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Abstract Although it is generally recognized that the con-
current performance of two tasks incurs costs, the sources of
these dual-task costs remain controversial. The serial bottle-
neck model suggests that serial postponement of task perfor-
mance in dual-task conditions results from a central stage of
response selection that can only process one task at a time.
Cognitive-control models, by contrast, propose that multiple
response selections can proceed in parallel, but that serial
processing of task performance is predominantly adopted
because its processing efficiency is higher than that of par-
allel processing. In the present study, we empirically tested
this proposition by examining whether parallel processing
would occur when it was more efficient and financially
rewarded. The results indicated that even when parallel pro-
cessing was more efficient and was incentivized by financial
reward, participants still failed to process tasks in parallel.
We conclude that central information processing is limited
by a serial bottleneck.

Keywords Dual-task performance - Attention -
Psychological refractory period (PRP)

When we attempt to carry out two arbitrary sensory—motor
tasks in rapid succession, the response to the second task is
almost invariably delayed (Welford, 1952), a phenomenon
known as the psychological refractory period (PRP). Why do
we show such severe limitations in performing dual tasks?
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According to the serial bottleneck model (Pashler, 1984,
1994a, 1994b), this dual-task cost originates from the pres-
ence of a central bottleneck of information processing that
allows only a single response selection operation to proceed
at a time, thereby inducing serial postponement of response
selection for the second task. By contrast, a broad range of
“cognitive-control” models propose that multiple response
selections can proceed in parallel (Meyer & Kieras, 1997;
Miller, Ulich, & Rolke, 2009; Tombu & Jolicceur, 2003), and
that serial postponement of task performance is simply the
result of individuals adopting a serial processing strategy.

Which classes of model best capture the source(s) of
dual-task limitations? The cognitive control models make a
simple prediction that would disconfirm the serial bottle-
neck model: If multitask performance is under control, it
should be possible to execute two tasks in parallel. How-
ever, participants in dual-task conditions overwhelmingly
exhibit a serial mode of information processing (Tombu &
Joliceeur, 2003). Some cognitive control proponents have
attributed this finding to insufficient practice with the task
conditions for developing the appropriate cognitive control
necessary to perform tasks in parallel (e.g., Schumacher
et al., 2001). However, whereas extensive practice may
virtually eliminate dual-task costs (Schumacher et al.,
2001; but see Tombu & Jolicceur, 2004), it does not logi-
cally follow that this training effect results from the devel-
opment of parallel processing of multiple response selec-
tions (Ruthruff, Johnston, & Remington, 2009). Practice
could just as well lead to faster processing speed of each
task, which could dramatically reduce the time that the
second of the two tasks is postponed until it gets access
to the bottleneck stage of response selection. Indeed, al-
though recent behavioral, neuroimaging, and modeling
work is consistent with the latter possibility (e.g., Dux
et al., 2009; Kamienkowski, Pashler, Dehaene, & Sigman,
2011; Ruthruff, Johnston, & Van Selst, 2001), no direct
evidence for the former has been found.
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Although several previous studies have claimed that ex-
tensive practice should not only facilitate processing of each
task, but also allow one to perform two tasks in parallel
(Maquestiaux, Lagué-Beauvais, Bherer, & Ruthruff, 2008;
Ruthruft, Hazeltine, & Remington, 2006), these studies can-
not address whether parallel processing is possible at the
response selection stage because the practice effects were
claimed to result from bypassing the capacity-limited re-
sponse selection stage (i.e., task automatization; see
Magquestiaux et al., 2008) rather than from parallel process-
ing at that particular stage. One can only test the theory of
parallel processing at the response selection stage if both
tasks engage that stage.

Another class of cognitive-control models—the graded-
sharing models—also suggest that multiple response selec-
tions can proceed in parallel (Miller et al., 2009; Navon &
Miller, 2002; Tombu & Jolicceur, 2003), but they differ from
the parallel processing models described above in two im-
portant respects. Specifically, they argue that parallel pro-
cessing can take place even in the absence of extensive
practice and, second, that dual-task costs are inevitable
(Tombu & Jolicceur, 2004). Although the second point ap-
pears consistent with the serial bottleneck model, the graded-
sharing models argue that dual-task limitations do not arise
from a serial bottleneck but rather from a capacity-limited
central resource. In that framework, resources can be flexibly
allocated to each task—which enables multiple response
selections to proceed in parallel—but because these re-
sources are limited the processing rate of each task is depen-
dent on the amount of resources allocated to them (Navon &
Miller, 2002; Tombu & Jolicceur, 2003). Viewed in this
framework, serial processing is simply a special case of
graded sharing, in which the proportion of capacity allocated
to the first task (sharing proportion, or SP) is 100 %.

