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ABSTRACT

We tested the independent influences of two content-based factors on dual-task costs, and on the parallel
processing ability: The pairing of S-R modalities and the pairing of relevant features between stimuli and
responses of two tasks. The two pairing factors were realized across four dual-task groups. Within each
group the two tasks comprised two different stimulus modalities (visual and auditory), two different rel-
evant stimulus features (spatial and verbal) and two response modalities (manual and vocal). Pairings of
S-R modalities (standard: visual-manual and auditory-vocal, non-standard: visual-vocal and auditory-
manual) and feature pairings (standard: spatial-manual and verbal-vocal, non-standard: spatial-vocal
and verbal-manual) varied across groups. All participants practiced their respective dual-task combina-
tion in a paradigm with simultaneous stimulus onset before being transferred to a psychological refrac-
tory period paradigm varying stimulus-onset asynchrony. A comparison at the end of practice revealed
similar dual-task costs and similar pairing effects in both paradigms. Dual-task costs depended on modal-
ity and feature pairings. Groups training with non-standard feature pairings (i.e., verbal stimulus features
mapped to spatially separated response keys, or spatial stimulus features mapped to verbal responses)
and non-standard modality pairings (i.e., auditory stimulus mapped to manual response, or visual stim-
ulus mapped to vocal responses) had higher dual-task costs than respective standard pairings. In contrast,
irrespective of modality pairing dual-task costs virtually disappeared with standard feature pairings after
practice in both paradigms. The results can be explained by crosstalk between feature-binding processes
for the two tasks. Crosstalk was present for non-standard but absent for standard feature pairings.
Therefore, standard feature pairings enabled parallel processing at the end of practice.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

this view, processing of simple choice tasks can be broken down
into a chain of three discrete, subsequent processing stages: stim-

In every-day life there are situations in which we wish or try to
do two things at the same time. In dual-task research the question
whether we can process two tasks in parallel is still a matter of
debate. The vast majority of parallel-processing research estab-
lished that people get slower and/or more error prone at one or
both tasks when they try to perform them at the same time com-
pared to their performance in a single task context (e.g., Carrier &
Pashler, 1995; Hommel, 1998a; Pashler & Johnston, 1989; Ruthruff,
Johnston, Van Selst, Whitsell, & Remington, 2003; Van Selst &
Jolicoeur, 1994).

One important theoretical explanation of dual-task costs is the
assumption of a response-selection bottleneck (Pashler, 1984). In
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ulus encoding (sensory stage), response selection (central stage),
and response execution (motor stage, Sternberg, 1969). The central
processing stage, that is, the translation of stimulus information
into a response according to task demands, is constrained to one
process at a time (i.e., there is a central bottleneck). The sensory
and motor stages can run in parallel for two tasks as long as they
don’'t compete for the same sense organs or motor effectors.

A strong version of the bottleneck theory states that the bottle-
neck cannot be overcome by practice (Ruthruff et al., 2003). This
assumption is challenged by findings showing no dual-task costs
after practice (Allport, Antonis, & Reynolds, 1972; Hazeltine,
Teague, & Ivry, 2002; Oberauer & Kliegl, 2004; Shaffer, 1975).
One well-controlled study showing this result was conducted by
Schumacher et al. (2001). In one task of their study people had
to press one of three spatially compatible buttons on the computer
keyboard according to the location of a visually presented disc. In
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the other task participants heard one of three possible tone pitches,
which they had to categorize by saying aloud “one”, “two”, or
“three”. Dual-task costs in reaction times (RTs) and percent errors
(PEs) were minimal or even vanished at the end of practice. The
authors interpreted their results as showing parallel processing
of two tasks.

Levy and Pashler (2001) questioned the generality of this inter-
pretation and pointed to the specific stimulus-response modality
pairings as one cause for minimal dual-task costs. In their first
experiment they replicated the results of Schumacher et al.
(2001) using their visual-manual and auditory-vocal task combi-
nation. However, when interchanging the stimulus-response
modality pairings in a second experiment, such that participants
had to respond with a key press to the pitch of a tone (auditory-
manual task), and give a vocal response to the location of a circle
(visual-vocal task), considerable dual-task costs were observable.

1.1. The effect of modality pairings on dual-task costs

The comparison of the two experiments of Levy and Pashler
(2001) provided a first hint that the modality pairings of stimuli
and responses influence whether dual-task costs can be eliminated
with practice. Further research mainly focused on the finding that
modality pairings affect the magnitude of dual-task costs more than
they affect single-task performance (Hazeltine & Ruthruff, 2006;
Hazeltine, Ruthruff, & Remington, 2006; Stelzel, Schumacher,
Schubert, & D’Esposito, 2005). For example, Hazeltine and
Ruthruff (2006) had one group respond with a left or right key press
to the visually presented symbols ‘#’ and ‘%’, and say “one” or "two”
to the presentation of two possible tone pitches, that is, they com-
bined a visual-manual with an auditory-vocal task. These stimu-
lus-response modality pairings (modality pairings) are denoted as
standard (M+) in the following. For the other group the tasks
demanded to press a left or right key according to the pitch of a
tone, and to say “one” or “two” according to the visual symbols
‘#' or %, that is, an auditory-manual task was combined with a
visual-vocal task. These modality pairings are denoted as non-
standard (M—). Whereas modality pairings only slightly affected
single-task performance, dual-task costs were significantly higher
for the non-standard compared to the standard modality pairings.
Hazeltine and Ruthruff (2006) proposed interference between the
central operations as the cause of higher dual-task interference in
non-standard compared to standard modality task-pairs.

The aims of the present study are to further examine the effect
of modality pairings on dual-task costs, and to investigate under
which conditions dual-task costs vanish after practice. We argue
that the effect of modality pairings on dual-task costs is best
understood within the framework of the theory of event coding
(TEC, Hommel, Miisseler, Aschersleben, & Prinz, 2001) with its
common coding principle (Prinz, 1990), as we explain next. In Sec-
tion 4 we will consider the implications of our findings for alterna-
tive theories of dual-task costs, such as the bottleneck theory
(Pashler, 1984) and resource-sharing accounts (Navon & Miller,
2002; Tombu & Jolicoeur, 2003; Wickens, 1980).

The common coding principle states that stimuli and responses
are represented by features in a common domain. Many kinds of
features (e.g., “left”) can represent aspects of a distal event, and
thus are applicable to both stimuli (e.g., a flashing light on the left)
and responses (e.g., pressing the left key). Relevant features of per-
ceptual events and the accompanying actions are activated and
bound together according to the current task rules. Stimulus and
response representations of a task can overlap to varying degrees
within the common medium of representation. For instance,
responding to a visual stimulus at a spatial location with a manual
response directed to a location in space implies that stimuli and
responses overlap with regard to spatial features (Hommel et al.,

2001; Kornblum, Hasbroucq, & Osman, 1990). Overlap between
stimulus and response features in the same representational med-
ium facilitates bindings between them (Kornblum et al., 1990).

In a dual-task context two bindings have to be established: The
stimulus and the response features of each of two tasks are acti-
vated. This situation raises the “binding problem” (Logan &
Gordon, 2001, p.398): The stimulus features of Task 1 (S1) need
to be bound to the response features of Task 1 (R1), and S2 need
to be bound to R2. In this situation, crosstalk can arise, such that
S1 is bound to R2, and S2 is bound to R1. The chance of crosstalk
depends on the overlap between stimulus and response features
within each task, and their overlap across tasks. When there is
overlap within tasks (i.e., S1 and R1 overlap, and S2 and R2 over-
lap), but not across tasks, the overlap facilitates the correct bind-
ings, reducing the risk of crosstalk. In contrast, if there is overlap
across tasks, but not within tasks (i.e. S1 overlaps with R2, and
S2 overlaps with R1), the risk of crosstalk is high, because the over-
lap encourages bindings across tasks. This constellation is expected
to exacerbate dual-task costs (Koch, 2009).

1.2. Crosstalk between stimulus and response representations of two
tasks

Combining two tasks with standard modality pairings (i.e., an
auditory-vocal and a visual-manual pairing) facilitates binding
each stimulus to the correct response because stimulus and
response representations overlap to a larger degree within tasks
than across tasks. Auditory stimuli and vocal responses share
sound features: The task is to discriminate sounds and to produce
other sounds in response. Visual stimuli and manual responses
share spatial features: The task is to discriminate visual events in
space, and respond by a manual movement to a spatially defined
location (usually, the location of a response key). For instance, in
Experiment 1 of Schumacher et al. (2001) the spatial features of
the visual stimuli had to be translated into a compatible spatial
response. Likewise, the tones had to be responded with a sound
response. Hence, there was little feature overlap between stimuli
of one task and responses in the other task when both tasks have
standard modality pairings, and therefore there is hardly any risk
of cross-task interference during binding. Their binding processes
could work without conflict.

Crossing these modality pairings to create non-standard modal-
ity pairings, as in Experiment 2 of Levy and Pashler (2001), pro-
duces a situation where the stimulus alternatives of one task and
the response alternatives of the other task share verbal-sonic and
spatial features. In the visual-vocal task the spatial features of
the visual stimuli had to be translated into the production of verbal
sounds. In the auditory-manual task the identification of a sound
had to be translated into a spatial response (e.g., left or right key
press). Thus, in the non-standard modality-pairing condition spa-
tial and sound features belong to both tasks. This increases the risk
of crosstalk, that is, the confusion of S and R features across tasks.
When the risk of crosstalk is high, the cognitive system needs to
temporally disentangle the two tasks by carrying them out sequen-
tially (Logan & Gordon, 2001). This might be the basis for the
higher dual-task costs for task combinations with representational
overlap across tasks (M—) compared to task combinations without
representational overlap (M+).

