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Why is the human brain fundamentally limited when attempting to execute two tasks at the same time or in close
succession? Two classical paradigms, psychological refractory period (PRP) and task switching, have independently
approached this issue, making significant advances in our understanding of the architecture of cognition. Yet, there is
an apparent contradiction between the conclusions derived from these two paradigms. The PRP paradigm, on the one
hand, suggests that the simultaneous execution of two tasks is limited solely by a passive structural bottleneck in
which the tasks are executed on a first-come, first-served basis. The task-switching paradigm, on the other hand,
argues that switching back and forth between task configurations must be actively controlled by a central executive
system (the system controlling voluntary, planned, and flexible action). Here we have explicitly designed an
experiment mixing the essential ingredients of both paradigms: task uncertainty and task simultaneity. In addition to a
central bottleneck, we obtain evidence for active processes of task setting (planning of the appropriate sequence of
actions) and task disengaging (suppression of the plan set for the first task in order to proceed with the next one). Our
results clarify the chronometric relations between these central components of dual-task processing, and in particular
whether they operate serially or in parallel. On this basis, we propose a hierarchical model of cognitive architecture

that provides a synthesis of task-switching and PRP paradigms.
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Introduction

Several cognitive theories share the hypothesis that while
most mental and neural operations are modular, certain
controlled processes require a distinct capacity-limited
“central executive” or “global workspace” system that can
establish flexible links amongst existing processors [1-5]. The
dynamics of engagement and disengagement of central
processing is manifested in two different time scales. First,
at a time scale of a single trial or event (few hundred
milliseconds), dual-task interference is observed when pro-
cessing simultaneously or quasi-simultaneously two different
streams. This happens, among other examples, when two
masked stimuli are presented at a short stimulus onset
asynchrony (SOA) [6] (the attentional blink) or when
participants are asked to process two consecutive tasks at a
short time interval (psychological refractory period or, in
short, PRP) [7-12]. A dynamic trace of central limitation is
also manifested at a slower time-scale (seconds to minutes) in
the inability to rapidly switch the control processes that
harness together independent processing modules [13]. This
effect is most evident in task-switching paradigms, which
show, using a variety of different experimental manipula-
tions, that reaction times increase when participants change
between different task configurations [14]. A theoretical
discussion has taken place on understanding whether task
switching costs result from the insertion of a stage-like
executive control process that operates only on switch trials
[15-17], or rather, from a carryover effect (inertia) of the
previous task that establishes a conflict between previous and
current task settings [14,18,19]. Even though a theoretical
model has shown that task carryover can account for most
task-switching effects [20], it is very likely that the operation
of setting for a novel task should be observable, and both
preparation of the new task set and disengagement have been
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shown to have a role in task-switching costs [21] . Similarly, an
executive process of engagement and disengagement has
been observed in the cognitive act of shifting attention from
one place in the visual field to another [22,23].

Although the dual-task and the task-switching literature
has addressed independently the dynamics of central coor-
dination between processing modules, there is an apparent
contradiction between them. A classic result of dual-task
interference is that when two tasks are presented simulta-
neously or at a short SOA, there is a delay in the execution of
the second task, but performance of the first task is
unaffected [9,11,24]. This implies that the central processing
stages are dedicated sequentially to each task as opposed to
spread uniformly between both concurrent tasks (which
would yield a delay in both tasks). As SOA increases, the
response time to the second task decreases with a slope of —1
until a non-interference regime is reached at an SOA of
about 500 ms (dependent on the response time to task 1),
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after which performance on the second task becomes
independent of SOA [9,25]. These findings have been
consistently explained in terms of a sequential model with
three processing stages: (1) An initial perceptual stage that
can be carried out in parallel and does not contribute
significantly to the variance, (2) a central decisional stage that
establishes a processing bottleneck and reflects a stochastic
integration of evidence, thus providing a major contribution
to trial-to-trial variability, and (3) a motor stage of response
execution that is parallel and invariant. Here we refer to this
model as the passive bottleneck model, because it is based on two
fundamental principles: Access to the central space is
determined on a first-come, first-served basis, and there is
an immediate switching between the central processes of
both tasks. These principles are in apparent contradiction
with the task-switching literature, since they suggest that the
sequencing of central operations, disengaging from one
stimulus-response configuration and engaging in the other
one, is done passively and at no cost.

