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Abstract The human vision system appears to divide into
two streams: a ventral stream from V1 to the inferior tempo-
ral cortex processing ‘vision for perception’, and a dorsal
stream from V1 to the posterior parietal cortex processing
‘vision for action’. Among other characteristics, it has been
suggested that dorsal processing is effortless, unconscious,
and not bearing on central cognitive resources implicated in
ventral processing. The present study shows that a typical
dorsal task (i.e., grasping an object) is subject to a classical
indicator of capacity limitations in dual-task situations, the
psychological refractory period (PRP) effect. In particular,
response times to task 2 (the grasping task) increased the
more the two tasks overlapped in time, i.e., the shorter the
time interval between the stimuli of the two tasks was. As is
also common in PRP experiments, response times to task 1
were largely unaffected by this variation. The PRP effect was
obtained despite careful control of strategic response defer-
ment, and peripheral overlap of response modalities that
may have artificially created performance costs in previous
studies. Altogether, the present results show that dorsal pro-
cessing is subject to the same capacity limitations that can
almost universally be found with simple cognitive tasks.

Keywords Attention - Dual-task - Dorsal - Ventral -
Motor control - Action - PRP

The existence of two cortical systems for processing visual
information in the human brain has received a vast amount
of attention throughout the last decades. With the division
starting only after V1, it is by now widely accepted that a
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‘ventral stream’ terminates in the inferior temporal cortex,
and a ‘dorsal stream’ terminates in the posterior parietal
cortex (Ungerleider and Mishkin 1982; for a review, see
also Milner and Goodale 2006). However, the original
interpretation advanced by Ungerleider and Mishkin (1982)
of a ventral “‘What?’ and a dorsal ‘Where?’ pathway has
been altered by Goodale and Milner (1992; Milner and
Goodale 2006) with a lasting effect, now known as the
action-perception model. This model assumes that both sys-
tems essentially process the same input but for different
purposes. While the ventral pathway is held responsible for
the identification and recognition of objects (= ‘vision for
perception’), the dorsal pathway is the online-control mech-
anism for programming and guiding visually controlled
motor actions (= ‘vision for action’). The general evidence
for this distinction has recently been reviewed by Milner
and Goodale (2006; Goodale 2008). In short, the main evi-
dence is derived from (1) the neuropsychological double
dissociation of visual agnosia (James et al. 2003) and optic
ataxia (Perenin and Vighetto 1988; but see Pisella et al.
2006), and (2) the selective influence of visual illusions on
the ventral (perception) system, but not on the dorsal
(action) system (e.g., Aglioti et al. 1995; but see, e.g., Franz
and Gegenfurtner 2008). Apart from their different neuro-
anatomical features, both pathways are assumed to differ in
several characteristics and two of them are of special inter-
est to the present study (for a more detailed comparison, see
Norman 2002):