1.3. The present study

Our aim is to further examine the role of features in the effect of
modality pairings on dual-task costs. The effect of modality pair-
ings reported in the literature so far can be explained by postulat-
ing that auditory stimuli and vocal responses overlap in a shared
representational medium for verbal and sonic features, whereas
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Table 1
Overview of the experimental design.
Modality pairing Feature pairing Task Stimulus modality Stimulus feature domain Response feature and modality S-R Comp.
+ + 1 000 circle location three choice key press +
(visual) (spatial) (spatial-manual)
2 two tones tone pitch “one”, “two” —
(auditory) (verbal) (verbal-vocal)
— + 1 ABC letter identity “one”, “two”, "three” +
(visual) (verbal) (verbal-vocal)
2 one tone tone location two choice key press +
(auditory) (spatial) (spatial-manual)
+ - 1 ABC letter identity three choice key press +
(visual) (verbal) (spatial-manual)
2 one tone tone location “one” or “two” +
(auditory) (spatial) (verbal-vocal)
- — 1 000 circle location “one”, “two”, "three” +
(visual) (spatial) (verbal-vocal)
2 two tones tone pitch two choice key press -
(auditory) (verbal) (spatial-manual)

Note. + and — in columns one and two refer to the classification of stimulus-response pairs of the tasks as standard or non-standard modality pairing and feature pairing,
respectively. + and — in the last S-R compatibility column refer to compatible and incompatible S-R mappings, respectively.

visual stimuli and manual responses overlap because they share
spatial features. These overlap relations form the basis for crosstalk
in non-standard visual-vocal and auditory-manual modality pair-
ings. This analysis implies that what is critical for dual-task costs is
not the pairing of modalities, but the pairing of the relevant features
of stimuli and responses that need to be bound together. These fea-
tures are not strictly tied to modalities - for instance, spatial stim-
ulus features can be presented in the visual or the auditory
modality. Likewise, a verbal response can be given either vocally
or manually (i.e., by writing or typing).

We therefore distinguish between stimulus modality (S, audi-
tory versus visual) and the domain of the task-relevant stimulus
feature (Sg, verbal-sonic versus spatial). Analogously, we distin-
guish between the response modality (R, vocal vs. manual) and
the domain of the relevant response feature, that is, the feature
that distinguishes the response options of a task (Rg, verbal-sonic
vs. spatial). We argue that stimuli and responses, regardless of
their modality, are represented in a common representational
medium (as envisioned in TEC), which is defined by the feature
dimensions of that domain.

We distinguish verbal-sonic and spatial domains because these
representational domains have been distinguished theoretically
and empirically in research on working memory (Baddeley,
1986). The distinction between verbal and spatial representations
in working memory is independent of sensory and motor modali-
ties — for instance, an effect of phonological similarity on serial
recall of verbal material is observed even if the material is pre-
sented visually, and responses are typed (e.g., Farrell, 2006). There-
fore, the verbal-sonic and spatial features must be regarded
separately from the stimulus modality (e.g., visual, auditory) and
the response modality (e.g., manual, vocal) of a task.

Our aim is to test the following hypothesis: The reason why
dual-task costs are reduced in task combinations with standard
modality pairings is that stimulus and the response within each
task share a representational domain (verbal-sonic vs. spatial). To
test this hypothesis, we varied the stimulus feature domain inde-
pendently of the stimulus modality. In principle, we could also
have varied the response feature domain independently of the
response modality, but we wanted to limit the complexity of the
design, and therefore varied response domain and response modal-
ity in sync, distinguishing between spatial-manual responses (i.e.,
pressing one of several spatially separated keys) and verbal-vocal
responses (i.e., saying one of several words). Hence, our design var-
ied stimulus modality, stimulus features, and response features/
modality. As shown in Table 1 this results in four different

modality and feature-pairing groups for which we realized no
overlap across tasks within stimulus modalities (either visual or
auditory), stimulus features (spatial or verbal-sonic) and response
modalities (manual or vocal). What we want to test is the effect of
representational overlap across tasks in stimulus-response
modalities and feature-domains. We refer to auditory-vocal and
visual-manual modality pairings as standard (M+) and to
auditory-manual and visual-vocal pairings as non-standard
(M-). We refer to pairings where stimuli and responses share a
feature domain (verbal-sonic vs. spatial) as standard feature
pairings (F+), and those where they don’t share a feature domain
as non-standard feature pairings (F-).

We want to investigate the independent contributions of
modality pairings and feature pairings on dual-task costs. In partic-
ular, we are interested whether F+ pairings enabled parallel pro-
cessing after practice. To this end we compare the dual-task
costs after practice across two different dual-tasks paradigms
because evidence from each individual paradigm is open to criti-
cism and convergent evidence would add strength to the conclu-
sion that dual-task costs can been eliminated for particular task
combinations.

1.3.1. Experimental design

The basic design of our experiment was a 2 x 2 design crossing
modality pairing (M+ vs. M—) with feature pairing (F+ vs. F-).
Table 1 lists the combinations of task modalities and feature
domains' for the four dual-task groups of the present study,
together with their particular tasks. Each group trained one two-
choice task together with one three-choice task. In all groups the
two tasks were composed of the same building blocks: Each task
had one of two stimulus modalities (visual vs. auditory), one of
two feature domains (spatial vs. verbal), and one of two response
modalities (with their associated feature domain: spatial-manual
vs. verbal-vocal). The two tasks in each dual-task combination dif-
fered in all three regards; so for instance when one task used visual
stimuli, the other used auditory stimuli, and likewise for feature
domains and response modalities. The groups differed in that the
modality and feature pairings of both tasks were either standard
(M+; F+) or non-standard (M—; F-).

1 The stimulus-feature/domain-response compatibility originally refers to the
multiple resource theory of Wickens (S-C-R compatibility, 1980). There is no
theoretical correspondence to the present account as it only serves as taxonomy for
feature overlap in the present context.
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Group M+F+. This group trained the task combination used by
Schumacher et al. (2001): the visual-manual and auditory-vocal
tasks; for which both modality pairings were standard (Table 1,
column one). The feature pairings were also standard for both tasks
(Table 1, column two). In the visual-manual task of Group M+F+
participants had to evaluate the location of a circle being left, mid-
dle, or right, and press a spatially corresponding manual key. The
relevant feature of the visual stimulus is its spatial position. Com-
bining the spatial stimulus information with a spatial-manual
response comprises a standard feature pairing. In the auditory-vo-
cal task pitches of tones had to be identified and translated into
vocal responses of saying “one” or “two”.? The relevant information
of the stimulus was a non-linguistic feature, tonal pitch, which
shares the verbal-sonic feature domain with the response.

Sceptics might argue that pitch does not belong to the verbal
domain because pitch might be represented in an up-down fash-
ion, that is, spatially (Keller & Koch, 2006; Rusconi, Kawn,
Giordano, Umilta, & Butterworth, 2006). However, distinct mecha-
nisms for the analysis of pitch (or the sound identity) and acoustic
spatial sequences (one pitch presented at different locations) exist
in the human brain (Warren & Griffiths, 2003). Moreover, there is
evidence that cortical networks associated with language process-
ing also serve the processing of music (Koelsch et al., 2002). These
results support a functional differentiation between pitch and spa-
tial location of tones, consistent with separate auditory “what” and
“where” processing pathways (Arnott, Binns, Grady, & Alain, 2004).
Therefore, we argue that the task-relevant features of the audi-
tory-vocal task of the M+F+ group belong to the verbal/sonic fea-
ture domain. Further support for this assumption comes from the
irrelevant-speech effect: Music and tones interfere selectively with
verbal working memory (Jones & Macken, 1993; Salamé &
Baddeley, 1989), at least more so than with nonverbal working
memory (Lange, 2005). Therefore, we regard the auditory-vocal
task as having a standard feature pairing. In summary, Group M
+F+ trained two tasks that contained standard modality and stan-
dard feature pairings.

Group M-F+ Group M-F+ trained two tasks with non-
standard modality pairings but standard feature pairings. For this
group, visual stimuli, the letters “A”, “B”, or “C”, were displayed
in one task. The relevant features of the stimuli were their identi-
ties as letters (verbal features), and each letter had to be translated
into a corresponding vocal response of saying “one”, “two” or
“three”, respectively. In the other task auditory stimuli were pre-
sented either via the right or the left earphones. The relevant fea-
ture that had to be categorized was not a sonic feature but the
sound location (spatial domain), and a spatially compatible key
had to be pressed (spatial-manual response).

Group M+F—. For this group the modality mappings of the two
tasks of Group M—F+ were swapped, resulting in two tasks with
standard modality pairings but non-standard feature pairings.
The letters “A”, “B” or “C” were presented visually, and letter iden-
tity (verbal features) had to be classified by pressing one of three
possible keys (A=left, B=middle, C=right, spatial-manual

2 In their originally study Schumacher et al. (2001) used a vocal three-choice task.
We reduced the number of modality mappings in order to keep tasks equal across
groups. The reduction was necessary due to the spatial presentation of tones to the
left and the right ear in other groups (two-choice task) instead of presenting the tone
via three spatially arranged loud speakers (three-choice task). In the latter case the
tone could have triggered the voice key that should record the onset of vocal
responses. In Experiment 2 the onset of auditory stimulus and visual stimulus was
varied by an SOA, which could lead to the situation that a tone is presented though
the loud speakers, while a vocal response in the other task is requested, which could
have led to the erroneous recording of the tone as the onset of the vocal response.
Hence, we used earphones, which made it difficult to create a three-choice auditory-
spatial task. Consequently, we reduced the auditory task of all groups to a two-choice
task.

response). The other task was to indicate the location of a tone
(auditory stimulus modality) as being left or right (spatial feature
domain) by saying either “one” or “two” (verbal-vocal response).

Group M—F—-. The M—F- Group trained two tasks generated by
swapping the stimulus-response mappings of the two tasks of the
M+F+ Group, and hence trained the task combination used by Levy
and Pashler (2001). As mentioned above, this combination
included two non-standard modality pairing tasks (visual-vocal
and auditory-manual task). However, the swap made by Levy
and Pashler confounded a change of modality pairings with a
change of feature pairings from standard to non-standard. The
vocal response had to be given to the spatial location of visual
stimuli, so that the feature mapping was spatial-verbal (F-). The
manual response was associated with pitch discrimination
(verbal-sonic features), so that the feature mapping was verbal-
spatial (F-).

1.3.2. Aims and predictions

The aim of the present study is to examine the influence of
between-task crosstalk - manipulated via representational overlap
due to modality and feature pairings — on dual-task costs. We pre-
dict that, when assessed separately, feature pairing should have a
substantial influence on dual-task cost, whereas the effect of
modality pairing should be less pronounced. This prediction is
based on the finding that feature integration in event codes does
not necessarily involve all features of a stimulus (Hommel, 1993,
1998b). In our task design, the stimulus modality is not task rele-
vant and therefore not a necessary part of the task representation.
If codes for stimulus modality are not integrated in the event code,
they will not serve as the basis for potential overlap with the
response representation of the respectively other task. Hence, the
risk of crosstalk and the resulting dual-task costs should not much
depend on modality pairings. In contrast, the relevant features of
stimuli and responses must, by definition, be part of the event
code. The temporary binding of stimulus and response features is
susceptible to crosstalk in dual-task situations if stimulus and
response features overlap across tasks. Therefore, we hypothesize
that dual-task costs should depend primarily on whether or not
feature pairings are standard or non-standard.

A more specific prediction is that, even under the most favor-
able conditions, the risk of crosstalk should prevent the transition
from serial to parallel processing with practice.

