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Summary

In modern life, people face many different situations that afford multitasking. Usually such situations are
associated with performance decrements, failures, and risks of accidents. Up to now, cognitive psychol-
ogy and movement science investigated human performance under such multiple cognitive task re-
quirements (i.e. multitasking) mostly independently on each other. The current priority program aims to
bring together these largely independent lines of research in order to provide a new integrative theoreti-
cal framework to account for this fundamental aspect of human behavior.

Traditional theories in cognitive psychology consider motor actions as a “late” output-related aspect
in the chain of information processing steps that can be studied independently from “central” cognitive
processes. However, the notion that motor and cognitive processes are functionally independent is chal-
lenged because motor processes are crucial for many forms of skill and often represent a particularly
challenging part of task performance. Moreover, according to the event-coding framework, cognition and
motor control are inextricably linked. Based on this notion, the interdisciplinary combination of cognitive
psychology and movement science is well-suited to address questions concerning human multitask per-
formance. However, despite the strong connection of cognition and motor control, cognitive psychology
and movement sciences considered the topic “multitasking” from fundamentally different perspectives.
While psychology mainly focused on structural and functional limitations of cognitive processes when
facing multiple cognitive task requirements, movement science emphasized the plasticity of cognition
and the possibility of training.

Yet, given the societal relevance of human multitasking processes, knowledge on the basic underly-
ing mechanisms is essential for a number of scientific disciplines, and it is therefore important to move
this research from disciplinary isolation to an interdisciplinary research field. Without claiming to be com-
plete, multitasking is relevant for scientific disciplines such as ergonomics, computer science, linguistics,
cognitive and clinical neuroscience, sports science, and gerontology, in addition to subfields of psycholo-
gy like work and organizational psychology or developmental psychology. In this priority program, we aim
to focus on multiple cognitive task requirements on human performance. Therefore, cognitive psychology
and movement science constitute the core disciplines. However, other disciplines that strengthen our
understanding of cognitive and performance aspects of multitasking may provide important contributions
to the work program.

The combined effort of cognitive psychology and movement science allows the proposed priority
program to provide an integrated framework that brings together the issues of structure, flexibility, and
plasticity in human multitasking. Specifically, this program aims at generating a scientific matrix that con-
sists of an array of research topics clustered in the following three broad areas. First, it will provide a
new, integrative theoretical framework that reconciles the structural perspective of immutable processing
bottlenecks with the more flexible cognitive-control perspective. Second, it will re-examine a flexible pro-
cessing resources metaphor by referring both to the structural perspective in terms of modality-specific
capacities and the flexibility perspective in terms of task requirements, motivational, and emotional
modulation. Third, it will assess the plasticity of human cognition and motor behavior with respect to ac-
tion optimization in multiple task situations by focusing on training schedules and the resulting learning
processes.

In extension of the flexibility perspective and in the context of an aging society, we also expect that
this research will produce a wealth of knowledge with regard to cognitive plasticity that can be used and
applied to optimize action in complex task environments which typically involve multiple cognitive re-
quirements. In sum, the present program is aimed at addressing a new research perspective by integrat-
ing existing knowledge on a fundamental aspect of human behavior (i.e., “multitasking”) across different
theoretical perspectives and scientific disciplines. This basic research is expected to have a strong long-
term impact on somewhat more applied areas that require high performance in multitasking.
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Introduction

In modern life, people often encounter situations in which they plan, perform, or supervise several tasks
concurrently, and thus face multiple cognitive task requirements (“multitasking”). Multitasking occurs in
many everyday situations. For example, while driving a car, drivers are often engaged in telephone con-
versations, or while being out for a walk with a friend on a bumpy country lane, the walkers might be
engaged in a conversation. Also, working in an office typically requires performing multiple cognitive
tasks, such as planning the budget or evaluating the outcome of the company/work group/PhD students,
and these tasks might be interrupted by phone calls, incoming emails, or colleagues/clients/students
knocking at the door. Multiple task requirements are also prevalent in many other work situations, such
as for teachers or surgeons. Most serious examples refer to the chronically over-worked manager who is
close to a “burn-out”, or to the engineer in an atomic power plant who faces fatal security problems of
several systems.

Societal relevance of the topic

As these examples illustrate, the societal relevance of multitasking is beyond controversy. Environments
that require multiple cognitive tasks are quite often experienced as demanding, overwhelming, and
stressful. Facing such requirements is associated with many societal problems. Risks of accidents de-
monstrably increase, for example when talking at the telephone while driving (e.g., Strayer & Drews,
2007; Strayer & Johnston, 2001). Further, the increase in mental disorders, like depression or burn-out
syndromes, can be at least partially caused by increasing work-related demands (e.g., Baethge & Rigotti,
2010; U. Koch & Broich, 2012; see also, “Stressreport Deutschland 2012”). Consequently, work efficien-
cy is decreased because mental and behavioral disorders are among the three most frequent causes of
work incapacities in Germany (Jacoby, Klose, & Wittchen, 2004). And finally, elderly people, whose
number is constantly increasing in our aging society, have especially large problems when facing multi-
ple cognitive tasks, such as when walking while being engaged in another task. On average, the risk of
falls, with the associated risk of severe injury, increases with age, so that approx. 30% of persons aged
65+ years and approx. 50% of those aged 85+ years fall at least once a year (Beurskens & Bock,
2012a).