First, the ventral pathway is seen to process input in a
holistic manner, whereas the dorsal pathway processes the
input analytically and is more efficient at ignoring varia-
tions of task-irrelevant stimulus dimensions. This has
nicely been demonstrated by Ganel and Goodale (2003)
using a variant of Garner’s speeded classification task
(Garner 1974, 1978; or more precisely, a filtering task; Posner
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1964). In such a Garner task, participants have to classify
stimuli according to one relevant dimension, while ignoring
another task-irrelevant dimension. Critically, this is done
under two experimental conditions: (1) in the baseline con-
dition, the second, irrelevant dimension remains constant,
whereas (2) in the filtering condition this irrelevant dimen-
sion varies. If the irrelevant dimension can effectively be
ignored (i.e., this dimension is filtered out and the stimulus
can be perceived analytically), baseline and filtering condi-
tions should produce the same response times. However, if
the irrelevant dimension cannot be ignored (i.e., the stimu-
lus is perceived holistically), response times are longer in
the filtering than in the baseline condition (= ‘Garner inter-
ference’). In Ganel and Goodale’s (2003) study, the partici-
pants either had to judge the width of rectangular objects
(ventral perceptual judgment task) or to grasp the same
objects across their width (dorsal grasping task). Note that
the objects’ width was always the relevant dimension, and
the objects’ length was the irrelevant dimension. Indeed, a
Garner interference (i.e., longer response times in the filtering
than in the baseline condition) was only found for the percep-
tual judgment task, but not for the grasping task. In other
word: varying a task-irrelevant stimulus dimension affects
response times in a ventral but not in a dorsal task. Thus, the
dorsal pathway can effectively ignore these variations.
Secondly, processing in the ventral pathway is assumed
to be far more resource-demanding and conscious than is
processing in the dorsal pathway, which is generally
assumed to work fast, automatic, and unaffected by any
capacity limitations (e.g., Jeannerod and Jacob 2005; Liu
et al. 2008; Norman 2002). Given that typical dorsal tasks,
such as grasping an object, are highly practiced and skilled,
this appears intuitive at first glance. However, as intuitive
the claim might be, empirical results do not provide an
unambiguous picture. For example, Singhal et al. (2007)
combined in two experiments visually guided grasping and
delayed (thus memory-driven) grasping with two different
secondary tasks in a dual-task study. Although the degree of
interference with the secondary task was larger for delayed
grasping, there was also considerable dual-task interference
for visually guided grasping. This should not be the case if
dorsal processing does not require (central) processing
resources. On the other hand, Liu et al. (2008) combined a
(dorsal) pointing task with a rapid serial visual presentation
(RSVP) task and concluded from their results that dorsal
processing does not share resources with ventral processing.
Recently, these results have been replicated for young
adults, not though for old adults (Lee and Hsieh 2009).
Another widely used methodological tool to investigate
dual-task interference is the PRP paradigm. Here, two stimuli
S1 and S2 are presented in rapid succession, each requiring
its own response R1 and R2. The time interval between S1
and S2 onsets is referred to as the ‘stimulus onset asynchrony’
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(SOA). The typical result obtained with PRP experiments is
as follows: whereas RT1 (the time from S1 to R1) is rela-
tively unaffected by the SOA manipulation, RT2 (the time
from S2 to R2) increases with shorter SOAs (the PRP
effect). To explain this effect, the widely accepted response
selection bottleneck model (Pashler 1994; Welford 1952)
divides each processing stream into three stages (cf. Fig. 1):
a pre-central (A; e.g., perceptual processes), a central (B;
e.g., response selection), and a post-central (C; e.g., motor
execution) stage. The crucial assumption is that stages A
and C can be performed in parallel to other concurrently
processed stages, whereas at any given time, only one cen-
tral stage B can be handled by the cognitive system. Thus, if
the pre-central stage of task 2 (A2) is completed before the
bottleneck has been released from the central stage of task 1
(B1; a situation most likely occurring with short SOAs),
central processing of task 2 (B2) needs to be deferred until
after completion of B1. This in turn yields the longer RT2s
with shorter SOAs. In other words, the PRP effect arises
only because both tasks require access to a common pro-
cessing bottleneck. Note also that any task 2 manipulation
prolonging its central (or post-central) stage should have the
same effect on RT2 across all SOA values (i.e., SOA and
the investigated manipulation combine additively). Kunde
et al. (2007) used the perceptual judgment and the grasping
task employed by Ganel and Goodale (2003) as task 2 in a
PRP experiment (as most common, task 1 was a binary tone
classification task). Participants were asked to either per-
ceptually judge the width of objects or to grasp the objects
across their width, while ignoring irrelevant variations of
the objects’ length. Two notable results were obtained.
First, variations of the objects’ length did affect the perfor-
mance in the (ventral) perceptual judgment task but left
unaffected the performance in the (dorsal) grasping task.
Thus, the presence of a Garner interference in the ventral
perceptual judgment task and the lack thereof in the dorsal
grasping task were replicated, assuring that the general pro-
cessing of both tasks was not altered by the dual-task set-
ting. Interestingly, the Garner interference turned out to be
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Fig. 1 An illustration of a PRP logic based on the assumption of a
response selection bottleneck: Stages A (pre-central perceptual stage)
and C (post-central motor stage) can be processed in parallel to other
stages, while the central stage B is assumed to constitute a structural
bottleneck. Thus, only one stage B can be processed at any time. (SOA
stimulus onset asynchrony, i.e., the time between the onset of stimulus
1 and 2)
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additive to the SOA, suggesting that the Garner interference
is resolved at a central (or probably post-central) rather than
the pre-central (perceptual) stage (for a convenient intro-
duction to the predictions derived from the central bottle-
neck model, see Pashler 1994). Second and most important,
both tasks exhibited a PRP effect of comparable size.
Hence, according to this study, dorsal processing, though
seemingly fast and effortless, is subject to capacity limita-
tions and therefore cannot be construed as automatic.
However, on closer inspection, the findings of Kunde
et al. (2007) may portray an incorrect picture. In particular,
the PRP effect may also have arisen (1) from strategically
withholding the grasping movement in order to comply
with the instructions or (2) from peripheral interference due
to an overlap in response modality. These arguments will
be outlined in more detail later. Given the ambiguous con-
clusions from recent studies, we here pursue the PRP para-
digm and present three experiments intended to rule out
these alternative accounts. To resolve this issue is impor-
tant for three reasons. First, knowing in which respects pro-
cessing in the ventral and dorsal pathways differ (and in
which respects they do not) will generally help to elaborate
the perception—action model. Second, this question is also
important from the perspective of dual-task research. The
PRP effect has been shown to be very robust across a vari-
ety of tasks, and only a few exceptions seem to exist (Lien
etal. 2006). One potential exception made use of eye
movements as responses—a response mode perhaps con-
trolled by specific neural circuits (Pashler et al. 1993). In
light of these results, dorsally mediated grasping move-
ments are indeed a good candidate for being another excep-
tion, and thus their sensitivity to dual-task interference
deserves thorough experimental investigation. Third,
knowing the capacity limitations of a typical dorsal task
may also have implications for Human Factors research.
After all, object-oriented tasks such as grasping or pointing
(either directly or mediated by a tool) are part of many
working environments. It is important to know whether
other concurrent tasks (such as verbal communication) do

Fig. 2 Schematic illustration of
the time-course for a trial in
Experiment 1: Task 1 was
always a binary tone classifica-
tion task, but this was combined
with either a perceptual judg-
ment task or a grasping task as
task 2. (SOA stimulus onset
asynchrony, RT response time,
MT movement time)

Task 1

tone classification

Task 2

perceptual judgment
(of wicth)

or

interfere with, or are affected themselves, by apparently
simple dorsal motor tasks.