Hence, only for task combinations without predicted crosstalk
(i.e., standard feature pairing) negligible dual-task costs after prac-
tice should be achieved. To investigate the limits of parallel pro-
cessing under optimal conditions, we had participants train with
the simultaneous presentation paradigm (SPP), that is, a dual-task
paradigm using a constant stimulus-onset asynchrony (SOA) of
zero. This paradigm has been shown to be well suited to promote
parallel processing after practice (Israel & Cohen, 2011). We also
realized other preconditions that were postulated to facilitate par-
allel processing (Meyer & Kieras, 1997): We implemented a pay-off
matrix that motivates equal task emphasis and encourages a
parallel-processing strategy during practice. Furthermore, the
two tasks of each group did not overlap in sensory or motor
demands, and they also differed in their feature domains (spatial
versus verbal-sonic).

We assessed whether participants achieved parallel processing
by measuring their dual-task costs in the simultaneous presenta-
tion paradigm. In addition, at the end of practice we tested partic-
ipants on a PRP paradigm with varying SOAs for two further
sessions, because the PRP paradigm offers additional diagnostics
for whether or not completely parallel processing has been
achieved. We predict that parallel processing should be achieved
after practice for dual-task combinations with standard feature
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pairings. This should manifest after practice in both dual-task
paradigms.

2. Experiment 1: Simultaneous presentation paradigm

The four dual-task groups performed their respective two tasks
within the SPP for eight sessions. We tested the effects of modality
pairings and feature pairings on dual-task costs. Dual-task costs are
defined as performance differences between dual-task and single-
task trials. A fair assessment of dual-task costs must take into
account task-mixing costs. Mixing costs refer to the fact that
single-task performance in mixed blocks, in which two tasks alter-
nate, is worse than performance in pure blocks involving only a
single task (Rubin & Meiran, 2005; Steinhauser & Hiibner, 2005).
Therefore, we measured dual-task costs as the performance differ-
ence between dual-task trials and single-task trials from mixed
blocks (detailed description below). Furthermore, we examined
the effect of feature pairing on the parallel processing ability. Com-
pletely parallel processing is indicated by the absence of a dual-
task cost at the end of training.

2.1. Method

2.1.1. Participants

The participants were 24 students from the University of Pots-
dam, between 20 and 28 years of age (M = 22 years). They received
five Euros for each 30-min session, or course credit. They also
earned points for fast and accurate responding which could be con-
verted into extra monetary or course credit reward.

2.1.2. Stimuli

The auditory stimulus for the M+F+ and M—F— groups was one
of two possible pitches (440 Hz or 900 Hz) played for 40 ms via
earphones to both ears. The visual stimulus was one white circle
appearing in one of three possible locations (left, middle, right).

The auditory stimulus for the M—F+ and M+F— groups was one
900 Hz pitch played for 40 ms via earphones to the left or the right
ear. Visual stimulus was one of the three possible letters A, B and C
appearing in the middle of the screen.

2.1.3. Procedure

All participants trained a combination of two tasks - a two-
choice task and a three-choice task — within the SPP. The vocal
response times were measured by a voice key and recorded via a
microphone that was part of a headset. The manual responses were
recorded via the computer keyboard. The training schedule was the
same for all groups. Table 1 lists the groups with their respective
two tasks, which are also described in Section 1.

All groups trained their respective two tasks for eight sessions
on different consecutive days. Every session included three prac-
tice blocks followed by twelve test blocks. The test blocks were
grouped into three sets of four blocks. Each set of four blocks
was composed of one single-task block of one task, followed by
two mixed blocks consisting of randomly intermixed dual-task
and single-task trials of both tasks, and then one single-task block
of the other task. The order of presenting the two single-task blocks
was constant within one session, reversed for the subsequent ses-
sion, and counterbalanced across participants. Each block included
60 trials. For a mixed block the 60 trials consisted of twelve single-
task trials of each task and 36 dual-task trials with an SOA of zero.
The three practice blocks consisted of two single-task blocks (one
for each task) including twelve trials each, and a mixed block with
eleven trials (three visual single-task trials, two auditory single-
task trials, six dual-task trials).

At the beginning of each trial a fixation display appeared for
500 ms. The groups with a visual-verbal task (Groups M—F+ and
M+F—) saw one fixation cross in the middle of the screen. The
groups with a visual-spatial task (Groups M+F+ and M—F—) saw
three fixation lines for the three possible locations of the relevant
stimuli on the screen. This was followed by the presentation of
the respective visual or auditory stimulus (in single-task trials),
or the simultaneous presentation of a visual and an auditory stim-
ulus (in dual-task trials). The auditory stimulus was presented for
40 ms. The visual stimulus was displayed on the screen until the
response was given. A dual-task trial was only completed if one
manual and one vocal response were given. After completion of a
trial the screen went blank for an inter-trial interval of 1000 ms.
After each block participants could take a short break. The mean
response time (RT) of both tasks and the percent correct rate of
the respective manual task were displayed. For the vocal task the
percent correct were determined after the experiment by compar-
ing the recorded sound files of each session with the proper
responses. Prior to the next session the participants were informed
about their accuracy in the vocal task.

Participants were instructed to respond as fast and as accu-
rately as possible to each task. No task was given priority or
declared to be “task 1”. Participants were not constrained in the
order of responding in the dual-task trials. However, they were
instructed to give each answer immediately after completion of
each task to discourage response grouping.

Before each block an RT deadline was shown. The deadline cor-
responded to the mean RT of the preceding block of the same con-
dition. The initial deadline in every condition (for each single-task
block as well as the mixed block) was 2000 ms. Participants were
instructed to meet the deadline, although the trial was not aborted
in case the deadline was exceeded. Because using the same dead-
line for single-task and dual-task trials could create different
degrees of time pressure, and therefore different degrees of perfor-
mance motivation (see Tombu & Jolicoeur, 2004), we used separate
deadlines.

Participants received a performance-dependent bonus after
each session. They earned five points for beating the RT deadline
of the respective block. They lost five points for mean RTs exceed-
ing the deadline of the block. They also could earn three points for
every percentage correct point above 90% for each task averaged
over one session. Three points were lost for each percentage point
under 90% correct for each task averaged over one session. Each
point could be exchanged into 0.01 Euro or 0.1 min of course
credit. The maximum bonus amounted up to additional 1.50 Euro
per session or 15 min course credit.

2.1.4. Data analyses

For latency analyses all trials with errors in either task were
excluded. We also excluded RTs that were faster than 200 ms or
slower than three SDs from the individual mean of that session
and task (manual vs. vocal).

Data were analyzed using the Ime4 package (Bates, Maechler, &
Bolker, 2014) and the BayesFactor package (Morey & Rouder, 2015)
as provided in the R system for statistical computing (version
2.13.2, R Development Core Team, 2011). Accuracy and reaction
time data were analyzed on trial level. Inferential statistics for
latencies were based on linear mixed models (LMMs), accuracy
data on a generalized linear mixed model (GLMM) using the bino-
mial family. In all these analyses participants were specified as a
random factor. For the analysis of proportional dual-task costs,
which were computed from aggregated data, a linear regression
was calculated. T-tests against zero on residual dual-task costs
after practice were also conducted from aggregated data.

Significance level was set to 5%. Whenever p-values were
reported by the respective R function we report them, too.
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Otherwise, t-values are reported. Given the large number of obser-
vations for each subject, the t-statistic [i.e., b/SE] effectively corre-
sponds to the z-statistic of the standard normal distribution.
Effects larger than two standard errors (i.e. |t-values| > 2) are inter-
preted as significant at the 5% level.

2.2. Results

We were most interested in dual-task performance after prac-
tice. Tables summarizing analyses of single-task RT and PE data
can be found in Appendix A. We here briefly summarize the results
for single-task data after practice to ensure that there were no
major differences already in single-task performance that might
account for effects in dual-task conditions.

We then report analyses with respect to RTs and PEs of the
dual-task condition for the last, that is, the eighth session. Analyses
of dual-task data from all sessions can also be found in Appendix A.
Analyses included modality pairing (M+ vs. M—) and feature pair-
ing (F+ vs. F-) as between-subjects independent variables. We did
not include task (manual vs. vocal) as a further independent vari-
able because the differences between the two tasks in each group
were theoretically irrelevant, and not comparable across the four
groups. To test whether dual-task effects disappeared through
practice, we additionally investigated whether dual-task costs in
each group were still significant in the last practice session using
a t-test against zero.

2.2.1. Single task performance for the last session

The upper panel of Fig. 1 shows mean single-task RTs in pure
blocks for each of the four groups. Replicating previous studies
(Stelzel, Schumacher, Schubert, & D’Esposito, 2005; Stephan &
Koch, 2010), we found no evidence for an effect of modality pairing
or of feature pairing on single-task performance (RTs or PEs) in the
last session (see Table A3).

2.2.2. Dual-task costs

Dual-task costs for each task were computed as the difference of
dual-task and single-task RTs of the mixed blocks within the same
session. Within the mixed blocks dual-task and single-task trials
were intermixed producing switches between the two task types.
Switch trials are associated with higher RTs than repetition trials.
Therefore only trials were used that were associated with a repeti-
tion, that is non-switch dual and single-task trials. Eliminating
switches from the analyses yields a more conservative baseline
for the dual-task cost calculation within the present experiment.
The middle panel of Fig. 1 shows dual-task costs in RTs across prac-
tice for the four groups.

2.2.2.1. Dual-task costs on RTs for the last session. LMM results for
the dual-task costs in RTs for session eight are summarized in
Table 2. Feature pairing had the biggest effect on dual-task costs,
with F— groups exhibiting about 143 ms larger costs than the F+
groups. M— groups also had larger dual-task costs than M+ groups;
this effect comprised about 36 ms. The modality-pairing effect was
moreover modulated by an interaction with feature pairing, which
showed that standard feature-pairing groups with different modal-
ity pairings did not differ in dual-task costs, but the higher costs of
the non-standard feature-pairing groups increased by further
74 ms when the tasks had a non-standard modality pairing (see
upper, left panel of Fig. 7).

To test for residual dual-task costs in session eight we con-
ducted t-tests against zero. The test results are summarized in
Table 3. Costs were still present for non-standard feature-pairing
groups. We additionally computed Bayes factors, which reflect
the strength of evidence in favor of one hypothesis over another.
We used them to quantify evidence for the hypothesis of
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Fig. 1. Mean single task RTs (top panel), dual-task costs in RT (middle panel) and
proportional dual-task costs (bottom panel) as a function of session separately for
each training group. Groups are defined by modality (M) and feature pairings (F).
Thereby, + refers to standard and — to non-standard pairings. Error bars represent
+1 standard error of the mean.