It is important to understand the cognitive processes when facing multiple cognitive task require-
ments in order to increase mental and physical health of the population and to decrease the medical and
societal costs that come along with mental disorders and risk of accidents. Thus, increasing our
knowledge on basic mechanisms and cognitive control processes when facing multiple cognitive re-
quirements will positively affect our society in many areas. However, while it is important to investigate
the causes and consequences of multiple cognitive tasks requirements, like increased risk of accidents
(e.g., Simpson, Wadsworth, Moss, & Smith, 2005), increased probability of action errors (e.g., van der
Linden, Keijsers, Eling, & van Schaijk, 2005), increased time to respond in each task, we need to go one
step further. Multiple cognitive task requirements are simply a societal fact and occur in almost all types
of modern work situations as well as in many types of leisure time activities, so that they can hardly be
avoided. Thus, we do not just propose to investigate multiple task requirements but also to develop strat-
egies as to how to cope optimally with these requirements. Such strategies might either be related to
personal interventions, like training to deal with multiple requirements, or to interventions referring to
organization principles, like optimized task scheduling and task combinations.

Multitasking from the cognition-behavior perspective

Please note that the term “multitasking” refers to a very broad range of phenomena. Therefore, it is im-
portant to define more specifically (i.e., “operationally”) how we understand this term. We speak of multi-
ple task requirements when cognitive processes involved in performing two (or more) tasks overlap in
time. Thus, one defining characteristic of multitasking is the existence of time constraints that prevent
that each task is operated in temporal isolation. Yet, it is sufficient that cognitive processes, like updating
the task rules in working memory, keeping in mind the current status of a task, or evaluating the outcome
of a task, occur concurrently in time and are thus simultaneously mentally represented. Consequently, in
addition to dual tasks that require concurrent, simultaneous motor responses, also serial task switching
as well as task interruptions and resumptions fall within our definition of multitasking. While the current
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literature does not offer a strict definition of what constitutes a “task” (see Kiesel et al., 2010; Monsell,
2003), we use the term broadly, so that simple stimulus-response translations (e.g., press a response
key whenever the letter A appears), continuous tracking tasks, complex mental operations (like multiply-
ing digits), or complex movements (throwing a ball) can constitute a task if a person aims to achieve a
discriminable goal state.*

In addition to cognitive processing requirements, most tasks entail performing a motor action to
achieve the task goal. In the context of multitasking, impairment of performance (“interference”z) can
occur on several levels (e.g., Koch, 2008; Pashler, 2000, for reviews). Depending on the type of motor
activity required by the component tasks, a considerable amount of cognitive activity needs to be devot-
ed to coordination of functionally independent motor actions or requires motor learning to achieve the
proper task goals. Yet, classic theoretical approaches assume that in the chain of information processing
stages motor action is simply the less interesting “late” output-related stage (e.g., Johnson & Proctor,
2004, for a review) that can be studied independently from “central” cognitive processing stages. Howev-
er, there are important accounts assuming that motor action and cognition are in fact inextricably linked
(e.g., Bratzke, Rolke, & Ulrich, 2009).

For example, the ideomotor hypothesis (e.g., James, 1890) states that motor actions are selected
by anticipating the action’s sensory consequences, so that the cognitive process of selecting a motor
action entails representations in a more “perceptual” format (i.e., referring to anticipated sensory feed-
back; Greenwald, 1970). This account has been further developed by Prinz (1997) in his common-coding
account of perception and action (see also Prinz, Aschersleben, & Koch, 2009) and the generalized
“event-coding” framework proposed by Hommel, Misseler, Aschersleben and Prinz (2001). These ac-
counts suggest abandoning the strict separation of codes (or representations) for perception and action.
One important implication of such approaches is that the distinction between perceptual, cognitive (i.e.,
central), and motor processes is no longer self-evident because both perception and motor behavior are
based on “commensurable” common codes (e.g., Butz, Herbort, & Hoffmann, 2007; Hoffmann, 1993).
This implication resonates well with recent accounts of human behavior in terms of “embodied cognition”.
Even though there are diverse and controversial ideas about embodied cognition (e.g., Wilson, 2002, for
a review), here we would like to endorse the view that the major function of cognition is to guide action,
and that cognition in the context of motor planning is not an abstract, amodal process (as seemingly im-
plied by the notion of “central” processes) but instead includes sensory and motor representational com-
ponents (e.g., Barsalou, 2008). Hence, assuming an “ideomotor” stance as a moderate version of an
embodied cognition view, we argue that cognition and motor control need to be considered in tandem
(see also Shin, Proctor & Capaldi, 2010), and this is the reason why we are convinced that the present
approach to combine cognitive psychology and movement science is most promising for the investigation
of human multitasking.

State of the art and perspectives based on own previous work

Cognitive psychology and movement science both investigated multiple cognitive task requirements. Yet,
the research lines are at best partially overlapping and more integration is needed. While research in
cognitive psychology has focused on either structural limitations or on limitations regarding flexibility,
movement science has been more interested in plasticity and considered training as well as interven-
tions (e.g., with respect to cognitive aging). In the following, we first describe the current state of the art in
cognitive psychology and movement science separately. Then we outline our integrated perspective on
multiple cognitive task requirements.

! Of course, we are aware that this broad definition can lead to inconsistencies, especially for hierarchical tasks
or multi-step tasks. Depending on the systemic level of the description, one may consider a sub-goal or a single step
as well as the higher-order goal or the complete sequence of steps as a “task”.