Experiment 1

In a previous study that combined a binary choice reaction
task as task 1 with a dorsal grasping task as task 2 in a PRP
paradigm, the mean response time to task 1 (RT1) was
roughly 400 ms. Critically, the mean response time in the
grasping task (RT2) with an SOA of 1000 ms—hence with-
out considerable task overlap—was only about 300 ms (see
Fig. 2 in Kunde et al. 2007). Thus, in principle, grasping
could have been performed faster than task 1 at the shortest
SOA of 50 ms, at least in the majority of the trials. Yet,
having been instructed to respond in task order and to focus
on task 1 performance, the participants were obliged to
strategically withhold grasping until after the response to
task 1 was given in order to not commit an error. This in
turn could have produced the observed PRP effect. Experi-
ment 1 was modelled closely after the study by Kunde et al.
(2007), but importantly the instructions placed equal
emphasis on both tasks and grasping ahead of the task 1
response was not counted as erroneous (for a similar
approach see Ruthruff etal. 1995, Experiment 1). We
expected to replicate the presence of a Garner interference
with perceptual judgment and the lack thereof with the
grasping task. The most important question was whether
the abandonment of a certain task order would remove (or
at least reduce) the PRP effect for the dorsal grasping task
when compared with a ventral judgement task.

Method
Participants
Sixteen undergraduate students from Dortmund University

of Technology (3 male, mean age = 22;8 years) participated
in return of course credit.
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Design, apparatus, and stimuli

Each participant performed in two sessions of a PRP exper-
iment. In both sessions, task 1 was a binary tone classifica-
tion task with a left hand key press as the response. Stimuli
were 300 and 900 Hz tones (50 ms) presented via head-
phones. Task 2 was either a grasping or a perceptual judg-
ment task, varying across both sessions. Both tasks were
modelled after Ganel and Goodale (2003): in the grasping
task, participants naturally grasped a concrete stimulus
across its width with their right hand using a precision grip;
in the perceptual judgment task, they indicated the same
stimuli’s width with a right hand key press. Stimuli were
four wooden objects constructed according to a factorial
combination of their width (30 and 35.7 mm) and length
(63 and 75 mm). Participants wore computer-controlled
PLATO shutter glasses (Translucent Technologies) during
the experiment, and the stimuli were presented on a small
custom-made table where they depressed a hidden micro
switch. RT1 was measured from tone presentation until the
left hand response, RT2 from the shutter glasses’ opening
until the right hand’s response (perceptual judgment) or
until the participants’ left index finger left a home button
(grasping). For the grasping task movement time was addi-
tionally calculated from leaving the home button until lift-
ing the stimulus object.

Procedure

Each participant performed in four experimental blocks of
72 trials each. Two blocks were ‘baseline’ blocks in which
only the two task 2 stimulus objects of the same length
were used, the remaining ‘filtering’ blocks used all four
task 2 stimuli. Before each block, participants were shown
those objects used in the upcoming block. Four block
orders were applied resulting from counterbalancing the
two baseline and the two filtering blocks with the order of
the two baseline blocks also counterbalanced. The experi-
mental blocks were preceded by an unanalyzed practice
block of 24 trials. Each trial began with a short warning
click after which the tone of task 1 was presented. Follow-
ing a varying SOA of 50, 500, or 1000 ms, the shutter
glasses opened and provided view of the stimulus object
(see Fig. 2 for an illustration of a trial’s time-course). All
task 1 errors and task 2 perceptual judgment errors were
detected automatically, task 2 grasping accuracy was
judged by the experimenter: a grasp was only judged cor-
rect if a precision grip was used. The experimenter gave
feedback after each trial. Then, the shutter glasses became
opaque again and the experimenter initiated the next trial.
Instructions placed equal emphasis on both tasks allowing
the participants to respond in whatever order they want, as
long as they responded as fast and accurate as possible.
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The order in which grasping and perceptual judgment
were applied as task 2 (2), order of experimental blocks (4),
and the stimulus—response mapping of task 1 (2) were
counterbalanced across participants. Each baseline block
comprised 2 (task 1 stimuli) x 2 (task 2 stimuli) x 3
(SOA) x 6 (repetitions) trials in a random order; filtering
blocks comprised 2 (task 1 stimuli) x 4 (task 2 stimuli) x 3
(SOA) x 3 (repetitions) trials in a random order.

Data treatment and analyses

Analyses were mainly done by means of analysis of vari-
ance (ANOVA) with the factors condition (baseline vs.
filtering) and SOA (50 vs. 500 vs. 1000 ms) as repeated
measures. Mauchley’s test was used to assess violations of
the sphericity assumption, and where necessary, Green-
house-Geisser corrections were applied. (However, for eas-
ier communication, we report uncorrected degrees of
freedom.) Additional analyses will be introduced where
necessary in the results section.

Trials with general errors (e.g., too slow responses,
response 2 given before glasses were opened, ...) were
excluded right out, and error analyses are based on the
remaining trials with task 1 and task 2 accuracy as the
dependent measure. For RT analyses, only those trials were
further considered where both task 1 and 2 responses were
correct. Additionally, RTs less than 150 ms or exceeding
the individual’s mean by more than 2.5 individual standard
deviations (calculated separately for each participant and
analyzed condition) were excluded. An alpha level of .05
was adopted throughout this paper, and sample effect sizes
are reported as partial 72

Results
RT and MT analyses

Perceptual judgment as task 2 Mean RTs are summa-
rized in Table 1. On a descriptive level, mean RTs in task 1
were slightly longer in the filtering condition than in the
baseline condition, but were roughly on the same level
across all SOA conditions. Neither the two main effects
were significant, SOA: F(2,30) =1.04, P =.34, partial
n?=.07, ¢ = .68, condition: F(1,15)=0.84, P = .38, partial
n?=.05, nor was the interaction, F(2,30) =0.91, P =.36,
partial #2 = .06, &£ = 56.