Although they are powerful in their explanatory accounts,
graded-sharing models beg the following question: If central
resources can be flexibly allocated to each task, why, then, is
serial processing so predominantly observed in dual-task
situations? Proponents of parallel models have argued that
the bulk of PRP studies included task instructions and/or
contexts that biased the participants to adopt a serial process-
ing strategy (Navon & Miller, 2002; Tombu & Jolicceur,
2003). However, serial postponement of task performance
is still observed even when tasks are presented in a random-
ized order and equally emphasized (Dux et al., 2009; Pashler,
1994b), even when participants are rewarded to process both
tasks in parallel (Ruthruff et al., 2009).

Although recent studies cast doubt on the task instructions/
settings argument to explain the predominance of serial pro-
cessing in dual-task situations, another argument has been
more enduring: the general inefficiency of parallel as com-
pared to serial processing. If one defines task efficiency in
terms of the sum of RT to the two tasks, then serial processing
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is more efficient and therefore favored over parallel process-
ing. Even though parallel models differ in suggesting how
capacities should be divided among tasks and how multiple
response selections should proceed in parallel, it is generally
agreed that such processing is less efficient than serial pro-
cessing (Meyer & Kieras, 1997; Miller et al., 2009; Tombu &
Jolicceur, 2003). In particular, according to the graded-sharing
model, which can account for much of the extant PRP data
(Fig. 1), parallel processing and serial processing predict sim-
ilar Task 2 RT slowing with Task 1-Task 2 SOA. However,
parallel processing also predicts slowing of Task 1 RTs—
because capacity-limited resources are shared between the
tasks—whereas serial processing predicts no effect of SOA
on Task 1 RTs. This is because the graded-sharing model posits
that amodal, central processing resources for response selec-
tion are flexibly allocated to meet task demands, such that
processing resources allocated to the first task can be instanta-
neously reallocated to the second task when the first one is
completed. This assumption enables the model to explain why
Task 2 RTs should still depend on the Task 1-Task 2 RT SOA,
even with parallel processing, which makes the model’s ex-
planatory power excel that of other parallel models, as well as
of the serial bottleneck model. By contrast, other parallel
models predict that task RTs should be invariant across SOAs
unless those SOAs are long enough to enable each task to be
performed separately (e.g., Miller et al., 2009).

The task efficiency argument makes a very clear predic-
tion: If participants adopt serial processing because it is
usually the most efficient mode of performing two tasks in
multitask conditions, then they should adopt a parallel

Serial Bottleneck Serial Processing

Graded Sharing
(SP =100 %)

Serial Processing

| {rT2

Graded Sharing oy

(SP < 100 %) Parallel Processing

wei RT1
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|rT2

Fig.1 Diagram depicting the graded-sharing and serial bottleneck
models under short SOA conditions. With serial processing, only the
Task 2 (T2) response is slowed, whereas in parallel processing Task 1
(T1) is also slowed, except when all processing resources are allocated
to T1 (SP =100 %). Importantly, T2 is slowed to the same extent under
both serial and parallel conditions. This is because the graded-sharing
model posits that resources allocated to T1 become instantaneously
available for T2 as soon as T1 is completed. Both models also posit
that the perceptual identification (P) and response execution (RE) stages
can proceed in parallel. RS, response selection; SP, sharing proportion;
RT1, the first-task RT; RT2, the second-task RT
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processing mode if this becomes the most efficient mode.
If dual-task performance is instead limited by a serial
bottleneck, serial processing will be maintained even
when it is counterproductive, as the bottleneck allows
only one response selection to proceed at a time. The
purpose of the present study was to distinguish between
these two possibilities. To do so, we created an experi-
mental condition in which serial processing was rendered
less efficient than parallel processing in terms of total
processing time, and further incentivized participants to
adopt parallel processing with financial reward. If pro-
cessing resources can be shared between tasks, then par-
ticipants should adopt a parallel processing strategy rather
than a serial strategy because the former is now more
efficient and financially rewarding. By contrast, the serial
bottleneck model predicts that serial processing will still
be maintained even when it is the counterproductive
strategy.

