulation affects monitoring-based
mechanisms of task-order regulation.

In the following, we analyzed in more detail what the
observed instruction-based influence on task-order control

66 Task 1
I sequential-order
[ free-order
400 *
& 300
£
2
8
O 200
T
100
- T
0 - T T
TOC costs OS costs
cost type

Fig. 3 Task-order control (TOC) costs and order-switch (OS) costs
from Experiment 1 as a function of the factor instruction (sequential-
order instruction and free-order instructions). Error bars denote the
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costs means for the specific response times of the two
instruction groups in the fixed- and random-order blocks.
According to DeJong (1995), one would expect that the
free-order group should show faster RTs in random-order
blocks compared to the sequential-order group, because in
these blocks, the free-order group can perform DTs with
less reliance on monitoring-based task-order regulation
processes compared to the sequential-order group. In fixed-
order blocks, on the contrary, groups should show similar
DT performance as they both received the sequential-order
instruction. As can be seen in Table 1, RTs on fixed-order
blocks did not differ between the free- (m = 948 ms) and
the sequential-order group (m = 903 ms), #48) = .68,
p = .50. On random-order blocks, on the contrary, the free-
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standard error of the mean. Asterisks denote a significant difference in
task-order control costs between both instruction groups (p < 0.01).
Left panel costs for task 1. Right panel costs for task 2
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order group showed faster RTs (m = 1105 ms) relative to
the sequential-order group (m = 1197 ms). However, this
difference was not significant, #(48) = 1.33, p = .19. Note
that despite the non-significant difference in RTs between
both groups in random-order blocks, we found a decrease
of task-order control costs in the free-order compared to the
sequential-order group.

Furthermore, we found a significant task x block-type
interaction, F(1,48) = 9.26, p = .004, 1112, = .16, reflecting
a reduced RT increase from task 1 to task 2 in fixed-
(m = 74 ms) relative to random-order  blocks
(m = 102 ms), #48) = 3.03, p = .004. In our view, this
result suggests that if task-order is predictable under the
condition of fixed-order blocks compared to random-order
blocks, participants can also prepare for the switch from
task 1 to task 2 (DeJong, 1995; Liepelt, Strobach, Frensch,
& Schubert, 2011). Such a prepared switch allows for the
reduced increase of RTs from task 1 to task 2 in fixed-order
compared to random-order block for the two instruction
conditions. Other interactions were not significant (all
ps > .24).

Order-switch costs

To test whether order-switch costs were affected by
instructions, we performed an ANOVA on RTs with the
within-subjects factor tasks (task 1 and task 2), trial type
(same-order trial and different-order trial), and the
between-subjects factor instruction group (sequential-order
group and free-order group). This analysis revealed a sig-
nificant main effect of the factor task, F(1, 48) = 39.18,
p < .001, nﬁ = .45. As can be seen in Table 1, RTs for task
1 (m = 1100 ms) were faster than RTs for task 2
(m = 1201 ms). In addition, RTs increased from same-
order (m = 1116 ms) to different-order trials
(m = 1185 ms), F(1, 48) = 49.55, p < .001, ;712, = .51,
indicating the occurrence of order-switch costs. There was
no difference in RTs between both instruction groups, F(1,
48) = 1,77 p = .19, 115 = .04. Importantly, the interaction
of trial type and instruction was not significant, F(1,
48) = .25, p = .62, 11[2, < .01, indicating that order-switch
costs did not differ between instruction conditions'. No
other interactions were significant (all ps = .24).

! To further analyze the lacking effect of the instruction manipulation
on order switch costs, we applied Bayesian-like interference testing.
According to Wagenmakers (2007), we tested the posterior probabil-
ity (Pr(HolD)) of a hypothesis assuming a missing interaction of the
factors Instruction group and Trial type versus a hypothesis assuming
a significant interaction of these factors by calculating the Bayesian
information criterion (BIC) between both. With ABIC = 3.66 and
Pr(HOID) = 0.86 this analysis provides ‘positive’ evidence for the
assumption that order-switch costs did not differ between both
groups.

Discussion

The main finding of Experiment 1 is that (1) task-order
control costs, i.e., RT differences between fixed- and ran-
dom-order blocks, were reduced in the free-order compared
to the sequential-order group and (2) order-switch costs, the
RT difference between same- and different-order trials, were
unaffected by the instruction manipulation. This is in line
with the assumption that task-order control costs reflect
monitoring-based processes of task-order regulation that are
less employed under the free-order instruction. Order-switch
costs, on the other hand, seem to reflect memory-based
mechanisms of task-order guidance that are unaffected by
the particular instruction manipulation applied in this study.