Mean RTs in task 2 were longer in the filtering condition
than in the baseline condition and exhibited a large
decrease with an increasing SOA. Accordingly, the main
effects were significant, SOA: F(2,30) = 119.57, partial
n?=.89, ¢ = .56, condition: F(1,15) =5.51, partial #? =.27.
The interaction was not reliable, F(2,30) = 1.63, P = .22,
partial #2=.10, ¢ =73. Repeated contrasts on the factor
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SOA showed a significant decrease in RT2 from
SOA =50ms to SOA =500 ms, F(1,15) = 161.88, partial
n?=.92, as well as from SOA =500 to SOA = 1000 ms,
F(1,15) = 39.08, partial 2 =.72.

Grasping as task 2 Mean RTs and MTs are summarized
in Table 1 and visualized in Fig. 3. Mean RTs in task 1
were slightly longer in the filtering condition compared to
the baseline condition and seemed to increase with increas-
ing SOA. This was confirmed by a significant main effect
SOA, F(2,30) =8.38, partial #?=.36, ¢=.65. No other
effect was significant, condition: F(1,15)=2.05, P=.17,
partial n?2=.12, SOA x condition: F(2,30)=0.71, P = .50,
partial #2 = .12.

Mean RTs in task 2 were again slightly longer in the
filtering condition than in the baseline condition, and
largely decreased with an increasing SOA. While the latter
aspect is supported by a significant effect of SOA,
F(2,30) =206.10, partial n2=.93, ¢=.62, the difference
between conditions was not reliable, F(1,15)=1.20,
P=.29, partial n2=.07, as was the interaction, too,
F(2,30)=0.26, P = .77, partial #2 = .02. Repeated contrasts
on the factor SOA showed a significant decrease in RT2
from SOA =50ms to SOA =500ms, F(1,15)=231.59,
partial #?2=.94, as well as from SOA=500 to
SOA = 1000 ms, F(1,15)=87.39, partial n?=.85. There
were no reliable effects on MTs (all Ps > .2).

Error analyses

Mean percentages of errors are summarized in Table 2.
With perceptual judgment as task 2, there were two signifi-
cant effects. First, error rates in task 1 decreased with an
increasing SOA, F(2,30) = 3.82, partial #2 = .20. Secondly,
in task 2, error rates decreased with an increasing SOA in
the baseline condition, but the opposite was true for the
filtering condition. Accordingly, the interaction of SOA and
condition was significant, F(2,30) = 4.33, partial 2= .22.
With grasping as task 2, the analyses uncovered only one
marginally significant effect suggesting decreasing error
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Fig. 3 Mean response times (RT) and movement times (MT) in mil-
liseconds from Experiment 1 (with grasping as task 2) as a function of
SOA (stimulus onset asynchrony) and condition

rates in task 1 with an increasing SOA, F(2,30) =3.20,
P = .06, partial n2=.18. No other effects were reliable (all
Ps > .1).

Discussion

In Experiment 1, participants took part in a PRP experi-
ment with either grasping (conceived as a dorsal task) or a
perceptual judgment (conceived as a ventral task; see also
Ganel and Goodale 2003) as task 2. The goal of Experi-
ment 1 was to test whether the PRP effect on grasping
observed by Kunde et al. (2007) was due to the instruc-
tions focusing on task 1 performance, rather than the exis-
tence of a central processing stage in grasping. Our
approach was to re-run the original study with altered
instructions placing equal emphasis on both tasks and
allowing a freely chosen response order (see also Ruthruff
et al. 1995).

Table 1 Mean response times

and movement times (MT: only Condition Task 2: Grasping Task 2: Perceptual judgment
with grasping as task 2) from SOA SOA
Experiment 1 in milliseconds as
a function of SOA (stimulus 50 500 1000 50 500 1000
onset asynchrony) and condition
Task 1 Baseline 458 497 486 666 616 669
Filtering 470 514 517 674 678 700
Task 2 Baseline 717 411 274 1029 708 624
Filtering 734 424 282 1056 774 644
Grasping MT Baseline 676 679 685
Filtering 683 693 689
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Table 2 Mean percentages of

errors from Experiment | as a Condition Task 2: Grasping Task 2: Perceptual judgment
function of SOA (stimulus onset SOA SOA
asynchrony) and condition
50 500 1000 50 500 1000
Task 1 Baseline 2.35 1.19 1.08 225 2.10 1.85
Filtering 1.86 1.44 0.67 3.42 2.73 1.31
Task 2 Baseline 0.26 0.66 1.10 5.56 3.78 3.76
Filtering 0.91 0.26 0.82 5.88 6.91 7.44

Despite the altered instructions and some minor differ-
ences of mostly technical nature, there is a remarkable
amount of commonalities with the results observed by
Kunde et al. (2007). With the perceptual judgment as task
2, there was clear evidence of a PRP effect for task 2, and
additionally the Garner interference, i.e., the fact that the
filtering condition caused longer RTs than the baseline con-
dition did (Ganel and Goodale 2003), was additive with the
SOA. Of more importance are the results related to grasp-
ing as task 2. The non-significant Garner interference reas-
sures a dorsal processing (Ganel and Goodale 2003), but
despite the altered instructions, we observed a large PRP
effect. In addition, the results showed a significant RT2
decrease from SOA =500 ms to SOA = 1000 ms. At the
500 ms SOA, however, no need arises to strategically defer
task 2 responding and the observed decrease adds evidence
against the alternative account advanced in the introduction
to Experiment 1. Somewhat unexpected is the increase of
RT1 with an increasing SOA. This is neither predicted by
all-or-none bottleneck accounts (Pashler 1994; predicting
no effect on RT1 at all) nor by a capacity sharing model
(Tombu and Jolicoeur 2003; predicting decreasing RT1
with an increasing SOA). We see two reasons for this: first,
with the altered instructions, participants may have tended
to group their responses (i.e., to respond more or less simul-
taneously). However, the effect of SOA on RT1 remains
significant even after excluding trials with an inter-response
interval of less than 50 ms (Miller and Ulrich 2008),
F(2,30) =4.00, partial n?2=.21. Secondly, unlike RT1, the
mean error percentages in task 1 decreased with an increas-
ing SOA. This specific feature of the results might thus be
due to a speed-accuracy trade-off. Yet, because the effects
of theoretical interest occur in task 2, and are probably
unaffected by this task 1 outcome, we won’t go into detail
on this issue here.