To test these predictions, we used a dual-task experi-
mental design inspired from Tombu and Jolicceur (2003),
which was conceived to obtain evidence for parallel pro-
cessing. Specifically, an easy sensory—motor task was
paired with a more demanding sensory—motor task, but
with the easy task presented 300 ms after the demanding
task. By instructing participants to respond to the stimulus
of the easy task first, serial processing was rendered less
efficient than parallel processing because only serial pro-
cessing produces cognitive slack (Fig. 2). We also further
incentivized participants to adopt parallel processing by
providing financial reward.

The easy task was a two-alternative discrimination (2AD)
visuo-vocal (VV) task, and the more demanding one
consisted of an eight-alternative discrimination (8AD)
audio-manual (AM) task. Both tasks were presented in each
trial, with one of two possible SOAs (0 and 300 ms), which
were either blocked (Exps. 1a and 2) or intermixed within a
block (Exp.1b). At the 0-ms SOA the visual and auditory
stimuli were presented at the same time, whereas in the 300-
ms SOA the auditory stimulus was always presented first.

The parallel and serial processing strategies make specific
predictions about the task response times under the different
SOA conditions (Fig. 2). These predictions assume that the
central stages of the two tasks completely overlap with each
other. That is, central processing resources are shared with
the AM task during the entire response selection stage of the
VV task. Under this assumption, the RTs for the VV task
should be the same at both SOAs regardless of processing
strategy. By contrast, the AM RTs at the 300-ms SOA should
differ, depending on whether a parallel or serial processing
strategy was adopted. Specifically, whereas the AM RT at the
300-ms SOA should be the same as that at the 0-ms SOA
under parallel processing, serial processing should yield
significantly extended AM RT at the 300-ms SOA, because

of the slack caused by the requirement to respond to the VV
task first (Fig. 2). Hence, the comparison of the AM RT
between SOAs would reveal whether serial or parallel pro-
cessing had occurred.

Note that the VV RTs should not be affected by the
different SOAs, though they should be longer under paral-
lel than under serial processing, because of resource shar-
ing with the other task. Importantly, these predictions are
independent of the amount of sharing taking place between
the two tasks (assuming SP is not 100:0). That is to say, the
AM RT will always be longer under serial than under
parallel processing at the 300-ms SOA, regardless of SP,
whereas the VV RT will increase under parallel processing
with greater SPs (Tombu & Jolicceur, 2003). This feature of
our paradigm is especially advantageous, given that even a
minimal amount of capacity sharing—for example, 95
(VV) : 5 (AM)—should be sufficient to produce faster
AM RTs under parallel than under serial processing at the
300-ms SOA. Although it has been difficult to observe a
strict form of parallel processing—that is, an even distri-
bution of processing resources (Fischer & Hommel, 2012;
Lehle & Hiibner, 2009; Miller et al., 2009; Plessow,
Schade, Kirschbaum, & Fischer, 2012; Tombu & Jolicceur,
2002, 2005)—previous studies have suggested that such a
95:5 sharing proportion could occur under fixed stimulus
and response orders (Oriet, Tombu, & Jolicceur, 2005;
Pashler, 1991), conditions that are common to the present
study. Therefore, if capacity can be shared, regardless of
whether capacity is evenly distributed between the tasks or
biased toward one task, it should be detected with the
present paradigm.

Another notable feature of the present task setting is that
we chose sensory—motor modality pairings (i.e., audio-
manual and visuo-vocal) that are less congruent than the
more natural modality pairings (e.g., audio-vocal and
visuo-manual). This is because previous studies have
shown that natural modality pairings help bypassing the
central stage of processing, especially under extensive
practice (Hazeltine & Ruthruff, 2006; Levy & Pashler,
2001; Schumacher et al., 2001; Stelzel, Schumacher,
Schubert, & D’Esposito, 2005). Given that the goal of the
present study was to investigate how information is
processed at the central stage, it was incumbent upon us
to choose tasks that would engage this stage. To achieve
this, we used completely arbitrary stimulus—response map-
pings and incongruous modality mappings in order to
prevent the response selection process at the central stage
from benefiting from natural modality mapping. To further
ensure that the central stage was not bypassed or eliminat-
ed, we included only a moderate amount of practice. If the
allocation of central processing resources is truly flexible
and under cognitive control, parallel processing should be
observed under the present settings.
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Fig.2 Predictions of serial and parallel processing modes for Experi-
ment la and 1b. aAt the 300-ms SOA, serial processing induces
cognitive slack after perceptual processing of the auditory stimulus,
thereby slowing the audio-manual (AM) response relative to parallel
processing (and to the AM RT at the 0-ms SOA). In contrast, visuo-
vocal (VV) task RTs should be longer with parallel than with serial

Experiment 1a
Methods

Participants A group of 12 adults (four males, eight fe-
males; 18-25 years of age) participated in exchange for
financial compensation. The Vanderbilt University Institu-
tional Review Board approved the experimental protocol,
and informed consent was obtained from each participant.