However, two puzzling findings of the current experiment
need to be discussed and explored in a further experiment.
First, although we found a modulation of task-order control
costs by instructions, we could not replicate the finding of
DeJong (1995) that RTs from random-order blocks differed
between the two instruction groups. One reason for this result
might be differences between the applied designs: in contrast
to DeJong, we applied a fixed sequence of blocks (first ran-
dom-order than fixed-order blocks). This fixed block
sequence might have confounded our results. For example,
different instructions on random-order blocks might have
distinctively modulated performance on subsequent fixed-
order blocks and, thus, led to differences in task-order control
costs. Note that such carry-over effects would result in per-
formance differences in fixed-order blocks between the two
instruction groups. As reported, however, RTs on fixed-order
blocks did not differ between both groups making the
occurrence of instruction-dependent carry-over effects on
fixed-order blocks rather unlikely. Alternatively, while in the
present study, participants were tested on one single session
and the different instructions were varied on a group level,
DeJong manipulated his instruction on a within-subject level
and tested his participants on three consecutive sessions.
These differences in the study of DeJong may have, in con-
trast to the present study, facilitated observing RT differences
between both instruction conditions on random-order blocks.

Second, a potential caveat of Experiment 1 is related to
differences in the frequency of response order switches
occurring during random-order blocks between the two
groups. Research from task switching has shown that the
frequency of task switches is usually reduced in voluntary
task switching compared to situation with pre-defined task
switches (e.g., Arrington & Logan, 2005; Reuss, Kiesel,
Kunde, & Hommel, 2011). The reason for this is that when
participants are instructed to freely choose between tasks,
they usually tend to repeat tasks more often as this exposes
less processing effort compared to frequent task switches.
Similarly, in Experiment 1, during random-order blocks,
participants from the free-order group showed a similar
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tendency to a reduced number of response-order switches
(m = 32.41%) relative to the sequential-order group
(m = 41.07%), 1*(1) = 6.61, p = .01. This difference in
the order-switch frequency might have confounded our
results. For example, it is conceivable that the overall task
difficulty in random-order blocks increases with an
increasing number of response-order switches. This may
explain the observation of increased RTs on random-order
compared to fixed-order blocks, which were especially
prevalent in the sequential-order compared to the free-
order group. Thus, an unequal number of order switches
between groups might have resulted in increased task-order
control costs in the sequential-order compared to the free-
order group. In Experiment 2, we controlled for possible
confounding influences of different-order-switch frequen-
cies across conditions by applying a yoked design.

Experiment 2

The goal of Experiment 2 was to investigate the effect of
instructions on monitoring-based processes of task-order
regulation and to control for possible confounding effects that
might have been related to different response order switch
rates across the conditions in Experiment 1. For that purpose,
we administered DT trials for both instruction conditions in a
yoked design and varied task instructions as a within-subjects
manipulation. To do so, we first administered random-order
blocks with the free-order instruction, which provided us with
a sequence of chosen task orders across the experimental
condition individually for each participant. Subsequently,
participants performed again a condition with random-order
blocks but now with the sequential-order instruction; most
importantly, in this sequential-order instruction condition, we
presented the stimulus order for the two tasks on each DT trial
in yoked fashion with the participants’ chosen order in the
initial free-order instruction condition (for a similar approach
in task-switching, see also Masson & Carruthers, 2014). This
yoking procedure should ensure similar order-switch rates in
random-order blocks for both instruction conditions and it
allowed us to apply a within-subjects manipulation of task-
order instruction as was the case in DeJong (1995). As in
Experiment 1, we hypothesized that task-order control costs
should be reduced under the free-order compared to the
sequential-order instruction.

Materials and methods
Participants
Twenty-five participants (23 female) took part in the

experiment. Mean age was 22.16 years (SD = 2.69 years).
All participants reported normal or corrected-to-normal
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vision and hearing and received either course credit or
payment (8 Euros/h) for their participation. Informed
consent was obtained from all participants included in the
study. One participant did not return for the second session
and her data were excluded from analyses.

