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Why are dual-task costs reduced with ideomotor (IM) compatible tasks (Greenwald & Shulman, 1973;
Lien, Proctor & Allen, 2002)? In the present experiments, we first examine three different measures of
single-task performance (pure single-task blocks, mixed blocks, and long stimulus onset asynchrony
[SOA] trials in dual-task blocks) and two measures of dual-task performance (simultaneous stimulus
presentation blocks and simultaneous stimulus presentation trials in blocks with mixed SOAs), and show
that these different measures produce different estimates of the cost. Next we examine whether the near
elimination of costs can be explained by assuming that one or both of the tasks bypasses capacity-limited
central operations. The results indicate that both tasks must be IM-compatible to nearly eliminate the
dual-task costs, suggesting that the relationship between the tasks plays a critical role in overlapping
performance.
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We frequently struggle to coordinate multiple tasks. For exam-
ple, we might try to read an e-mail during a meeting or talk on a
cell phone while driving. In these cases, one or both tasks usually
suffer. Data from laboratory experiments (e.g., Kahneman, 1973;
Pashler, 1994; Tombu & Jolicœur, 2004) and real-world situations
(e.g., Strayer, Drews, & Johnston, 2003) confirm that humans have
difficulty performing two distinct tasks at the same time even
when they are very simple.

The decrements in performance that arise from doing two tasks
simultaneously or nearly simultaneously are often interpreted as
reflecting the operation of at least one stage of processing that
cannot be shared by two concurrent tasks (Welford, 1952; Davis,
1956; Pashler, 1984, 1994). According to such accounts, this stage
acts as a processing bottleneck, preventing humans from carrying
out two tasks at the same time (e.g., Pashler & Johnston, 1989). It
is generally assumed that the bottleneck stage involves operations
that can be roughly characterized as response selection—that is,
the translation of a categorized stimulus into an abstract represen-
tation of the appropriate response. Thus, this account is often

referred to as the response selection bottleneck (RSB) model. The
exact composition of the bottleneck stage is a complex issue as it
may include multiple, distinct processes (see, e.g., Ruthruff, 1995;
Tombu & Jolicœur, 2005; Salvucci & Taatgen, 2008), but essential
to the RSB model is the claim that choosing a response based on
a stimulus input—that is, performing a choice reaction time (RT)
task—engages a single channel process that operates on tasks in a
serial fashion.

Consistent with this account, dual-task costs are generally robust
and observed across a wide variety of situations, even when the
stimulus and response modalities for the tasks are distinct. How-
ever, a small number of studies have demonstrated that two tasks
can be performed concurrently with minimal cost to either task
(e.g., Greenwald & Shulman, 1973; Hazeltine, Teague, & Ivry,
2002; Schumacher et al., 2001). In some cases, moderate amounts
of practice (approximately 4,000 trials) are required to achieve
perfect, or near-perfect timesharing (Hazeltine et al., 2002; Schu-
macher et al., 2001). But in a few studies, dual-task costs are
essentially absent even when little practice is provided. In such
cases, the stimulus-response (S-R) mappings may allow partici-
pants to bypass the RSB that typically induces dual-task costs
(Greenwald & Shulman, 1973). Intriguingly, these studies use
tasks with stimuli and responses that are highly compatible in a
particular way that is consistent with the principles of ideomotor
(IM) theory.

Ideomotor Compatibility and Dual-Task Costs

IM theory holds that motor movements are represented as and
can be accessed by the effects that they produce in the environment
(Greenwald & Shulman, 1973; see also Hommel, Müssler, As-
chersleben, & Prinz, 2001; Prinz, 1992). That is, action represen-
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tations include not only the motor commands required to produce
the response, but also the effects of that response on the environ-
ment. IM-compatible tasks are tasks that use stimuli that strongly
resemble the sensory consequences of a response to cue that
response. For example, repeating a word after hearing it spoken is
an IM-compatible task because the critical stimulus (e.g., the word
to be repeated) is highly similar to the outcome (the actor’s
speech). According to the IM account, participants can access the
appropriate response when presented with the stimuli without
engaging the performance-limiting bottleneck stage.

To support this claim, Greenwald and Shulman (1973) reported
two experiments that used two classes of tasks, one involving
IM-compatible S-R mappings and one involving S-R mappings
that were not specifically IM-compatible but were still compatible.
For the IM-compatible tasks, there was a visual-manual (VM) task
with directional arrows (left or right) that required a manual
response of shifting a joystick in the corresponding direction and
an auditory-vocal (AV) task in which the letters A or B were
presented aurally and required shadowing. For the S-R compatible
tasks, the VM task consisted of visually presented words left and
right that required manual movements of the joystick to the left or
right and an AV task with the same stimuli, but the required vocal
responses were one or two.

The researchers used the psychological refractory period (PRP)
procedure in which two stimuli are presented in succession with
varying stimulus onset asynchronies (SOAs) and participants are
asked to make a separate speeded response to each task (e.g.,
Smith, 1967; Welford, 1952). When the authors averaged RTs
across the two tasks for each trial, the RTs were not statistically
different at the 0-ms SOA and the 1,000-ms SOA when both tasks
were IM-compatible. This is the only condition for which this was
true; there was a significant difference between RTs at the 0-ms
SOA versus the 1,000-ms SOA for both conditions where only one
of the tasks was IM-compatible, and an even larger effect when
both tasks used S-R compatible pairings.

If IM-compatible stimuli allow humans to select responses in
such a way that dual-task costs can be avoided, there are far-
reaching implications for our understanding of how responses are
selected. That is, cases of near-perfect timesharing shed light on
some of the underlying cognitive mechanisms associated with
response selection, particularly if it is possible to achieve near-
perfect timesharing in a single session with little or no practice.
Moreover, the concept of IM-compatibility converges with recent
developments in the study of interactions between perception and
action, including the theory of event coding (Hommel et al., 2001)
and theories of embodiment (e.g., Barsalou, 2008). For example,
embodied cognition emphasizes the importance of bodily move-
ment, environmental context and the action-relevant information in
the perceptual display in cognitive tasks (e.g., Wilson, 2002;
Barsalou, 2008). Embodied theorists reject the notion that the
translation or processing between the identification of the stimulus
and the production of the response engages a separate, abstract
response selection process that is divorced from perceptual and
motor processes; instead, embodied researchers claim that cogni-
tion is grounded in the body’s interactions with the environment
and that responses are elicited by the physical properties of items
in the environment (Barsalou, 1999). A better understanding of IM
compatibility may strengthen the links between these theoretical

frameworks and help establish an embodied account of response
selection.

A Reevaluation

However, the claim that IM compatibility eliminates dual-task
costs has proven controversial. Lien et al., (2002) attempted to
replicate the perfect timesharing reported in Greenwald and Shul-
man (1973) in four experiments, but each experiment produced a
significant PRP effect, including a near-exact replication of Green-
wald and Shulman’s (1973) Experiment 2. The authors concluded
that processing limitations persist during dual-task performance,
even with IM-compatible stimuli.

This finding sparked a series of studies by Proctor and col-
leagues (Lien, Proctor & Ruthruff, 2003; Lien, McCann, Ruthruff,
& Proctor, 2005; Shin, Cho, Lien, & Proctor, 2007; Shin &
Proctor, 2008) and Greenwald (2003, 2004, 2005), examining
what the necessary conditions are for eliminating dual-task costs
with IM-compatible mappings. To date, most of the debate cen-
tered on methodological differences, such as whether the required
response was a joystick movement or button press and whether the
arrows were presented centrally or slightly offset to the left or right
(Lien et al., 2002; Greenwald, 2003; Shin et al., 2007; Shin &
Proctor, 2008).

The Role of Task Structure in Dual-Task Costs

As Greenwald (2003) points out, RTs are significantly faster
when instructions stress speed and simultaneity of responding as
opposed to the traditional PRP instructions that stress prioritization
of Task 1. To demonstrate this, Greenwald (2003; see also Green-
wald & Shulman, 1973, Experiment 2) performed an experiment
that contained blocks with the traditional PRP instructions and
range of SOAs as well as blocks that consisted entirely of 0-ms or
1,000-ms SOA trials and instructions emphasizing speed and si-
multaneity of responding as the only dual-task blocks. In the 0-ms
SOA blocks, stimuli were presented simultaneously on every trial,
allowing participants to respond quickly. Furthermore, for these
blocks, Greenwald eliminated the instructions that encouraged
participants to prioritize one task over the other. As a result,
participants responded significantly faster in the condition with
simultaneous instructions and only two SOAs than in the PRP
condition. Moreover, the PRP condition revealed significant dual-
task costs: RTs were 34 ms slower in the 0-ms blocks than in the
1,000-ms blocks. In contrast, there was no difference between the
0-ms and 1,000-ms blocks when they were the only two block
types and the prioritization instructions were eliminated. Other
researchers have also reported that instructing participants to pri-
oritize one task over the other can dramatically affect the magni-
tude of dual-task costs (e.g., Hazeltine, Weinstein, & Ivry, 2008;
Magen & Cohen, 2010; Schumacher et al., 2001), suggesting that
the structure of the task and participants’ strategies may be induc-
ing a PRP effect, or dual-task cost, even when there is no process-
ing limitation for the two tasks.

One way that task conditions can contaminate measures of
dual-task costs is through mixing costs, which may arise from
adjustments in processing when switching from one stimulus set to
another (see Los, 1996). To eliminate these costs from the measure
of dual-task costs, Greenwald (2003) included mixed-task blocks,

T
hi

s
do

cu
m

en
t

is
co

py
ri

gh
te

d
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
l

A
ss

oc
ia

tio
n

or
on

e
of

its
al

lie
d

pu
bl

is
he

rs
.

T
hi

s
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

t
to

be
di

ss
em

in
at

ed
br

oa
dl

y.

414 HALVORSON, EBNER, AND HAZELTINE



which contained both AV and VM trials presented in a random
order but never simultaneously, to serve as a baseline. However,
the exact type of mixed block appropriate for evaluating dual-task
costs has also proven to be a thorny issue. Tombu and Jolicouer
(2004) pointed out that previous dual-task studies that have incor-
porated mixed blocks (e.g., Hazeltine et al., 2002; Schumacher et
al., 2001) have used a type of heterogeneous block that includes
single- and dual-task trials. The authors noted that in addition to
providing a measure of mixing costs, these mixed blocks add
uncertainty to each trial, as participants don’t know prior to each
trial if they will be making one or two responses. The authors
concluded that heterogeneous (or mixed) blocks are therefore not
a good baseline for measuring dual-task costs because the differ-
ences in preparation are larger in this comparison condition than if
homogeneous single-task blocks are compared with homogeneous
dual-task blocks.

To address these concerns, Tombu and Jolicoeur (2004) used
three types of blocks to evaluate dual-task performance: pure
single-task blocks consisting only of single-task trials from one
task, OR blocks consisting of single-task trials from both tasks,
and AND blocks consisting of only dual-task trials. When the
authors compared the AND blocks with OR blocks, there was no
difference in performance. However, dual-task costs persisted
when they compared AND blocks to single-task blocks. These
results underscore the idea that dual-task costs can be computed in
multiple ways, and different methods can lead to divergent con-
clusions.

Beyond the question of how different measures systematically
alter the assessment of dual-task costs, there is the issue of why
combinations of IM-compatible tasks dramatically reduce dual-
task costs without producing similar reductions in single-task RTs.
So far, the bulk of the discussion has focused on whether dual-task
costs are completely eliminated with these tasks or not. This
question is difficult to definitively answer for a host of reasons. In
particular, there usually are small, nonsignificant differences be-
tween single- and dual-task conditions to suggest that more pow-
erful designs may not as readily embrace the conclusion that
dual-task costs are eliminated (e.g., Lien et al., 2002), and there are
often dramatic individual differences indicating that participants
adopt different strategies, and some are able to eliminate costs
whereas others are not (e.g., Schumacher et al., 2001; Van Selst,
Ruthruff, & Johnston, 1999). Finally, there is the possibility that
costs do not exist at a particular SOA because the task operations
do not require overlapping processes at the same time (e.g., An-
derson, Taatgen, & Byrne, 2005; Salvucci & Taatgen, 2011). That
is, these tasks may require bottleneck processes, but dual-task
costs are not observed because the bottleneck processes are not
required by the two tasks at the same time (see Ruthruff, Johnston,
Van Selst, Whitsell, & Remington, 2003).