Stimuli and apparatus The visual stimulus was a disk (1° of
visual angle) presented at the center of the screen and colored
either light green or red, with each color requiring a distinct
vocal response (either “Bah” or “Koe”). The auditory stim-
ulus was one of eight distinct sounds (Dux et al., 2006), each
of which was assigned to a distinct finger keypress.

Design and procedure In each trial two tasks, an 8AD AM
task and a 2AD VV task, were presented. There were two
SOA conditions (0 and 300 ms), which were blocked. In the
0-ms SOA, the visual and auditory stimuli were presented for
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processing, because capacity is shared with the AM task. b At the 0-ms
SOA, parallel and serial processing produce the same AM RT. VV task
RTs are expected to be longer in parallel than in serial processing
because capacity is shared with the AM task. The AM deadline is set
by performance of the AM task at the 0-ms SOA. P, perceptual identi-
fication; RS, response selection; RE, response execution

200 ms at the same time, whereas in the 300-ms SOA, the
auditory stimulus was always presented first. Participants
were instructed to respond to the visual stimulus first in all
trials, even when it followed the auditory stimulus.
Participants were also instructed that they would receive
bonus pay if they met several criteria. To receive bonus pay,
participants not only had to respond to the visual stimulus first,
but also complete the AM task within the predetermined RT
deadline (see below). Participants were explicitly instructed
that processing the two tasks in parallel should outperform
processing them serially, and that financial reward is more
likely to be earned under parallel processing. Specifically, they
were provided an instruction sheet showing Fig. 2, and were
instructed that their only chance to receive bonus pay at the
longer SOA was to process each task in parallel, and that they
should begin processing each of the two tasks as soon as their
stimuli appeared rather than wait for the visual stimulus pre-
sentation. If participants performed the AM task correctly and
within the predetermined deadline, a feedback screen showing
“Excellent” was presented and a bonus pay of 7.8 cents was
given. If they were correct for the AM task but missed the
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deadline, the feedback “Too slow” was presented (and no
bonus pay was allocated). For incorrect responses, the feed-
back “Wrong” was presented. No feedback was provided for
the VV responses. There were four blocks, each consisting
of 32 trials, with two of these blocks containing the 0-ms
SOA trials and the two others containing the 300-ms SOA
trials. Block order was alternated within individuals, and
counterbalanced across individuals.

Immediately prior to the main experimental session, an
Estimation session was held to determine the AM RT dead-
line to be used in the main experiment. This deadline was
estimated on the basis of the performance in the 0-ms SOA
trials because that performance should be the same in the
300-ms SOA if parallel processing can occur. This session
contained six blocks of 32 0-ms SOA trials each. The initial
three blocks served as familiarization blocks. The last three
blocks were carried out as in the main experiment. The mean
RT of the last (6th) block was used as the deadline for the
main experimental session.

Results and discussion

The results of Experiment la are shown in Fig. 3. Reaction
times (RT) and accuracy were entered into 2 x 2 repeated
measure ANOVAs with Task (VV and AM) and SOA (0 and
300 ms) as factors. Given that participants were encouraged
to respond as fast and accurately as possible, and financial
rewards were contingent on both RT and accuracy, it is
important to measure processing efficiency independently
of potential criterion shifts due, for example, to a speed—
accuracy trade-off. To achieve this, we calculated each task’s
adjusted RT, also referred as “inverse efficiency”, a standard
measure that combines RT and accuracy by dividing the
former by the latter (Graham et al., 2006; Klemen,
Verbruggen, Skelton, & Chambers, 2011; Romei, Driver,
Schyns, & Thut, 2011; Spence, Kettenmann, Kobal, &
McGlone, 2001; Townsend & Ashby, 1983). Even though
this inverse efficiency measure is useful in assessing behav-
ioral performance, it should be noted that we do not exclu-
sively rely upon this measure to draw any conclusion from our
data. We first present below the analyses on accuracy and RT
data, followed by the analyses on adjusted RT data to further
support the claims drawn from the accuracy and RT results.

The accuracy results showed main effects of task, F(1, 11) =
6.91, p < .05, and SOA, F(1, 11) = 13.91, p < .01, but no
interaction, p > .2. The RT results also demonstrated main effects
of task, F(1, 11) = 174.90, p < .01, and SOA, F(1, 11) = 6.38,
p < .05, as well as an interaction between the two factors,
F(1,11)=105.5, p < .01.