Finally, an important and crucial question is: Did the
participants accept the invitation to reverse their response
orders, i.e., were the altered instructions successful? The
data show that participants mostly did not. In fact, except
for one, all participants almost always responded to task 1
before leaving the home button in task 2. The one excep-
tional participant is quite informative nevertheless, because
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she showed response reversals in 67, 36, and 12% of the tri-
als (for the SOA conditions of 50, 500, and 1000 ms,
respectively). Thus, in principle response reversals were
possible under these experimental conditions. Moreover,
treating the trials from this participant as independent
observations revealed a significant PRP effect: RT2 signifi-
cantly dropped from 726 to 347 ms over the full SOA
range, F(2,274) = 38.23, partial #? = .24. Unfortunately, it
is impossible to tell from our data whether the other partici-
pants were unable to reverse their response order or simply
chose not to do so. Experiment 2 was run to more convinc-
ingly demonstrate response reversals but a persisting PRP
effect.

Experiment 2

The large PRP effect in dorsal tasks (Kunde et al. 2007) can
potentially be attributed to strategic task 2 deferments. To
rule out this explanation, in Experiment 1, the participants
were free to choose any response order they want to—a
method that has been used earlier in PRP research (Ruthruff
et al. 1995). Despite this altered instructions, we replicated
the large PRP effect. Admittedly, however, only very rarely
did the participants reverse their response order, leaving
open whether or not the instructions were powerful enough
to successfully rule out the earlier mentioned explanation.
In Experiment 2, we thus attempt to further stimulate paral-
lel processing and to provide converging evidence for a
remaining PRP effect under these conditions.

One largely uncontroversial exception from the PRP
effect appears to be saccadic eye movements as the task 2
response (Pashler et al. 1993; see Lien et al. 2006, for an
overview). In this study, on some trials, a negative SOA
was used, i.e., S2 appeared before (rather than after) S1.
This manipulation was introduced to prevent participants
from adopting an obvious response order (e.g., always
respond first to task 1, then to task 2). In addition, parallel
processing is induced when short SOAs occur more fre-
quently than long SOAs (Miller et al. 2009). To maximize
efforts, we combined both methods in Experiment 2: (1) we
used negative SOAs (i.e., S2 appears before S1) and (2) the
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shortest SOAs (—50 and 50 ms) were thrice as frequent as
the other SOAs were. Finding both response reversals and
the PRP effect in the dorsal grasping task would be a
strong empirical argument against the strategic deferment
hypothesis and the remaining reservations concerning
Experiment 1.

Method
FParticipants

Eight new undergraduate students from Dortmund Univer-
sity of Technology (1 male, mean age = 23;0 years) partici-
pated in return of course credit.

Design, apparatus, stimuli, and procedure

For the most parts, this experiment resembles Experiment 1
with three differences. First, participants took only part in
one single session of a PRP experiment with the grasping
task as task 2. Second, we did not distinguish between base-
line and filtering blocks. Rather all four possible S2s were
used throughout this experiment. The third change concerns
the SOA manipulation. In the present experiment, we used
SOAs of —150, —50, 50, 150, 250, and 500 ms. A negative
SOA means that S2 was presented before (rather than after)
S1 (Pashler et al. 1993). In addition, the frequency of the
two shortest SOAs (—50 and 50 ms) was thrice higher (24
times each) than the other SOAs were (eight times each) to
induce even more parallel processing (Miller et al. 2009).
The experiment was divided into four experimental blocks
of 80 trials each. The experimental blocks were preceded
by an unanalyzed practice block of 22 trials. The instruc-
tions were similar to those in the Pashler et al. (1993) study
and focused on speed while not giving priority to one task
over the other or suggesting a preferred response order.
Also similar to this study, no feedback was given to the par-
ticipants.

The stimulus—response mapping of task 1 was counter-
balanced across participants, and the eight possible combi-
nations of S1 (low vs. high tone) and S2 (four wooden
blocks) occurred equally often at each SOA level in a ran-
dom order.

Data treatment and analyses

Analyses were done by means of ANOVA with the factor
SOA (-150 vs. —50 vs. 50 vs. 150 vs. 250 vs. 500 ms) as a
repeated measure. Mauchley’s test was used to assess viola-
tions of the sphericity assumption, and where necessary,
Greenhouse-Geisser corrections were applied. (However,
for easier communication we report uncorrected degrees of
freedom.)

Results

In a first step, we assessed whether participants did indeed
vary their response order. Across the six SOA conditions,
participants left the home button before they responded to
the tone classification task in 77.0, 74.4, 73.2, 70.8, 65.3,
and 36.8% of the trials. Clearly, the manipulations intro-
duced in this experiment were successful, and we went on
to analyze the RT/MT and error data in a second step.