We use the term “interference” to relate to performance costs due to interfering processes in multitasking. In
contrast, the term “crosstalk” is theoretically neutral and refers both to possible performance costs and benefits (see,
e.g., Koch & Prinz, 2002).
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State of the art in cognitive psychology

Structural perspective. Structural concepts on multiple task performance mainly considered
limitations when performing two tasks concurrently. Thereby, limitations were either ascribed to a “bottle-
neck” that assumes obligatory (e.g., Pashler, 1998) or highly preferred (Meyer & Kieras, 1997) serial
processing at specific processing stages or parallel but strongly resource-limited processing (e.g.,
Kahnemann, 1973; Norman & Bobrow, 1975). Figure 1 depicts the idea of serial processing stages (e.qg.,
Pashler, 1994, Welford, 1952). Bottlenecks occur in dual-task conditions with strong temporal overlap.
Mainly “central” decision processes (i.e., response selection) were identified as bottleneck stage that
does not normally operate in parallel (e.g., Janczyk & Kunde, 2010; Jentzsch, Leuthold, & Ulrich, 2007;
Kunde, Pfister, & Janczyk, 2012; Pashler, 1994; Paelecke & Kunde, 2007; Schubert, 2008; Welford,
1952). Consequently, if one such process (here response selection for Stimulus 1, S1) occupies the “bot-
tleneck” processing stage (indicated by the red shading in Figure 1), the corresponding process for the
other task (response selection for S2) has to wait. Thus, bottleneck concepts focus on structural limita-
tions of central processing stages while they assume parallel processing for peripheral processing, that
is, perceptual and response execution stages (see also Koch, 2008, for a review).

S1 Perception Response Selection Response Execution R1

S2 Perception Response Selection Response Execution R2

Figure 1. The central bottleneck account implies strictly serial processing at the central stage (adapted from Pashler,
1994). S = Stimulus, R = Response. The arrow indicates interference based on serial processing require-
ments at the response selection stage.

Concepts on resource limitations initially assumed unspecific resources that are allocated to different
task demands (Kahnemann, 1973; Norman & Bobrow, 1975). Such unspecific concepts were replaced
by the assumption of more specific resources, like the assumption of multiple, modality-specific re-
sources by Navon and Gopher (1977), or the assumption of multiple resources for stimulus modalities,
processing stages, memory codes, and response output as assumed by Wickens (2002; Figure 2
adapted from Wickens & McCarley, 2008). Limitations regarding multiple task requirements occur when-
ever the same structural resource is requested by two or more processes (e.g., Manzey, 1993). Thus, all
processing stages, not only the central stage, may constitute functional limitations.
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Flexibility perspective. Tombu and Jolicoeur (2003) proposed an account that can be consid-
ered as an attempt to integrate the accounts of central (bottleneck) stages and resource-limited but par-
allel processing (see also Navon & Miller, 2002). They assumed a central bottleneck at which parallel,
but resource-limited “central capacity sharing” takes place (see Figure 3). Central resources that are
required for response selection are allocated flexibly to processing stages for both tasks. This account
can thus explain many recent findings that Task 2 response characteristics impact “backwards” on Task
1 processing (e.g., Fischer, Miller, & Schubert, 2007; Hommel, 1998, Miller, Ulrich, & Rolke, 2009; Schu-
bert, Fischer, & Stelzel, 2008).

Response

Selectio

S1 Perception Response Execution R1

. Response .
S2 Perception /Seliipn Response Execution R2

Figure 3. Central capacity sharing account (adapted from Tombu & Jolicoeur, 2003).

Thus, resource concepts entail flexibility regarding how processing resources are allocated to several
tasks. In contrast, strict serial processing as assumed by bottleneck accounts can be considered as all-
or-none allocation of resources and thus offer no flexibility. However, theorizing on parallel, but resource-
limited processing lacks clear explanations of the mechanisms that govern how exactly resources are
flexibly allocated. For example, while it is assumed that resources are allocated depending on task priori-
ty or expected outcome value (e.g., Wickens, Goh, Helleberg, Horrey, & Talleur, 2003), it remains un-
clear “who” weights these parameters and which mechanisms implement resource allocation. To address
this question, Logan and Gordan (2001) proposed “reconfiguration” as an active control process to allo-
cate resources for the central bottleneck stage. Similarly, Meyer and Kieras (1997) assume adaptive
“executive” processes that control response order. However, these active, executive control processes
are not well specified (see, e.g., Fischer & Hommel, 2012, for an attempt to characterize different types
of control styles) and thus flexibility or limitations of flexibility are currently underspecified concepts within
these models.

To address more directly the issue of flexibility when multiple cognitive tasks are required, perfor-
mance of sequential tasks are preferably considered. It is well established that performance decreases
when switching between two (or more) tasks (see Kiesel et al., 2010, or Monsell, 2003, for reviews).
These switch costs are (at least partly) due to limitations to maintain two task sets at a time in working
memory and to flexibly prepare the system for an upcoming task; they are thus due to limited mental task
set “reconfiguration”. Consequently, responding in task switches takes longer (see Figure 4) because an
additional reconfiguration process prolongs task performance. However, other processes have been
demonstrated to contribute to task interference and thus to switch costs as well, such as maintenance of
working memory content, stimulus valence, response valence, response repetition, item-specific priming,
backward inhibition, task expectancy, etc. (see Kiesel et al., 2010, for a review). These other processes
are to some degree described in mechanistic terms, whereas a corresponding specification of reconfigu-
ration from the cognitive control perspective is still lacking.