The main effects of SOA on both accuracy and RT (Fig. 3)
imply that completing two tasks under instructed response
order (VV first) was more challenging at the 300-ms SOA,

which does not support flexible sharing of central resource
between the tasks. Most importantly, the AM RT was signif-
icantly longer for the 300-ms than for the 0-ms SOA, #«(11) =
5.76, p < .01, whereas the VV RT did not differ across SOAs,
p > .15. These results suggest that serial, not parallel, pro-
cessing was adopted because serial processing would slow
AM responses due to cognitive slack (Fig. 2).

Interestingly, the observed difference in the AM task RT
across SOAs was somewhat smaller (208 ms), #(11) = 2.53,
p < .05, than was predicted by the serial model (300 ms, the
duration of the SOA). This smaller-than-expected difference
was likely due to participants’ speeding up the AM task in
the 300-ms SOA condition to meet the deadline. The fact that
AM task accuracy was lower at the 300-ms SOA (paired ¢-
test, p < .01) is consistent with this suggestion, as faster
responses are more likely to be incorrect. Indeed, when one
adjusts RTs for accuracy, the observed difference across
SOAs (380 ms) was not significantly different from the pre-
dicted value of 300 ms, p > .27. By contrast, there was no
difference in VV adjusted RT (14 ms) across SOAs, p > .86.
The invariant VV RT performance across SOAs is notable
because it further supports the serial bottleneck model: Dif-
ferences in VV RTs across SOAs could imply that the two
central processes overlapped to different extents across SOAs,
which would complicate the interpretation of the present
results. However, the fact that only the AM performance
was slowed by the predicted amount at the 300-ms SOA
suggests that the central stages of the two tasks overlapped
completely at both SOAs, and hence that the two response
selections took place serially as illustrated in Fig. 2.

The results of the present experiment show that participants
failed to flexibly allocate central resource to perform two tasks
in parallel; behavioral performance suffered when they were
required to respond first to the second-presented stimulus.
Furthermore, when RT is adjusted to take into account accu-
racy, the pattern of behavioral performance fitted well with the
prediction derived from the serial bottleneck model.

Experiment 1b

It is conceivable that participants’ failure to perform the AM
RT task under the RT deadline at the 300-ms SOA was a
result of them simply giving up on meeting these stringent
task requirements at that SOA. To examine this possibility,
we ran another experiment that included a more lenient AM
RT deadline and that randomly intermixed the two SOAs in
the experimental session.

Method

The methods were identical to those of Experiment la,
except for the following modifications. Eight participants
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Fig.3 Results of Experiments 1a(a) and 1b(b). Error bars represent standard errors

(five males, three females; 18—25 years of age) took part, and
the deadline estimation session included only three blocks of
0-ms SOA trials without feedback.

Results and discussion
Shortening of the deadline estimation session yielded a much

longer deadline (1,750 ms) than had been used in the previ-
ous experiment (1,380 ms, p < .01). Correspondingly, the
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proportion of correct AM responses meeting the deadline
increased between experiments from 54 % to 66 % at the 0-
ms SOA, and from 30 % to 51 % at the 300-ms SOA,
ps <.05. Nevertheless, the AM RT for Experiment 1b was
still longer at the 300-ms SOA (1,625 vs. 1,335 ms for the 0-
vs. 300-ms SOAs), #7) = 10.01, p < .01. Furthermore, the
difference in AM accuracy between SOAs was eliminated
(84.3 % and 84.4 % for the 0- and 300-ms SOAs, p > .97),
and RT difference increased to 288 ms, which was similar to
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the predicted value, p >.7." The significant difference in AM
adjusted RTs (358 ms, p < .01) was also similar to the
predicted 300-ms difference, p > .5. The latter two findings
are consistent with the suggestion that the smaller-than-
expected difference in AM task RT across SOAs noted in
Experiment 1a was due to subjects rushing their response
under the stricter RT deadline, for the expected AM RT
difference is obtained when the RT deadline was relaxed.
More generally, the results of Experiment 1b suggest that the
findings of Experiment 1a were not a consequence of partic-
ipants giving up on the task due to the strict RT criterion, as
similar results were obtained with a more lenient RT
deadline.