Here we do not attempt to determine whether dual-task costs are
completely eliminated under some conditions; rather, we focus on
why the costs are dramatically reduced when certain tasks are
paired together, and how the relationship between the two tasks
affects the overall magnitude of the dual-task costs. Moreover,
instead of pursuing a single instance of perfect timesharing, we
examine the factors that allow IM-compatible tasks to dramatically
reduce dual-task costs.

The Present Study

To determine whether and how IM-compatible tasks reduce
dual-task costs, the present study addresses two issues. First, we
examine how the different measures of dual-task costs affect
conclusions about IM-compatible tasks. To date, only Greenwald
and Shulman (1973) and Greenwald (2003) have reported perfect
timesharing in a single session using IM-compatible tasks. These
experiments are also the only ones that have consistently used
simultaneous presentation in the dual-task blocks, and Greenwald
(2003) provided the only experiment that compared RTs in the
dual-task blocks to mixed blocks as a measure of dual-task costs.

Therefore, Experiments 1 and 2 of the present study manipulate
stimulus onset and task structure. Within these experiments, we
directly compare two widely used task settings designed to assess
single-task performance. Between the two experiments, we com-
pare two widely used task settings designed to assess dual-task
performance: PRP dual-task conditions and simultaneous dual-task
conditions. In PRP dual-task conditions, the stimuli for the two
tasks are separated by a variable SOA and participants are in-
structed to prioritize Task 1 over Task 2. In simultaneous dual-task
conditions, both stimuli onset at the exact same time and the
instructions emphasize responding quickly to both tasks without
diminishing the importance of responding accurately. It is crucial
to consider that task structure may be inducing or exaggerating
dual-task costs. By using the same stimuli and responses for both
experiments, we can compare performance on the exact same
dual-task trials situated in a different task setting. Discrepant
results would suggest that overall task structure may play a large
role in participants’ ability to make two responses simultaneously.

While Experiments 1–2 examine the role of the relationship
between the two tasks in the reduction of dual-task costs, Exper-
iments 3–6 examine how the structure of the individual IM tasks
affects timesharing. These experiments test whether visually com-
plex stimuli that conform to the definition of IM-compatibility can
also facilitate near-perfect timesharing. Moreover, the experiments
test whether the number of S-R pairings affects the magnitude of
dual-task costs with IM-compatible stimuli (Experiments 3 and 4)
and whether both tasks must be IM compatible to avoid dual-task
costs, or if dual-task costs can be avoided with just one IM-
compatible task (Experiments 5 and 6).

As Lien et al. (2002) pointed out, the term “IM compatible” has
been applied to many different tasks, yet it is not well established
exactly which tasks should be considered IM compatible. The only
widely used visual-manual pairing in experiments purporting to
examine IM compatibility is an arrow signaling a joystick response
in the corresponding direction. It is unclear that an arrow meets the
criteria for an IM-compatible stimulus, given Greenwald and Shul-
man’s (1973) description: a task is IM compatible to the extent that
the stimuli resemble the sensory consequences of the associated
responses. Although humans have extensive experience with ar-
rows, and arrows clearly indicate a direction, it is not obvious that
arrows are generally experienced as the results of movements.

Building on Greenwald and Shulman’s (1973) formulation, Ex-
periments 3–6 test instances of near-perfect timesharing using
images of a human hand (from the perspective of an individual
looking at his or her hand) as the visual stimuli for the VM task.
We use these images because they reflect the sensory feedback one
might experience following a manual button press more than an
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arrow reflects the sensory feedback associated with moving a
joystick. That is, associating the stimuli with manual responses
provides a strong analogy to the shadowing task used for the
auditory-vocal task. These stimuli allow for the added benefit of
using manual keypresses as the responses for the VM task and
avoiding the controversy surrounding the joystick response device
(e.g., Shin & Proctor, 2008.) Furthermore, because these images
are of a body part, using them as examples of IM-compatible
stimuli is consistent with the principles of embodied cognition.
According to the embodied cognition framework, images of a hand
may require very little processing or translation because they
directly activate the body part required to perform the task.

Experiment 1

The primary goal of Experiment 1 is to examine dual-task costs
in a traditional PRP experiment in relation to three measures of
single-task performance. Previous findings demonstrate that task
structure affects dual-task costs (Greenwald, 2003; Tombu &
Jolicouer, 2004). Across these studies, block types, number and
range of SOAs and instructions seem to be influential factors. To
isolate the various effects of these components, we compare three
measures of single-task performance: pure single-task blocks (e.g.,
Schumacher et al., 2001), OR blocks (e.g., Greenwald, 2003;
Tombu & Jolicouer, 2004), and long SOA trials in dual-task blocks
based on the PRP procedure (e.g., Pashler, 1994).

The differences in RT among these forms of single-task trials
may reveal the sources of the differences in the various measures
of dual-task performance. Reaction times from pure single-task
blocks provide an index of performance for each task separately,
when each task is fully prepared (i.e., there is no task uncertainty).
Comparisons between these RTs and RTs in OR blocks provide
the traditional measure of mixing costs. The third measure of
single-task performance, RTs at the longest SOA in the PRP
blocks, is widely used in PRP procedures (e.g., Pashler, 1994;
Ruthruff, Van Selst, Johnston, & Remington, 2006; Leonhard,
Fernández, Ulrich, & Miller, 2011) but seldom directly compared
to other measures. As in the OR blocks, this measure includes the
cost of having to maintain both task-sets in working memory and
may also involve a switching component. However, as in the
pure-single blocks, there is no uncertainty about the upcoming
task. That is, in the PRP procedure, participants know with cer-
tainty at the outset of the trial that they will first perform Task 1
and then Task 2. Moreover, when the SOA is long, Task 1 is
completed before the Task 2 stimulus is presented, allowing the
participant to prepare for only that task.

It is of particular interest whether these factors affect measures
of single-task performance with IM-compatible tasks, given that
these tasks are presumed to be performed automatically. For ex-
ample, the differences in performance between pure and mixed
single-task conditions might be attributed to the mental load of
having to maintain two sets of S-R associations. If it is assumed
that IM-compatible tasks do not require participants to maintain
S-R mappings in WM because they directly cue the appropriate
response, then it might be expected that these tasks would show
minimal mixing costs. Similarly, if mixing costs arise from resid-
ual activation of S-R mappings from previous trials, it again might
be expected that mixing costs would be minimal, given that par-
ticipants are always making highly compatible responses.

A second goal of the experiment is to use these three measures
to evaluate whether any costs are observed with the IM-compatible
tasks. As reviewed above, there have been conflicting findings
with regard to whether the costs are eliminated with these types of
tasks, and the present design allows us to compare multiple mea-
sures of dual-task costs. Moreover, this experiment can serve as a
comparison to Experiment 2, which uses the tasks with a simul-
taneous presentation procedure.

Method

Participants

Sixteen undergraduates from the University of Iowa (6 females,
ages 19–23) were recruited to take part in this experiment. Indi-
viduals participated in partial fulfillment of a requirement for an
introductory course and reported normal or corrected-to-normal
vision and hearing.

Stimuli and Apparatus

Stimuli were presented on a PC computer using the Microsoft
Office Visual Basic software. This software recognizes speech and
records RT, and auditory stimuli were presented through the ear-
phones on a headset that was also equipped with a microphone that
recorded the vocal responses. The auditory stimuli were sound
files that lasted 250 ms and were taken from an Internet database.
A male or female voice (depending on the gender of the partici-
pant) spoke the letters A and B. The visual stimuli were presented
on a 19-in color LCD monitor that was located approximately 57
cm from the participant. The images used were black arrows
presented on a white background within the presentation window
of the visual basic software. The visual stimuli were presented in
the center of the screen, and each arrow subtended 2 degrees of
visual angle. Participants made button-press responses on the
number pad of the keyboard; they were instructed to push 1 for a
leftward pointing arrow, and 2 for a rightward pointing arrow with
the index and middle fingers of the right hand.

Procedure

Each participant first completed the voice recognition training
on the PC that was used to present the stimuli and collect re-
sponses. Following the vocal recognition training, participants
were given verbal and written instructions for the AV and the VM
tasks. They were told to respond as quickly and accurately as
possible in both tasks. In the dual-task blocks, participants were
instructed to prioritize the audio-vocal task, consistent with tradi-
tional PRP instructions. It was emphasized that Task 1 was the
most important task and that they should not let Task 2 inter-
fere with their Task 1 responses. They were told to make their
response for Task 2 as quickly as possible, as long as they did not
interfere with the performance of Task 1. Participants were also
instructed as to the four different types of blocks (single task VM,
single task AV, OR, and PRP).

Each trial proceeded as follows: first, the fixation cross appeared
in the center of the screen. The fixation cross was white, 1.3° �
1.3° visual angle, and stayed on the screen for 500 ms. Then the
Task 1 stimulus was presented (a spoken letter, A or B) for 250 ms
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followed by a variable SOA. In the single-task blocks, only one of
the stimuli was presented, with a silent or blank stimulus being
presented in place of the absent task to make the exact timing of
events identical to dual-task trials. Thus, if it was a single-task
block consisting of only AV trials, then the SOA occurred after the
presentation of the stimulus and was unnoticeable to the partici-
pant. If it was a single task block consisting only of VM trials,
there was a 0, 200 or 800-ms delay before the stimulus was
presented. In the OR blocks, the stimulus presentation was the
same, except that the trial order was randomized, and each trial had
an equally likely chance of being an AV trial or a VM trial.

In the PRP blocks, S2 was presented after 0, 200 or 800 ms of
a black screen immediately following the presentation of S1. S2
was a white arrow that subtended 4.1 � 4.1 degrees of visual angle
and stayed on the screen for 250 ms. After 2,000 ms or a response,
the next trial started.

The experiment consisted of 16 total blocks of trials. Each block
type was completed four times. The block order, which was the
AV task alone, the VM task alone, the OR block and lastly the
AND block, was the same for all participants. There were 36 trials
per block. The first of each block type was considered practice and
eliminated from the final analyses, yielding 544 total trials per
participant. Participants were given feedback at the end of each
block as to the percent of correct responses made and the average
RT for each task.

Results and Discussion

The first four blocks (one of each type, including both visual-
manual single-task and auditory-vocal single-task blocks) was
considered practice and eliminated from the analysis. Incorrect
trials were also eliminated from the analysis; in AND blocks, a
trial was considered incorrect if the response from either task was
incorrect. Finally, RTs greater than 1,500 ms or less than 150 ms
(4% of the remaining experimental trials) were also removed from
the analysis. The mean overall accuracy was 92% for both tasks.
Two participants with an overall percent correct of less than 75%
were eliminated from the analysis, leaving 14 complete data sets.

Because the SOA manipulation was implemented for all three
block types, it is possible to submit the RTs for Task 1 and Task
2 to two-way ANOVAs with block type (single, OR, or PRP) and
SOA (0, 200, 800) as factors. For Task 1, there was no main effect
of block type, F � 1, but there was a main effect of SOA, F(2, 26) �
5.65, p � .01, MSE � 1237.80, and a block-type � SOA inter-
action, F(4, 52) � 3.30, p � .05, MSE � 1017.25. For the
single-task blocks, there was no indication of any effect of SOA on
RT, F � 1 (447, 450, and 445 ms for the 0, 200, and 800 ms SOAs,
respectively). For the OR and PRP blocks, RTs were smaller at the
0 SOA compared to the 200 and 800 ms SOA, and this effect was
larger for the PRP blocks, F(2, 26) � 5.97, p � .01, MSE �
2036.91 (417, 449, and 476 ms for the 0, 200, and 800 ms SOAs,
respectively; see Figure 1) than for the OR blocks, F(2, 26) �
1.77, p � .19 (449, 463, and 469 ms).

For Task 2, there was a main effect of block type, F(2, 26) �
3.65, p � .05, MSE � 14749.63, a main effect of SOA, F(2, 26) �
3.84, p � .05, MSE � 6231.53, and an interaction between the two
factors, F(4, 52) � 13.69, p � .0001, MSE � 2960.83. As with
Task 1, there was little indication of an effect of SOA for the
single-task blocks, F�1 (505, 511, and 508 ms for the 0, 200, and

800 ms SOAs, respectively). However, for the OR blocks, RTs
were smallest for the 0 SOA trials, F(2, 26) � 3.47, p � .05,
MSE � 1034.46 (520, 550, and 545 ms), whereas for the PRP
blocks, RTs were largest for the 0 SOA trials, F(2, 26) � 10.13,
p � .001, MSE � 10004.31 (667, 573, 498 ms; see Figure 1). That
is, the PRP blocks produced a significant PRP effect. We discuss
these findings in greater detail as they relate to measures of
single-task performance and dual-task costs.