Table 2
LMM and GLM results on the dual-task costs in RTs and PEs of session 8 as a function
of modality and feature pairing.

DV Effect Coefficient SE t-value
RT M 49.06 9.09 5.40
F 146.72 9.09 16.13
M« F 64.60 18.19 3.55
DV Effect Coefficient SE z-value (p-value)
PE M ~0.56 0.25 —2.21 (0.027)
F 0.38 0.25 1.49 (0.135)
M x F 0.34 0.50 0.68 (0.494)

Note. DV refers to dependent variable, SE to standard error. Significant effects are in
bold.

Table 3
Mean dual-task costs (M) in RTs and PEs, 95% confidence intervals (CI) and t-test
statistics for session eight of each feature pairing.

DV  Groups M (95% CI) T (df) p Bayes factor
RT F+ 14.36 [-6.99; 35.71] 148 (11) 0.167 0.56

F— 157.07 [107.94; 206.21] 7.04 (11) <0.001 1352.04
PE F+ 0.50 [-0.09; 1.08] 1.87 (11)  0.088 0.91

F- 0.38 [-0.47; 1.24] 099 (11) 0.344 0.34

Note. Significant effects are in bold. F+ refers to groups with standard feature
pairings, F— with non-standard feature pairings. Bayes factor reports evidence for
the alternative.

dual-task costs. Bayes factors >1 reflect evidence for dual-task
costs, and Bayes factors <1 reflect evidence for the null hypothesis.
The Bayes factor for the dual-task costs in RTs for the F— groups
revealed decisive evidence for the alternative hypothesis (see last
column of Table 3).
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In agreement with our hypothesis, there was no evidence for
dual-task costs in RTs for the standard feature-pairing groups.’
The strength of evidence for the null hypothesis is expressed by
the inverse of the Bayes factors in the last column of Table 3. The evi-
dence for the null hypothesis is rather inconclusive, BF(null)
=1/0.56 = 1.80 (Wetzels & Wagenmakers, 2012).

2.2.2.2. Dual-task costs in PEs for the last session. Table 4 lists dual-
task costs in errors for both tasks across all sessions. Dual-task
costs in PEs for the last session (Table 2, lower left panel of
Fig. 7) were higher for the non-standard compared to the standard
modality-pairing groups. No other effects were significant.

T-tests on dual-task costs in PEs (Table 3) showed that dual-task
costs were no longer significant for standard and non-standard
feature-pairing groups. Bayes factors revealed no evidence for
dual-task costs (last column in Table 3). The evidence from the
Bayes factor for the null hypothesis is rather inconclusive, BF
(null) = 1/0.91 = 1.10 for PEs of the F+ groups.

2.2.2.3. Proportional dual-task costs on RTs. We wanted to know
whether groups differ in their ability to reduce dual-task costs
through practice. Higher initial dual-task costs and a stronger
reduction in costs across practice could mean that participants
were better able to coordinate central processing of the two tasks
but due to higher initial costs participants were not able to elimi-
nate them during practice, in contrast to those who started with
lower costs. To account for any possible initial differences in
dual-task costs we calculated the proportional dual-task cost for
each individual in each session, defined as the percentage of
dual-task costs in that session relative to the maximal observed
dual-task cost in any session. We took the maximum dual-task
costs because for some participants initial dual-task costs in ses-
sion 1 were lower than for other sessions. The bottom panel of
Fig. 1 shows the average percentage of maximal dual-task costs
across practice for the modality and feature pairing groups. A linear
regression showed that proportional dual-task costs decreased
with practice, b= —-63.83, t=-5.67, p<0.001; b=28.40, t=2.53,
p=0.012, for linear and quadratic contrasts, respectively. More-
over, on average the standard feature-pairing groups showed smal-
ler proportional dual-task costs, b=35.97, t=6.40, p <0.001. All
other effects were non-significant (t < |2|). Hence, dual-task costs
were higher for F— groups, but did not decline faster with practice
when expressed relative to their maximum. Moreover, there was a
trend for the F+ groups to reduce proportional dual-task costs fas-
ter than the F— groups, b =27.76, t=1.75, p = 0.082.

2.3. Discussion

With Experiment 1 we tested the hypothesis that the pairing of
relevant features of stimuli and responses is more important for
dual-task costs than the mapping of sensory and motor modalities.
Therefore, we disentangled the sensory modality of the stimuli
(auditory vs. visual) from the domain of the relevant stimulus fea-
tures (verbal-sonic vs. spatial) and tested their pairing with the
response modality (vocal vs. manual).

Results across the whole course of practice (Appendix A) and
during the last session clearly show that both modality and feature
pairings affected dual-task costs more strongly than would be

3 Looking at dual-task costs of the auditory-verbal-vocal task of Group M+F+ at
session eight (M: 36 ms, SE: 11.45) in Fig. A2, it becomes apparent that costs were still
present for this task, but not for the corresponding manual task. Inferential statistics
testing dual-task costs for each task and group separately confirm the dual-task cost
for the visual-verbal-vocal task, t(5)=3.14, p = 0.026. Our main analysis, however,
analyzed dual-task costs in each group averaged across both tasks. This was done in
order to increase statistical power, and to average out any trade-off between tasks.

expected from their negligible effects on single-task performance.
At the end of practice dual-task costs were about 143 ms higher
for the non-standard than for the standard feature pairings and
36 ms higher for the non-standard than for the standard modality
pairings. Modality pairing, however, affected RT costs only for the
two non-standard feature-pairing groups. We conclude that the
lower risk of crosstalk between the relevant stimulus and response
features of the two tasks led to smaller dual-task interference for
the standard than the non-standard feature-pairing groups.

2.3.1. Elimination of dual-task costs by practice

Irrespective of modality pairing the dual-task costs in RTs and
PEs could be eliminated for both standard feature-pairing groups
at the end of practice. Moreover, there was a trend that the reduc-
tion of the proportional dual-task costs was mainly influenced by
feature pairings. These results provide strong evidence that prac-
ticing two tasks with low risk of crosstalk led to parallel
processing.

Before we conclude that practice eliminated dual-task costs for
standard feature pairings, we need to address three alternative
explanations - the concept of ideomotor compatibility, the possi-
bility of automatization, and the hypothesis of a latent bottleneck.

2.3.2. Ideomotor compatibility

One explanation for why dual-task costs vanish with specific
stimulus-response combinations is the concept of ideomotor com-
patibility (Greenwald, 1972, 2004; Greenwald & Schulman, 1973).
Tasks are classified as ideomotor compatible if the stimulus equals
the sensory feedback from the response (Greenwald & Schulman,
1973). By this criterion, responding by saying “left” or “right” to
the auditory word left or right is an ideomotor-compatible task
(auditory-vocal), but pressing a left or right key in response to
the same words is not (auditory-manual). According to Greenwald,
the responses for ideomotor-compatible tasks can be directly acti-
vated, bypassing any limited-capacity response-selection process-
ing. Thus, the concept of ideomotor compatibility claims to
explain elimination of dual-task interference for specific modality
pairings; however, the concept is very narrow and not applicable
to the present experiment, because none of our task involves an
ideomotor compatible mapping.

2.3.3. Automatization

One idea for explaining vanished dual-task costs within the bot-
tleneck framework is the concept of automatization. Extensive
practice may reduce or even eliminate the central processing stage
of a task. Hence, automatization of at least one task may offer a
way around the bottleneck in a dual-task situation. In our design
all groups trained their respective two tasks to the same degree.
If we nevertheless assumed that participants in Groups M+F+ and
M—F+, for which dual task costs vanished, had automatized the
tasks to a higher degree than participants in Groups M+F— and
M-F—, they should show faster RTs in the single tasks than the
other two groups at the end of practice. They didn’t (see Figs. 1
and Al in the Appendix). At the end of practice single-task RTs to
the auditory-manual task of Group M—F— were not significantly
longer than the visual-manual of Group M+F+ (b=-7.67,
SE =6.601, t = —1.163). Therefore, there was no evidence for a dif-
ference in degree of automatization between the groups.

2.3.4. Latent bottleneck

Another account of minimal or vanished dual-task costs is the
assumption of a latent bottleneck (Ruthruff et al., 2003). A latent
bottleneck situation is displayed in Fig. 2B. In this scenario, even
when stimuli are presented at the same time (i.e., SOA = 0), central
stages of the two tasks do not come into conflict, because central
processing of Task 1 is already finished when Task 2 is ready to
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Table 4
Mean dual-task costs in PEs across sessions for both tasks of all training groups.
Session Group M+F+ Group M—F+ Group M+F— Group M—F—
Visual-spatial- Auditory- Auditory- Visual-verbal- Visual-verbal- Auditory- Auditory- Visual-
manual verbal-vocal spatial- vocal manual spatial-vocal verbal-manual spatial-vocal
manual
M SE M SE M SE M SE M SE M SE M SE M SE
1 0.75 0.22 2.10 0.80 1.73 0.80 -0.56 1.15 0.40 0.86 2.63 1.25 2.63 1.45 3.41 0.81
2 0.38 0.21 -0.90 1.56 0.68 0.15 1.29 0.95 0.32 141 2.70 0.31 1.05 2.26 3.24 0.59
3 0.16 0.22 1.65 0.74 0.75 0.36 0.02 0.78 -1.24 0.24 2.18 0.78 2.06 1.76 2.26 0.95
4 0.68 0.19 0.83 0.81 0.90 0.26 -0.14 0.34 -1.18 0.48 0.08 1.38 -0.23 1.50 1.44 0.54
5 -0.20 0.57 —-0.60 1.45 0.23 0.36 -0.58 0.66 0.02 0.25 1.05 0.64 0.38 1.19 0.55 0.60
6 0.76 0.70 2.18 0.90 0.68 0.40 0.76 0.51 0.17 1.13 1.05 0.96 1.35 1.21 0.65 0.67
7 0.76 1.02 1.43 1.23 0.45 0.48 -0.29 0.56 0.10 0.55 0.23 0.76 1.80 0.69 1.06 0.30
8 0.18 0.47 0.45 0.61 0.68 0.28 0.68 047 -0.58 0.86 0.53 1.20 0.30 0.69 1.29 0.80

Note. M (in italics) refers to the mean, SE to standard errors. + and — refer to the classification of modality (M) and feature pairs (F) as standard or non-standard, respectively.
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Fig. 2. Stage-time diagrams of different scenarios in PRP paradigm according to the
bottleneck theory. Processing is decomposed into three stages labeled S for
stimulus encoding, C for central processing and R for response execution. The
numbers 1 and 2 refer to Task 1 and 2, respectively. (A) The central response
selection bottleneck model. Stages S1 and R1 proceed in parallel with any stage of
Task 2. Stage C is the bottleneck stage which proceeds only on one task at a time. At
zero SOA the C stages of both tasks come into temporal conflict, so that Task 2 has to
wait until C1 frees the bottleneck. At long SOA the C stages of both tasks no longer
come into temporal conflict, so that no waiting time increases Task 2 latency. (B)
Latent bottleneck scenario. At zero and any positive SOA C1 finishes before C2 is set
to begin due to the fact that S1+C1 < S2. (C) Latent bottleneck at negative SOA
becomes apparent. Task 1 is actually presented second but encouraged to be
processed first. C stages of both tasks come into temporal conflict again. C2 has to
wait until C1 frees the bottleneck.

enter the bottleneck. This scenario arises when the sum of the sen-
sory and the central processing stages of Task 1 does not exceed
the duration of the sensory stage of Task 2. Consequently, dual-
task costs do not appear, even though there is still a bottleneck
admitting only one central process at a time.