As a further type of multitasking situation, we also consider task interruptions (e.g., Lorch, 1993),
that is, settings in which an ongoing task or a task sequence is interrupted by a secondary task. The
often observed performance costs of task interruptions and resumptions constitute another example of
limitations to flexibly shift attention between tasks (Altmann & Trafton, 2007).

Summary. Theoretical concepts on structural limitations and on limitations regarding flexibility are
not sufficiently integrated, and the corresponding research lines are mostly disconnected. Thus, while
multiple cognitive task requirements are an important topic in the current societal discourse, and the
catchword “multitasking” is often used in the media, psychology clearly lacks an integration of different
research lines at the empirical and theoretical level. Research in cognitive psychology accumulated de-
tailed knowledge and specific models, but a “quantum leap” on theorizing is still missing.



Proposal to establish a DFG Priority Program; Kiesel, Miller & Koch

A) Task Repetition

Stimulus Response

Response

Perception .
P Selection

Response Execution

B) Task Switch
Stimulus | Interfering processes | Response
Reconfiguration Perception Respornse Response Execution
Selection

Figure 4. Reconfiguration and other (involuntarily) interfering processes as sources of task-switch costs.

State of the art in movement science

Recent empirical studies in cognitive psychology re-examined both the traditionally assumed functional
locus of the bottleneck (see Miller, Ulrich, & Rolke, 2009; Paelecke & Kunde, 2007; or see Koch, 2008,
for a review) and the idea of content- and modality-specific interference (e.g., Huestegge & Hazeltine,
2011; Huestegge & Koch, 2013). In addition, training seems to facilitate the ability to conjointly perform
two tasks (e.g., Liepelt, Strobach, Frensch, & Schubert, 2011; Schumacher et al., 2001). While especially
training studies are a first step to consider plasticity of cognitive processes in human multitasking (e.qg.,
Strobach, Liepelt, Pashler, Frensch, & Schubert, 2013; Strobach, Liepelt, Schubert, & Kiesel, 2012), this
aspect is much more prominent in movement science.

Plasticity perspective. In most experimental approaches on multitasking in cognitive psychology,
the tasks include a more or less substantial movement component (e.g., pressing or releasing a key),
which is considered to be part of the task but is hardly studied separately as potential factor in multitask
interference (for exceptions see Bratzke, Rolke, & Ulrich, 2009; Huestegge & Koch, 2013; Philipp &
Koch, 2010; Ulrich et al., 2006). Movement science, on the other hand, has dwelled on dual-task or multi-
task situations in which at least one of the tasks is a sufficiently challenging motor task, that is, a task
where the quality of movement control is crucial for success.

For instance, locomotion is widely studied in these multitask settings. Even though locomotion is
highly practiced, it remains a challenging task for the motor control system. Information from different
sensory channels (e.g., vision, kinesthetic, vestibular) needs to be processed continuously involving also
central processing capacity (Hausdorff, 2005). Especially in elderly persons, walking performance de-
creases when cognitive secondary tasks, like talking, orienting, or counting, are executed concurrently,
increasing the risk of falls (Beurskens & Bock, 2012a). Dual-task costs in locomotion performance are
larger when the secondary task is associated with executive or memory functions as compared to simple
reaction tasks (Al-Yahya et al., 2011). Interference in cognitive-motor multitasks has thus been explained
by limited central processing resources. Alternatively, interference is explained by shared use of more
specific resources, like common input modalities (e.g., vision) or common effectors on the output side
(e.g., according to the four-dimensional multiple resource model introduced by Wickens, 2008).

As demonstrated by the examples above, movement science has used the same theoretical con-
cepts that are prevalent in cognitive psychology with respect to a structural perspective. The primary
difference between these approaches lies in the motoric complexity of the required component tasks,
which are often not discrete S-R tasks but ongoing, continuous (or sequential) tasks like locomotion.
Nevertheless, movement science emphasizes the plasticity perspective, focusing on issues of learning
and training in situations that impose multiple cognitive task requirements.

The motor skill learning literature suggests that during extensive practice of motor tasks, information
processing is progressively shifted to task-specific encapsulated processing modules at all levels (cf.
d’Avella & Pai, 2010; or Hossner, 1995, for an overview). At the input level, information processing is
tailored to task-specific solutions where only the relevant information components are processed (“direct
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parameter specification”, cf. Neumann & Klotz, 1994). At the central processing stages, so called “proce-
duralization” (Anderson & Lebiere, 1998) reduces the involvement of declarative memory (Figure 5). At
the output level, less and less conscious control is involved, making the movement robust against divert-
ing processing demands. After extensive practice, movement control can become “automatic” (i.e., it is
performed by specific modules without contribution of unspecific central processing units). Automatic
movement execution is often described as “non-attentional”, that is, as lacking “attentional control”. Au-
tomatic movements are assumed to be almost completely shielded against any crosstalk from other on-
going activities. In a multitask situation, automatic movements should not show any interference or dual-
task costs (conceptualizations of this phenomenon and potential mechanisms are discussed by e.g.,
Greenwald, 1972; Keele, Ivry, Mayr, Hazeltine, & Heuer, 2003; Lien, McCann, Ruthruff, & Proctor, 2005;
for an overview see Miiller & Blischke, 2009).