Taken together, Experiments la and 1b suggest that par-
ticipants could not flexibly allocate resources to each task for
optimal performance; when they were required to respond
first to the stimulus presented later (300-ms SOA), signifi-
cant behavioral costs were observed in both RT and accuracy.
These behavioral costs at the 300-ms SOA suggest that
serial, rather than parallel, processing was adopted. Further-
more, when RT data were adjusted by considering accuracy,
or when participants are not trading off accuracy for faster
reaction time, the RT pattern fits well with the prediction
derived from the serial bottleneck model.

Experiment 2

As we mentioned in the introduction, it has been argued that
serial processing only takes place when there has not been
sufficient practice with the task conditions to develop the
appropriate cognitive control to perform two tasks in parallel
(e.g., Schumacher et al., 2001). Even though this assumption
is not accepted by all proponents of parallel processing models
(Miller et al., 2009; Tombu & Jolicceur, 2003), we considered
whether resource sharing did not occur in Experiments 1a and
1b because participants were not sufficiently trained. In the
present experiment, we assessed this possibility by increasing
the number of trials that participants performed to be equiva-
lent to or larger than the numbers in the studies that have
argued for graded sharing (Carrier & Pashler, 1995; Tombu &
Jolicceur, 2005). Importantly, whereas this experiment had a

" The results of this experiment also ruled out a potential “practice”
account for the AM RT difference between SOAs: Because only the 0-
ms SOA condition was used in the estimation sessions of this experi-
ment and Experiment 2, faster RTs at the 0-ms than at the 300-ms SOA
in the main session may have been caused by greater exposure to the
former SOA trials. However, were this the case, a practice benefit
should also have been observed for the VV task, but that was not the
case for either experiment. Furthermore, whereas the estimation session
of the present experiment was half as long as that of queryExperiment la,
it produced a bigger RT difference between the 0-ms and 300-ms
SOAs in the experimental session, a finding that is inconsistent with a
practice effect.

training regimen that was on a par with previous studies of
parallel processing, the total number of trials that participants
performed was insufficient to completely eliminate dual-task
costs, so as to ensure that the response selection stage would
not be bypassed through task automatization (Maquestiaux
et al., 2008).

Method

The methods were identical to those of Experiment la,
except for the following modifications. Nine adults (four
males, five females; 18-25 years of age) participated in
exchange for financial compensation. The number of exper-
imental trials was increased from four to ten blocks of 32
trials (blocked 0-ms and 300-ms SOAs in alternate order,
yielding five experimental sessions).

Results and discussions

The results of Experiment 2 are shown in Fig. 4. Accuracy,
RTs, and adjusted RTs were entered into 2 X 2 x 5 repeated
measure ANOVAs with Task (VV and AM), SOA (0 and
300 ms), and Session(1, 2, 3, 4, and 5) as factors.

The accuracy results showed a main effect of SOA, F(1, 8) =
15.54, p <.01, consistent with the results of Experiment 1a and
1b. However, contrary to Experiment 1a and 1b, the interaction
between task and SOA was significant, F(1, 8) =6.31, p <.05.
This interaction was due to VV accuracy being significantly
lower at the 300-ms SOA (74.5 %) than at the 0-ms (87.8 %)
SOA, #8) = 3.90, p < .01, whereas we found no difference in
AM accuracy (83.2 % for the 0-ms SOA, 79.6 % for the 300-
ms SOA), p > .16. No other main effect or interaction was
significant, ps > .24.

The RT results demonstrated a main effect of task, F(1, 8) =
222.1, p < .01, as well as a main effect of session, F(4, 32) =
3.72, p < .05. We also observed significant interactions be-
tween task and SOA, F(1, 8) = 57.65, p < .01, and between
SOA and session, F(4, 32) = 6.57, p < .01. No other main
effect or interaction was significant, ps > .29.

The most important aspect of these results is the differ-
ence in AM RTs across SOAs. The AM response was sig-
nificantly slower for the 300-ms SOA than for the 0-ms
SOA, #8) = 5.03, p < .01, consistent with the findings of
Experiment la and 1b, but inconsistent with the graded-
sharing model. However, that difference (137 ms) was small-
er than the 300 ms (p <.01) predicted by the serial bottleneck
model. Interestingly, a highly significant difference in VV
RTs also emerged (118 ms), #(8)=3.61, p <.01, and the faster
VV response at the 300-ms SOA was accompanied by a
significantly lower accuracy at this SOA, as evidenced by
the significant interaction between task and SOA on accuracy
(see above). We hypothesized that the smaller-than-300-ms
AM RT difference was due to participants speeding up the VV
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response in order to meet the RT deadline for the AM task.
When they noticed that meeting the response deadline was
harder at the 300-ms SOA, participants may have sped up the
VV response, curtailing its processing and sacrificing its ac-
curacy. As a result of faster V'V processing, participants could

@ Springer

process the AM task sooner, thereby reducing its RT. Consis-
tent with this proposition, the sum of the AM RT and VV RT
differences between SOAs was not different from the predict-
ed value of 300 ms (254 ms, p > .21). As a whole, these results
are consistent with the serial bottleneck model of information
processing.