On the basis of the present results the latent bottleneck account
cannot be completely ruled out, but there are several aspects that
make it rather unlikely, for the following reasons. The latent bottle-
neck depends on (a) short central processing stages of at least one
task, and (b) on the differences in stimulus encoding stages of both

tasks. The combination of these two assumptions results in two
scenarios that could create a latent bottleneck for both standard
feature-pairing groups: the “manual task first” scenario and the
“auditory task first” scenario. We will discuss these two scenarios
in turn.

The stage diagram of the “manual task first” scenario is dis-
played in Fig. 3. It is motivated by on average shorter spatial-man-
ual single-task RTs for the standard compared to the verbal-
manual single-task RTs for the non-standard feature-pairing
groups (see also Fig. Al). Based on this observation one could
assume that the duration of the central processing stage of the spa-
tial-manual task for both standard feature-pairing groups is short
enough so that stimulus encoding stage plus the central stage of
the spatial-manual tasks is finished before the stimulus encoding
stage of the verbal-vocal tasks. With this assumption a latent bot-
tleneck could emerge in Group M+F+: The visual-spatial-manual
task enters the bottleneck first, and its central processing stage is
finished before the auditory-verbal-vocal task requires the bottle-
neck. With the same set of assumptions, it is possible to see how a
latent bottleneck could arise in Group M—F+. The different modal-
ity pairings of Group M—F+ compared to Group M+F+, however,
raises a counterintuitive implication. For a latent bottleneck to
emerge in Group M—F+, the auditory encoding stage of Task 1 (audi
tory-spatial-manual) should have been faster than the visual
encoding stage of Task 2. Hence, the relation between the auditory
and visual stimulus encoding stages has to be reversed compared
to Group M+F+. There is no reason why the relative processing
durations of stimulus encoding should reverse in the two groups,
and therefore the “manual-first” scenario is very implausible.

The “auditory task first” scenario (see Fig. 4) starts from the
assumption that the auditory stimulus encoding stage is shorter
than the visual one. It is known from neuropsychological studies
that processing in the auditory modality is faster than in the visual
modality (Bruce, Desimone, & Gross, 1981; Nowak, Munk, Girard, &
Bullier, 1995; Recanzone, Guard, & Phan, 2000). In this scenario,
the tasks with the auditory stimulus modality enter the bottleneck
first. For Group M+F+ this is the overall longer auditory-verbal-v
ocal task, whereas for Group M—F+ it is the auditory-spatial-man
ual task. This scenario is not implausible for the two standard
feature-pairing groups, but cannot be exclusively applied to them.
The lower part of Fig. 4 shows the “auditory task first” scenario for
Group M+F—.

Both Group M+F— and Group M+F+ processed an auditory-vo-
cal and a visual-manual task (same modality pairings, only differ-
ent feature pairings). Hence, one can assume similar stimulus
encoding and response-execution stage durations for these groups.
Differences in RTs can only be due to the central stage durations.
However, for the last session vocal single task RTs (Group M+F+:
M =447 ms, SD =126.77; Group M+F—: M =470 ms, SD = 108.99)
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Fig. 3. Stage diagrams of the “manual task first* scenario postulating a latent bottleneck for the Groups M+F+ and M—F+. T1 refers to Task 1 and T2 to Task 2. Task processing
is decomposed into three stages with stimulus encoding stage being either visual (vis) or auditory (aud), content-free central processing (c; or ¢;) and response execution
vocal (voc) or manual (man). For both groups the spatial-manual task always enters the bottleneck first (T1) followed by the verbal-vocal task (T2). Stimulus encoding stage
plus central processing stage of Task 1 are shorter than or equal the duration of the stimulus encoding stage of Task 2. Thereby, the central processing stages of the two tasks

never occur at the same time even at zero SOA.
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Fig. 4. Stage diagrams of the “auditory task first* scenario postulating a latent bottleneck for Groups M+F+, M—F+ and M+F—, whereby + denotes standard and — non-
standard modality and feature pairings. T1 refers to Task 1 and T2 to Task 2. Task processing is decomposed into three stages with stimulus encoding stage being either visual
(vis) or auditory (aud), content-free central processing (c; or ¢;) and response execution vocal (voc) or manual (man). For all groups the respective auditory task always enters
the bottleneck first (T1) followed by the visual task (T2). For Groups M+F+ and M—F+ stimulus encoding stage plus central processing stage of Task 1 equal the duration of the
stimulus encoding stage of Task 2. Thereby, the central processing stages of the two tasks never occur at the same time even at zero SOA.

did not significantly differ between Groups M+F+ and M+F—, t
(9.38)=-.49, p=.638; t(9.74)=-.875, p=.403, respectively.
Therefore, central stage durations of the auditory-vocal tasks of
Groups M+F+ and M+F— cannot have differed substantially. It fol-
lows that, according to the “auditory task first” scenario, Group
M+F— should exhibit a latent bottleneck as much as Group M+F+
does. This was obviously not the case, because Group M+F—
showed a dual-task cost of 120 ms, averaged across both tasks.
To conclude, the notion of a latent bottleneck in Groups M+F+
and M—F+, but not Group M+F—, is not compatible with the pattern
of results obtained so far. Nevertheless, we decided to further test
the possibility of a latent bottleneck in Experiment 2, using a psy-
chological refractory period paradigm (PRP paradigm), which offers
additional diagnostic tools for detecting a latent bottleneck. Fur-
thermore, we wanted to test possible differences in dual-task costs
measured by the different paradigms (Tombu & Jolicoeur, 2004).

3. Psychological refractory period paradigm (Experiment 2)

Experiment 2 was conducted for two reasons. Our first aim was
to test for a latent bottleneck within the PRP paradigm. In the PRP
paradigm the onset of the two tasks is shifted in time by a variable
positive SOA, that is, one task is presented first, the other second.
For short positive SOAs the central processing stages typically
come into temporal conflict (Fig. 2A). The first task that arrives at
the bottleneck enters first. The second task has to wait until Task
1 frees the bottleneck. For longer positive SOAs no temporal con-
flict of central processing stages emerges and hence no waiting
time for Task 2 arises. The isolated increase of RT2 at short

compared to long SOAs is referred to as the psychological refractory
period effect (PRP effect).

However, when the bottleneck is latent (Fig. 2B), a positive SOA
does not lead to a temporal conflict of central processing stages. In
order to make a latent bottleneck manifest again through dual-task
costs, one needs to present Task 2 some short time prior to Task 1
(Fig. 2C), implying a negative SOA. Although Task 1 is presented
second now, participants are instructed to process it first. An
increase in RT should be observable on Task 2 for the negative
compared to any positive SOA, revealing the bottleneck.

In Experiment 2 we checked the possibility of a latent bottle-
neck. We therefore transferred all four dual-task groups to a PRP
paradigm for two additional sessions - one session for each task
order. We decided to directly test the “spatial task first” scenario
for the standard feature-pairing groups because it is motivated
by the already established difference between standard and non-
standard feature-pairing groups, that is, significantly shorter
single-task RTs for standard compared to non-standard feature-
pairing groups for the spatial-manual tasks.

If the “spatial task first” scenario is correct, the latent bottleneck
should become manifest when the stimulus of the verbal-vocal
task appears before the stimulus of the spatial-manual task
(Fig. 2C). Hence, we introduced a negative SOA for the two stan-
dard feature-pairing groups in the session in which participants
were instructed to respond first to the spatial-manual task (see
Table 1). If the vanished dual-task costs in the zero-SOA condition
of Experiment 1 were due to a latent bottleneck, then a PRP effect
should become manifest at these negative SOAs. In addition, stan-
dard PRP effects should be observed by comparing the shortest
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positive with the longest positive SOA for the vocal-priority task
order for the standard feature-pairing groups, and for both task
orders for the non-standard feature-pairing groups.

The second aim was to quantify dual-task costs within the PRP
after practice in the simultaneous presentation paradigm (SPP) to
directly compare dual-task costs and the effects of modality and
feature pairings across the two paradigms. The calculation of
dual-task costs within the SPP as the difference of dual-task and
single task RTs has been criticized to be an inappropriate measure-
ment (Tombu & Jolicoeur, 2004) which underestimates costs.
Within the PRP the RT2 at the longest SOA is subtracted from the
RT2 at the shortest SOA. Here we check for the first time whether
costs are underestimated within the SPP by assessing whether
costs reemerge in the PRP.

3.1. Method

3.1.1. Participants

The same 24 individuals from Experiment 1 participated in
Experiment 2. Participants received five Euros per session or course
credit. They could earn extra reward for fast and accurate respond-
ing in the form of money or course credit.

3.1.2. Procedure

The four groups and their respective tasks remained the same as
in Experiment 1. Experiment 2 consisted of two further consecu-
tive sessions, which took place on different days and followed
the eight sessions of Experiment 1. The time gap between the
experiments was at most one week. The design of the two sessions
was the same for all groups. Each session consisted of 16 blocks.
Each block consisted of twelve trials for each single task (vocal or
manual) and of 36 dual-task trials that were intermixed randomly.

Dual-task trials differed from Experiment 1 only with respect to
the SOA that separated the tasks. There were 4 different SOAs. Par-
ticipants were informed that in the dual-task trials of Experiment 2
the two tasks were no longer presented simultaneously but sepa-
rated by an SOA. During one session one task was (mostly) pre-
sented first and had to be prioritized. Task priority was varied
across sessions and was counterbalanced across participants. Task
priority was displayed on the screen prior to each block.