RT and MT analyses

Mean RTs and MTs are illustrated in Fig. 4. RT1 showed
an increase of 66 ms across the six SOA conditions. At the
same time, RT2 showed a large decrease of 266 ms. SOA
had a significant effect on the RTs of both tasks, task 1:
F(5,35) = 4.85, partial n2 = .41, and task 2: F(5,35) = 23.10,
partial n2=.77, ¢=.29. MTs remained almost constant
(varying between 586 and 595 ms), and the effect of SOA
was not significant, F(5,35) = 0.33, P = .70, partial #? = .05,
e=.36.

Error analyses

Mean task 1 error percentage tended to decrease slightly
across the SOA conditions (11.1, 7.5, 6.8, 3.9, 2.7, and 4.5),
and the effect of SOA was significant, F(5,35) = 4.07, par-
tial n2 = .37, ¢ = .36. On the descriptive level, the same pat-
tern was found for mean task 2 error percentage (2.8, 2.5,
1.7, 1.2, 2.0, and 0.8), but the effect of SOA was not signifi-
cant, F(5,35) = 1.02, P = .42, partial n2 = .1.3.
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Fig. 4 Mean response times (RT) and movement times (MT) in mil-
liseconds from Experiment 2 as a function of SOA (stimulus onset
asynchrony)
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Discussion

In Experiment 2, we maximized efforts to induce parallel
processing of the tone classification task and the grasping
task in a PRP experiment. This was done to unambiguously
rule out strategic task 2 deferment as the source of the PRP
effect found by Kunde et al. (2007) and also in our Experi-
ment 1. To this end, we modified the standard PRP para-
digm by adding two manipulations, namely, negative SOAs
where S2 occurred prior to S1 (Pashler et al. 1993), and a
larger likelihood of short SOAs, what also induces a shift
from serial to parallel processing (Miller et al. 2009).

The results of this Experiment 2 are straightforward:
although participants reversed their response order on the
majority of the trials, the results are qualitatively similar to
those of Experiment 1. In particular, RT1 showed a slight
increase (we again suspect this in parts being due to a
speed-accuracy trade-off). Contrary to that, RT2 exhibited
the typical PRP effect, as indicated by a sharp decrease of
266 ms—more than twice as big as the one reported by
Pashler et al. (1993). Note that even the RT2 decrease from
the SOA of 50 ms to the SOA of 500 ms is 159 ms, which
is more than thrice as much as the comparable effect in the
Pashler et al. (1993) study.

In sum, Experiments 1 and 2 suggest that a typical dorsal
grasping task is subject to massive interference from a con-
current choice reaction task, even when participants can
perform the two tasks in any order they want to. This ren-
ders it unlikely that previous observations of PRP effects in
dorsal tasks are due to a strategic task 2 deferment required
to maintain a specific task order. Experiment 3 aims at rul-
ing out a second alternative account.

Experiment 3

PRP effects can ensue for other reasons than central capac-
ity limitations. One such reason is peripheral output inter-
ference. For example, shaving and tooth brushing are two
tasks that essentially cannot be performed simultaneously
since they (at least in the majority of cases) require the
same effector (most often the right hand). A similar though
more moderate argument may apply to earlier PRP studies
with grasping as the secondary task as well. The responses
in both tasks were manual: a key press in the tone classifi-
cation task and a grasp reach in the grasping task (or
another key press in the perceptual judgment task). One
might argue that the observed interference was simply due
to the identical response modality. It is well known that
producing responses with both hands at the same time
affects performance adversely (e.g., Heuer 1995), what is
known as bimanual interference. A related, but more
general, objection can be derived from multiple resource
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theories (e.g., Navon 1984; Wickens 1980, 1984) suggest-
ing that the amount of interference relates somehow to the
joint competition for specific resource pools. In fact, PRP
experiments with two manual responses appear to produce
larger dual-task costs than those with differing response
modalities (Pashler 1990; Ruthruff et al. 2001). To circum-
vent such response modality-related accounts, we ran the
grasping condition from Experiment 1 again but replaced
the manual key press response in the tone classification task
with a vocal response. The resulting task pairing (auditory—
vocal/visual-manual) is also on par with what Hazeltine
et al. (2006) have termed a standard pairing, in turn favor-
ing parallel performance of two tasks.

Method
FParticipants

Sixteen new undergraduate students from Dortmund
University of Technology (3 male, mean age = 23;8 years)
participated in return of course credit.

Design, apparatus, stimuli, and procedure

In most parts, Experiment 3 resembles Experiment 1 with
the exception that participants took part in only one single
session where the grasping task was task 2 in a PRP experi-
ment. Two other exceptions apply: first, the participants
responded to the tone stimuli in the tone classification task
with uttering either “tip” or “top”. RTs in this task were
recorded using a voice key, and the accuracy of the
responses was recorded by the experimenter. Secondly, the
instructions focused on task 1 emphasizing speed and accu-
racy. In all other respects, Experiment 3 was similar to the
grasping condition of Experiment 1.

Data treatment and analyses

The data were treated in the same way as described in
Experiment 1. In addition, cross-experiment analyses are
reported here and include ‘experiment’ as a between-sub-
jects factor.