Apparatus and stimuli
Apparatus and Stimuli were the same as in Experiment 1.
Design and procedure

Similar to Experiment 1, participants performed DTs in
fixed- and random-order blocks. Differently to Experiment
1, the instruction manipulation was applied as a within-
subjects factor. For this purpose, participants were tested
on two sessions: on the first session (session 1), participants
received the free-order instruction in random-order blocks,
and on the second session (session 2), they received the
sequential-order instruction. This sequence of the instruc-
tion conditions was chosen for two reasons. First, it guar-
anteed that participants’ order choice in the free-order
instruction condition was not affected by any prior expe-
rience with the sequential-order instruction. Second, in
random-order blocks of session 2, stimulus order did not
vary randomly, but instead, it was yoked with the indi-
vidually selected response order of each participant in the
session 1. The aim of this yoked design was to guarantee
comparable order-switch rates across instruction condi-
tions. On both sessions, after performing four random-
order blocks, participant performed two fixed-order blocks
with the sequential-order instruction (see Experiment 1).
Blocks consisted of 72 trials each. Both sessions were
separated by 7-10 days.

Results

The analytic procedure was similar to that of Experiment 1,
except that session was included as a within-subjects factor
in the analyses. Trials with RTs longer or shorter than +2.0
standard deviations for each participant and condition as
well as trials with incorrect or omitted responses
(m = 12.81%) were excluded from RT analyses, as well as
task-order reversals (m = 8.43%) from blocks with the
sequential-order instruction.

Task-order reversals

In random-order blocks under the free-order instruction,
participants responded on 51.60% of trials to the auditory
stimulus first, which indicated no preference for one of the
two potential response orders. The percentages of task-
order reversals are illustrated in Fig. 2 and were analyzed
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Fig. 4 Task-order control (TOC) costs and order-switch (OS) costs
from Experiment 2 as a function of the factor Instruction (sequential-
order instruction and free-order instructions). Error bars denote the

by applying an ANOVA with the within-subjects factor
block type (fixed-order block and random-order block) and
session (session 1 with free-order instruction and session 2
with sequential-order instruction). This analysis revealed a
main effect of the factor block type, F(1, 23) = 148.70,
p < .001, 1712, = .87, suggesting that participants committed
more task-order reversals in random-order blocks
(m = 26.59%) than in fixed-order blocks (m = 3.18%).
Furthermore, participants produced more task-order
reversals in session 1 with the free-order instruction
(m = 22.22%) than on the session 2 with the sequential-
order instruction (m = 9.55%), F(1,23) = 39.13, p < .001,
nﬁ = .63. In addition, we also found a significant block
type x session interaction, F(1,40) =9.36, p = .01,
nﬁ = .32, revealing that the effect of block type differed
between sessions. Pairwise comparisons revealed that the
increase in task-order reversals from fixed- to random-
order blocks was larger on session 1 with the free-order
instruction (m = 28.05%) compared to the session 2 with
sequential-order instruction (m = 18.75%), #(23) = 2.18,
p < .04. Thus, on session 1, when receiving the free-order
instruction on random-order blocks, participants performed
both tasks with less reliance to the stimulus order compared
to session 2 with the sequential-order instruction.

Under the free-order instruction, order reversal rates on
random-order blocks (m = 34.24%) differed significantly
from a task-order reversal rate of 50% that one would
expect if participants’ processing order did only rely on
their free order choice, #(23) = 14.06, p <. 001. In line
with the similar observation in Experiment 1, this pattern
suggests that, in addition to their order choices, also the
actual order of stimuli on a given trial influences partici-
pants’ response order on random-order blocks with a free-
order instruction. Nevertheless, task-order reversal rates on
random-order blocks were still higher under the free-order
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standard error of the mean. Asterisks denote a significant difference in
task-order control costs between both instruction groups (p < 0.01).
Left panel costs for task 1. Right panel costs for task 2

instruction compared to the sequential-order instruction
(m = 18.93%), 1(23) = 6.30, p < .001.

Task-order control costs

To test whether task-order control costs were reduced under
the free-order instruction, we performed an ANOVA on RTs
with the within-subjects factor tasks (task 1 and task 2), block
type (fixed-order and random-order blocks), and session
(session 1 with free-order instruction and session 2 with
sequential-order instruction). This analysis revealed a sig-
nificant main effect of the factor task, F(1, 23) = 15.56,
p < .001, nﬁ = .40. RTs for task 1 (m = 1044 ms) were
faster than those for task 2 (m = 1150 ms, see Table 1). In
addition, RTs from random-order blocks (m = 1225 ms)
were slower compared to RTs from fixed-order blocks
(m = 969 ms), F(1, 23) = 110.26, p < .001, ;712, = .83,
indicating the occurrence of task-order control costs.