Measures of Single-Task Performance

We obtained three measures of single-task performance: pure
single-task blocks, OR blocks, and long SOA trials from PRP
blocks. Given that both tasks showed a significant block type �
SOA interaction, comparisons of the measures are potentially
complex. For Task 1, the RTs across the SOAs are sometimes
averaged to compute single-task RT, because this task is priori-
tized and presumably should not suffer dual-task interference. In
the present analysis, to keep the timing of events and number of
trials equivalent across the conditions, we analyzed the RTs from
corresponding SOAs and focused on the longest and shortest SOA,
because they represent the most extreme conditions and are the
most theoretically interesting. For neither SOA (0 or 800 ms) was
the effect of block type significant, 0: F(2, 26) � 2.18, p � .13;
800: F � 1.

For Task 2, dual-task costs are observed in the RTs at the short
SOAs in the PRP blocks, so it is not appropriate to use these trials
to estimate single-task performance. The 0-ms SOA single-task
trials and the 0-ms SOA OR trials did not differ significantly with
regard to Task 2 RTs, t(13) � 1. The 800-ms SOA trials from the
PRP condition do provide a measure of single-task performance,
so they were included in the analysis. This approach yielded
significant differences among the block types, F(2, 26) � 12.56,
p � .001, MSE � 682.60, with the RTs from the OR blocks (545
ms) being significantly larger than those of both the single-task,
(508 ms), t(13) � 5.42, p � .0005, and PRP blocks (498 ms),

Figure 1. Mean RTs from Task 1 (AV) and Task 2 (VM) during PRP
blocks as a function of SOA in Experiment 1.
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t(13) � 3.85, p � .005, which did not differ from each other,
t(13) � 1.05, p � .31.1

The pattern of differences between single-task and OR blocks
(i.e., the mixing costs) was somewhat complex. On the one hand,
mixing costs were observed in the 800-ms SOA trials for Task 2
(when no Task 1 stimulus was presented). It is of note that the Task
2 RTs from 800-ms SOA trials in the PRP blocks were highly
similar to the Task 2 RTs from the single-task blocks. This
suggests that requiring participants to maintain two S-R sets in
WM was not the sole source of the mixing costs. One possibility
is that the costs arise when there is uncertainty about which task
will be required on each trial. On the other hand, there were no
significant costs in any of the other comparisons. Moreover, the
800-ms SOA trials for Task 2 were somewhat of a special case. On
these trials, the presentation of the stimulus was somewhat de-
layed, which may have affected participants’ preparation. In
single-task and PRP blocks, this may have had a minor effect on
performance, because the task could be predicted. However, in the
OR blocks, the combination of a late stimulus and uncertainty
about the task may have produced increases in RT. Thus, the
source of the effect remains unclear. We take this issue up in the
subsequent experiments.

Dual-Task Costs

In PRP experiments, dual-task costs are calculated by subtract-
ing the Task 2 RTs at the longest SOA from Task 2 RTs at the
shortest SOA (e.g., Pashler, 1994). By this measure, the IM-
compatible stimuli in Experiment 1 produced a 170 ms cost,
t(13) � 3.26, p � .01. However, as in Greenwald and Shulman
(1973), Task 1 RTs were actually faster, in this case by 59 ms, at
the shortest SOA compared to the longest SOA, t(13) � 2.66, p �
.05. When the RTs for the two tasks were summed together, the
difference between the longest and shortest SOAs was no longer
significant, t(13) � 1.73, p � .11, essentially replicating Green-
wald and Shulman (1973).

However, it is unclear that this is an appropriate measure of
dual-task costs. The logic for adding the RTs together is based on
the premise that the changes in the RTs for the two tasks reflect
different prioritizations of the two tasks across the SOAs (see
Greenwald & Shulman, 1973; Kahneman, 1973; Tombu & Joli-
ceour, 2004). Greenwald and Shulman (1973) noted that the RTs
decreased in Task 1 as the SOA increased, and that this effect was
modulated by compatibility factors for both tasks. The authors
suggested that participants may have been flexibly allocating pro-
cessing resources between Task 1 and Task 2 such that as SOA
increased participants shifted more resources to Task 2 and gave
fewer resources to Task 1. Because of this interaction between
tasks, the authors assumed it would be misleading to perform
statistics on either task alone. But if both tasks bypass response
selection processes and do not compete for central resources, then
the mechanism by which prioritization affects RT is undetermined.
It would appear to emerge from participant’s strategies rather than
structural limitation in dual-task processing. Moreover, Task 1
RTs at the long SOA in the PRP blocks are numerically larger than
in any other condition.

When the other two measures of single-task performance are
used as baselines, the case for dual-task costs is strong. If the
single-task blocks are used as a baseline, Task 1 RTs do not differ

significantly at the 0-ms SOA in the PRP blocks from the average
Task 1 RTs in the single-task blocks, t(13) � 1.74, p � .10, but the
Task 2 RTs at the 0-ms SOA in the PRP blocks are significantly
greater than the average Task 2 RTs in the single-task blocks,
t(13) � 2.82, p � .05. If the OR blocks are used as a baseline, Task
1 RTs are 43 ms smaller at the 0-ms SOA in the PRP blocks than
the Task 1 RTs in the OR task blocks, t(13) � 2.41, p � .05. This
slight decrease in RTs during the PRP blocks suggests that the task
uncertainty present during the mixed blocks may be slowing
responses compared to the 0-ms PRP trials in which participants
know they will be making two responses. The Task 2 RTs at the
0-ms SOA in the PRP blocks are 129 ms greater than the Task
2 RTs in the single-task blocks, t(13) � 2.30, p � .05. When the
RTs for the two tasks are added together, the sum for the 0-ms
SOA trials in the PRP blocks (1,084) is 129 ms greater than the
sum of the single-task blocks (955 ms), t(13) � 2.68, p � .05.
When the sum of the RTs from the OR blocks (999 ms) is used
as a baseline, the 85 ms difference is marginally significant,
t(13) � 1.88, p � .1

RT1-RT2 Correlation

To further examine the interactions between ongoing operations
for the two tasks, we computed the correlation between the RT1
and RT2 across the individual trials for all of the PRP blocks as a
function of SOA (see Ruthruff et al., 2003; Lien et al., 2005;
Hazeltine et al., 2008). Correlations are expected to increase as the
SOA decreases according to the RSB model because there are
greater contingencies between the operations for the two tasks
when one task must wait for the other task to complete its RSB
operations. The correlations between RT1 and RT2 were .615,
.427, and .297 for the 0, 200, and 800-ms SOAs, respectively.
Comparisons between the z-transformed correlations revealed that
the 0 SOA condition produced stronger correlations than either the
200, t(13) � 2.66, p � .05, or the 800, t(13) � 3.37, p � .01, SOA
conditions; the difference between the latter conditions was mar-
ginally significant, t(13) � 1.86, p � .09. In short, the pattern is
consistent with the RSB model.

In sum, the PRP blocks produce dual-task costs, whose magni-
tude and robustness depend on the baseline used to measure
single-task performance. Thus, the IM-compatible tasks appear to
produce dual-task costs when tested using the PRP procedure. In
Experiment 2, we examine whether dual-task costs are observed
for these same tasks when the second measure of dual-task per-
formance is used: blocks consisting of trials in which the two
stimuli are simultaneously presented.

Accuracy

Separate ANOVAs were conducted on the percent error data for
Task 1 and Task 2 that included block type and SOA as within-
subject factors. For Task 1, there was no difference in accuracy

1 The results are essentially identical when the 800-ms SOA trials form
the PRP blocks are compared to the single-task and OR blocks averaged
across SOA. That is, there is still a significant effect of block type,
F(2, 26) � 8.53, p � .005, and the RTs from the OR blocks (538 ms) are
significantly larger than those of both the single-task, (508 ms), t(13) �
3.72, p �. 005, and PRP blocks, t(13) � 3.25, p � .01, which do not differ
from each other, t(13) � 1.07, p � .30.
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across block type or SOA, Fs � 1. For Task 2 the main effect of
SOA and the block type by SOA interaction were not significant,
Fs � 1. The main effect of block type for Task 2 was marginally
significant, F(2, 26) � 2.82, MSE � .000, p � .08. Follow-up t
tests showed that accuracies were slightly higher in the OR con-
dition (99%) than the single-task (98%), t(13) � 1.93, p � .08 and
AND conditions (98%), t(13) � 1.74, p � .11.

Summary

The goals of Experiment 1 were to examine performance in two
IM-compatible tasks using three distinct measures of single-task
performance and to evaluate dual-task costs in a traditional PRP
paradigm that emphasizes the importance of completing Task 1
quickly and uses a variable SOA. Because we included single-task
and OR blocks, we obtained measures of mixing costs as well as
measures of dual-task costs. A significant mixing cost was ob-
served for the VM task (Task 2). In other words, participants’ RTs
were slowed as a result of preparing for two task sets, even when
they only saw one stimulus and make one response on a given trial
and even when both tasks were IM compatible. We also observed
robust dual-task costs, which we measured independently of mix-
ing costs by comparing RTs at the shortest SOA in the PRP blocks
to RTs at the shortest SOA in the OR blocks. Consistent with
typical PRP experiments, Task 1 RTs were relatively unaffected by
the presence or absence of Task 2 and SOA was only a factor in the
OR and PRP blocks. This suggests that participants were adhering
to task instructions, which emphasized responding to Task 1 as
quickly as possible, without letting Task 2 interfere. In contrast,
robust dual-task costs were observed for Task 2. In sum, the
pattern of dual-task costs is nearly identical to previous PRP tasks
showing dual-task costs with IM-compatible tasks (e.g., Lien et al.,
2002), even when RTs from the OR blocks were used as a measure
of single-task performance.

While we obtained three distinct measures of single-task per-
formance, the 0-ms SOA trials during the PRP blocks were our
only measure of dual-task performance. However, the literature
offers two widely used measures of dual-task performance: short
SOA trials in blocks based on the PRP trials (e.g., Pashler, 1994)
that we examined in Experiment 1 and simultaneous presentation
trials in which stimuli for the two tasks appear either simultane-
ously or separated by a long interval (e.g., Schumacher et al.,
2001).2 Note that the trials used to derive these measures can be
identical in terms of the timing of events if a 0-ms SOA is used in
the PRP trials. However, it is not possible to include both of these
types of trials in a within-subjects design, because the instructions
in the PRP procedure require participants to prioritize one of the
tasks, and this can produce carry-over effects on the simultaneous
presentation blocks, in which participants are instructed not to
prioritize either task. Therefore, in Experiment 2, we use only the
simultaneous measure to compare to the measure of dual-task
performance obtained with the PRP procedure in Experiment 1.

Experiment 2

The goal of Experiment 2 was to evaluate dual-task interference
using the simultaneous onset paradigm introduced by Greenwald
(2003). As such, we eliminated the instructional manipulation that
required participants to prioritize the AV task and presented both

stimuli simultaneously on all trials in the dual-task blocks. All
trials in this type of dual-task block, henceforth called AND
blocks, were presented at a 0-ms SOA. We included the OR blocks
to look at the effect of mixing costs on dual-task performance even
when both stimuli are presented simultaneously on the dual-task
trials.

As in Experiment 1, we adopt the procedure from Tombu and
Jolicouer (2004) and include both single-task and OR blocks so
that we can compare the two possible measures of dual-task costs,
but we are agnostic as to which type trial provides the most
appropriate baseline from which to evaluate dual-task costs (or
even whether this question can be definitively answered). On the
one hand, several studies report increases in RT from single-task to
mixed blocks (e.g., Greenwald, 2003; Schumacher et al., 2001). It
is possible that this increase in RT reflects a significant change in
the amount of preparation participants are capable of on OR trials
as compared to single-task and AND trials. In the single-task and
the AND blocks, participants can completely prepare for the task
or tasks that they will perform in the upcoming trial, which may
suggest that heterogeneous OR blocks are not the best baseline for
dual-task comparisons. On the other hand, the requirements to
attend to multiple sources of stimuli, maintain two sets of map-
pings in working memory, and adequately prepare multiple types
of responses seem distinct from interference related to concurrent
task operations. For example, with two-choice tasks, there are two
possible responses on single-task blocks, four possible responses
on OR blocks and four possible responses on AND blocks. In-
creasing the number of alternatives increases mean RT under
single-task conditions (Hick, 1952; Hyman, 1953), and it is rea-
sonable to want to dissociate this effect from a dual-task cost, so
comparisons between AND and OR blocks would seem most
appropriate. Given the conflicting arguments here, we opted to use
both measures of single-task performance (e.g., single-task and OR
blocks) to characterize the changes in performance associated with
dual-task conditions.