Results
RT and MT analyses

Mean RTs and MTs are summarized in Table 3 and visual-
ized in Fig. 5. Similar to Experiment 1, mean RTs in task 1
were slightly longer in the filtering condition compared to
the baseline condition and increased with increasing SOA.
The latter finding was confirmed by a significant main
effect of SOA, F(2,30) = 15.61, partial #2=.51. No other
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Table 3 Mean response times

(RT). movement times (MT: Condition Mean RT/MT Mean error percentage
both in milliseconds), and mean SOA SOA
percentages of errors from
Experiment 3 as a function of 50 500 1000 50 500 1000
SOA (stimulus onset asyn-
chrony) and condition Task 1 Baseline 717 746 778 6.43 4.24 3.93
Filtering 737 783 797 3.82 3.21 2.50
Task 2 Baseline 856 487 290 2.84 1.32 0.88
Filtering 884 533 312 1.07 1.87 1.77
Grasping MT Baseline 640 652 671
Filtering 652 666 674
o
& ® Fitering Error analyses
O Baseling
g Mean percentages of errors are summarized in Table 3.
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Fig. 5 Mean response times (RT) and movement times (MT) in mil-
liseconds from Experiment 3 as a function of SOA (stimulus onset
asynchrony) and condition

effect was significant, condition: F(1,15)=1.63, P =.22,
partial #2=.10, SOA x condition: F(2,30)=2.02, P =.15,
partial #2 = .12.

Of main interest here is that mean RT2 showed, again, a
large decrease with an increasing SOA, supported by a sig-
nificant effect of SOA, F(2,30) =284.24, partial #2=.95,
& =.60. Neither the difference between conditions was reli-
able, F(1,15) =2.04, P =17, partial n?>=.12, nor was the
interaction, F(2,30)=2.74, P =.08, partial 5%=.15.
Repeated contrasts on the factor SOA support a significant
decrease in RT2 from SOA =50ms to SOA =500 ms,
F(1,15) =635.34, partial 7n2=.98, as well as from
SOA =500 to SOA =1000ms, F(1,15)=82.93, partial
n?=.85. Unexpectedly, the mean MTs also increased
slightly with an increasing SOA, F(2,30) = 25.41, partial
n?=.63. No other effect was significant, condition:
F(1,15) =0.64, P = .44, partial #? = .04, SOA x condition:
F(2,30) =2.60, P = .09, partial #2 = .15.

There were two significant effects on error rates. First, and
similar to Experiment 1, error rates in task 1 decreased with
an increasing SOA, F(2,30) = 3.98, partial #2= .21, ¢ =.72.
Secondly, in task 2, error rates decreased with an increasing
SOA in the baseline condition, and slightly increased (at
least from SOA = 50 ms to SOA = 1000 ms) in the filtering
condition. This resulted in a significant interaction,
F(2,30) = 4.47, partial 2= .23. No other effects were reli-
able (all Ps > .24).

Analyses across experiments

One might ask whether parts of the interference observed in
Experiment 1 and by Kunde et al. (2007) diminished with
the standard pairing used in Experiment 3 and thus can
be attributed to response modality overlap. To this end,
we compared the numerical size of the PRP effect (i.e.,
the difference in RT2 between SOA =50 ms and
SOA = 1000 ms) across both experiments. In Experiment
1, the PRP effect amounts to 447 ms, and with 568 ms, it
was even larger in Experiment 3. Assessed with an inde-
pendent-groups t-test, this difference was significant,
[71(30) = 2.77. On the other hand, the task 1 pairing used in
Experiment 3 appears to be more difficult than that used in
Experiment 1. RT1 was significantly larger in Experiment 3
(759 ms) than in Experiment 1 (491 ms), 1#(30) =5.27.
Similarly, mean error percentages were significantly higher
in Experiment 3 (3.99%) than in Experiment 1 (1.44%),
111(30) = 2.23.

Discussion

In Experiment 3, participants took part in a PRP experiment
with a grasping task as task 2. Critically and different from
Experiment 1, responses to task 1 (tone classification) were
vocal utterances instead of manual key presses. This was
done to ensure minimal effects of bimanual interference
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(e.g., Heuer 1995) and/or competition for a specific
resource pool (e.g., Navon 1984; Wickens 1980, 1984)
related to response modality overlap. This new design also
resulted in standard pairings (Hazeltine et al. 2006) that
have been shown to favor parallel processing without con-
siderable dual-task costs (at least after extensive practice).
Admittedly, planning processes for vocal utterances can
potentially interfere with the planning of the hand move-
ment. Still the amount of overlap is conceivably smaller in
the case of one vocal and one manual response compared to
two manual responses. Also, the combination of an audi-
tory—vocal and a visual-manual task is a common feature
of many though not all PRP studies in the literature as an
attempt to minimize input and output interference. It has
been shown to be the optimal pairing to reduce these types
of interference in non-PRP studies (Shaffer 1975).

Despite this modification, the central and most critical
finding remained stable: RTs in the grasping task were
longer with shorter SOAs than with longer SOAs, the well-
known PRP effect. Post hoc analyses identified the PRP
effect in Experiment 3 as even larger than in Experiment 1.
This finding, however, must be taken with caution. First,
both estimates for the PRP effects were taken from different
groups of participants. Second, the auditory—vocal pairing
used in Experiment 3 seemed to have impeded task 1 per-
formance compared to the auditory—manual paring of
Experiment 1, evidenced both by prolonged RTs and larger
error rates. This in turn might have enlarged the PRP effect,
although the fact that the response selection, a prime candi-
date for central processing in the PRP paradigm, was not
altered (it was a 2 on 2 mapping in both experiments), ren-
ders this speculation somewhat unconvincing. Note also
that Hazeltine et al. (2006) reported the opposite observa-
tion, i.e., a more difficult auditory-manual pairing com-
pared to an auditory—vocal pairing. The reasons for this
discrepance are unclear thus far, but differences in the
response selection (3 on 3) and general experimental design
features may account for these diverging findings.