The main effect of session was not significant, F(1,
23) < 1, p = .34, 1712, = .04, showing that participants had
no general practice effect across the experimental sessions.
However, we found a significant block type x session
interaction, F(1, 23) = 11.98, p = .002, 1} = .34, sug-
gesting that the RT difference between both block types,
i.e., task-order control costs, generally differed between
both sessions. Subsequent comparisons revealed that task-
order control costs were increased in session 2 with the
sequential-order instruction (m = 314 ms) compared to
session 1 with the free-order instruction (m = 198 ms),
1(23) = 3.46, p < .01 (see Fig. 4). This increase in task-
order control costs was specifically driven by slower RTs
in random-order blocks of session 2 relative to RTs in
random-order blocks of session 1, #23) = 2.99, p < .01
(DeJong, 1995; see also Hendrich et al., 2017, submitted).
On fixed-order blocks, RTs did not differ between both
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sessions, #(23) = 1.51, p = .15. These finding are in line
with the assumption that task instructions affect monitor-
ing-based mechanisms of task-order regulation.

We also found a significant task x block-type interac-
tion, F(1, 23) = 9.46, p = .005, 1 = .29, reflecting a
reduced RT increase from task 1 to task 2 in fixed-
(m =90 ms) relative to  random-order  blocks
(m = 124 ms), 1(48) = 3.03, p = .004. Similar to Experi-
ment 1, this suggests that, within DT trials, participants are
able to prepare the switch from task 1 to task 2 when the order
of tasks is known beforehand (DeJong, 1995; Liepelt et al.,
2011). The interaction task x session was also significant,
F(1, 23) = 4.26, p = .05, 1712, = .16. Post-hoc comparison
revealed that the RT increase from task 1 to task 2 was larger
in session 1 (m = 117 ms) compared to session 2
(m = 96 ms), #23) = 2.07, p = .05. The observation of
reduced costs for task 2 on session 2 can be explained by
improved intertask coordination due to practice on the ses-
sion 2 (Liepelt et al., 2011). The triple interaction task x -
trial type x session was not significant (p = .64).

Order-switch costs

To test if order-switch costs were also modulated by
instructions, we performed an ANOVA on RTs with the
within-subjects factor tasks (task 1, task 2), trial type
(same-order trial and different-order trial), and session
(session 1 with free-order instruction and session 2 with
sequential-order instruction). This analysis revealed a sig-
nificant main effect of the factor task, F(1, 23) = 18.18,
p < .001, 175 = .44. As can be seen in Table 1, RTs for task
1 (m = 1163 ms) were faster than those for task 2
(m = 1287 ms). In addition, responses in different-order
trials (m = 1268 ms) were slower compared to responses
in same-order trials (m = 1182 ms), F(1, 23) = 53.00,
p < .001, 1712, = .70, indicating the occurrence of order-
switch costs. Furthermore, RTs in same- and different-
order trials were faster on session 1 (m = 1187 ms) com-
pared to session 2 (m = 1264 ms), F(1, 23) = 8.96
p = .001 ’1§ = .28. Importantly, the interaction of trial type
and instruction was not significant, F(1, 23) = .10,
p =75, 11,2, < .01, suggesting that the RT differences
between same- and different-order trials, i.e., order-switch
costs, were unaffected by the instruction manipulation®. All
other interactions were also not significant (all ps > .08).

2 Asin Experiment 1, we tested the posterior probability (Pr(HolD))
of a hypothesis assuming a missing interaction of the factors
Instruction group and Trial type versus a hypothesis assuming a
significant interaction of these factors by calculating the Bayesian
information criterion (BIC). With ABIC = 3.07 and Pr(HOID) = 0.82
this analysis provides ‘positive’ evidence for the assumption that
order-switch costs do not differ between the sequential- and the free-
order instruction condition.
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Discussion