The hypothesis that serial, not parallel, processing oc-
curred was further supported when the present RT data were
separately examined for each session and task. As is shown
in Fig. 4, the AM RT difference across SOAs remained
significant across all sessions (ps < .01). Importantly, al-
though practice decreased the AM RT difference across
SOAs, it only did so from the Ist to the 3rd session,
p < .01, with no further decrease thereafter (130-ms AM
RT difference in the final session). Consistent with the ex-
planation that the smaller-than-300-ms AM RT difference
between SOAs resulted from the speeding up of VV RTs, a
VV RT difference of 43 ms (p = .30) in the 1st session
increased to 157 ms (p < .01) by the 3rd session, when it
leveled off, mirroring the AM RT pattern. Moreover, not
only did we find a positive correlation between the VV and
AM RTs in all sessions (> ranged from .21 to .80, all
ps <.05), but, critically, the sum of the AM RT and VV RT
differences between SOAs was not different from the pre-
dicted value of 300 ms even by the last training session
(297 ms, t<1).

Finally, adjusted RTs were analyzed in the same way as
accuracy and RTs. We observed main effects of task, F(1, 8) =
282.1, p <.01, and SOA, F(1, 8) = 15.89, p <.01, as well as
interactions between task and SOA, F(1, 8) = 13.39, p < .01,
and between SOA and session, F(1, 8) = 3.48, p < .05. The
adjusted VV RT did not differ across SOAs, #<1. By contrast,
the AM response at the 300-ms SOA was significantly slower,
by 235 ms, #8) = 3.75, p < .01, which was indistinguishable
from the predicted value of 300 ms, p > .30. Taken together,
these results strongly suggest that even under practice condi-
tions, serial processing still persisted.

General discussion

In the present study, we tested whether people could flexibly
allocate central capacity resources across tasks in order to
optimize their behavioral performance. We did so by creating
a situation in which task requirements could only be fulfilled
successfully by adopting parallel processing, by financially
rewarding the adoption of parallel processing, and by mak-
ing this mode of processing more efficient (i.e., having a
lower sum of task RTs) than serial processing. However,
despite these favorable conditions, participants failed to
adopt parallel processing, and instead performed response
selections serially. This lack of evidence for parallel process-
ing could not be attributed to the possibility that participants
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gave up following the task instruction due to the strict dead-
line (Exp.1a), nor could it be attributed to an insufficient
amount of practice to develop parallel processing (Exp.2).
Instead, the results of the present experiments suggest that
the serial postponement of the second response in dual-task
is obligatory, reflecting the intrinsic nature of the central
capacity limit.

One might argue that the present dual-task structure—
which involved responding first to the stimulus that was
presented last, pairing two tasks that have substantially dif-
ferent task demands (2AD vs. 8AD), and using incongruous
sensory—motor pairings (visuo-vocal and audio-manual
tasks, instead of audio-vocal and visuo-manual ones)—
prohibited the adoption of parallel processing. For example,
some response modality pairings can be more conducive to
parallel processing than others (Hazeltine & Ruthruff, 2006;
Levy & Pashler, 2001), and increasing task demands may
incite serial processing (Fischer, Miller, & Schubert, 2007,
Luria & Meiran, 2005; but see also Tombu & Jolicceur,
2002). Given that such factors in task settings can influence
the adoption of specific task strategies (Fischer et al., 2007),
it should not be interpreted from the present findings that
parallel processing is not possible. However, if shared allo-
cation of processing resources is so constrained that parallel
processing cannot be implemented even when it would yield
better task performance than serial processing, we are com-
pelled to conclude that the allocation of central processing
resources is not as flexible as has been asserted in certain
cognitive models of parallel processing.