S1 Perception Response Execution R1
S2 Perception Response Execution R2

Figure 5. After intensive training, movement control is automatic and does not require limited central capacity.

In that sense, dual tasks have been widely used as a methodological tool and as a window into measur-
ing to which degree a certain movement can be considered as automatic or not. Automaticity has even
been operationally defined and quantified by dual-task costs (e.g., Manzey, 1993). It has been demon-
strated that dual-task costs can be reduced almost to zero over thousands of practice trials (Blischke,
2001). The degree of automaticity of a movement is a crucial factor affecting the costs in cognitive-motor
dual tasks. The rate and the amount of automatization depends on the task characteristics (Wollesen &
Voelcker-Rehage, 2013) and shows large inter-individual variation (which can e.g., at least partly be at-
tributed to differences in the dopamine metabolism; Beck, Blischke, & Abler, 2012). Yet, depending on
available cognitive resources, similarly automatized movements can reveal different dual-task costs. For
example, age-related changes in the available cognitive resources also lead to increased dual-task costs
in elderly persons (Krampe, Schaefer, Lindenberger, & Baltes, 2011; Li, Lindenberger, Freund & Baltes,
2001; Lindenberger, Marsiske & Baltes, 2000; Voelcker-Rehage, Stronge, & Alberts, 2006; see also
Boisgontier, Beets, Duysens, Nieuwboer, Krampe, & Swinnen, 2013, for a review on postural dual tasks).
Note that the cited examples stand for a large humber of studies in the field of movement science that
can be attributed to the plasticity perspective. They describe how the structure of information processing
changes with practice, with age, following neurological impairments etc.

In many applied fields, secondary tasks® are used as a diagnostic tool to quantify inter- and intrain-
dividual differences in cognitive resources and automaticity of motor and cognitive tasks. Tests including
dual tasks are more sensitive to changes in postural control, leading to a better estimate of the fall risk of
a person (Zijlstra, Ufkes, Skelton, Lundin-Olsson, & Zijlstra, 2008). A higher measurement precision also
helps to better evaluate balance training interventions to reduce the fall risk or to assess recovery, such
as after motor disorders following stroke (Mulder, Zijlstra & Geurts, 2002).

However, dual tasks are not only used to evaluate an intervention, but they are also used as inter-
vention itself. For example, Silsupadol et al. (2009) instructed elderly persons with balance impairments
to practice walking in single-task (just walking) or dual-task conditions (walking while concurrently count-
ing backward, naming objects, or spelling words backwards). If tested in single task conditions, both
trainings were equally effective, whereas motor and cognitive performance measured under dual-task
conditions was improved only after dual-task training. Wollesen and Voelcker-Rehage (2013) explain this

* We would like to note that using the term “secondary task” implies a strong priority setting across
the component tasks, whereas the term “dual task” is neutral with respect to the priorities that are set by
the person, the experimenter, or the situational context.
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effect by assuming that dual-task exercise increases the difficulty level, raises the processing load, and
by this means boosts performance in the motor and cognitive domain concurrently.

A cognitive secondary task might not only unspecifically raise the work load but also draw attention-
al control away from the motor task. Interestingly, drawing away attention might even enhance motor
learning and motor performance. If the movement is not automatic, this will stimulate the use of the spe-
cific processing modules and accelerate the process of automatization. If the movement became autom-
atized, the additional cognitive task prevents the person from allocating unnecessary or even detrimental
attention to movement-related motor process. Else, diverting attentional control to an otherwise automat-
ic movement might “de-automatize” control. “Explicit” or “attentional” control could lead to slower and less
stable learning compared to so called “implicit motor learning” (Masters, Lo, Maxwell, & Patil, 2008;
Steenbergen, van der Kamp, Verneau, Jongbloed-Pereboom & Masters, 2010). There is a large body of
literature on skilled performance (e.qg., in sport sciences) demonstrating that allocating attention to details
of a well learned movement can also degrade performance directly by corrupting a successful automatic
control regime (see Wulf, 2013, for an overview).

Summary. In movement science, motor-motor or motor-cognitive task combinations have widely
been studied under the perspective of motor learning and automatization. Traditionally, the main focus
has been on interference effects as quantification of automaticity, which is used as indicator of intraindi-
vidual plasticity and interindividual differences in processing capacities and resource allocation. Howev-
er, beyond these still significant questions, recent theoretical developments and empirical observations
open a new perspective. There seem to be at least some situations where learning a motor task benefits
from a cognitive secondary task during training, and cognitive learning might be improved by training
under cognitive-motor dual task conditions (see Wollesen & Voelcker-Rehage, 2013, for a review). The
mechanisms of this mutual interaction of cognitive and motor tasks are not yet sufficiently understood to
predict which task combinations will finally produce positive or negative effects. Future work that tackles
this challenge will strongly benefit by a close connection to the current developments in cognitive psy-
chology.

Future research perspectives

According to our view, the interdisciplinary combination of cognitive psychology and movement science
is very well-suited to address questions concerning human multitasking performance. However, despite
the theoretically postulated inextricable connection of cognition and motor action, cognitive psychology
and movement science considered the topic “multitasking” from fundamentally different perspectives.
While cognitive psychology either focused on the structural limitations of cognitive processes or the lack
of flexibility when facing multiple cognitive task requirements, movement science considered the plastici-
ty and the possibility of training. Naturally, the empirical settings and the types of tasks investigated with-
in the different lines of research differed.