The findings of Experiment 2 showed that (1) task-order
control costs were reduced in conditions with the free-order
compared to sequential-order instruction, (2) the reduction
of task-order control costs was accompanied by lower RTs
on random-order blocks under the free- relative to the
sequential-order instruction (DeJong, 1995), and (3) order-
switch costs did not differ between both instruction con-
ditions. In addition to Experiment 1, by applying a yoked
design, we demonstrated that the effect of instructions on
task-order control costs occurred after controlling for dif-
ferent order-switch rates in both instruction conditions.
Under the free-order instruction, participants switched their
response order relative to the previous trial on 36.56% of
trials from random-order blocks; under the sequential-order
instruction, they switched their response order on 33.91%
of trials, )(2(1) = 1.53, p > .20. Thus, the difference in
task-order control costs between instruction conditions
cannot be accounted for by different rates of response or-
der switches. In addition, our results were not confounded
by the applied sessionwise design of manipulating the
instruction condition: RTs on random-order blocks were
slower on session 2, with sequential-order instruction,
compared to session 1 with free-order instruction. Thus, a
potential practice effect would have counteracted against
the hypothesis of increased RTs under sequential-order
(session 2) compared to free-order (session 1) instruction
condition.

General discussion

The aim of the present study was to disentangle the effect
of instructions on task-order control and order-switch
costs. For this purpose, participants performed DTs in
fixed- and random-order blocks under two different
instructions during random-order blocks: under the free-
order instruction, participants could freely decide about
the response order, while, in the sequential-order
instruction, participants were instructed to respond to both
tasks according to the order of stimuli. In two experi-
ments, we demonstrated that task-order control costs, RT
differences between fixed- and random-order blocks, were
reduced under the free-order relative to the sequential-
order instruction. Order-switch costs, the RT difference
between same- and different-order trials, were unaffected
by the instruction manipulation. In addition, in Experi-
ment 2, we demonstrated that these effects cannot be
accounted for by different rates of response order
switches across both instruction conditions.
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Task-order control costs and order-switch costs:
the impact of instructions

Task-order control costs reflect monitoring-based mecha-
nisms of task-order regulation, which can be observed
when comparing DT performance in random-order com-
pared to fixed-order blocks. According to Szameitat et al.
(2002, 2006), the processing order of two tasks is regulated
by a task-order control structure that represents a list of
both tasks in a specific order. Performing a DT trial
involves the implementation of the appropriate control
structure in working memory, which then guides the pro-
cessing order by sequentially activating the task sets of the
component tasks. Similarly, Luria and Meiran (2003, 2006)
proposed an order setting process that determines the
processing order and takes place at the beginning of each
DT trial. Because in fixed-order blocks, participants can
employ the same scheduling strategy with the same acti-
vated order-control structure throughout the whole block,
the demands on task-order regulation should be relatively
low as compared to random-order blocks. In these latter
blocks, the order of both tasks changes randomly from trial
to trial, which causes that participants need to permanently
change the task-order control structure and match it to the
normative task-order specified by the order of stimuli.
Therefore, to guarantee appropriate task performance,
participants have to monitor the sequence of stimuli, make
a decision on which stimulus was presented first, and
activate the appropriate task-order control structure in
random-order blocks much more frequently than in fixed-
order blocks (Sigman & Dehaene, 2006; Stelzel et al.,
2008; Strobach et al., 2015; Szameitat et al., 2002, 2006).
As a result, RTs on random-order blocks were increased
compared to RTs from fixed-order blocks, resulting in task-
order control costs reflecting the occurrence of monitoring-
based task-order regulation mechanisms.

Importantly, in random-order blocks under the free-
order instruction, no normative task order is instructed and
participants can freely decide about the response order.
Consequently, participants do not have to engage moni-
toring processes to track the stimulus order and match the
task-order control structure accordingly (DelJong, 1995).
Instead, they can activate the task-order control structure
based on their free order choice and can perform DTs with
less reliance on monitoring-based mechanisms of task-
order regulation. As we have shown in both experiments,
these reduced demands on monitoring-based mechanisms
result in decreased task-order control costs under a free-
order compared to a sequential-order instruction.

Order-switch costs, the RT difference between same-
and different-order trials, were not affected by the
instruction manipulation. How can this lacking effect be
explained? According to several authors (DeJong, 1995;

Luria & Meiran, 2003, 2006; Schubert, 2008; Strobach
et al., 2015; Szameitat et al., 2006), order-switch costs are
associated with the pre-activation of task-order by an epi-
sodic memory structure of the previous DT trial: per-
forming a DT trial results in the formation of a memory
trace that contains information about the processing order
and that is stored in episodic memory. This memory trace
remains active over time and can influence the processing
order on the next DT trial. In same-order trials, this results
in a performance benefit, as the order of the previous trial is
repeated, while in different-order trials, this results in
impaired performance as the reactivated episodic memory
structure needs to be overcome to switch the processing
order of both tasks.