SOAs differed between feature pairing groups and also between
the priority conditions for the standard feature-pairing groups. The
longest SOA, that is, the SOA for which no processing overlap
should be guaranteed, was increased for the non-standard com-
pared to standard feature-pairing groups due to their longer
dual-task RTs. For the non-standard feature-pairing groups SOAs
were 50, 150, 250 and 1000 ms for both priority conditions. For
standard feature-pairing groups the longest SOA was 800 ms in
both priority conditions. Furthermore, the task priority conditions
of the standard feature-pairing groups differed with respect to first
two SOAs. The SOAs for the standard feature-pairing groups in the
vocal priority condition were: 50, 150, 200 and 800 ms, and in the
manual priority condition: —50, 50, 200 and 800 ms. The negative
SOA in the manual priority condition means that the vocal task was
presented first. This condition served to render a hypothetical
latent bottleneck manifest again. The SOA for each trial was ran-
domly selected from the set so that every SOA occurred 144 times
in one session.

At the end of a block mean RTs of both tasks as well as the per-
cent correct rates for the manual task were displayed. Prior to each
block, RT deadlines of the next block were displayed. The initial
deadline was fixed to 2000 ms. Participants were instructed to
respond as quickly and accurately as possible. They earned reward
for meeting the RT deadline in each task and for each percent cor-
rect point above 90% of each task. They lost reward for exceeding

the deadline and for each percent correct point under 90%. The
reward algorithm was the same as in Experiment 1.

3.2. Results

Results on RTs and PEs of single-task trials can be found in
Appendix B. For the PRP data we inspected inter-response-
intervals (IRI = RT1 — (SOA + RT2)) to check for response reversals,
that is, responses given in the reverse order from the one
demanded by the priority instructions. Histograms of IRIs as a
function of SOA, task priority, and modality/feature-pairing group
are displayed in Appendix B (Figs. B3-B6). For SOAs of 50, 150
and sometimes also 200, when the vocal task was presented first,
participants often responded first to the manual task. These
response reversals were particularly prevalent in standard
feature-pairing groups. They reflect generally faster manual com-
pared to vocal task RTs (see Appendix A). As a result of the high
probability of response reversals it cannot be ruled out that the
manual task rather than the vocal task was processed first on these
SOAs. We address the uncertainty about processing order by sim-
ply ignoring the priority instruction and plotting RTs as a function
of positive-to-negative SOA in Fig. 5.% A positive SOA means that the
stimulus of the manual task was presented first, and a negative SOA
means that the stimulus of the vocal task was presented first. The
vertical lines represent the SOAs for which both response orders
were approximately equally frequent, that is, the IRIs were dis-
tributed around zero. To the right of this line we defined the vocal
task as Task 2 and the manual task as Task 1 because the vocal task
was responded to after the manual task on most trials. To the left of
this line we defined the manual task as Task 2, and the vocal task as
Task 1, because the vocal task was responded to before the manual
task on most trials.

If a bottleneck is present one would expect a slowing of at least
one task’s RT at some SOA. This SOA most likely lies between the
SOA of zero, at which both stimuli are presented together, and
the SOA at which IRIs are around zero, because within this interval
the potential for temporal overlap of central processing stages is
maximal. Visual inspection of the data shows that non-standard
feature-pairing groups clearly differ in the RT profiles across SOAs
from those of the standard feature-pairing groups. For the F—
groups there was a clear increase in RTs for both tasks, visible at
short SOAs (—50, 50). The peak RT for the spatial-vocal tasks of
Groups M+F— and M—F— was observable at the shortest positive
SOA (50), that is, the shortest SOA for which the verbal-manual
task was presented first and hence the spatial-vocal task was Task
2. The peak RT for the verbal-manual tasks was observable at the
shortest negative SOA (—50), that is, the shortest SOA for which the
spatial-vocal task was presented first and hence the verbal-man-
ual task was Task 2. This pattern corresponds precisely to the clas-
sic PRP effect: Task 2 RTs are elevated most at the shortest SOAs.
For the F+ groups, in contrast, such a clear peak in RTs was absent
for either task.

3.2.1. SOA effect on Task 2 RTs and PEs

For the analysis of dual-task effects on Task 2 RTs we calculated
a contrast corresponding to the standard PRP effect: We compared
the condition for which processing of both tasks maximally over-
laps to the condition where they no longer overlap. That compar-
ison typically involves RTs of Task 2 for the shortest and the
longest SOA. However, due to faster manual compared to vocal task
RTs and subsequent response reversals at short SOAs, we cannot
assume that the shortest SOA is the condition of maximal temporal

4 We show RT and PE data separately for each task priority and group as a function
of task status (Task 1 or 2) and SOA in Figs. B1 and B2 in Appendix B.
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Fig. 5. Mean RTs of the manual (gray diamond) and the vocal task (black square) in Experiment 2 as a function of SOA separately for each modality/feature-pairing group.
Modality pairings are indicated by M, feature pairing by F; + refers to standard, and — to non-standard pairings. A positive SOA means that the stimulus to the respective
manual task was presented first. A negative SOA means that the stimulus to the respective vocal task was presented first. The vertical line represents the SOA for which IRIs
(inter response intervals) were closest to zero. Enlarged squares/diamonds mark the shortest and the longest SOAs for Task 2 RTs that were used to compute dual-task costs

(see text).

overlap of central processing stages of Task 1 and Task 2. The SOA
with the highest overlap of central processing stages is likely to be
the SOA for which both response orders were approximately
equally frequent. To be more conservative in our assessment of
dual-task effects, we defined for each group the range of relevant
SOAs as the interval between the SOA for which both response
orders were approximately equally frequent (i.e., temporal overlap
was presumably maximal) and the SOA for which temporal overlap
was minimal. The latter is the longest positive SOA for the vocal
Tasks 2s and the longest negative SOA for manual Task 2s (see
Fig. 5). Within that range we selected the peak RT2 as reflecting
the peak of the dual-task effect. In this way, rather than making
an assumption that the central processes overlap most at a certain
SOA (as is done in the standard PRP analysis), we let the data tell us
where that overlap is likely to be maximal. These SOAs are marked
as enlarged symbols in Figs. 5 and 6 for each group and task prior-
ity. We then tested for a linear or quadratic increase in RT2 from
the longest SOA to the SOA where the peak RT2 was observed.
Detailed SOA analyses on Task 1 and 2 performances can be found
in Appendix B.

3.2.2. Residual dual-task costs on task 2 RTs

We additionally computed the difference between peak RT2 in
the short SOA condition and the RT in the longest SOA for each Task
2. Like in Experiment 1 we conducted t-tests against zero to check
for residual dual-task costs in each feature pairing. Table 5 summa-
rizes the results. In agreement with our hypothesis and the results
in Experiment 1 there was no evidence for residual dual-task costs
in RT2s for the standard feature pairing groups. The Bayes factor
favors the null hypothesis, although only weakly, BF(null)
=1/0.35 = 2.81 for RTs. For the non-standard feature groups, costs
were significant and Bayes factor revealed decisive evidence for
the alternative hypothesis.

3.2.3. Residual dual-task costs on task 2 PEs
We did the same analysis on PE differences of Task 2s (shortest
SOA with peak RT-longest SOA). Test statistics are listed in Table 5.

There was no evidence for residual costs in PEs for either feature
pairing. For costs in PEs for F+ groups the Bayes factor favor the
null BF(null) = 1/0.24 = 4.16.

3.2.4. Comparison of dual-task effects across experimental paradigms

In order to check for differences in dual-task costs and differ-
ences in pairing effects we compared the modality and feature-
pairing effects across experimental paradigms by contrasting
dual-task costs of session 8 within the SPP (Experiment 1) and
the PRP paradigm (Experiment 2) for RT and PE data, respectively
(see Fig. 7).

3.2.4.1. Modality and feature-pairing effects on dual-task costs in RTs
across paradigms. Dual-task costs in RTs were slightly higher in the
PRP paradigm (about 10 ms, see Table 6). Non-standard modality
and feature pairings increased costs. The interaction of the factors
showed that the non-standard modality pairings increased costs
only for the non-standard feature-pairing groups. Modality and
feature-pairing effects and their interaction did not change across
dual-task paradigms, although there was the tendency that the
higher dual-task costs in PRP were due to the F— groups.

3.2.4.2. Modality and feature-pairing effects on dual-task costs in PEs
across paradigms. Costs in errors were overall lower in the PRP
than in the SPP, and lower for the non-standard compared to the
standard modality-pairing groups paradigm (again explainable by
higher costs at longer SOAs for auditory-manual tasks in M—
groups in PRP). This modality pairing effect differed between para-
digms and showed up in the reported direction only in the PRP
paradigm. For the SPP paradigm an opposite trend was visible
(see Tables 2 and B5 in Appendix B for separate analyses on costs
in errors in each dual-task paradigm).

3.3. Discussion

Although there were some SOA effects on Task 2 RTs for the
standard feature-pairing groups (see Fig. 5 and Table B2 in
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text).

Table 5

Mean dual-task costs (M) in RTs and PEs, 95% confidence intervals (CI) and t-test statistics for each feature pairing in the PRP experiment.

DV Groups M (95% CI) T (df) p Bayes factor
RT F+ 10.93 [-12.01; 33.88] 1.05 (11) 0.317 0.35

F— 181.76 [106.77; 256.76] 5.33 (11) <0.001 154.09
PE F+ -0.35[-1.92; 1.22] -0.49 (11) 0.636 0.24

F- 0.11 [-0.90; 1.13] 025 (11) 0.807 0.22

Note. Significant effects are in bold. F+ refers to groups with standard feature pairings, F— with non-standard feature pairings. Bayes factor reports evidence for the

alternative.
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Fig. 7. Mean dual-task costs in RTs (upper panels) and PEs (lower panels) of
Experiment 1 (left panels, SPP = simultaneous presentation paradigm) and Exper-
iment 2 (right panels, PRP = psychological refractory period paradigm) as a function
of modality/feature pairings. Thereby, + refers to standard and — to non-standard
pairings. Error bars represent +1 standard error of the mean.

Appendix B), there was no dual-task effect as predicted by the bot-
tleneck theory on any Task 2 for these groups. Hence, there was no
sign that the vanished dual-task costs in Experiment 1 could be
explained by a latent bottleneck. Furthermore residual-dual task
costs were non-significant for the standard feature pairing groups.
There were, however, substantial dual-task effects on Task 2 RTs
for the two non-standard feature-pairing groups, which were
reduced but not eliminated by standard modality pairings (Group
M+F— =142 ms, Group M—F— =221 ms).

In the following we discuss two results of Experiment 2 that are
not in accordance with the predictions of the bottleneck theory and
might challenge our interpretations-SOA effects on task 1 RTs (see
Fig. 5) and the increases of error rates on auditory-manual tasks
with increasing SOAs (see Fig. 6).