The different perspectives of cognitive psychology and movement science on multiple cognitive task
requirements bear a strong potential of cross-fertilization of both fields. Movement science can gain from
theorizing about limitations of the cognitive architecture while planning complex movements or actions,
and cognitive psychology gains from refining the concept of cognitive plasticity that stimulates training
research on how to cope with multiple task requirements.

In addition, knowledge on the basic mechanisms underlying multiple cognitive task requirements is
also of theoretical interest for a number of other scientific disciplines. Given the societal relevance of
issues concerning multiple cognitive task requirements, it is essential to remove this research from its
disciplinary isolation and to frame it in the context of a new interdisciplinary research field. Without claim-
ing to be complete, some examples of other research areas and disciplines are ergonomics, computer
science, linguistics, cognitive and clinical neuroscience, sports science, gerontology, in addition to sub-
fields of psychology like work and organizational psychology or developmental psychology. For the pro-
posed priority program, cognitive psychology and movement science represent the core disciplines, even
though other disciplines may also contribute to the work program if they help to advance our understand-
ing of cognitive and behavioral aspects of multitasking.

We conjecture that research regarding multiple cognitive task requirements needs two strategies.
First, basic research has to deepen our knowledge on underlying mechanisms and principles. And sec-
ond, an interdisciplinary approach has the potential to consider the topic from different perspectives that
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will enable us to integrate several lines of research in a common framework. Such an interdisciplinary
integration on multiple cognitive task requirements will lead to fundamental insights and gains of
knowledge in an emerging interdisciplinary research field that becomes more and more important in
modern societies.

Many different factors influence how humans deal with multiple cognitive task requirements. First,
the ability to cope with demanding situations increases with practice or training (e.g., Liepelt et al., 2011).
Second, differential aspects influence how different persons cope with the same type of multitasking
situations. For example, the ability to deal with multiple cognitive requirements decreases with age (Kray
& Lindenberger, 2000; Lawo, Philipp, Schuch, & Koch, 2012; Riby, Perfect, & Stollery, 2004), and elderly
people seem to develop compensatory strategies to avoid the necessity of multitasking (Baltes & Baltes,
1989). Third, the current affective state as well as the affective appraisal of tasks and multitasking situa-
tions might impact on performance (e.g., Dreisbach & Goschke, 2004). In addition, types of tasks and
strategies how to manage several action affordances influence multitasking performance (e.g., Oberauer
& Kliegl, 2006). And finally, group processes also impact on performance in multitasking settings, espe-
cially when several persons have to cooperate on tasks (e.g., Hertel & Scholl, 2006).

Trainings on how to deal with multiple requirements and how to organize different task requirements
efficiently are important to construct working environments that do not overburden the individual. On the
other hand, however, nobody wants to go back to old-fashioned assembly-line work that requested just
single movements of the workers and was related to overstraining of single muscles, monotony, and loss
of motivation (Hacker, 2005). Therefore, we need to know which types of multiple task requirements are
easy to deal with and probably even related to more efficiency and better evaluations than single task
requirements, and which types of trainings are suitable for specific types of multiple cognitive require-
ments.

Further, such knowledge would not only foster current economics but also shed light on how to deal
with multiple cognitive requirements in school and university. This in turn would increase achievements
related to all types of educations. In this regard, it is interesting to note first attempts that demonstrate
positive aspects of multiple task trainings. Especially concurrent performance of motor and cognitive
tasks seem to increase learning in cognitive tasks compared to situations in which pupils train cognitive
tasks in isolation (e.g., Zimmer, 2009). Such positive effects of concurrent motor training while engaging
in cognitive tasks, are most likely not restricted to young children. Positive effects of combined training
might similarly occur in middle aged (e.g., Blischke & Reiter, 2002) as well as elderly (e.g., Voelcker-
Rehage & Alberts, 2007).

Moreover, exploring basic mechanisms underlying multiple cognitive task requirements also bears
important implications on how engineers construct future technical environments. Most of the environ-
ment we deal with each day is man-made. Yet, especially multi-functional technical systems are often not
easily operated and not only elderly have immense problems to handle new technology, like computers,
smart phones, driver assistance systems, etc. Problems to handle this technology are particularly evident
under conditions of time pressure and multiple task requirements. Thus, understanding basic mecha-
nisms helps to advise engineers on how to construe user-friendly human-machine-interactions in time-
limited tasks, like in driving situations. Last but not least, it is evident that this research will also inform
theories of basic cognitive architecture.

In this proposed program, we aim to focus on multiple cognitive task requirements on performance
and behavior. Yet, also subjective consequences, as assessed by self-report or questionnaires, for the
person who faces such requirements are clearly relevant. In addition, biological markers, such as stress-
related changes in the cortisol level, and neuronal correlates of cognitive processes involved in multitask-
ing, may also help to understand better the mechanisms when dealing with multiple cognitive task re-
quirements.