Method

Participants

Twelve undergraduates from the University of Iowa (5 female,
ages 19–23) were recruited to take part in this experiment. Indi-
viduals participated in partial fulfillment of a requirement for an
introductory course and reported normal or corrected-to-normal
vision and hearing.

Stimuli and Apparatus

The stimuli and apparatus were the same as in Experiment 1.

2 It is possible to further divide the simultaneous presentation trials into
a category in which the dual-task trials occur in blocks that also contain
single-task trials, so-called “heterogeneous blocks” (e.g., Schumacher et
al., 2001), and a category in which the dual-task trials occur in blocks
containing only dual-task trials, so-called “AND blocks” (e.g., Tombu &
Jolicoeur, 2004). However, we are unaware of theoretical accounts posing
a difference between these two types of trials, and making this distinction
is unnecessary for drawing our conclusions.
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Procedure

All of the voice recognition training was conducted in the same
way as in Experiment 1. Participants were told that each task was
equally important, and they were told to make their responses as
quickly and accurately as possible. On the AND blocks, they were
instructed to do each task as fast as possible and to not prioritize
either task. All of the other instructions and block order were the
same. The sequence of events for each trial was very similar,
except that there was not a variable SOA in any condition. Oth-
erwise, the timing of the stimuli and order of events was all the
same.

Results and Discussion

As in Experiment 1, the first of each block type was considered
practice and eliminated from the analysis. Trials on which an
incorrect response was made were also eliminated from the anal-
ysis. In AND blocks, a trial was eliminated if either one of the
responses was incorrect. Trials with RTs longer than 1,500 ms or
shorter than 150 ms (2% of the remaining experimental trials) were
also considered errors and eliminated from the analysis. Overall
accuracy was 95%.

The data from each task were submitted to a one-way ANOVA
with block type (single, OR, and AND) as the sole factor. The
effect of block type was not significant for either the AV task,
F � 1, or the VM task, F(2, 22) � 1.45 MSE � 2291.14, p � .26.
Thus, Experiment 2 replicates previous studies (e.g., Greenwald &
Shulman, 1973; Greenwald, 2003) showing an absence of dual-
task cost with IM-compatible tasks (see Figure 2).

To confirm that the task structure determined the distinct pat-
terns of dual-task costs in Experiments 1 and 2, the RTs from the
0-ms SOA trials in the PRP blocks of Experiment 1 were com-
pared to the trials from the AND blocks in Experiment 2. Note that
the timing of the two stimuli is identical for the two groups; the
only difference is the context in which the trials occur. There was
no significant difference for the AV RTs (Exp. 1: 417 ms; Exp. 2,
400), t � 1, but there was a significant difference for the VM RTs
(Exp. 1: 667 ms; Exp. 2, 476), t(24) � 2.39, p � .05. Thus, the

PRP procedure appears to produce longer RTs on the VM task than
can be achieved with simultaneous presentation, as proposed by
previous researchers (Hazeltine et al., 2008; Magen & Cohen,
2010; Schumacher et al., 2001; Greenwald, 2003), even within a
single session. Moreover, this pattern is consistent with the claim
that dual-task costs in the PRP procedure are observed exclusively
on the VM task. Given the limited power of this design, we make
no claim that the costs were completely eliminated in Experiment
2; rather, we conclude that the different procedure significantly
reduced dual-task costs and that the estimates of dual-task costs
observed with PRP procedure may not derive strictly from limits in
processing ability—that is, they may include a strategic compo-
nent.

In this regard it should be noted that, for the VM task at least,
there is a trend toward a dual-task cost; RTs in the AND blocks
(476 ms) were 33 ms longer than RTs in the single-task blocks
(443 ms) and 19 ms longer than RTs in the OR blocks, although
these differences were not significant, t(11) � 1.59, p � .14 and
t(11) � 1, respectively. However, this trend is driven almost
entirely by two of the participants, whose dual-task costs on the
VM task were more than three standard deviations larger than the
remaining participants. For these two individuals, there was clear
evidence for dual-task costs on the VM task (single: 504 ms, OR:
496 ms, AND: 670 ms)3 but not on the AV task (single: 418 ms,
OR: 480 ms, AND: 489 ms). For the remaining 10 participants,
there was little evidence of a dual-task cost on either task (AV:
single: 386 ms, OR: 391 ms, AND: 382 ms; VM: single: 430 ms,
OR: 450 ms, AND: 437 ms).

It is not uncommon for studies of dual-task performance to
report strong individual differences among participants in terms of
the dual-task costs (e.g., Maquestiaux, Laguë-Beauvais, Ruthruff,
& Bherer, 2008; Ruthruff, van Selst, Johnston, & Remington,
2006; Schumacher et al., 2001; Van Selst, Ruthruff, & Johnston,
1999; Meyer et al., 1995), indicating that some people are more
willing than others to perform the two tasks at the same time. To
our knowledge, individual differences in dual-task performance
have not been previously discussed in the IM literature, but such
dramatic variations in performance across participants might sug-
gest that response selection during IM-compatible tasks is suscep-
tible to the same influences as standard choice RT tasks.

RT1–RT2 Correlation

For each of the 10 participants who did not show large dual-task
costs, the correlation between the two tasks was highly reliable, all
ts � 26, all ps � .001. The correlation coefficients (r) ranged from
.397 to .954 with a mean of .698. This value is similar to the mean
correlation, .615, observed in Experiment 1, despite the differences
in dual-task costs. Even though the two tasks were performed
without dual-task costs, the two tasks did not appear to be per-
formed completely independently. However, this correlation may
stem from a variety of sources, including trial to trial variations in
alertness and attentional focus. For example, Hazeltine et al.

3 The mean Task 2 RT for these two participants in the AND block (670
ms) is intriguing similar to the mean RT of participants in Experiment 1 in
the PRP blocks at the 0-ms SOA (667 ms), suggesting that they may have
adopted a similar sequential strategy to the one adopted by individuals
performing a PRP task.

Figure 2. Average RTs for the AV task and the VM task according to
block type in Experiment 2. Error bars were calculated based on standard
error of the mean.
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(2008) reported an even larger correlation (e.g., r � .783) between
RTs to simultaneously presented stimuli in a split-brain individual
who did not show significant dual-task costs. In contrast, the
age-matched controls who showed robust dual-task costs produced
correlation coefficients that varied between .930 and .998. This
pattern is similar to the present case, suggesting that when the
stimuli are consistently presented simultaneously, there may be a
tendency to group the responses even if they are selected without
shared resources. For the two participants who did show dual-task
costs, the correlations were also reliable, ts � 25.7, ps � .001, and
the coefficients were .971 and .957.4

Accuracy

The accuracies were 92% for the AV task and 98% for the VM
task. A separate ANOVA with block type (single task, OR, AND)
as a within-subject factor was conducted for each task. The main
effect of block type was not significant for the AV task, F � 1, but
it was significant for the VM task, F(2, 22) � 5.79, MSE � .000,
p � .01. Follow-up t tests showed that accuracy was highest in the
OR block (99%) as compared to the single-task block (97%),
t(11) � 2.78, p � .05 and the AND block (97%), t(11) � 4.29,
p � .01. There was no significant difference between the single-
task and AND blocks, t � 1. The difference between the single-
task blocks and the OR blocks might suggest that the small
increase in RT on the OR blocks is slightly exaggerated by a
speed–accuracy trade-off.

In sum, the findings from Experiment 2 indicate that dual-task
costs can be nearly eliminated with IM-compatible tasks. For 10 of
the 12 participants, the mean RT on the dual-task (AND) blocks
were within 7 ms of the mean RT of the single-task blocks and, if
anything, a slight negative dual-task costs for these participants
when you compare dual-task RTs to mean RTs from the OR
blocks. There was also little evidence for mixing costs. Further-
more, the data, in combination with those from Experiment 1,
support the proposal put forth by Schumacher et al. (2001) and
Greenwald (2003) that simultaneous presentation of the stimuli
greatly facilitates perfect timesharing. That is, it appears that
near-perfect timesharing can be achieved with the same stimuli
that were used in Experiment 1 so long as both stimuli are
presented at the same time and participants were not told to
prioritize either task. The PRP paradigm, in which prioritization
instructions and variable SOA are used, may actually induce
dual-task costs where they might not otherwise occur.

Experiment 3

Having established that, with the appropriate task structure (i.e.,
the temporal relationship between the two tasks), dual-task costs
can be dramatically reduced, we turn to the question of how the
contents of the individual tasks affect these costs. As mentioned
above, there has been some debate as to whether arrows are an
appropriate example of a visual stimulus that meets the definition
for IM compatibility (Lien et al., 2002). In order to further examine
whether dual-task costs persist even when different IM-compatible
stimuli are used for both tasks, Experiment 3 uses images of hands
in various postures; these postures reflect the visual input the
participants would receive from their own hands while making a
button press response. These stimuli are more consistent with the

original definition of IM-compatibility, which focused on the
relationship between a stimulus and the effect it produces in
the environment (Greenwald & Shulman, 1973). The stimuli for
the visual-manual task in Experiments 1 and 2, while certainly
being S-R compatible, do not clearly fit the definition of IM
compatibility. Although arrows indicate a direction and are highly
compatible in a spatial way with a left or right response, they do
not obviously resemble the perceptual feedback of the response. In
Experiment 3, we examine whether dual-task costs will be ob-
served with a visual-manual task using stimuli that are more
visually complex and arguably less spatially compatible, but better
fit the definition of IM compatibility; that is, the stimuli depict the
sensory consequences of the appropriate response. In this way, we
directly test this aspect of the IM-compatibility account: do tasks
with stimuli that resemble the perceptual consequences of the
appropriate responses produce minimal dual-task costs?

Method

Participants

Fourteen undergraduates (8 females, ages 18–36) from the
University of Iowa were recruited to take part in this experiment.
Individuals participated in partial fulfillment of a requirement for
an introductory course and reported normal or corrected-to-normal
vision and hearing.

Stimuli and Apparatus

The apparatus was the same as in Experiments 1 and 2. The
stimuli were similar, except that instead of the letters A and B, the
words cat and dog were used. These words were selected because
they are monosyllabic, easily distinguishable, and have no obvious
ordinal relationship. Their duration was the same as the letter
stimuli (250 ms). Instead of arrows, the visual stimuli were images
of hands making the appropriate key press, although the keypad
was not visible. The images used were digital photographs taken of
a right hand with either the index or middle finger depressed. The
images were in color and were presented within a 6.7° by 6.6°
neutral colored square, which was framed by a black background.
The visual stimuli were presented in the center of the screen. Once
again, participants made button-press responses on the number pad
of the keyboard; they were instructed to push 1 when the index
finger was depressed in the image and 2 when the middle finger
was depressed.

Procedure

All of the voice recognition training was conducted in the same
way as in Experiment 2. Instructions, trial sequence and timing of
events were exactly the same as in Experiment 2.

4 In addition to the RT1–RT2 correlation, an analysis of IRI was con-
ducted in which we compared the distribution of the observed IRIs from
the AND blocks with a distribution of expected IRIs calculated by sub-
tracting RTs from the VM task in the OR blocks from RTs in the AV task
in the OR blocks. Inspection of the distributions suggests that participants
showed more response grouping in the AND blocks than would be ex-
pected if the two tasks were being performed completely independently
based on the data from the OR blocks. However, there was little evidence
of a systematic shift in the overall distribution.
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Results and Discussion

As in the previous experiments, the first of each block type was
considered practice and eliminated from the analysis. Trials were
removed from the analysis when an incorrect response was made
on either task. Trials were also removed when RTs exceeded 1,500
ms or were shorter than 150 ms (4% of the remaining experimental
trials). Overall accuracy was 98%.