Recently, an observation was made that suggests a possible
reconciliation of the passive bottleneck model with the well-
known task-switching cost: Responses to the first task in the
PRP paradigm, although independent of SOA, are slower
than when performing the task in isolation [26,27]. We
propose that this may be related to a control stage engaged
before performing the first task in order to prepare for the
instruction of performing the two tasks in a specific order.
This additional processing time needs to be incorporated
into a model of task architecture in order to predict
quantitatively the response time distributions in experiments
in which the order of the presentation of the two tasks, their
relative offset, and their complexity are changed [27]. In
addition, it has been shown that task switching may affect
central interference. For example, in a cross-modal atten-
tional blink experiment, there is no blink unless a task switch
accompanies the modality switch [28]. Yet, it is not under-
stood whether these manifestations of central processing
involve shared or distinct mechanisms, or how to incorporate
them in a model of cognitive architecture.

Here we investigate the precise relationship between task
switching and the processing bottlenecks within each task. As
in all PRP experiments, we engage participants in a double-
task experiment in which they have to respond rapidly to a
number comparison and a tone discrimination task. The
main novelty is that both the task order and the SOA between
the two stimuli are unpredictable, implying that participants
cannot prepare beforehand for a specific task. Our experi-
ment has two main objectives: (1) Understanding the
dynamics of task selection: Is task response order decided
upon stimulus presentation, or rather after perceptual
processing has been completed, at the time the processing
stream accesses the central bottleneck? and (2) can we
generate a unified model that will incorporate in its
architecture the passive bottleneck model of processing and
the task-switching literature? Or, in other words, what is the
dynamics of task choice and how does this interact with the
different stages of processing of each task?

Results

Participants were asked to perform a dual task. One of the
two tasks was presented visually and involved a number
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comparison: Participants indicated with the right hand
whether a two-digit number presented on the screen was
larger or smaller than 45. The other was a tone discrimination
task which involved deciding whether the frequency of a 150-
ms pure tone was high (880 Hz) or low (440 Hz). The order of
presentation of both stimuli changed randomly from trial to
trial, and the SOA was sampled in 15 different values from
—1,000 to 1,000 ms. (SOA is defined as the difference between
the presentation of the tone and of the digit, and thus
negative values correspond to trials in which the digit was
presented before the tone.) In addition, in 11.76% of the
trials (four out of 34), only one of the two stimuli was
presented to allow collecting a single-task baseline perform-
ance. Participants were instructed to respond as fast as
possible to each presented stimuli and could freely decide to
which stimulus to respond first. The number task was our
main task of study, and was manipulated using two
independent factors: notation (whether the number was
presented in Arabic digits or in spelled words) and distance
(the numerical distance between the presented number and
45). The tone task was never varied throughout the experi-
ment.

Throughout the manuscript we will refer to trials as
“number presented first” or “tone presented first,” depending on
the presentation order of the stimuli and as “tone responded to
Sirst” and “number responded to first,” depending on the order of
the response chosen by participants (irrespective of the order
of presentation). Note that although correlated, the order of
presentation and of response is not necessarily identical for
each trial and thus, we will refer without redundancy to
“number presented and responded to first” (and“tone presented and
responded to first”).

Task Selection: Gating Access to Central Processors

A first basic observation in our task is that instructions
notwithstanding, participants appear unable to perform the
two tasks simultaneously. Examining the distribution of the
response time to the second task (RT2) minus the response
time to the first task (RT1), designated RT2-RT1 (the
difference in response times [RTs] to the two tasks), we
observe essentially no concomitant responses by the two
hands: Even when the stimuli occur simultaneously (SOA =0),
only a very small percentage of trials (0.8%) exhibit an
absolute value of RT2-RT1 below 150 ms. This implies that
performance of the two tasks is sequential.