3.3.1. SOA effects on Task 1

The bottleneck account assumes that Task 1 always enters the
bottleneck first, and therefore is unaffected by dual-task competi-
tion. There were, however, also SOA effects on Task 1 RTs (see
Fig. 5) and sometimes on Task 1 PEs (see Fig. 6), which also
increased for shorter compared to longer SOAs. For standard
feature-pairing groups there were Task 1 increases only on ver-
bal-vocal, not spatial-manual Task 1 RTs (see Table B4 for an over-
view). For non-standard feature-pairing groups there were RT and
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Table 6
LMM and GLM results on the dual-task costs in RTs and PEs as a factor of
experimental paradigm (EXP: SPP vs. PRP), modality and feature pairing.

DV Effect Coefficient SE t-value
RT EXP —10.68 5.21 -2.05
M —41.55 18.79 -2.21
F -126.21 18.79 -6.72
M x F —88.90 37.58 -2.36
EXP + M -7.88 1041 -0.76
EXP * F -18.97 10.41 -1.82
EXP+ M x F —22.57 20.83 1.08
DV Effect Coefficient SE z-value (p-values)
PE EXP -0.32 0.14 —2.27 (.023)
M 1.61 0.49 3.30 (<.001)
F -0.76 0.50 -1.53 (0.127)
M * F -1.07 0.91 -1.18 (0.239)
EXP x M -1.05 0.27 —3.89 (<.001)
EXP * F -0.38 0.27 1.38 (0.167)
EXP % M x F 0.73 0.51 1.44 (0.150)

Note. M = modality pairing, F = feature pairing, DV refers to dependent variable, SE
to standard error. Significant effects are in bold.

PE increases for shorter SOAs for both spatial-vocal and verbal-
manual Task 1s. Within the bottleneck framework such an effect
could be attributed to response grouping, that is, withholding
response to Task 1 until Task 2 is ready to execute. We cannot rule
out response grouping as an explanation of the SOA effects on Task
1 RTs. Ulrich and Miller (2008) tested several bottleneck models
with different response grouping mechanisms and concluded that
response grouping had no effect on the magnitude of Task 2 dual-
task effects. Plausibly, participants were occasionally grouping
responses in our experiment, but that would not call into question
our assessment of dual-task costs.

3.3.2. High error rates for auditory-manual tasks

PEs on auditory-manual Tasks 2 of Groups M—F+ and M—F—
were relatively high at the longest SOA (i.e., 10% and 6%, respec-
tively) and decreased for shorter SOAs by about 1-2% (Fig. 6). This
high proportion of errors differs from the other task orders and
groups and differs to the PEs of these groups in Experiment 1. As
the decrease in errors at shorter SOAs does not match the PRP
effect, we need to look for another explanation. Both groups had
non-standard modality pairings, that is, the task combination of a
visual-vocal and an auditory-manual task. Presenting the audi-
tory-manual task after the visual-vocal could have produced
peripheral interference between the vocal response of Task 1 and
the auditory stimulus of Task 2. At the longest SOA, that is, the
—800 ms and the —1000 ms SOA for Group M—-F+ and M—F—,
respectively, the RTs of the visual-vocal Task 1 for Groups M—F+
and M-F- were about 550-600 ms. This implies that 250-
400 ms after onset of the vocal response of Task 1 the auditory
stimulus of Task 2 was presented, respectively, for Group M—F+
and M-F-. Therefore, a non-negligible proportion of vocal
responses must have overlapped in time with the auditory stimu-
lus. We suggest that the vocal response of Task 1 acoustically inter-
fered with the auditory input of the manual task. At shorter SOAs
(i.e., >—600 ms) this interference is reduced, albeit not eliminated,
because the auditory stimulus precedes the vocal response on most
trials. To conclude, we attribute the unusual error pattern in the
auditory-manual tasks of Groups M—F+ and M—F— to peripheral
interference.

4. General discussion

We examined how dual-task costs were affected by content-
based crosstalk arising from representational overlap. Moreover,
we investigated whether parallel processing of two tasks can be

achieved through practice when crosstalk is reduced. We varied
representational overlap between tasks through the task’s stimu-
lus-response modality pairings and their pairings of relevant fea-
tures. Participants trained different dual-task combinations
across eight sessions with a simultaneous presentation paradigm.
We subsequently transferred these participants to a PRP paradigm
for a more incisive test of a central-processing bottleneck.

4.1. Content-based crosstalk and dual-task costs

We examined the independent effects of two factors influencing
content-based crosstalk-modality pairings and feature pairings.
Dual-task costs depended on each of the two pairing factors, and
further increased when both pairings were non-standard. Our
major new finding is that crosstalk due to feature overlap between
stimulus and response domains across tasks turned out to be
important in affecting dual-task costs. Groups training two tasks
with standard feature pairings not only yielded lower dual-task
costs than the groups with non-standard feature pairings but also
showed negligible dual-task costs after practice consistently across
two different dual-task paradigms. Hence, there was convergent
evidence that these groups processed both tasks perfectly in paral-
lel without mutual interference after practice.

Our results add to the literature by showing that two measures
of dual-task performance were equally affected by S-R pairing
(Hazeltine et al., 2006; Stephan & Koch, 2010). This finding demon-
strates that response selection is not a content-free process. We
went beyond previous studies by showing that the domains of
the task-relevant features are more important than the sensory
or motor modalities in determining dual-task costs. Feature over-
lap entails the risk of content-based crosstalk, that is, confusion
of representations across tasks. To avoid crosstalk, the cognitive
system needs to temporally disentangle the two tasks by process-
ing them sequentially (Koch, 2009; Navon & Miller, 1987).

This feature overlap could be the main cause of S-R pairing
effects. The results of the present experiments point to this inter-
pretation. As stated in Section 1, we did not vary the response fea-
ture domain independently of response modality (Table 1). In
order to check whether feature overlap in verbal and spatial
domain is the driving force behind modality pairing effects the
influence of all three pairing relations have to be dissociated. We
did the first step in order to examine this issue in more detail. With
the present experiments we could show that next to modality pair-
ing, feature pairing is another, so far neglected factor contributing
to dual-task costs.

4.2. The role of S-R compatibility

Arguably, the tasks practiced in our four groups differed in their
degree of S-R compatibility, which could have influenced the
results. S-R mappings can be regarded as compatible or incompat-
ible when there is a preferred alignment between the relevant fea-
ture dimension of the stimulus and the feature dimension on
which the responses are distinguished (Kornblum et al., 1990).
For instance, the ordinal series A, B, C... has a preferred alignment
with the ordinal series 1, 2, 3, ... such that A is mapped to 1, B is
mapped to 2, and so on. Given a preferred alignment, a task’s S-
R mapping is compatible if each stimulus is mapped to the
response that corresponds to it according to the preferred align-
ment. It is incompatible if stimuli are mapped to the responses
in a way that does not follow the preferred alignment. For instance,
Task 1 of the M—F+ group has a compatible mapping: A is mapped
to “one”, B is mapped to “two”, and C is mapped to “three”. The
mapping would be incompatible if, for example, B is mapped to
“one”, C is mapped to “two”, and A is mapped to “three”. If there
is no dimensional overlap, then there is no representational basis
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for element-level compatibility effects and S-R mappings are
labeled as arbitrary.

S-R compatibility can also arise between stimulus and
responses from different feature domains. For instance, numbers
(Dehaene, Bossini, & Giraux, 1993; Fischer, 2004) and letters
(Berteletti, Lucangeli, & Zorzi, 2012; Lonnemann, Linkersdorfer,
Nagler, Hasselhorn, & Lindberg, 2013) have a preferred alignment
with relative spatial locations on the left-right dimension, corre-
sponding to the number line (with smaller numbers represented
on the left) or the letter line (mirroring alphabetic order). There-
fore, mapping A to a left response, B to a middle response, and C
to a right response, as in Task 1 of the M+F— group, also constitutes
a compatible mapping. Taking compatibility relations across fea-
ture domains into account, most, if not all of our tasks had a com-
patible S-R mapping (see Table 1, last column).

The two tasks for which S-R compatibility is most in doubt are
arguably the pitch discrimination tasks of the M+F+ and M—F—
Groups (i.e., hearing a high or low pitch tone and reacting by saying
“one” or “two” or pressing left or right key, respectively). Even for
these tasks, however, there are reasons to assume that their S-R
mapping is compatible, because there is evidence for a preferred
alignment between pitch and spatial dimensions. High and low
pitches are aligned with top and bottom locations, respectively
(Keller & Koch, 2006; Rusconi et al., 2006). Moreover, in the S-R
compatibility literature evidence for a preferred alignment
between the up-down and the left-right dimension could be found:
Performance on two-choice tasks was better with up-right and
down-left mapping than with the reverse mappings (Cho &
Proctor, 2003; Weeks & Proctor, 1990), and also for high pitch-
right and low pitch-left mappings (Keller & Koch, 2006; Rusconi
et al., 2006). In the present study the high pitch tone was however
mapped to the left key (M—F— group) or the number “one” (also
more represented to the left on the spatial number line, M+F+
group), and the low pitch tone was mapped to the right key (M—F—
group) or the number “two” (represented more to the right on the
spatial number line, M+F+ group). That means that the present
pitch discrimination tasks had an incompatible modality mapping.

It follows that two of our groups (M—F+, M+F-) practiced two
tasks that were both S-R compatible, and the other two groups
(M+F+, M—F-) trained only one S-R compatible task, whereas
the other task (i.e., the pitch task) constituted an S-R incompatible
task. The group difference in S-R compatibility cannot explain the
main effects of modality pairing or feature pairing, because it is
uncorrelated with each of these variables. Compatibility might
play a role for the interaction of modality and feature pairing.
Whereas dual-task costs were about equal - and negligible after
practice - in the two F+ conditions, they were higher in the two
F— conditions, and the M—F— had higher dual-task costs than
the M+F— group. The difference in dual-task costs between the lat-
ter two groups could reflect their difference in S-R compatibility:
The M+F— group practiced with two S-R compatible tasks,
whereas the M—F— group practiced with one compatible and one
incompatible task.

This interpretation is in line with the assumption that dual-task
costs arise from the risk of crosstalk: Compatible S-R mappings
arguably facilitate binding each stimulus to the correct response
in an event file, thereby mitigating the crosstalk risk. Therefore,
dual-task costs should be larger when one, or even both, tasks
involve a non-compatible S-R mapping. Support for this assump-
tion comes from a dual-task study that compared performance of
two groups practicing an arbitrarily mapped tasks (no overlap
and hence no preferred alignment between relevant stimulus and
response dimension) with either a compatibly mapped task or an
incompatibly mapped task (Gothe, 2009). Despite equal single-
task RTs after practice, dual-task costs were higher for the task
combination with the incompatibly mapped task.