Similar to Experiment 1 and again not compatible with
either all-or-none bottleneck models (Pashler 1994) or a
capacity sharing model (Tombu and Jolicoeur 2003) is the
increase of RT1 with an increasing SOA. However, since at
the same time error rates decreased, this fact might again
reflect a speed-accuracy trade-off in task 1. The reasons for
the slight, but significant, increase in MTs are thus far
unknown to us.

General discussion
According to the action-perception model (Goodale and

Milner 1992; Milner and Goodale 2006), the same visual
input is processed by two different cortical systems for
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different purposes. A ventral pathway (roughly from V1 to
the inferior temporal cortex) processes visual input to cre-
ate a conscious representation of a percept, while a dorsal
pathway (roughly from V1 to the posterior parietal cortex)
processes the same visual input in order to program and
guide visually controlled actions. It has been suggested that
one core feature differing between both pathways is their
consciousness and need for central processing capacity: in
contrast to ventral processing, dorsal processing is
described as effortless, fast, and automated, thus not need-
ing central processing capacity (e.g., Jeannerod and Jacob
2005; Liu et al. 2008; Norman 2002). A recent study using
the PRP paradigm seriously questioned this assertion
(Kunde et al. 2007). These authors demonstrated that a dor-
sal grasping task exhibited a PRP effect of the same size as
a ventral perceptual judgment task (both tasks were mod-
eled after Ganel and Goodale 2003). Apparently, dorsal
processing required some central capacity, and this con-
trasts the action-perception model. Unfortunately, this find-
ing could have been due to (at least) two alternative
interpretations: (1) the participants strategically withheld
the grasping initiation to comply with the instruction to
respond in stimulus order. Or (2), since both tasks required
a manual response, the observed interference resulted from
overlap in the response modality (Heuer 1995; Navon
1984; Wickens 1980, 1984).

The primary goal of the present research was to rule out
these alternative accounts for the Kunde etal. (2007)
results. To this end, we conducted three PRP experiments
in which task 1 was always a binary tone classification. In
Experiment 1, we used a modified instruction allowing a
freely chosen response order (Ruthruff et al. 1995), and in
Experiment 2, we took another step towards inducing paral-
lel processing of both tasks by introducing negative SOAs
(Pashler et al. 1993) and a higher likelihood of short SOAs
(Miller et al. 2009). Finally, in Experiment 3, we replaced
the manual task 1 response with a vocal response. This
minimized the overlap in response modality and such a
standard pairing favors parallel processing (Hazeltine et al.
2006). The main outcome of all three experiments can be
summarized quickly: we successfully replicated the PRP
effect in the grasping task, thus re-assuring the idea that—
from the viewpoint of the PRP paradigm—dorsal process-
ing calls for central resources and cannot be construed as
automatic. Corroborating this conclusion, considerable
dual-task interference has also been observed in a study by
Singhal et al. (2007). In contrast, Liu et al. (2008) (see also
Lee and Hsieh 2009) came to different conclusions. In their
experiment, an RSVP task was combined with a pointing
movement to a second peripheral target (either a to-be-
identified letter or a simple disc) appearing after a variable
delay following the first target (their Experiment 1). The
main result was that (successful) identification of the first
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target interfered with the initiation time of the pointing
movement, but not with the movement time. Referring to
Goodale and Milner (2004) the authors predicted these
results, since “action planning and action execution are
controlled by the ventral and dorsal streams, respectively”
(Liu et al. 2008, p. 710). Yet, the term ‘planning’ is used in
a vague and loose way here. Planning in a broad sense such
as “deciding upon one course of action rather than another”
is indeed attributed to the ventral stream (Goodale 2008, p.
904). In contrast, planning in the sense of programming the
initial movement parameters is nevertheless dependent on
dorsal processing (Goodale and Milner 2004, p. 38). Con-
ceivably, decisions like action-selection, the goal of the
action, and so on are inherent in the instructions and thus
have already been established in the studies by Liu et al.
(2008) and Lee and Hsieh (2009). What is left is the final
programming of the movement, and this is—according to
Goodale and Milner (2004)—attributed to the dorsal path-
way. As such, the initiation time appears to measure dorsal
rather than ventral processing and the results are well in
line with the conclusion we have based on our own experi-
ments. That movement times were largely unaffected by the
SOA manipulation in our experiments indicates that all rel-
evant programming by the dorsal pathway has been
finished before the movement itself is initiated.

We used the Garner interference (Ganel and Goodale
2003) as an indicator whether a task is processed ventrally
or dorsally. A noteworthy side-aspect of our data is that the
Garner interference (in the perceptual judgment task of
Experiment 1) combined additively with the SOA. This
suggests that the Garner interference is resolved only at a
central processing stage (e.g., Pashler 1994). Hence,
although somewhat counterintuitive, resolving the Garner
interference appears to be an example of perceptual opera-
tions requiring central processing resources (see Pashler
and Johnston 1998).

In sum, the present results support the conclusion that
dorsal processing is not automatic but rather interferes with
concurrent tasks. For the PRP and attention researcher, this
might come to some disappointment since dorsal process-
ing was indeed a likely candidate for being an exception
from the robust PRP effect. Whether these limitations arise
through the need to share a limited central capacity (Tombu
and Jolicoeur 2003) or through bottleneck mechanisms
requiring the serial processing of two tasks at a central pro-
cessing stage (e.g., Pashler 1994) has to be clarified by
future research.
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