Previous work of the applicants

The three applicants form a team with both synergistic and complementary expertise and methodological
skills. During the last decade, the applicants published extensively on the issue of structure, flexibility,
and plasticity of cognition, action control, and motor behavior in both multitasking settings as well as
learning and training settings. Specifically, Andrea Kiesel and Iring Koch contributed to the literature on
multitasking together by publishing an extensive review article on task switching (Kiesel et al., 2010, with
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191 citations as of October 9, 2013 listed in google scholar). Similar scholarly review articles have been
provided by Iring Koch on task inhibition (Koch, Gade, Schuch & Philipp, 2010), on task preparation
(Jost, De Baene, Koch & Brass, 2013), and on the mechanisms underlying dual-task performance (Koch,
2008). With respect to the structural perspective, Andrea Kiesel has published well-received empirical
contributions on interference in between-task crosstalk in task switching (e.g., Kiesel, Kunde & Hoff-
mann, 2006; Kiesel, Wendt & Peters, 2007). Iring Koch contributed empirically to the study of crosstalk
interference in dual tasks (e.g., Koch & Jolicoeur, 2007; Koch & Prinz, 2002), to inhibition of competing
tasks (e.g., Schuch & Koch, 2003) and languages (in bilingual settings; Philipp & Koch, 2009), and to
modality-specific constraints in multitasking (e.g., Huestegge & Koch, 2013; Philipp & Koch, 2005). He
also edited special issues of international peer-review journals on dual-task performance (Koch & Jo-
licoeur, 2006) and on task switching (Koch & Brass, 2013). In addition, with respect to flexibility of cogni-
tion and action control, Andrea Kiesel has published papers on ideomotor learning (e.g., Pfister, Kiesel &
Melcher, 2010), instruction-based control (e.g., Waszak, Pfister, & Kiesel, 2013), conflict control (e.g.,
Wendt, Kiesel, Geringswald, Purmann, & Fischer, in press), and Iring Koch on both cue-based and pre-
dictability-based task preparation processes (e.g., Koch, 2001; Koch & Allport, 2006). Moreover, he has
also published in the area of motor sequence learning (e.g., Koch, 2007). This expertise with respect to
the issues of structure and flexibility of cognition and motor behavior in various task settings is comple-
mented by the expertise of Hermann Miller in the area of flexibility and plasticity of cognition and
movement control. Specifically, he published on variability and flexibility of motor skill learning and con-
trol of goal-directed action (e.g., Miiller, Frank & Sternad, 2007; Pendt, Reuter & Miiller, 2011) as well as
on the role of cognitive processes in motor learning (Muller, 1997; Muller & Blischke, 2009, for reviews).
This expertise in the study of learning processes is important in the present context as it provides the
necessary background for the plasticity perspective, focusing on systematic changes of structure as a
function of experience and learning.

Together, the combined background of both cognitive psychology and movement science allows the
proposed priority program to provide an integrated framework that brings together the three issues of
structure, flexibility, and plasticity, which are often discussed in isolation. In this framework, the joint re-
search effort in the context of the proposed priority program is aimed to achieve the following objectives,
as outlined in the scientific objectives and work program.

Scientific objectives and Work program

Scientific objectives

The proposed priority program pursues three goals that are constitutive for the work program. The pro-
gram aims at:

1. providing a new, integrative theoretical framework that reconciles the structural perspective of
immutable processing bottlenecks with the more flexible cognitive-control perspective,

2. re-examining a flexible processing “resources” metaphor by referring both to the structural per-
spective in terms of modality-specific capacities and the flexibility perspective in terms of task re-
guirements, motivational, and emotional modulation,

3. assessing the plasticity of cognition and motor behavior in the context of action optimization in
multiple task situations by focusing on training schedules and the resulting learning processes.

Work program

In order to attain the three objectives mentioned above, we aim to generate a scientific matrix that con-
sists of an array of research topics clustered in three broad areas. The individual research projects will
typically contribute primarily to one of these clusters, but it is assumed (and desired) that each individual
project will also have specific connections to the other clusters, and extending and elaborating these
connections will be an important aspect of the work program.

This scientific matrix will be complemented by a governance structure that serves to monitor and
evaluate the scientific progress, to ensure the efficiency of education on the PhD and post-doc level, and
to strategically anticipate both the topics for the continuation proposal and the needs to ascertain a long-
term sustainability of this priority program beyond the DFG funding period.
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Our goal is to cluster the individual research projects in three research areas (see Table 1). They are
ordered along a gradient from pure basic experimental research to research that has the potential to offer
insights into more application-oriented questions.

1. Structural perspective: Cognitive bottlenecks, modular resources

2. Flexibility perspective: Cognitive control, action efficiency

3. Plasticity perspective: Cognitive and motor training, learning, life-span development

Table 1
Research matrix based on three project clusters with different (but partially overlapping) perspectives

Dominant Perspective of Research Cluster

Structure Flexibility Plasticity

1. Mechanisms of interference 1. Basic mechanisms of ca- 1. Cognitive learning and
in combining two tasks pacity sharing and parallel training programs

2. Mechanisms of interference processing of independent . Influence on cognition
in switching temporally non- tasks 2. Cognitive learning and
overlapping tasks 2. Cognitive control and inten- training programs
task performance: Develop- 3. Situative impairment of mul- performance and health
mental and neuropsycholog- titask performance 3. Expertise and automatisa-
ical aspects tion