A related issue concerning the choice of response modal-
ity pairing is that it might induce “crosstalk” between tasks
that could affect dual-task performance above and beyond
any costs associated with limitations at a central stage of
information processing (Logan & Schulkind, 2000; Stelzel &
Schubert, 2011). Such crosstalk might be particularly costly
for task pairings that are not natural (Stelzel & Schubert,
2011). However, such crosstalk cannot easily explain why
the AM task performance at the 300-ms SOA was worse than
that at the 0-ms SOA, because such crosstalk should be
equivalent at both SOAs. A more critical issue could be that
participants adopted a serial processing mode in order to
reduce such crosstalk. However, in the present paradigm,
sharing capacity and processing the two tasks in parallel
would be the only way to meet the criteria to get rewarded,
for which our participants were highly motivated. Hence, any
crosstalk that might have occurred in our tasks should not
affect the principal findings and interpretations of the present
study.

It is worth pointing out that, in addition to the incongruous
sensory—motor mapping, the strict constraint on the order of
stimulus presentation and response has also been known to
favor serial processing (Meyer & Kieras, 1999). Indeed,
many dual-task studies have presented two tasks in a random

order and used unconstrained response orders, to discourage
serial processing and facilitate “perfect time sharing” be-
tween two tasks. Although a number of studies have implied
that such randomization of stimulus and response orders is
important for observing reductions in dual-task costs
(Liepelt, Fischer, Frensch, & Schubert, 2011; Schumacher
etal., 2001), in the present study we did not pursue the issue
of which factors are important to reduce or eliminate dual-
task costs. As we mentioned in the introduction, the present
study was aimed at unraveling how multiple response selec-
tions proceed at the capacity-limited central stage. To ad-
dress this issue with our novel paradigm, the constraint on
the stimulus presentation and response order was essential.
Moreover, it has been argued that capacity sharing can occur
even under such experimental constraints (Oriet et al., 2005;
Pashler, 1991).

The graded-sharing model was developed to accommo-
date some empirical findings that did not fit well with earlier
parallel models (McLeod, 1977). With the assumptions that
capacity is limited only at the central stage and that it is
possible to reallocate capacity instantaneously, without cost,
when a given task is completed (Kahneman, 1973), the
model has the power to explain nearly all patterns of extant
PRP data and, as is common for resources theories (Navon,
1984), has been hard to falsify. Yet its predictions have not
been easy to empirically support (Tombu & Jolicceur, 2002),
either, and some of these findings are open to alternative
interpretations (Oriet et al., 2005; Tombu & Jolicceur, 2005).
These difficulties have been primarily attributed to the fact
that parallel processing is generally less favored because it
might be more effortful or less efficient than serial process-
ing (Miller et al., 2009; Tombu & Jolicceur, 2002,2005),
although these claims have been challenged (Lehle,
Steinhauser, & Hiibner, 2009). Indeed, one study has sug-
gested that parallel processing could be favored because it
reduces mental effort, by sacrificing processing efficiency
(Plessow et al., 2012). However, here we showed that par-
ticipants fail to perform tasks in parallel even when that is the
only means by which they can successfully perform the task.

It should be acknowledged that we did not directly test
other models of parallel processing than the graded-sharing
model. Hence, the present results do not rule out the possi-
bility that some other form of parallel processing might take
place. In particular, it is possible that an extensive amount of
practice might allow one to develop parallel processing
(Meyer & Kieras, 1997; Schumacher et al., 2001), although
that viewpoint has been challenged (Miller et al., 2009;
Ruthruff et al., 2009). In addition to practice, specific com-
binations of response modality mappings can also aid in the
emergence of parallel processing (Levy & Pashler, 2001).
Thus, it is possible that parallel processing could have
emerged in the present study had we used more natural
modality pairings and exposed participants to extensive
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practice with the tasks. Under such circumstances, the cen-
tral processing stage is more likely to be bypassed or elim-
inated, allowing simultaneous performance of two tasks
(Dux et al., 2009; Hazeltine & Ruthruff, 2006; Levy &
Pashler, 2001; Schumacher et al., 2001). However, the
graded-sharing model is the one that accommodates most
of the extant PRP data, even under conditions that do not
involve much practice, and irrespective of modality pairings.
More importantly, this model shares the core assumption that
many other cognitive-control models of the PRP posit: the
flexible control of resource allocation. Thus, at the very least,
the present finding that the allocation of central resources
recruited for response selection is not flexible constrains
cognitive-control models of human dual-task performance.
Indeed, it points to this central stage in human information
processing as being primarily limited by a serial bottleneck.

Author note This work was supported by NIMH Grant No. ROl
MH?70776 to R.M., and by Grant No. P30-EY008126 to the Vanderbilt
Vision Research Center. We thank Mike Tombu for valuable comments
on the manuscript.
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