Reaction times from the single task trials only were examined
for the AV and VM tasks (see Figure 3). For the AV task,
participants’ mean RTs (357 ms) were 32 ms faster than RTs for
the AV task in Experiment 2, but this was not a significant
difference, t(24) � 1. For the VM task, RTs (474 ms) were not
significantly different from Experiment 2 (443 ms), t(24) � 1.70,
p � .11; that is, switching to a more visually complex stimulus for
the VM task did not significantly change average RTs from Ex-
periment 2 to Experiment 3 in the single-task blocks.

As in Experiment 2, the data from each task were submitted to
a one-way ANOVA with block type (single, OR, and AND) as the
sole factor. For the AV task, there was a significant main effect of
block type, F(2, 26) � 8.26, MSE � 649.43, p � .002. As
illustrated in Figure 3, participants were 32 ms slower in the OR
blocks (389 ms) than in the single-task blocks (357 ms), t(13) �
3.72, p � .01, indicating a mixing cost. This may result from the
task uncertainty in the OR blocks, or from maintaining and switch-
ing between two stimulus sets. The difference between RTs in the
OR blocks (389 ms) and AND blocks (393 ms), was not signifi-
cant, t(13) � 1 for the AV task.5 Thus, according to this measure,
which holds constant the S-R mappings that must be maintained in
working memory, no significant dual-task costs were observed. A
second measure of dual-task performance can be obtained by
comparing RTs from AND blocks with RTs from pure single-task
blocks. Single-task blocks were 36 ms faster than AND blocks,
t(13) � 3.20, p � .01. Thus, this measure, which holds uncertainty
constant but varies the number of tasks that need to be prepared,
indicates a small dual-task cost is observed with these stimuli.

A similar pattern was observed for the VM task. The one-way
ANOVA with block type was significant, F(2, 26) � 17.73,
MSE � 451.30, p � .001. Mixing costs, the difference between
RTs from the single-task blocks and RTs from the OR blocks, was
significant; participants were 48 ms slower to respond to a single

stimulus when they had to keep multiple task sets active and trial
type uncertainty was high compared to pure, single-task blocks,
t(13) � 5.53, p � .001. When RTs from the OR blocks are used
as a baseline for measuring dual-task costs, RTs were significantly
shorter in the AND blocks (494 ms) than in the OR blocks (522
ms), t(13) � 3.13, p � .01. Thus, there was no evidence of
dual-task costs. Instead, the data suggest that uncertainty about
which task would be required to be performed slowed performance
more than the requirement to make two concurrent responses. The
alternative measure of dual-task costs, the comparison of RTs from
the AND trials to RTs from the single-task trials, produced a
different result. Reaction times from the AND blocks were 19 ms
slower than RTs from the single-task blocks, t(13) � 3.19, p �
.001. In other words, there was evidence of small dual-task costs.

RT1–RT2 Correlation

As in the previous experiments, the correlation between the RTs
for two tasks was highly reliable. All ts � 11.8, all ps � .001. The
correlation coefficients (r) ranged from .281 to .970 with a mean
of .574. A t test on the z-transformed correlations revealed a
marginally larger correlation in Experiment 2 (.698) than in Ex-
periment 3, t(20) � 1.97, p � .062. Although we have no expla-
nation for why the correlations are lower with the hand stimuli
than with the arrows, the finding suggests that the tasks used in
Experiment 3 do not increase the degree to which the two tasks
rely on shared resources compared to the more traditional IM-
compatible tasks used in Experiment 2.

Accuracy

AV accuracy was 95% and VM accuracy was 98%. A separate
ANOVA was conducted for each task with block type as a within-
subject factor. This effect was not significant for the AV task, F(2,
26) � 1.08, MSE � .001, p � .34, but it was significant for the
VM task, F(2, 26) � 8.10, MSE � .000, p � .01. For the VM task,
there were small, but significant, differences across block types.
Specifically, accuracy in the single-task block was 96% compared
to the OR and the AND blocks, which were both 99%. The
difference was significant for both single-task and OR blocks,
t(13) � 4.28, p � .001, and the single-task and AND blocks,
t(13) � 3.50, p � .01. This suggests a speed–accuracy trade-off;
participants were faster in the single-task blocks than the OR and
AND blocks, but they also made more errors.

The results of Experiment 3 are mostly consistent with those
of Experiment 2 and Greenwald and Shulman (1973). In this
way, Experiment 3 extended previous IM findings by using
novel IM-compatible stimuli for the VM task that closely ad-
here to the definition of IM compatibility. However, there were
some indications of small dual-task costs. We used the same
criterion as in Experiment 2 to look for individual differences in
dual-task costs, but none of the participants showed costs
greater than three times the standard deviation of the mean
dual-task cost. When the single-task trials served as a baseline,

5 With these three t-tests, we are doing one more comparison than we
have degrees of freedom. However, because each of these comparisons is
theoretically motivated and the presence/absence of dual-task costs are
equally motivated hypotheses, we did no corrections.

Figure 3. Average RTs for the AV task and the VM task according to
block type in Experiment 3. Error bars were calculated based on standard
error of the mean.
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there was a small dual-task cost for the VM task. It may relate
to competition for central resources—the traditional explana-
tion for dual-task costs— or it may relate to differences in the
number of S-R mappings that need to be maintained in WM or
the greater uncertainty about the particular combination of
stimuli that might appear on a given trial. Importantly, even
though the cost was significant, the magnitude of the dual-task
cost reported here is relatively small (36 ms for the AV task and
20 ms for the VM task). Moreover, the costs were not apparent
when the OR blocks were used as baseline to correct for the
number of S-R alternatives, In fact, the OR blocks produced
significantly longer RTs than the single-task blocks (i.e., there
was a robust mixing cost), suggesting that the dual-task costs
may arise from something other than competition for central
resources. These issues are explored in Experiments 4 – 6.

Experiment 4

In Experiment 4, we examine how increasing the number of
S-R alternatives for both tasks affects the measures of mixing
and dual-task costs. Increasing the number of S-R alternatives
is a widely used method of increasing the duration of central
operations (e.g., Van Selst & Jolicoeur, 1997; Pashler, 1994;
Karlin & Kestenbaum, 1968), which are presumably the pri-
mary source of dual-task costs in cases such as the present one,
where there is little overlap in terms of the input and output
modalities for the two tasks. However, with IM-compatible
tasks, it is unclear as to whether RT should increase with the
number of S-R alternatives, in accordance with the Hick/Hyman
law (Hick, 1952; Hyman, 1953). When a task is highly S-R
compatible in the traditional sense, the slope of the function
relating RT to the number of S-R alternatives decreases (e.g.,
Dassonville, Lewis, Foster, & Ashe, 1999; Leonard, 1959).
Thus, it is possible that the IM-compatible tasks will also be
insensitive to the number of S-R alternatives.

While the effects on single-task RT of increasing the number of
S-R alternatives may bolster our understanding of the relationship
between S-R compatibility and IM compatibility, RTs in the OR
and AND blocks are of primary interest. If single-task RTs in-
crease for both tasks, then the RSB bottleneck model predicts that
increases in AND block RTs should be greater than the increases
in the other block types for at least one of the tasks. This is
predicted because the RTs for dual-task trials include the duration
of central operations of both tasks, unless the task in question is
always prioritized. If, in the single-task blocks, only one of the
tasks shows larger RTs than the corresponding task in Experiment
3, both tasks should show larger RTs than in Experiment 3 in the
AND blocks, unless the task with the larger RTs in the single-task
blocks is consistently prioritized.

Thus, Experiment 4 attempts to replicate of the main finding
from Experiments 2 and 3, that IM-compatible tasks do not
produce dual-task costs when the two tasks are presented si-
multaneously. Moreover, it examines whether the small differ-
ences between the single-task and AND blocks in Experiment 3
stems from competition for response selection processes, con-
sistent with the RSB account. If IM-compatible tasks engage the
same processes as standard tasks, then increases in RT associ-
ated with more response alternatives should be associated with
greater dual-task costs. However, if IM-compatible tasks use a

distinct pathway, then increases in RT should not lead to
increases in dual-task costs. Apart from the number of stimuli
and responses, the task structure and procedure is exactly the
same as in Experiments 2 and 3.

Method

Participants

Fourteen undergraduates (8 females, ages 18–23) were recruited
from the University of Iowa for this experiment. Individuals par-
ticipated in partial fulfillment of a requirement for an introductory
course and reported normal or corrected-to-normal vision and
hearing.

Stimuli and Apparatus

The same stimuli and apparatus were used in this experiment as
in Experiment 3. The only change was the addition of two more
stimuli and two responses for each task. In the AV task, the words
pig and cow were added to the S-R set. As in Experiment 3,
participants simply had to repeat the word when it was aurally
presented. In the VM task, pictures of a hand depressing the ring
and pinky fingers were used in addition to the index and middle
fingers. Participants made button-press responses with four letters
on the keyboard; they were instructed to push h when the index
finger was depressed in the photograph and j when the middle
finger was depressed, k when the ring finger was depressed and l
when the pinky finger was depressed.

Procedure

All of the voice recognition training was conducted in the same
way as in previous experiments. The sequence of events for each
trial, the timing of the stimuli and order of events was all the same
as it was in Experiment 3.

Results and Discussion

As in previous experiments, the first of each block type was
considered practice and eliminated from the analysis. Two partic-
ipants were nonnative English speakers and our voice recognition
software had a difficult time recognizing their responses so their
data were not included in the study. For the remaining 12 partic-
ipants, a trial was eliminated from AND blocks if either one of the
responses was incorrect. Trials were also eliminated if RTs ex-
ceeded 1,500 ms or were shorter than 150 ms (2% of the remaining
experimental trials). Overall accuracy was 97%.

The results were similar to those of Experiment 3. For the AV
task, there was a significant main effect of block type, F(2, 22) �
9.13, MSE � 1049.94, p � .001 (see Figure 4). The difference
between the single-task and OR blocks, that is, the mixing cost (15
ms), was marginally significant, t(11) � 2.06, p � .06. The
difference between RTs in the OR blocks (384 ms) and AND
blocks (423 ms), was significant, t(11) � 2.35, p � .05. Much like
Experiment 3, participants were 55 ms slower to make two re-
sponses in the AND blocks than one response in the single-task
blocks, t(11) � 4.01, p � .01. Again, this comparison holds the
uncertainty about the upcoming trial type constant, but it does not
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take into consideration the effort associated with maintaining
multiple task sets or the uncertainty associated with the number of
possible responses.

As in Experiment 2, the dual-task costs observed here were
largely driven by two participants. These two subjects showed a
mean dual-task cost (single: 392 ms, OR: 384 ms, AND: 524 ms)
that was more than three standard deviations from the mean for the
remaining 10 participants (single: 364 ms, OR: 383 ms, AND: 403
ms). However, when a one-way ANOVA was conducted with the
data for the remaining 10 participants, the effect of block type was
still significant, F(2, 18) � 24.13, MSE � 310.81, p � .001.
Follow-up t tests show that these participants were still 20 ms
slower in the OR blocks than in the single-task blocks, t(9) � 2.63,
p � .05. The difference between the AND blocks (403 ms) and the
OR blocks (383 ms) was no longer significant, t(9) � 1.85, p �
.10, but the difference between AND blocks and the single-task
blocks, 39 ms, was significant, t(9) � 3.92, p � .01. In sum, when
the two participants who showed large dual-task costs were re-
moved, the pattern was highly similar to that observed in Exper-
iment 3.

The one-way ANOVA with block type (single, OR, and AND)
was significant for the VM task, F(2, 22) � 4.15, MSE � 808.24,
p � .001. Like Experiment 3, the mixing costs were significant;
participants were 50 ms slower in the OR blocks (582 ms) than in
the single-task blocks (532 ms), t(11) � 5.43, p � .001. The
comparison between RTs in the OR blocks and the AND blocks
(558 ms) was not significant, t(11) � 1.85, p � 1.85; however, just
as in Experiment 3, this 23 ms difference was in the opposite
direction; participants were faster in the AND blocks than the OR
blocks. The other dual-task measure, the difference between RTs
in the AND blocks and the single-task blocks, was marginally
significant, t(11) � 2.05, p � .06. A similar pattern is observed
when the two participants showing dual-task costs in the AV task
are removed from the analysis. The one-way ANOVA conducted
with the data from the 10 participants who showed a more typical
pattern for the AV task also produced a significant effect of block
type, F(2, 18) � 6.24, MSE � 973.01, p � .01, and the pattern of
results was similar to the pattern observed across all participants
(single: 528 ms, OR: 557 ms, AND: 555 ms).