4. Organizational measures
and interventions to im-
prove multitask perfor-
mance and reduce associ-
ated stress level

Structural perspective: Cognitive bottlenecks, modular resources

Here we subsume research projects that work on research questions using the well-established bottle-
neck framework or limited-resources concept from a structural (i.e., “deficit-oriented”) perspective. This
important research area aims to identify the relevant contextual and cognitive variables that lead to im-
paired performance in multiple task requirements. This includes interindividual differences variables,
such as personality, gender, age, and neuropsychological impairment. The aim of studies in this cluster
is to identify boundary conditions of multitasking to further refine theories on structural processing limita-
tions and to enrich these theories with the flexibility perspective. Specifically, projects in this cluster will
examine performance in quite elementary tasks that enable high experimental control. We identify three
partially overlapping sub-areas.
1. Mechanisms of interference in combining two tasks, either simultaneously or in rapid succession:
These studies will use variations of the traditional overlapping-task methodology.
2. Mechanisms of interference in switching temporally non-overlapping tasks: These studies use
variations of serial switching and task interruption methodology.
3. Structural influence on multitask performance: These studies will focus on developmental (e.g.,
cognitive aging studies“) and neuropsychological aspects (e.g., frontal lobe lesions, beginning
dementia; possibly including clinical issues, such as affective disorders).

Flexibility perspective: Cognitive control, action efficiency

This cluster of projects will cover issues of the mechanisms of flexible resource allocation and flexible
cognitive control of task set. In contrast to the structural perspective, these projects will examine the
boundary conditions for flexible sharing of processes (such as incorporated in capacity sharing models)
and flexible shifting of set. The aim of studies in this cluster is to identify boundary conditions of cognitive

* In this regard, aging is considered as a quasi-experimental variable, and age-associated differ-
ences in structural limitations are investigated. This perspective is complementary to the plasticity per-
spective, in which it is assessed how these age effects can be compensated by specific training
measures.
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flexibility to further refine theories on flexible processing and to enrich these theories with the plasticity
perspective. We define three sub-areas.

1. Basic mechanisms of capacity sharing and parallel processing of independent tasks: This re-
search is complementary to that in the first cluster and explores the flexibility of the processing
system with respect to task demands (e.g., similarity of relevant representations and processes,
modality overlap, etc.), instructions, and “operator” needs (strong interaction with projects in the
first cluster will be implemented in order to overcome the serial vs. parallel dichotomy).

2. Cognitive control and intentional set: Research in this area focuses on preparatory mechanisms
and boundary conditions of flexible (possibly “voluntary”) task switching.

3. Situative impairment of multitask performance: Such projects will examine emotional and motiva-
tional influences (mostly impairments) of performance; these projects could focus on cognitive-
emotional variables (e.g., affective cognitive neuroscience) or on more social-organizational var-
iables that provide a link to the more systemic level of health, work and organizational psycholo-

gy.

Plasticity perspective: Cognitive and motor training, learning, and life-span development

Projects in this cluster will focus on the active role of subjects to optimize multitask performance in the
long term. Relevant variables for this long-term plasticity are the temporal organization and requirements
of tasks and the issue of whether task-scheduling “strategies” can be effectively employed. The aim of
studies in this cluster is to identify the potential of plasticity for multitasking and to combine this perspec-
tive with the perspectives of structure and flexibility. This will foster theoretical integration and also serve
to enlarge the potential to transfer knowledge on the basic mechanisms regarding multiple cognitive task
performance to related disciplines and scientific discourses. We define four sub-areas.

1. Cognitive learning and training programs I. Influence on cognition: These studies focus on the
role of specific training regimens in the improvement of cognitive functions. Such studies could
focus on basic mechanisms but also on practical, applied benefits in special populations, such as
in children, old adults, or neuropsychologically impaired subjects.

2. Cognitive learning and training programs Il. Influence on motor performance and health: These
studies will use more complex task requirements, such as those requiring fine motor skill or con-
tinuous movements. Such studies will focus on action optimization in more applied settings, such
as in intervention studies on fall prevention in the elderly.

3. Expertise and automatization: Such projects will explore how acquired cognitive or motor skills
change resource requirements (complementary to the structural perspective); here movement
science provides a specific focus on motor performance.

4. Organizational measures and interventions to improve multitasking performance and reduce as-
sociated stress level: These studies focus on more applied settings and examine the conditions
that minimize work load and subjective stress experience in situations that require speeded per-
formance of multiple tasks. Such studies might also have implications for the issue of work-
related “burn-out.” Even though the general thrust of this priority program is more towards basic
research, research from this cluster, and specifically this sub-area, has a strong potential to re-
late to more applied research programs (e.g., in clinical psychology) outside of the proposed
DFG priority program.

Taken together, it is obvious that some projects will be grouped more naturally within a single cluster,
whereas other projects could contribute equally to different clusters. In both cases, the projects in these
three clusters are supposed to interact strongly. This interaction is needed within each cluster, but it is
also required across clusters.

Expected long-term impact of the proposed program

Based on the work in this priority program, research on how people deal with multiple cognitive task re-
guirements, which is a topic of clear societal relevance, will be framed in a broader context in a more
interdisciplinary framework, so that knowledge gained in disciplinary isolation will become more fruitful for
translation into different disciplines and potential applications. Particularly, we believe that the focus of
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basic cognitive research on functional and structural processing limitations will be complemented by a
strong cognitive-control perspective that emphasizes the flexibility of human cognition.

In extension of the flexibility perspective and in the context of an aging society, we also expect that
this research will produce a wealth of new knowledge with regard to cognitive plasticity that can be used
and applied to optimize action in complex task environments that are associated with multiple cognitive
requirements. This potential with respect to optimization strategies and the efficiency of learning and
training schedules will represent the application-oriented aspect of this priority program, even though the
major thrust will refer to basic research.
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