We can then ask what determines the participants’ choice
of which task to perform first (as indicated by which of the
two responses occurs first). The dependence of task choice on
SOA (Figure 1A), which follows a sigmoidal relation, indicates
that selecting which task to respond first is determined,
within a certain temporal jitter, by presentation order,
providing a first line of evidence for a bottom-up contribu-
tion to task choice. However, there is also a bias for
responding first to the number task (visual modality, right
hand). At SOA = 0 (simultaneous presentation), “tone
responded first trials” corresponded to only 33.7% of the
total. The SOA value giving an unbalanced choice (50%
responses to each task), calculated by linear extrapolation of
the distribution and henceforth briefly referred to as
50%SOA, is 103 ms (see Figure 1). The temporal interval
from an SOA of 80% of “number responded to first trials” to
a SOA of 80% of “tone responded to first trials” is 373 = 187
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Figure 1. Determinants of Task Choice

(A) Average proportion of trials in which participants responded first to
the tone task as a function of SOA. The center of the distribution (50% of
responses to each modality) is at 103 ms, indicating that there is a bias to
respond first to the number task. The notation manipulation results in a
significant change of the 50%SOA (37.8 ms), but the distance
manipulation does not.

(B) Participant by participant measures of the 50%SOA computed
separately as a function of notation and distance. The line corresponds to
the identity line. For the notation factor, almost all points lie on one side
of the curve, indicating that 50%SOA is systematically larger for Arabic
digits. For the distance factor, all values are scattered on both sides of
the identity line.

DOI: 10.1371/journal.pbio.0040220.g001

ms. Thus, from these first results, we conclude that task
selection is guided by a bottom-up process with both noise
and bias.

Next we tested whether the decision of which task to
respond to first is triggered by stimulus onset or, rather, after
perceptual processing has been completed. These two
alternatives can be distinguished by studying the impact of
the experimental manipulations in the number task on the
distribution of task selection. The passive bottleneck model
predicts that whichever stimulus first reaches the central
bottleneck is processed first, and thus that slowing perceptual
processing would affect task choice. To test this, we
capitalized on the fact that response times to a number
comparison task are slower when numbers are presented in
spelled-out words than in Arabic digits and, in a comparable
amount, when the numeric distance to the target is shorter
[29,30]. To verify this finding in this particular experimental
setting, we performed an analysis of variance (ANOVA) for
RTs from the single-task condition, with participants as a
random factor, and distance and notation as within-partic-
ipant factors. For the distance manipulation, the mean
difference between far and close numbers is 112 ms (F(1,16)
= 9.51, p = 0.008), for the notation manipulation the mean
difference between spelled words an Arabic digits is 86 ms
(F(1,16) = 15.62, p = 0.001) and the interaction between these
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two factors is not significant (F(1,16) = 0,73, p = 0.4), revealing
an additive effect. In addition, we have previously shown that
the notation manipulation affects a parallel perceptual stage
whereas the distance manipulation affects a serial central
stage [27].

If task order is decided at the onset of stimulus
presentation, then manipulating the number task should
not affect the distribution of first-task selection. On the
contrary, if deciding which task to respond to first is
undertaken once peripheral perceptual processing has been
completed, then the notation manipulation should affect the
value of 50%SOA, whereas the distance manipulation should
have no effect. To decide between these two possible
alternatives, we measured the 50%SOA as a function of the
different manipulations. The notation manipulation resulted
in a significant shift of the 50%SOA (mean difference
between 50%SOA of Arabic digits and words: 37.8 ms [t =
3.5, df = 16, p-value = 0.003, 95% confidence interval (CI): 14
to 60 ms]) Note that this shift is in the expected direction
since the 50%SOA for Arabic digits is more positive than for
spelled-out words, indicating that when perceptual treatment
of the visual object is performed faster, the tone has to be
presented earlier to reach an equal-choice situation. On the
contrary, the distance manipulation (while having a bigger
impact on the number task RTs) did not result in a significant
change of the 50%SOA: (mean difference between RTs of far
and close numbers: —9 ms (t = —0.44, df = 16, p-value = 0.66,
95% CI: =51 to 33 ms)