RT1–RT2 Correlation

The correlation between the RTS for the two tasks was once
again reliable, although not for every subject. The average corre-
lation coefficient (r) for all but the two participants who showed
large dual-task costs was .348. For the two participants who
showed large dual-task costs, the average coefficient was .464.
Together, these coefficients (z-transformed) did not differ from
those for Experiment 3 (.574), t � 1.66, p � .11.

Accuracy

For the AV task, accuracy was 96% and 98% for the VM task.
A separate ANOVA was conducted for each task with block type
as the sole within-subject factor. The main effect of block type was
not significant for the AV task, F � 1, or the VM task, F(2, 26) �
1.65, MSE � .000, p � .21. Again, the pattern of results for the
accuracy data is consistent with that of the RT data; participants
performed similarly across block types.

The data from the VM task suggest that responses were not
significantly slowed in the AND blocks compared to the OR or the
single-task blocks. In other words, performing two tasks simulta-
neously did not have a significant effect on RT for the VM task;
the pattern of results in this experiment was remarkably similar to
Experiment 3 even though there were two additional S-R pairings
for each task. Mixing costs, however, were not eliminated. It is
intriguing that mixing costs are observed with IM-compatible
tasks, which presumably do not tax WM processes.

To assess how increasing the number of S-R alternatives for the
two IM-compatible tasks affected RTs, we submitted the data from
Experiments 3 and 4 to mixed two-way ANOVAs with block type
as a within-subjects factor and experiment as a between-subjects
factor. This approach violates the assumption of random assign-
ment, given that Experiments 3 and 4 were run at different times,
but is otherwise justified given the strong similarity between the
experimental settings. All of the participants from both experi-
ments were included in this analysis.

For the AV task, there was a significant main effect of block
type, F(2, 48) � 15.87, p � .001, MSE � 833.00 but no main
effect of experiment (F � 1) or an interaction between the two
factors, F(2, 48) � 2.48, p � .1. For the VM task, there was a
significant main effect of block type, F(2, 48) � 23.08, p � .001,
MSE � 633.26, and a significant effect of experiment, F(1, 24) �
11.53, p � .05. Critically, the interaction between the two factors
was not significant, F � 1. In short, increasing the number of S-R
alternatives affected the VM RTs such that manual responses were
slowed in Experiment 4 (e.g., 532 ms in the single task blocks) as
compared to Experiment 3 (475 ms in the single task blocks), but
this manipulation did not affect the pattern of mixing or dual-task
costs for either task.

These findings are generally consistent with the claim that two
IM-compatible tasks can be performed simultaneously with only a
small amount of interference: for the VM task, RTs from blocks in
which the two tasks were performed simultaneously were less than
the RTs from blocks in which the two tasks were performed
separately. Increasing the number of S-R alternatives did increase
the RTs for the VM task, but this did not produce larger dual-task
costs. To accommodate such a result, the RSB model must assume
that the AV task is always prioritized. It is possible that the
manipulation of the number of S-R alternatives affected the dura-

Figure 4. Average RTs for the AV and the VM tasks according to block
type in Experiment 4. Error bars were calculated based on standard error of
the mean.
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tion prebottleneck operations for the VM task—for example, by
making the depressed finger more difficult to discriminate. How-
ever, even in this case, some increases in the dual-tasks costs
would be expected unless the AV task was always prioritized or
the scheduling of central operations was optimized.

Alternatively, the lack of significant dual-task costs in Ex-
periments 2– 4 could be a result of the S-R mappings having
been compiled into fast-acting, procedural rules that do not
require the same working memory resources as arbitrary S-R
pairings (Salvucci & Taatgen, 2008, 2011). According to this
account, IM-compatible tasks are converted to procedural rules
early in practice, enabling the appropriate responses to be
retrieved without interference. In other words, IM-compatible
tasks can be performed without the RSB much earlier in prac-
tice than standard tasks. We take these issues up in Experiments
5 and 6.

In sum, Experiment 4 showed that increasing the number of S-R
pairs does not significantly change the pattern of results for the
mixing or dual-task costs when IM-compatible stimuli are used.
Once again comparing RTs from the OR blocks to RTs from the
single task blocks revealed significant costs to performance as a
result of task uncertainty. Although there was a small dual-task
cost for the AV task when RTs from the AND blocks are compared
to RTs from the single task blocks, the overall pattern of results
was similar to Experiment 3.

Experiment 5

Increasing the number of S-R alternatives from two to four
did not significantly change the pattern of results, suggesting
that the differences in RT between the single-task and AND
blocks did not stem from competitions for central response
selection processes. The goal of Experiment 5 is to explore how
IM-compatible stimuli allow participants to avoid significant
dual-task costs. To do this, we reverted to two-choice tasks for
both the AV and the VM tasks; however, only the AV-task was
IM compatible. For the VM-task the visual stimulus was a color
patch arbitrarily mapped to one of the two responses. If IM-
compatible tasks bypass the central-response mechanisms re-
sponsible for slowing performance when two responses are
required, then only one IM-compatible task should be sufficient
to achieve perfect timesharing.

The most straightforward way for the RSB model to accom-
modate the findings from Experiments 2– 4 is to assume that
response selection for the VM task was consistently performed
after response selection for the AV task. By this account,
dual-tasks costs were minimal even when the VM task required
longer response selection operations, as in Experiment 4, be-
cause the response selection operations for the two tasks did not
temporally overlap, just as lengthening the response selection
stage in the second task in a PRP procedure does not increase
the magnitude of the PRP effect. The rule-based account pro-
posed by Salvucci and Taatgen (2008, 2011) would also predict
minimal dual-task costs in an experiment that used one IM-
compatible task, which has presumably been compiled into a
procedural rule and one arbitrary task that would require look-
ing up the rule in working memory on each trial. These expla-
nations indicate that small dual-task costs should be observed

when the VM task is replaced by a non-IM-compatible task.
Thus, Experiment 5 directly tests these accounts.

Method

Participants

Twelve undergraduates (8 females, ages 18–23) were recruited
from the University of Iowa for this experiment. Individuals par-
ticipated in partial fulfillment of a requirement for an introductory
course and reported normal or corrected-to-normal vision and
hearing.

Stimuli and Apparatus

The stimuli and apparatus that were used in this experiment
were identical to those used in Experiment 3, with the exception of
the visual stimuli that were used for the VM task. For this exper-
iment, two color squares were used in place of the hand stimuli.
Much of the visual display was identical, except that the entire 6.7°
by 6.6° square that was previously neutral colored and contained
an image of a hand was filled in with either red or green. Partic-
ipants were instructed to press h when the square was red and j
when the square was green. The sound files were the exact stimuli
used in Experiment 3.

Procedure

All of the voice recognition training was conducted in the same
way as in the previous experiments. All of the instructions were the
same as in Experiments 3 except that they were modified to reflect
the appropriate responses to the color squares. The sequence of
events for each trial, the timing of the stimuli and order of events
was all the same as it was in Experiment 3.

Results and Discussion

As in previous experiments, trials were removed from the anal-
ysis of RT if either response was incorrect. Trails were considered
and error and eliminated if RT exceeded 1,500 ms or were shorter
than 150 ms (3% of remaining experimental trials). The overall
accuracy was 96%.

The pattern of RTs was distinct from the previous experiments.
For the AV task, the main effect of block type was marginally
significant, F(2, 22) � 3.73, MSE � 1227.14, p � .053 (see Figure
5). In contrast to Experiments 3 and 4, there was no significant
difference between average RTs in the single-task (397 ms) and
OR blocks (394 ms), t(11) � 1. Although the AV task was the
same as in Experiment 3, it was paired with an arbitrary VM task
instead of an IM-compatible task. This seems to have altered the
overall pattern of results for the AV task, as there was no indica-
tion of mixing costs in this experiment. Measures of dual-task
costs were again calculated using trials from both single-task and
OR blocks as a baseline. As shown in Figure 5, there was a small
difference (30 ms) between RTs from the OR blocks and RTs from
the AND blocks (424 ms), t(11) � 2.16, p � .053, and a nonsig-
nificant difference (28 ms) between the AND blocks and the
single-task blocks, t(11) � 1.
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For the VM task, the effect of block type (single, OR and AND)
was significant, F(2, 22) � 11.06, MSE � 2396.58, p � .001.
Unlike previous experiments, participants were actually 23 ms
faster in the OR blocks (449 ms) than in the single-task blocks
(472 ms), t(11) � 2.25, p � .05. The difference between RTs in the
OR blocks and the AND blocks (553 ms) was significant, t(11) �
4.64, p � .001, as was the difference between the AND blocks and
the single-task blocks, t(11) � 4.74, p � .001. None of the
participants showed dual-task costs greater than two standard
deviations from the mean.

To further characterize the effects of changing the IM-
compatible VM task to an arbitrary tasks, the RTs from Experi-
ments 3 and 5 were submitted to two-way ANOVAs, with block
type and experiment as factors, again ignoring that the experiments
were run at different times so the participants were not randomly
assigned. For the AV task, there was a main effect of block type,
F(2, 48) � 8.39, p � .001, MSE � 779.04 but no effect of
experiment, F�1. The interaction between the two factors was
marginally significant, F(2, 48) � 2.63, p � .083, MSE � 779.04.
The pattern was similar for the VM task: there was a main effect
of block type, F(2, 48) � 16.60, p � .0001, MSE � 1077.74, but
no effect of experiment, F�1. Critically, for this task the interac-
tion between the two factors was highly significant, F(2, 48) �
26.74, p � .0001, MSE � 1077.74. Thus, changing the VM task
from IM-compatible to arbitrary did alter the pattern of dual-task
costs, even though it did not affect overall RT.6

RT1–RT2 Correlation

The correlation between the two tasks was highly reliable, with
a mean correlation coefficient (r) of .805. Correlation coefficients
ranged from .574 to .957, and all ts � 59.5 and all ps � .001. The
correlation (z-transformed) was higher than that in Experiment 3
(.574), t(23) � 2.66, p � .05, suggesting that these tasks used
Experiment 5 engaged overlapping processes to a greater extent
than the two IM-compatible task in Experiment 3.

Accuracy

An ANOVA with block type as a within-subject factor was
conducted on the accuracy data for both the AV and the VM tasks.
For the AV task, the main effect was marginally significant, F(2,
22) � 3.33, MSE � .002, p � .05. Follow-up t tests showed that
participants were slightly more accurate in the OR block (97%)
than in the single-task block (93%), t(11) � 2.30, p � .06. There
was no difference between single and AND blocks or OR and
AND blocks, t(11) � 1.37, p � .20 in both cases. No other
significant main effects or interactions were revealed. Percent
errors were not analyzed further.

These findings suggest that the failure to observe increased
dual-task costs in Experiment 4 did not stem from participants
completing response selection for the AV task before initiating
response selection for the VM task. Had response selection for the
AV task been complete before response selection for the VM task
had begun in Experiment 5, no dual-tasks would have been ob-
served. However, the VM task in Experiment 5 was different than
the VM task in Experiment 4, and it is possible that the different
stimuli allowed the prebottleneck operations to complete earlier
for the VM task in Experiment 5 than in Experiment 4. In this case,
there would be greater simultaneous demand for response selection
process in Experiment 5, creating the larger dual-task cost.

The bottleneck model can account for these findings if it is
assumed that prebottleneck operations are shorter and bottleneck
operations are longer for the VM task in Experiment 5 than for the
VM task in Experiment 4. In other words, the color discriminations
required by the VM task in Experiment 5 may require less time
than finger discriminations required by the VM task in Experiment
4. Because the two tasks produced similar RTs, it is necessary to
further assume that the central operations take less time for the VM
task in Experiment 4 than the VM task in Experiment 5. This
assumption is reasonable given that the mapping was IM compat-
ible in Experiment 4 and arbitrary in Experiment 5.