According to recent accounts, the ongoing activation of
a task guiding memory structure seems to reflect a mech-
anism that inevitably (i.e., automatically) accompanies
regular sensory-motor behavior. According to this under-
standing, the processing of any sensory-motor chain leads
to an automatic storage of ‘stimulus—response’ event files
in episodic memory, which will be activated in later epi-
sodes for guiding upcoming behavior (Hommel, 2004 see
also Mayr, 2002). Most importantly, for the storage and
activation of the episodic trace of task-order, it should not
matter whether a certain response order is a result of a free-
or a pre-determined (for the case of the sequential-order
instruction condition) decision about task-order. The rela-
ted order-switch costs should occur to the same degree,
irrespective of whether participants have to match their
task-order control structure to an externally pre-specified
task order or whether they can freely decide about the
processing order. In line with this assumption, we found
that order-switch costs did not differ between the free- and
the sequential-order instruction.

Extensions of former studies on task control

Several studies have already shown that task-order control
costs (DeJong, 1995; Strobach et al., 2015; Stelzel et al.
2008; Szameitat et al., 2002) as well as order-switch costs
(Luria & Meiran, 2003, 2006; Szameitat et al., 2006) are
reliable characteristics of task-order control mechanisms
during DT performance. However, evidence on the specific
nature of these mechanisms has been scarce. In the study of
DelJong (1995, see also Hendrich et al., 2017, submitted),
the author could show that RTs from random-order DT
blocks were lower when participants could freely decide
about their response order than when they had to match the
response order to the stimulus order. However, DeJong did
not include fixed-order blocks nor did he investigate the
effects of his order manipulation on same- and different-
order trials, which makes it impossible to draw clear con-
clusions about how instructions influence the different
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mechanisms regulating and guiding task-order in DT
situations.

The current study goes beyond earlier studies, because
by including fixed-order blocks and by distinguishing
between same-order and different-order trials, we disen-
tangled the effect of different instructions on task-order
control and order-switch costs within the same experiments
and set of participants. In addition, we showed that the
difference in task-order control costs cannot be explained
by different rates of response order switches. In Experi-
ment 1, we showed that when comparing random-order
blocks with sequential- and free-order instructions, the rate
of response order switches was reduced in the latter con-
dition. This is in line with findings from studies with the
voluntary task-switching paradigm that reported reduced
frequencies of task switches (Arrington & Logan, 2005).
As aresult, the RT differences between the sequential- and
the free-order instruction reported by DelJong (1995) as
well as the differences in task-order control costs that we
found in Experiment 1 could also be explained by different
rates of order-switches in both instruction conditions.
However, by applying a yoked design in Experiment 2, we
demonstrated that task-order control costs differed between
both instruction conditions, even if the frequencies of
response order switches in the free- and sequential-order
condition were controlled for. Thus, the difference in task-
order control costs between both instructions cannot be
accounted for by different-order-switch rates.

Order control in dual-task and task-switching situations

The assumption that task-order control and order-switch
costs reflect distinct processes of task-order regulation is
in line with evidence from task-switching studies. In the
task-switching paradigm, participants perform single-task
blocks, in which one task is repeated, and mixed-task
blocks, in which one of two tasks is presented per trial
and participants have to occasionally switch tasks (Kiesel
et al., 2010). Similar to the current approach, two different
types of costs can be distinguished. On a trial level, within
mixed blocks, switching costs reflect the difference
between task repetition and task switch trials (Rogers &
Monsell, 1995). On a block level, mixing-costs reflect RT
differences between single- and mixed-task blocks (Koch,
Prinz, & Allport, 2005; Rubin & Meiran, 2005). In recent
years, it has been suggested that mixing and switching
costs represent distinct mechanisms of task control. Evi-
dence for this assumption comes from studies showing
that both types of costs can be dissociated on a behavioral
level (e.g., Kray & Lindenberger, 2000) as well as from
studies that found different neural correlates for both
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types of costs (Braver, Reynolds, & Donaldson, 2003).
From this line of research, it has been assumed that
switching costs reflect rather transient processes that are
exclusively relevant for shifting from one task to another
(Braver et al., 2003). Mixing-costs, on the other hand,
seem to reflect rather sustained components of cognitive
control that ensure flexible switching between tasks, such
as engaging attentional monitoring processes that are
sensitive to information signaling task changes (Koch
et al., 2005; Rubin & Meiran, 2005). Such sustained
control processes would be equivalent to the monitoring-
based mechanisms necessary to regulate the processing
order of two tasks in random-order DT blocks. In mixed
blocks as well as random-order blocks, participants have
to maintain different task sets and task-order control
structures, respectively. In addition, they have to collect
information on which task or which task-order to execute
and employ attentional processes accordingly. Thus,
mixing-costs and task-order control costs may reflect
similar global and sustained control processes that are
necessary to flexibly adapt to changing task demands in
multitasking situations.