Response Time to the First Task

In a classic PRP experiment, two tasks have to be
performed in succession as rapidly as possible. The order of
the two tasks is held constant, and the SOA is the main
experimental parameter. A classic result is that the response
time to the first task is independent of SOA, even though its
absolute value may be augmented relative to the time it takes
to perform the first task in isolation [9-11,27]. Here, we have
departed from this classic paradigm in that the task order is
not held constant, and thus participants have to decide which
task to perform first. Contrary to classic PRP experiments, in
this situation of unpredictable task order, we observe an
important difference in response time between long and
short SOAs for the task responded to first. To quantify this,
mean RTs were calculated for each SOA and each participant,
and then submitted to ANOVAs with participants as a
random factor and delay as a within-participant factor. For
the number presented and responded to first and considering all
SOAs from 0 to 1,000 ms (Figure 2A, left side of the panel),
there was a significant effect of SOA (F(6,16) = 6.63, p < 5 X
1077). Interestingly, as can be seen in Figure 2A, this effect
showed a sharp transition close to 300 ms. Indeed, when the
ANOVA was restricted to SOA > 300 ms for the number
presented and responded to first, the effect of SOA was not
significant (£(3,16) = 0.91, p > 0.4). The mean values of the
response times to the number task when presented and
responded to first are 1,048 ms for SOA < 300 ms and 1,125
ms for SOA > 300 ms. A t-test comparing these two groups
(SOA < 300 and SOA > 300) is highly significant (¢t =—4.80, p
< 1.6 X 107° CI: 43 to 103 ms). For the tone presented and
responded first (Figure 2A, right side of the panel) when
considering all SOAs from 0 to 1,000 ms, the effect of SOA is
highly significant (F(6,16)=25.93, p < 5 X 10~'°). The effect of
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Figure 2. Mean Response Times: A Trace of Different Sources of
Interference

(A) Response times to the first and second tasks as a function of SOA. The
labels indicate whether the first task corresponds to the number task
(mostly for negative SOAs) or to the tone task (mostly for positive SOAs).
Two main effects are observed: (1) Responses to the first task are slowed
for small SOAs (<400 ms). This increase shows a fairly sharp transition. (2)
Response times to the second task decrease linearly for small SOAs,
reflecting a processing bottleneck.

(B) When the number task is presented and responded to first (top two
panels), the manipulations of the number task have an additive effect
(independent of SOA). This effect propagates to the tone task. When the
tone task is presented and responded to first (bottom two panels), it is
not affected by manipulations of the number task (as predicted by a
sequential processing model)

DOI: 10.1371/journal.pbio.0040220.g003

delay is still significant when restricting the analysis to SOA >
300, (F(3,16)="7.15,p < 10~*. The mean value of the response
time to the tone task when presented and responded to first
is: 1,142 ms for SOA < 300 ms and 964 ms for SOA > 300 ms.
A t-test comparing these two groups (SOA < 300 and SOA >
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300) is highly significant (¢ =10.56, p < 2.2 X 107'6, CI: 144 to
210 ms). The mean response times for the single tasks are 984
ms for the tone task and 1,011 ms for the number task. These
values are significantly larger than the response times when
both tasks are presented second at a SOA of 1,000 ms (855 ms
for the tone task and 924 ms for the number task), indicating
that even when the task is presented in isolation, response
times are slower when participants have less certainty of the
task they will have to perform and the time at which it will be
presented.

We next addressed the effects of all experimental manip-
ulations on the first task (Figure 2B) by performing ANOVAs
with participants as a random factor, and delay and either
distance or notation as a within-participant factor. A triple
ANOVA with distance, notation, and SOA as within-partic-
ipant factors could not be performed since there were not
enough trials per condition for small SOAs. The detailed
results of those ANOVAs are reported in Table 1. In the text,
we merely draw attention to the main points: First, as
described previously, regardless of the order of response, we
observe a significant effect of SOA. Second, we observe an
effect of both manipulations on the number task on “number
presented and responded to first,” which does not interact
with SOA (as expected in classic PRP experiments). Third,
there is no effect of the manipulations of the number task on
the tone task when it is presented and responded to first. An
effect of SOA on RT1, additive on the manipulations of the
first task, constitutes a first departure from the passive
bottleneck model.