Such an explanation is plausible, but some limitations should be
noted. First, given that the PRP procedure can induce costs that are
not apparent when the stimuli for the two tasks are consistently
presented at the same time (Schumacher et al., 2001; Israel &
Cohen, 2011; Experiments 1 and 2), the durations of prebottleneck
and bottleneck stages are difficult to independently verify. Second,
the magnitude of the costs suggests that the duration of response
selection operations for the IM-compatible AV tasks is not trivial
(i.e., on the order of 100 ms), which is inconsistent with other
accounts of near-perfect dual-task performance (e.g., Anderson et
al., 2005). Third, if the VM task engaged response selection
operations before the AV task in Experiment 5 but not in Exper-
iment 4, we would expect RTs for the AV task in the AND blocks
to be much slower in Experiment 5 than in Experiment 4. How-
ever, the difference in the AV RTs across the AND blocks for the
two experiments was not significant, t � 1. Moreover, there should
have been robust dual-task costs on the AV task in Experiment 5,
but these were small (e.g., 30 ms) and, depending on the measure,

6 The results of the ANOVA are similar if Experiment 5 is compared to
Experiment 4 instead of Experiment 3, except that for the VM task, there
is also a main effect experiment, F(1, 22) � 8.80, p � .01, MSE �
10177.96. Thus, the greater dual-task costs can be associated with a task
with significantly smaller overall RTs.

Figure 5. Average RTs for the AV task and the VM task according to
block type in Experiment 5. Error bars were calculated based on standard
error of the mean.
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either only marginally significant or not significant. Thus, it would
be necessary to further assume that the AV task was prioritized in
Experiment 5 and both tasks require the central bottleneck. In sum,
while it would be possible to reconcile the current findings with
the RSB model, it is not parsimonious and offers little explanatory
value.

While the findings do not rule out bottleneck accounts of dual-
task costs, they do constrain accounts of IM-compatible task
performance. If dual-task costs are eliminated because IM-
compatible tasks do not engage the response selection processes
that form the RSB, then a single IM-compatible task should be
sufficient to eliminate dual-task costs. That is, as long as one of the
tasks does not require the bottleneck, both tasks should be able to
proceed in parallel. Why, then, are robust dual-task costs observed
with one IM-compatible and one arbitrary mapping task? Note that
the same pattern was observed in the original Greenwald studies
(Greenwald & Shulman, 1973): only when both tasks were IM
compatible were dual-task costs not observed.

We consider three alternative explanations for costs observed
when one of the two tasks is IM compatible. First, it is possible
that the IM-compatible VM task does not engage the RSB but the
IM-compatible AV task does. If this is the case, then Experiments
2–4 showed no dual-task costs simply by virtue of the VM task.
When this task was changed in Experiment 5, the costs reemerged.
Second, Maquestiaux et al. (2008; see also, Ruthruff et al., 2006)
noted that they observed robust dual-task costs using the PRP
procedure when Task 1 putatively did not require the RSB put
Task 2 did; however, no dual-task costs were observed when the
task order was reversed. They proposed a “greedy resource recruit-
ment” hypothesis, that holds that bottleneck operations are en-
gaged by a task if the bottleneck is available but regardless of
whether it is actually needed. Thus, if response selection for the
AV task is performed first, it may “greedily” engage resources
needed for the VM task, producing otherwise avoidable dual-task
costs. In short, to minimize dual-task costs it is more important that
the second task not require the RSB than the first. In Experiments
2–5, there were no first and second tasks (i.e., both tasks were
given equal priority), but participants may have performed the AV
task first given that it took less time to complete.

Third, the relationships between the two tasks may partly de-
termine the magnitude of the dual-task costs (see Hazeltine, Ru-
thruff, & Remington, 2006). Note that when two IM-compatible
tasks are used, the participants’ goals are essentially identical for
both tasks: do what you perceive. In contrast, when one of the
tasks uses an arbitrary mapping, different rules must be applied to
the two sets of stimuli, and this demand may impair performance,
particularly when both tasks must be performed on the same trial.
In short, the pairing of two IM-compatible tasks may create con-
ditions in which the participant can simply imitate the stimuli
presented on a given trial, and there is no requirement to treat them
as belonging to distinct tasks. When this shared conceptual rule
(e.g., to imitate) cannot be applied to both tasks, then, without
extensive practice, some operations with the two tasks must be
performed serially.

The first and second explanations suggest that no dual-task costs
should be observed when the AV task is replaced with an arbitrary
mapping task and VM task uses the IM-compatible task from
Experiment 3. If the VM task does not require the RSB, it should
be able to be performed without dual-task costs when paired with

another that engages the RSB, whether the AV task requires the
RSB because it is greedy or because it involves an arbitrary
mapping. In contrast, according to the imitation account, dual-task
costs should be robust as long as the two tasks are not both IM
compatible. Thus, in Experiment 6 the AV task was arbitrary and
the VM task was IM compatible.

Experiment 6

The goal for the Experiment 6 was to determine whether dual-
task costs would occur when the VM task was IM compatible but
not the AV task. While Experiment 5 indicated that a single
IM-compatible task is insufficient to eliminate dual-task costs, this
result may have been obtained because the AV task did not in fact
bypass the RSB, either because AV task required the RSB or
greedily engaged because it was unoccupied. Thus, in Experiment
6 we used the same visual IM-compatible task as in Experiment 3
(two pictures of hands with either the index or middle finger
depressed) and an arbitrary AV task with high and low tones that
required the same vocal responses (cat and dog respectively). If no
dual-task costs are observed in Experiments 3 and 4 because the
IM-compatible VM task does not engage the RSB, then no dual-
task costs should be observed in Experiment 6.

Method

Participants

Fourteen undergraduates (9 females, ages 19–23) were recruited
from the University of Iowa for this experiment. Individuals par-
ticipated in partial fulfillment of a requirement for an introductory
course and reported normal or corrected-to-normal vision and
hearing.

Stimuli and Apparatus

The stimuli and apparatus that were used in this experiment
were identical to those used in previous experiments except that
that the audio stimuli were slightly different. Instead of hearing the
words cat and dog, participants heard a high (3,550 Hz) and a low
(220 Hz) tone. The audio stimuli lasted 160 ms. If participants
heard the high tone, they were asked to respond by speaking the
word cat. If they heard the low tone, they were asked to respond
by speaking the word dog. The visual stimuli were the same hand
images used in Experiment 3 and all other aspects of the visual
display, as well as the monitor and testing conditions remained the
same.

Procedure

The voice-recognition training was conducted in the same way
as in the previous experiments. The instructions were the same as
in Experiment 3, except that they were modified to reflect the
appropriate responses to the tones in place of the words cat and
dog. Instead, participants said the word cat if the tone was high and
dog if the tone was low.

Results and Discussion

The same criteria were used to eliminate trials and blocks as in
previous experiments. Trials longer than 1,500 ms and shorter than
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150 ms were considered errors and removed from further analysis
(7% of remaining experimental trials). Overall accuracy was 93%.

For the AV task, an ANOVA was conducted with just block
type as a factor where the main effect was significant, F(2, 26) �
51.25, MSE � 2113.42, p � .001 (Figure 6, left side). A follow-up
comparison revealed that the OR blocks (448 ms) were performed
faster than the single-task blocks (505 ms), t(13) � 4.41, p � .001.
Most importantly, the AND blocks (620 ms) were performed more
slowly both the single-task (505 ms), t(13) � 6.79, p � .001, and
the OR blocks (448 ms), t(13) � 8.15, p � .001. Thus, despite
being paired with IM-compatible VM task, the AV task produced
clear dual-task costs.

For the VM task, the one-way ANOVA with block type (single,
OR and AND) was significant, F(2, 26) � 20.42, MSE � 9689.61,
p � .001. Even though the VM task was IM compatible, pairing it
with an arbitrary AV task produced robust costs (Figure 6, right
side). Participants performed similarly in the pure-single task
blocks (495 ms) as in the OR blocks (483 ms), t(13) � 1, indi-
cating no mixing cost. However, there was a 213 ms difference
between RTs in the OR blocks and the AND blocks (696 ms),
t(13) � 6.12, p � .001. There was a nearly identical dual-task cost
when single task trials were used as a baseline; RTs were 202 ms
slower in the AND blocks, t(13) � 5.79, p � .001.7

RT1–RT2 Correlation

The correlation between the RTs for the two tasks was highly
reliable, with a mean correlation coefficient (r) of .651. Correlation
coefficients ranged from .230 to .973, and all ts � 6.1 and all
ps � .05. The r values (z-transformed) did not differ from those of
Experiment 3, t(11) � 1.

Accuracy

A separate ANOVA was run for the AV and VM tasks with
block type as a within-subject factor on the accuracy data. The
ANOVA for the AV task revealed a significant main effect of
block type, F(2, 26) � 20.33, MSE � .002, p � .001. Follow-up
t tests showed a significant difference between all three block
types. Participants made the most errors in the AND blocks (85%

correct) as compared to OR blocks (95% correct), t(13) � 5.36,
p � .001 and the single-task blocks (93% correct), t(13) � 3.86,
p � .001. The difference between percent correct in single-task
and OR blocks was also significant, t(13) � 2.86, p � .05. This
pattern of results is consistent with the results from the RT data;
when participants were slowed by the task, they also made the
most errors. The main effect for the VM task was not signifi-
cant, Fs � 1.

In this experiment, participants’ responses were significantly
slower in both tasks during the AND blocks compared to either the
single-task or OR blocks, even though only the AV task had an
arbitrary S-R mapping. Together with the results from Experi-
ments 3–5, the findings suggest that IM-compatible stimuli do not
simply bypass the RSB. Rather, the pairing of the two tasks
appears to be critical for the elimination of dual-task costs. The
“greedy resource recruitment” account does explain why costs are
observed with just one IM-compatible task because the costs are
observed regardless of which task is not IM compatible. Note that
this finding is consistent with previous reports of IM-compatible
tasks (e.g., Greenwald & Shulman, 1973; see also, Kunde, Land-
graf, Paelecke, & Kiesel, 2007); one IM-compatible task is not
sufficient to eliminate dual-task costs. Thus, we propose that
pairing two IM-compatible tasks allows the participant to imitate
the stimuli, whether they occur along a single stimulus modality or
two. Because both tasks are IM compatible, they can be concep-
tualized as a single-task.

General Discussion

The present study had two goals: first, we examined how task
structure affects the measurement of dual-task costs. Different
experimental designs (e.g., PRP vs. simultaneous presentation)
place different demands on participants, and these demands can
produce different patterns of behavior. Thus, estimates of both
single- and dual-task performance can depend on the type of trial
used as an assessment. Second, once the role of task structure was
assessed, we examined how IM-compatible tasks reduce dual-task
costs. We discuss each of these issues in turn.

Measures of Single- and Dual-Task Performance

It is uncontroversial that measures of single-task performance
should come from trials in which only a single task is performed
at a time and measures of dual-task performance should come from
trials in which the two tasks are performed simultaneously. How-
ever, the context in which these types of trials occur appears to
play a critical role in RT and thus the measurement of dual-task
costs.

With regard to measures of dual-task performance, there can be
a clear effect of context, as demonstrated by Experiments 1 and 2
(see also, Schumacher et al., 2001; Israel & Cohen, 2011). Reac-
tion times for dual-task blocks were much larger when the stimuli
were presented serially in blocks with a variable SOA than when
they were always presented simultaneously. Direct comparisons

7 As with Experiment 5, we submitted the RTs from this experiment to
a two-way ANOVA with the RTs from Experiment 3 with experiment and
block type as factors. For both tasks, both main effects and the interaction
were significant, Fs � 5, ps � .05.

Figure 6. Average RTs for the AV and VM tasks according to block type
for Experiment 6. Error bars were calculated based on standard error of the
mean.
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between equivalent trial types, the 0-ms SOA trials from the PRP
blocks in Experiment 1 and the dual-task trials from the AND
blocks in Experiment 2, revealed significantly longer RTs for the
trials in the context of the blocks that induced sequential responses.

However, context also played a role in the estimates of the
single-task RTs. There is often a significant difference between
trials from blocks that consist solely of one trial type as compared
to blocks that may contain either trial type but only require one
response on a given trial. Reaction times were significantly shorter
on single task trials from pure, homogeneous blocks, as compared
to OR blocks. Such mixing costs are assumed to arise from a
combination of trial type uncertainty and the strain of maintaining
multiple task sets. Previous dual-task studies that have only used
homogeneous single-task blocks as a baseline (e.g., Lien et al.,
2002) may have underestimated the contribution of maintaining
multiple task sets when computing dual-task costs. By comparing
single-task and OR blocks in the present experiments, we deter-
mined that mixing costs play a role in the estimate of dual-task
costs that is particularly pronounced in studies of IM-
compatibility.