We conclude that our finding of a substantial main effect of fea-
ture pairing on dual-task costs cannot be explained by differences
in S-R compatibility. This conclusion is in line with Stephan and
Koch (2010, 2011, 2015), who found that dual-task costs were
smaller with standard than with non-standard modality pairings
when S-R compatibility was held constant across conditions.

4.3. Examining dual-task performance with different paradigms

The majority of dual-task literature shows dual-task costs for a
large variety of task combinations. However, our findings demon-
strate that there is no immutable central capacity limitation. To
our knowledge, the present study is the first dual-task study that
directly compared residual dual-task costs obtained from SPP and
PRP paradigms. Previous evidence for vanishing dual-task costs
in the SPP paradigm has been questioned because a common dead-
line could induce different degrees of effort in the single- and the
dual-task trials (Tombu & Jolicoeur, 2004). Moreover, the SPP is
not well suited to rule out a latent bottleneck as an explanation
for a lack of dual-task costs. Both objections imply that vanished
dual-task costs in the SPP that should become manifest again in
the PRP. In our study there were only small differences in the over-
all dual-task costs between the paradigms. We demonstrated that
dual-task costs vanished through practice for both F+ task combi-
nations in both experimental paradigms. The modality and feature
pairing-effects were also similar across paradigms, confirming that
these effects do not reflect paradigm-specific artifacts.

4.4. Different SOAs across the four groups

We used a different selection of SOAs for the four groups in the
PRP paradigm in order to account for differences in dual-task RT
across groups as in Ruthruff, Hazeltine, and Remington (2006).
The strength of this technique might be regarded a weakness
because it introduces a confound of the sets of SOAs with group.
Against this objection, we argue that numerically identical SOAs
are not psychologically equivalent SOAs when mean RTs and
dual-task costs differ between groups, because the numerically
identical SOAs would correspond to different processing stages of
Task 1. We aimed for short SOAs to create maximum overlap
between the central processes of the two tasks in each group,
whereas the longest SOA should create minimal overlap. This
necessitated choosing slightly different sets of SOAs for the differ-
ent groups. We argue that this design decision is more appropriate
than the alternative of using numerically identical SOAs that tap
into psychologically different phases of task overlap. Even if the
different sets of SOAs across groups had affected the group’s
dual-task costs, such an effect could at best be negligible in size,
because the dual-task cost estimates barely differed between the
PRP paradigm and the 0-SOA paradigm (see Fig. 7).

4.5. Sample size and power

One weakness of our study is the small sample size. We had six
participants per group, implying weak statistical power for detect-
ing true effects through significance testing. We argue that this
problem is less severe than it might appear. First, with one excep-
tion - the lack of significant dual-task costs at the end of practice
in the standard feature-pairing groups - all findings of theoretical
interest were significant effects that were consistent across both
experiments, despite the small sample sizes. Second, all effects of
interest involved at least one repeated-measures variable, so that
between-subject variability is removed from the error term. In
repeated-measures designs, power increases with the reliability of
the dependent variable, which in turn depends on the number of tri-
als. The large number of trials in our study arguably resulted in
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highly reliable measures, as is reflected in the small standard errors
of the dependent variables. This is particularly relevant for our claim
that dual-task costs vanished after practice in the standard feature-
pairing groups. Although significance testing cannot provide evi-
dence for the null hypothesis, the small SEs of dual-task costs at
the end of practice (see Fig. 6) document that our failure to obtain
significant dual-task costs did not reflect a lack of power. Third,
the Bayes factors for the t-tests on the residual-dual-task costs of
the standard feature pairing groups in both experimental paradigms
revealed no evidence for the alternative and were at least for the PRP
paradigm in favor of the null hypothesis.

4.6. Implications for theories of dual-task performance

Our findings support theories that attribute dual-task costs to
interference between S-R bindings (i.e., crosstalk), and they chal-
lenge theories that attribute dual-task costs to a limited capacity
within the cognitive architecture, such as a bottleneck or a limited
resource.

4.6.1. Theories assuming crosstalk between S-R bindings

Our findings that modality and feature pairings are strong
determinants of dual-task costs is best explained by a combination
of assumptions from different theories that share an emphasis on
the role of S-R bindings for dual-task performance. The first
assumption is the common coding hypothesis, which is a core idea
in the theory of event coding (Hommel et al., 2001; Prinz, 1990).
According to the common-coding principle, stimuli and responses
(i.e., the intended and perceived effect of motor actions) are char-
acterized by the same features, which are represented in a com-
mon representational medium.

The second assumption is that performance in speeded choice
tasks critically depends on establishing ad-hoc bindings between
stimulus and response representations according to the instructed
S-R mapping. This assumption is a further core assumption of
TEC, and it is also fundamental to the dual-task theory of Logan
and Gordon (2001). This view replaces the notion of an amodal cen-
tral processing stage by the idea of a transmodal flow of informa-
tion, mediated by temporary bindings between stimulus and
response codes.

The third assumption is that establishing and maintaining S-R
bindings is facilitated by overlap between the representational
domains of task-relevant stimulus and response features. This idea
is related to the S-R compatibility concept of Kornblum et al. (1990)
who postulated that conceptual, perceptual, physical and structural
similarity between stimulus and response representations facilitate
S-R translation. This feature-binding assumption has consequences
for dual-task situations: Feature-domain overlap between the stim-
uli and the responses within each task but not across tasks, facili-
tates the correct bindings. Feature-domain overlap across tasks,
but not within tasks facilitates the erroneous bindings, raising the
risk of crosstalk. Here we add a new assumption to TEC, which in
originally does not distinguish different feature domains: Stimuli
and responses in the same domain can plausibly be assumed to
share a representational medium with the same feature dimensions
(e.g., spatial dimensions), whereas stimuli and responses in differ-
ent domains are unlikely to share a representational medium.

The fourth assumption is that the cognitive system flexibly
adapts to the specific demands of a dual-task situation (Meyer &
Kieras, 1997), scheduling task processing in parallel when doing
so entails little risk of crosstalk, but implementing sequential pro-
cessing when the risk of crosstalk is high (Logan & Gordon, 2001).

The set of four assumptions spelled out above fits well with a
broader theoretical framework that interprets dual-task costs as
a manifestation of the capacity limit of working memory, which
is limited by interference between bindings (Oberauer, 2009).

According to this framework, dual-task costs arise from interfer-
ence between S-R bindings in procedural working memory. Proce-
dural working memory is responsible for holding the task set of the
task to be carried out, which entails establishing temporary bind-
ings between stimulus and response representations. Holding
two task sets in procedural working memory entails the risk of
crosstalk between them, so that the cognitive system has a strong
bias to admit only one task set at a time into procedural working
memory. Therefore, in most dual-task situations the two tasks
are carried out sequentially, implying dual-task costs. Only when
the stimulus and response representations of the two tasks leave
no ambiguity as to which stimulus set belongs to which response
set the cognitive system can learn to overcome the bias for sequen-
tial scheduling, and to establish both task sets simultaneously in
procedural working memory (Oberauer & Bialkova, 2011;
Oberauer & Kliegl, 2004).

4.6.2. Bottleneck and resource theories

The finding that dual-task costs depend on the feature pairings
of the two tasks is difficult to understand within established theo-
ries of dual-task processing. In the bottleneck theory, the central
bottleneck is assumed to be content-free, such that costs only
depend on the duration of response selection for the task that
enters the bottleneck first. This assumption is difficult to reconcile
with the considerable effects of modality and feature pairings on
dual-task costs. Moreover, we found dual-task costs to disappear
completely with standard feature pairings after practice, which is
not possible within the bottleneck framework unless the bottle-
neck becomes latent. The pattern of results of Experiment 1 ren-
ders the assumption of a latent bottleneck highly implausible.
Moreover, a latent bottleneck must become manifest when SOA
is varied across both positive and negative values. Experiment 2
provided decisive evidence against that possibility for the standard
feature groups. We conclude that the disappearance of dual-task
costs after practice in the standard feature groups is incompatible
with the assumption of a practice-resistant bottleneck.

An alternative to the central bottleneck is the resource sharing
idea (Kahneman, 1973; McLeod, 1977; Navon & Miller, 2002;
Norman & Bobrow, 1975; Tombu & Jolicoeur, 2005). It also assumes
a limited capacity that is needed for central processing, which can
be shared by the tasks in any allocation ratio. That is, processes
can take place in parallel, but dual-task costs arise if the joint
resource demand exceeds the available supply. Again, the to-be-
shared resource is content-free. As such, central resource sharing
accounts can explain vanishing dual-task costs, but the effect of
modality pairings on dual-task costs cannot be accounted for.

The multiple resource theory (Wickens, 1980, 1984) is a variant
of a content-specific resource sharing account. It postulates that
the different information processing stages of perceptual encoding
(visual vs. auditory), central processing (spatial vs. verbal) and
response execution (manual vs. vocal) draw on distinct pools of
resources. Because in all our groups the two tasks did not draw
on the same perceptual, central, or response modality, the
multiple-resource theory does not predict any resource competi-
tion for any of our groups. That said, Wickens made the additional
assumption that the pools of resources interact, such that the vis
ual-spatial-manual and the auditory-verbal-vocal resource com-
binations are the most compatible (Wickens, Sandry, & Vidulich,
1983) and should show minimal dual task costs. This assumption
could explain the small level of dual-task costs for the present M
+F+ group. It does not help to explain, however, why the M—F+
group showed dual-task costs at an equally low level as the M+F
+ group. Moreover, the assumption that one particular combina-
tion of resources is compatible appears arbitrary: The resource
framework offers no mechanism for explaining which resource
pools should or should not interact easily with each other.
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5. Conclusion

In this article we could show that in addition to modality pair-
ings also overlap between feature domains shared by stimulus and
response representations affect dual-task costs. We distinguished
between spatial and verbal-sonic feature domains, in line with
the well-established distinction of these domains in the broader
working-memory literature. Feature overlap across tasks increases
crosstalk, disrupting the correct binding between stimulus and
response representations. The risk of crosstalk determined
whether parallel processing can be achieved through practice. This
is because serial processing is a strong default setting of the cogni-
tive system, which serves to reduce crosstalk-related errors (Logan
& Gordon, 2001). Only under conditions in which the risk of cross-
talk is minimal can the cognitive system switch into a parallel-
processing mode, so that dual-task costs vanish after practice.
We replicated earlier results showing vanished dual-task interfer-
ence after practice, found the same result for a new task combina-
tion, and generalized this result across two dual-task paradigms.
Taken together: When there is high representational overlap
between tasks, serial processing is harder, and maybe impossible,
to overcome.
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