Response Time to the Second Task

A classic result in PRP experiments is that RT2 decreases
linearly with SOA, with a slope of —1, for small values of SOA
(<400 ms). This effect has been explained in terms of a
processing bottleneck. The central process of the second task
cannot be executed until central processes of the task 1 is
completed and thus, the response to the second task is not
locked to the onset of its corresponding stimuli, but rather to
the response to the first task. Hence RT increases propor-
tionally as SOA is decreased (the sooner it is presented the
more it has to wait for its execution). Since here we found
that the response time to the first task increases for small
SOAs (see section before), we wanted to address whether this
would constitute an additive effect. In this case, we would
expect RT2 to decrease with SOA with a slope more negative
than —1. Indeed, for small SOAs, (abs(SOA) < 400) we find a
linear decrease with SOA, with a slope significantly more
negative than —1 for number responded to second (B =-1.3,
R?=0.98; t-test for a difference with a slope of —1, t=2.29, df=
16, p-value = 0.035). For tone responded to second, we find a
slope more negative than —1, but not so significantly (f =
—1.18, R® = 0.96; t = 1.7899, df = 16, p-value = 0.101).

To understand the effects of the different experimental
manipulations of the number task on the second task (Figure
2B), we submitted RTs to an ANOVA with participants as a
random factor, and delay and either notation or distance as a
within-participant factor. We did this separately for the case
number presented and responded to first (to study the propagation
of effects to the tone task) and number presented and responded to
second (to study the interaction between the effects of the
manipulation and the interference with the tone task). In
both cases, a triple ANOVA could not be performed since for
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Table 1. Results of ANOVAs

Task Response Effect (df) F p-Value
Number First SOA (7,104) 8,74 1078
Number First NOTATION (1,9) 21.73 0.001
Number First SOA*NOTATION (7,84) 1.36 0.227
Number First DISTANCE (1,9) 53.90 107>
Number First SOA*DISTANCE (7,112) 0,40 0.899
Sound First SOA (7,76) 20,41 3%x107"°
Sound First NOTATION (1,5) 0,29 0,611
Sound First SOA*NOTATION (7,84) 1.12 0.358
Sound First DISTANCE (1,5) 2.55 0.171
Sound First SOA*DISTANCE (7,84) 1,36 0,232
Number Second SOA (7,76) 93,90 2%10°'°
Number Second NOTATION (1,5) 7,95 0.037
Number Second SOA*NOTATION (7,84) 1,78 0.100
Number Second DISTANCE (1,5 10,14 0.024
Number Second SOA*DISTANCE (7,84) 1,98 0.067
Sound Second SOA (7,104) 167,57 2x107'°
Sound Second NOTATION (1,9 9,49 0.013
Sound Second SOA*NOTATION (7,84) 0,57 0.775
Sound Second DISTANCE (1,9 47,21 107°
Sound Second SOA*DISTANCE (7,112) 0,70 0.671

DOI: 10.1371/journal.pbio.0040220.t001

small values of SOA, we did not have sufficient trials per
condition.

When the tone task is presented and responded to second,
we observe a significant effect of both manipulations. This
effect does not interact with SOA, indicating that even for
long SOAs (up to 1000 ms) manipulations of the number task
propagate to the second tone task. In previous experiments,
in which the task order was fixed, we observed a propagation
of notation and distance manipulations on the number task,
to a subsequent tone task. This effect vanished at an SOA
close to 600 ms, when the second task was performed
independently of the duration of the first task. Here, we
observe a more extended range of interference, which is also
reflected in the fact that even for long SOAs response times
to the second task show a monotonic decrease. This extended
range of interference is however expected, given the slow
responses to the first task due to task ambiguity as reported
previously.

When the number task is presented and responded to
second, we observe a significant effect of both manipulations
on RT2. Both effects, however, are not significant for small
SOAs < 400 ms. This is reflected in a marginally significant
interaction of either manipulation (more prominently the
distance manipulation) with SOA. This result is different than
what we had found when both tasks at presented in a fixed
order [27]. In this case, the effect of notation was absorbed for
short SOAs, which indicated that it affected a perceptual
component, but the distance effect was present at all SOAs
which corresponds to the manipulation of a central stage.
The absorption of the distance effect for short SOA when the
number task follows the tone task constitutes a second
departure from the passive bottleneck model.

Variability of the Response Times to Each Task and
Correlations between Them

Up to this point, we have concentrated our analysis on
mean response times. Yet, a characterization of the sources
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contributing to trial-to-trial variability is important to
understand mental chronometry. Thus, here we study the
impact of the different experimental manipulations on the
dispersion of the response times. A study of the histograms of
response times (Figure 3) indicates that the dependence of
response times to the first and second task on SOA results
from different factors. For the second task, as SOA decreases,
the distributions shift to the right and become wider. This is
consistent with the passive bottleneck model, according to
which this delay results from the insertion of a variable
process (the bottleneck stage of task 1). For the task
responded to first, the distributions show a wider distribu-
tion, but a similar starting point. This, in turn, is suggestive of
a decision process which is always present but variable and
becomes increasingly difficult when the two tasks are
presented closer in time.