In the two experiments involving IM-compatible tasks, mixing
costs were consistently larger than in those that did not involve two
IM-compatible tasks. It is not clear why mixing costs are more
prominent when two IM-compatible mappings are used. One pos-
sibility is that when both tasks are IM-compatible, the shared
concept of imitation produces confusion—that is, participants may
be tempted to respond to a visual stimulus vocally or an auditory
stimulus manually because the boundaries between the tasks are
less clear. In contrast, when the tasks are distinct, each stimulus is
more readily associated with response modality because the task
instructors do not overlap. Further work will be needed to test this
account.

How do IM-Compatible Tasks Affect
Dual-Task Costs?

As suggested by Lien and colleagues (Lien et al., 2002, 2003,
2005), it is possible that the arrows used in Experiments 1 and 2
did not bypass the RSB, but instead were highly compatible on
multiple dimensions (such as the direction the arrow is facing as
well as the side on which it appeared) that shortened the duration
of response selection operations. If the duration of response selec-
tion operations is assumed to be relatively short (e.g., 50 ms), the
RSB model can accommodate findings of no dual-task costs by
assuming differences in the durations of other operations and
optimal scheduling of response selection for the two tasks (An-
derson et al., 2005). Additionally, it is possible that the simulta-
neous presentation used in these experiments allows participants to
choose the most optimal order in which to do the tasks. If the task
order imposed on participants in Experiment 1 and other PRP
experiments interferes with performance, then dual-task costs
might not be observed if the task order was reversed. However,
given that the RTs are shorter in Task 1 (AV), intuitively, the order
of tasks used in Experiment 1 seems optimal. In sum, it may
difficult to rule out the presence of a short RSB based on the
absence of dual-task costs. This argument extends to the data from
Experiments 3 and 4. Thus, we make no strong claims against the
viability of the RSB model for accounting for the present findings,
although we do note that one appealing aspect of the model, its

ability to derive straightforward predictions, does appear to be
undermined.

Given the difficulty of ruling out the RSB account, a more
fruitful approach may be to evaluate the factors that determine the
magnitude of dual-task costs, especially as they diverge from
factors that affect overall RT. Thus, we examined the critical
factors that lead to dramatic decrements of dual-task cost with
IM-compatible stimuli. As demonstrated by Experiments 1–3,
simultaneous onset and instructions that do not emphasize one task
over the other appear critical for achieving near-perfect timeshar-
ing without multiple sessions of practice. However, the present
experiments indicate the difficulty in constructing a clean compar-
ison to identify dual-task costs; there is no clear way to equate
uncertainty about the upcoming trial without imposing a task
structure that may affect performance, as the PRP procedure ap-
pears to do.

In order to address concerns about the validity of arrows as
IM-compatible stimuli (Lien et al., 2002; Shin & Proctor, 2008),
we used alternative stimuli, images of hands, for the VM IM-
compatible task. Thus, we provided a rigorous test of the IM
account. With two tasks that strictly conformed to the definition of
IM compatibility, we demonstrated three principle findings. First,
IM-compatible tasks produce small or zero dual-task costs even
when they were visually complex (Experiment 3).8 Intriguingly,
robust correlations between the RTs for the two tasks were ob-
served even when the dual-task costs were minimal. Second,
increasing the number of S-R pairings, which typically lengthens
both single task RTs and dual-task costs, did not reveal significant
increases in dual-task costs when the S-R mappings were IM-
compatible (Experiment 4). Third, substituting arbitrary S-R map-
pings for IM-compatible mappings had a significant effect on
measures of dual-task costs, such that large performance decre-
ments were observed when just one of the IM-compatible tasks
was replaced with an arbitrary S-R mapping (Experiments 5 and
6). These findings are summarized in Table 1.

Manipulations of the number of S-R alternatives, which typi-
cally affect both single-task RTs and dual-task costs, did not show
the expected pattern of results when IM-compatible stimuli were
used. One potential explanation for these results, as suggested by
Greenwald and Shulman (1973), is that responses can be made to

8 It is possible that the stimuli and responses used in our hand picture-
button press task lead to other issues that are circumvented by the arrows
and joystick responses used in the previous studies. For example, it is
possible that the individuated finger responses required in our task produce
competition at the motor level, which may contribute to the longer RTs
observed in our experiments compared to those using arrows and joysticks
and instructions that stress making speeded responses. We are grateful to
Anthony Greenwald for pointing out this possibility. Whether or not the
finger responses require greater motor programming or the resolution of
motor interference, it is important to note that the visual-manual task used
in Experiments 3 and 4 produce very similar patterns of dual-task costs to
those observed with the more widely used arrows and joystick movements.
To strengthen the claim that the visual-manual task with the hand stimuli
is IM compatible, we examined whether RTs were reduced with practice.
Participants slowed slightly with practice for the visual-manual task in
Experiment 3, with the mean RT for the first single-task block (470 ms)
being 19 ms shorter than the mean RT for the last single-task block (489
ms), but the increase was not significant, t(13) � 1.13, p � .28. Thus, there
was no evidence that our IM-compatible task showed the typical benefits
of practice observed with more arbitrary S-R mappings.
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IM-compatible stimuli without using the typical response selection
processes, possibly because they can be readily compiled into
procedural rules (see Salvucci & Taatgen, 2011). A variant of the
proposal that IM-compatible tasks do not require response selec-
tion process comes from McLeod and Posner (1984), who pro-
posed privileged loops for specific tasks, namely vocal shadowing,
that do not require translation of the stimulus. According to this
view, tasks that use a privileged loop should show little or no
dual-task interference when combined with a second task, so long
as that second task does not also require use of the privileged loop.
The structure of the privileged loop is said to directly map onto the
underlying nervous system; namely, the route from the temporal
lobe to Broca’s area is supposed to be responsible for the special
relationship between auditory information and verbal retrieval
(McLeod & Posner, 1984). The authors claim that this route is
separate from general information processing routes, so that tasks
exploiting this special route will not interfere with other types of
tasks. A related hypothesis for the lack of dual-task costs is that the
costs are avoided because one of the tasks (the VM task) uses
stimuli depicting the actual body part that is required to produce
the action. There is an extensive embodied cognition literature that
suggests that the physical constraints of the human body strongly
affect performance in cognitive tasks (e.g., Wilson, 2002; Barsa-
lou, 1999).

If it is the case that the images of hands allowed participants to
make two simultaneous responses without incurring a traditional
dual-task cost, then it may be that a very limited number of visual
stimuli adequately satisfy the criteria for IM compatibility. As
such, it is important that IM compatibility be studied with a broad
range of tasks that satisfy the definition of being IM compatible.
While we showed negligible dual-task costs in all the experiments
that used two IM-compatible tasks, further experiments are nec-
essary to see if these conclusions generalize to other IM-
compatible tasks.

Theories that assume that IM-compatible task bypass the RSB
do not fully explain the current findings, because robust dual-task
costs were observed even when only one of the tasks was not IM
compatible. If there are direct links between sensory depictions of
the action and the production of the action then one IM-compatible
task should be sufficient to nearly eliminate dual-task costs, be-
cause the use of these automatic links should eliminate competi-
tion between the two tasks (McLeod & Posner, 1984; Barsalou,
1999). Instead, dual-task costs and RTs were the largest when the

VM task was arbitrary and the AV task was IM-compatible. While
some stimuli may activate some responses more efficiently than
other pairings, the present results do not support the notion of
specialized links that can be exploited to avoid taxing central
resources. Instead, the absence of dual-task costs appears to rely on
the combination of tasks. Thus, to explain the present results, we
must consider the overall task structure that emerges from the
pairing of the two particular tasks.

One possibility for the lack of dual-task costs shown here is that
the VM task closely resembles the AV task. In the AV task,
participants simply repeat whatever word or letter they hear. In the
VM task, participants also repeat the action represented on the
screen. This may be the critical feature that leads to the dramatic
reduction in dual-task costs; it is not the specific stimuli that are
used or even the tasks themselves, but rather the relationship
between the two tasks. In this case, the rules are consistent across
both tasks: repeat whatever is presented. Because these two tasks
share a common rule, participants are able to conceptualize them
as a single task with two responses. Further work is needed to
determine if this type of near-perfect timesharing is limited to
situations which involve the specific “repetition” rule, or if any
single rule shared by two tasks could be sufficient to reduce
dual-task costs and facilitate perfect timesharing. It is clear that
measures of dual-task costs should take into consideration the
relationship between the two tasks when evaluating the perfor-
mance costs associated with making two responses at a time versus
a single response. While researchers have long sought to eliminate
overlap between the stimulus modalities and between the response
modalities for the two tasks to improve dual-task performance, it
may be that conceptual overlap between the rules associated with
the two tasks also affects performance. When the rules are highly
similar, even at a conceptual level, dual-task costs may be reduced.
If this account proves correct, sharing a common rule may lead to
near-perfect timesharing with a number of different S-R pairings
so long as the stimuli are presented simultaneously.

This shared rule account may explain why the correlation be-
tween RT1 and RT2 are high; if participants are able to use a single
rule to choose the same response, they may be performing re-
sponse selection for both tasks conjointly—that is, selecting the
two responses based on the two stimuli as if it were a single task
(see Hartley, Maquestiaux, & Butts, 2011; Hazeltine et al., 2002).
This explanation does not appear to hold for practice-related
decrements in dual-task cost (Hazeltine et al., 2002), but it may

Table 1
Mean RTs for Each Block Type and Mean R Value for the RT1–RT2 Correlation From Each Experiment

Experiment
AV Task

Single
AV Task

OR
AV Task

AND
VM Task

Single
VM Task

OR
VM Task

AND
R

AND

Exp. 2 IM2-IM2(A) 391 406 400 443 457 476 .698
Exp. 3 IM2-IM2 357 389s 393s 474 522s,a 494s .574
Exp. 4 IM4-IM4 369 384 423o,s 532 582s,a 558 .367
Exp. 5 IM2-AM2 397 394 424 472o 449 553s,o .778
Exp. 6 AM2-IM2 505o 448 620s,o 495 483 696s,o .651

Note. The experiment number is followed by the types of task used for AV task and VM task. IM � Ideomotor compatible; AM � Arbitrary mapping,
followed by the number of S-R alternatives. (A) Indicates that arrow stimuli were used instead of hand stimuli; S indicates that the condition was performed
significantly more slowly than the corresponding single-task condition; O indicates that the condition was performed significantly more slowly than the
corresponding OR condition; and a indicates that the condition was performed significantly more slowly than the corresponding AND condition. All subjects
are included in these estimates.
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apply to decrements that stem from IM compatibility. Such an
account suggests that the bottleneck processes operate on abstract
representations that allow for mimicking a visually presented hand
movement and repeating an aurally presented word to be sub-
sumed under a single action, provided that they share a conceptual
relationship to the stimuli.

An alternative account emphasizes the separability of the two
tasks rather than their similarity. The stimuli for IM-compatible
tasks strongly or exclusively cue their associated task sets as well
as the individual responses. In this way, there is minimal confusion
regarding which stimulus belongs with which task. That is, IM-
compatible tasks may produce minimal dual-task cost because they
are difficult to associate with the other task, not because of the ease
with which they are associated with the appropriate responses. The
hand stimuli and auditory words are much more readily associated
with manual responses and vocal response, respectively, than the
other way around. In contrast, a color stimulus or tone does not
immediately correspond with a manual or vocal response, so a
binding problem may arise regarding which stimulus goes with
which set of possible responses. This account would explain why
both tasks need to be IM compatible for dual-task costs to mini-
mal: a single non-IM-compatible task may activate responses from
the inappropriate set, forcing control processes to be engaged and
slowing RTs. In other words, it is not only how strongly stimuli are
associated with the appropriate response that determines dual-task
costs; how weakly stimuli are associated with the in responses of
the other task set may also be critical.

In sum, the structure of the task setting may be critical at
multiple levels. Instructions that require participants to prioritize
one task over the other and variable SOAs may encourage partic-
ipants to treat the tasks as distinct. When the same two tasks are
signaled by stimuli that are always presented at the same time, no
dual-task costs are observed. However, it is not only the temporal
relationship of the two tasks that matter; the conceptual relation-
ship matters as well. Robust dual-task costs are observed when
either task is not IM compatible. These costs may arise because
two IM-compatible tasks can be encompassed by a single instruc-
tion: copy what you perceive or because they unambiguously cue
the appropriate task set. In either case, the relationship between the
tasks appears to be key. Theories of dual-task performance that
ignore the structure emerging from the specific combination of
tasks do so at their peril; the tasks considered in isolation are only
the trees in the forest of dual-task interference.
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