Conclusion

To conclude, we investigated the effect of instructions on
additional mechanisms that arise in DT situations with
varying task-order. We demonstrated that task-order con-
trol costs were reduced under a free-order compared to a
sequential-order instruction. This type of costs that occurs
on a block level seems to reflect global monitoring-based
mechanisms of task-order regulation, such as employing
monitoring processes and activating an appropriate task-
order control structure in working memory. Contrarily,
order-switch costs, that occur on a trial level and reflect
memory-based mechanisms of task-order guidance, were
not affected by the instruction manipulation. Based on this
dissociation, we conclude that both types of costs reflect
distinct mechanisms that regulate and guide the processing
order of two tasks in DT situations.

Compliance with ethical standards

Funding This research was supported by the German Research
Foundation (Deutsche Forschungsgemeinschaft, DFG) with a grant to
T.S. (last author), SCHU 1397/7-1, and it is part of the Priority
Program, SPP 1772 of the DFG.

Ethical approval All procedures performed in studies involving
human participants were in accordance with the ethical standards of
the institutional and/or national research committee and with the 1964
Helsinki declaration and its later amendments or comparable ethical
standards.



Psychological Research (2018) 82:40-53

53

References

Arrington, C. M., & Logan, G. D. (2005). Voluntary task switching:
Chasing the elusive homunculus. Journal of Experimental
Psychology. Learning, Memory, and Cognition, 31, 683-702.

Braver, T. S., Reynolds, J. R., & Donaldson, D. I. (2003). Neural
mechanisms of transient and sustained cognitive control during
task switching. Neuron, 39, 713-726.

DeJong, R. (1995). The role of preparation in overlapping-task
performance. The Quarterly Journal of Experimental Psychology
Section A: Human Experimental Psychology, 48(2), 2-25.

Dreisbach, G., & Haider, H. (2006). Preparatory adjustment of
cognitive control in the task switching paradigm. Psychonomic
Bulletin & Review, 13(2), 334-338.

Hendrich, E., Strobach, T., Miiller, H., & Schubert, T. (2017)
(submitted). Processing order in dual-task situations: The ‘first
come, first serve’ principle and the order of task order
instruction (Manuscript submitted for publication).

Hirsch, P., Nolden, S., & Koch, 1. (2017). Higher-order cognitive
control in dual tasks: Evidence from task-pair switching. Journal
of Experimental Psychology: Human Perception and Perfor-
mance, 43, 569-580.

Hommel, N. (2004). Event files: Feature binding in and across
perception and action. Trends in Cognitive Sciences, 8(11),
494-500.

Kiesel, A., Steinhauser, M., Wendt, M., Falkenstein, M., Jost, K.,
Philipp, A. M., & Koch, 1. (2010). Control and interference in
task switching—a review. Psychological Bulletin, 136, 849-874.

Koch, L., & Allport, A. (2006). Cue-based preparation and stimulus-
based priming of tasks in task switching. Memory & Cognition,
34(2), 433-444.

Koch, 1., Prinz, W., & Allport, A. (2005). Involuntary retrieval in
alphabet-arithmetic tasks: task-mixing and task-switching costs.
Psychological Research, 69(4), 252-261.

Kray, J., & Lindenberger, U. (2000). Adult age differences in task
switching. Psychology and Aging, 15, 126-147.

Liepelt, R., Strobach, T., Frensch, P., & Schubert, T. (2011).
Improved inter-task coordination skills after extensive dual-task
practice. Quarterly Journal of Experimental Psychology, 64,
1251-1272.