From an analysis of the standard deviation of the responses
and how they change with SOA (Figure 4A), we can infer the
following facts: (1) At small SOA, the response time to the
second task (dashed line) is more variable than the response
task to the first task (dotted line). (2) The difference in
response times (RT2-RT1) is less variable than the response
time to each individual task, indicating that variability of the
second response does not result just from the concatenation
of two equally variable processes. This is consistent with the
strong correlation observed between both responses at short
SOAs (Figure 4B). The weak variability of RT2-RT1 is
inconsistent with a model of sequential task concatenation,
thus constituting a third departure from the passive bottle-
neck model. (3) Even for large SOAs (500 ms), the standard
deviation of the second task remains larger than that of the
first task, and the standard deviation of the difference of
response times remains less than each of the individual
processes. Furthermore, there is still a significant correlation
between RT1 and RT2. Altogether, this indicates that even at
this SOA, both responses manifest a strong interaction. This
provides yet another indication that there is a significant
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Figure 3. Distribution of Response Times for the First and Second Task:
Delayed Decision or Inserted Stage?

Distribution of response times to the first task (left) and second task
(right). For clarity, all distributions were normalized to a peak of 1. In
both cases, the mean response times increase with decreasing SOAs.
From the distributions, it is seen that these effects result from
qualitatively different changes. Although increases in the second task
result from a delayed onset and widening of the distribution (consistent
with the insertion of a variable delay in every single trial due to the
processing bottleneck), the onset of the distributions of the first task, for
different SOAs, is unchanged. The latter indicates that the increase in the
mean response times with SOA for RT1 does not result from the inclusion
of a processing stage for each trial. Rather, it results either from a variable
lengthening of an already-existing decision stage or from the insertion of
such a stage on only some proportion of trials.

DOI: 10.1371/journal.pbio.0040220.g003

interaction between both responses even at SOA of 1,000 ms,
indicating that the regime of interference extends well
beyond the boundaries of what had been found in interfer-
ence experiments with fixed task order. Note that this
correlation cannot be accounted by a slow attentional drift,
since the correlation between consecutive trials is C = 0.1,
significantly smaller than the correlation between RT1 and
RT2 at an SOA of 1,000 ms.

A simple interpretation for the low variability of RT2-RT1
could be the existence of a fraction of “grouped” trials.
Grouping refers to several possible strategies that share the
core idea that the two responses are coupled in some way. For
example, the dual task might be treated as a single compound
stimulus S1 + S2 with a corresponding compound response
R1 + R2 [31]. Alternatively, the first response could be
deferred until the second response has been selected, so that
the two responses can be emitted in rapid succession [32]. In
both alternatives, all the processing stages of both tasks are
performed before the execution of the first response, and
hence both responses should be very tightly correlated. There
are, however, a number of arguments that suggest that a
substantial amount of grouping in this data is highly unlikely:
(1) Experiments in which responses were voluntarily grouped
have observed a very short delay between responses, typically
less than 100 ms [7,33]. By contrast, in our experiment, less
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Figure 4. Standard Deviation and Correlation of the Responses to Both
Tasks

(A) Standard deviation of response times to the first and second task, and
of the difference in response times. For short SOAs, the response time to
the second task is more variable, consistent with a model of
accumulation of variance in successive stages. The variance of RT2-RT1
is considerable smaller than the variance of RT1 and RT2 at long SOA
indicating a strong correlation between the two responses.

(B) An explicit measure of the correlation between RT1 and RT2 shows a
monotonic decrease with SOA, but even for a SOA of 1,000 ms, they are
strongly correlated. This correlation cannot be accounted for by
momentary drifts in participants’ attention since the correlation between
response times of consecutive trials is 0.08 = 0.06 ms.