Logan, G. D., & Gordon, R. D. (2001). Executive control of visual
attention in dual-task situations. Psychological Review, 108(2),
393-434.

Luria, R., & Meiran, N. (2003). Online order control in the
psychological refractory period paradigm. Journal of Experi-
mental psychology: Human Perception and Peformance, 29(3),
556-574.

Luria, R., & Meiran, N. (2006). Dual route for subtask order control:
Evidence from the psychological refractory paradigm. The
Quarterly Journal of Experimental Psychology, 59(4), 1-25.

Masson, M. E. J., & Carruthers, S. (2014). Control processes in
voluntary and explicitly cued task switching. The Quarterly
Journal of Experimental Psychology, 67, 1944—1958.

Mayr, U. (2002). Inhibition of action rules. Psychonomic Bulletin &
Review, 9, 93-99.

Mayr, U., & Bell, T. (2006). On how to be unpredictable: Evidence
from the voluntary task-switching paradigm. Psychological
Science, 17, 774-780.

Meyer, D. E., & Kieras, D. E. (1997). A computational theory of
executive cognitive processes and multi-task performance: Part
2. Accounts of psychological refractory-period phenomena.
Psychological Review, 104(1), 749-791.

Pashler, H. (1994). Dual-task interference in simple tasks: Data and
theory. Psychological Bulletin, 116(2), 220-244.

Reuss, H., Kiesel, A., Kunde, W., & Hommel, B. (2011). Uncon-
scious activation of task sets. Consciousness and Cognition, 20,
556-567.

Rogers, R. D., & Monsell, S. (1995). Costs of a predictable switch
between simple cognitive tasks. Journal of Experimental Psy-
chology: General, 124, 207-231.

Rubin, O., & Meiran, N. (2005). On the origins of the task mixing
cost in the cuing task-switching paradigm. Journal of Experi-
mental Psychology. Learning, Memory, and Cognition, 31(6),
1477-1491.

Schubert, T. (1999). Processing differences between simple and
choice reactions affect bottleneck localization in overlapping
tasks. Journal of Experimental Psychology: Human Perception
and Performance, 25, 1-18.

Schubert, T. (2008). The central attentional limitation and executive
control. Frontiers in Bioscience, 13(9), 3569-3580.

Sigman, M., & Dehaene, S. (2006). Dynamics of the central
bottleneck: Dual-task and task uncertainty. PLoS Biology, 4(7),
€220. doi:10.1371/journal.pbio.0040220.

Stelzel, C., Kraft, A., Brandt, S. A., & Schubert, T. (2008).
Dissociable neural effects of task order control and task set
maintenance during dual-task processing. Journal of Cognitive
Neuoscience, 20(4), 613-628.

Strobach, T., Soutschek, A., Antonenko, D., Floel, A., & Schubert, T.
(2015). Modulation of executive control in dual tasks with
transcranial direct current stimulation (tDCS). Neuropsycholo-
gia, 68, 8-20.

Szameitat, A. J., Lepsien, J., von Cramon, D. Y., Sterr, A., &
Schubert, T. (2006). Task-order coordination in dual-task
performance and the lateral prefrontal cortex: An event-related
fMRI study. Psychological Research, 70(6), 541-552.

Szameitat, A. J., Schubert, T., Miiller, K., & von Cramon, D. Y.
(2002). Localization of executive functions in dual-task perfor-
mance with fMRI. Journal of Cognitive Neuroscience, 14(8),
1184-1199.

Wagenmakers, E.-J. (2007). A practical solution to the pervasive
problem of p values. Psychonomic Bulletin & Review, 14(5),
779-804.

@ Springer


http://dx.doi.org/10.1371/journal.pbio.0040220

	The impact of free-order and sequential-order instructions on task-order regulation in dual tasks
	Abstract
	Introduction
	Rationale of the study

	Experiment 1
	Materials and methods
	Participants
	Apparatus and stimuli
	Design and procedure

	Results
	Task-order reversals
	Task-order control costs
	Order-switch costs

	Discussion

	Experiment 2
	Materials and methods
	Participants
	Apparatus and stimuli
	Design and procedure

	Results
	Task-order reversals
	Task-order control costs
	Order-switch costs

	Discussion

	General discussion
	Task-order control costs and order-switch costs: the impact of instructions
	Extensions of former studies on task control
	Order control in dual-task and task-switching situations

	Conclusion

	References