(C) The left panel shows a histogram of occurrences of RT2-RT1 as a
function of RT1. All the data corresponding to SOA values of —60, 0, or 60
ms (simultaneous or quasi-simultaneous presentation) were grouped
and binned in windows of 30 X 30 ms. For reference, a line indicates the
value of RT2-RT1 = 150 ms. Almost no responses fall below this line. On
the right is shown the histogram and the cumulative distribution of RT2-
RT1 (collapsed across all values of RT1).

DOI: 10.1371/journal.pbio.0040220.9g004

than 0.2% of the trials show a difference below 100 ms.
(Figure 4C); (2) in grouped trials, the response to the first task
is not executed until the second task is performed. This
implies that RT1 increases monotonically with SOA. In our
data, we do not observe this behavior. While it can still be
argued that the amount of grouping is in itself a function of
SOA (for example, there may be more grouping when both
tasks are presented closely), the particular non-linear
dependence that we observe (which ramps at an SOA of
300 ms and then plateaus) makes this possibility extremely
unlikely; and (3) If mean RT1 is slow at short SOAs due to a
proportion of grouped trials, a correlation would be expected
between RT2-RT1 and RTI. This is expected since grouped
trials would correspond simultaneously to the slower RT1 and
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to the faster RT2-RT1. Instead, in our data, RT2-RT1 is
completely independent of RT1 (Figure 4C; a linear regres-
sion between RT2-RT1 and RT1 gives a slope of —0.068+0.09
and R? = 0.02 = 0.006. Both measures were calculated for

each individual participant and then averaged).

Discussion

To clarify the relationship between task chronometry and
task choice, we studied a dual-task paradigm in which
participants could freely select the task response order while
we manipulated the difficulty of one of the two tasks.
Although we still observed the main features of the PRP
paradigm, suggesting a serial execution of the central stages
of the two tasks, our experiment also led to three observa-
tions that cannot be accounted for by a passive central
bottleneck model: the slowing of RTI1, the absorption of
central costs of the second task, and the high correlation of
responses to the two tasks. All of these effects occur
specifically at short SOAs. We argue that they constitute the
signature of active processes of task setting (planning of the
appropriate sequence of actions) and task disengaging
(suppression of the plan set for the first task in order to
proceed with the next one). We now show how our complex
data can be explained by an extended, hierarchical model of
cognitive architecture that combines dynamically these
different manifestations of central processing. Our model
relates basic structural limitations (i.e., the fact that certain
processes cannot be executed simultaneously) with central
executive variables, constituting a first step towards generat-
ing realistic and self-contained models of human behavior
acting in a dynamic environment in which task choice,
initiation, and execution are interlinked.

Chronometry of Task Choice

A series of studies have attempted to establish a formal
relation between the temporal organization of the different
subprocesses that constitute a task and their serial or parallel
nature [3,9,27,34-43]. Several theories propose that there is a
first, peripheral stage of parallel information processing
followed by a second, central stage of serial processing [8,36].
A natural question to ask is whether, when two streams are
competing for access to this central system, the outcome of
the competition is decided upon stimulus presentation or
rather after the perceptual peripheral processing has been
completed. Our first finding argues that the outcome of this
competition is not fully decided at the time of stimulus
presentation and that a task for which the first peripheral
stage of processing is fast has an advantage. We conclude this
by observing that the choice of task response order varies
with the notation, but not with the distance manipulation of
the number task. This separation is important because it
shows that task order is not just affected by the “complexity”
or total response time of a given task, but more precisely by
the duration of perceptual processing, since we had pre-
viously shown that the notation manipulation affects a
peripheral perceptual stage and the distance manipulation
a central, decisional stage.

Although this result argues for a selection of access to
central space after a stage of peripheral perceptual process-
ing, a purely passive, first-come, first-served model of access to
the central stage cannot suffice for several reasons: (1) The
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shift of the 50%SOA between both notations (37.8 ms) is
considerably smaller than the response time change resulting
from this notation manipulation (86 ms); (2) the size of the
notation effect and the shift in 50%SOA show a weak
correlation (r = 0.55) across participants, indicating that on
a participant-by-participant basis, differences in performance
across notation cannot fully account for the shift in 50%SOA;
(3) the dispersion of choice probability over SOAs is
approximately 300 ms, even within individual participants.
Previously we have shown that the variability in the duration
of perceptual processes is less than a few tens of milliseconds
and thus fluctuations in choice cannot be explained solely on
the basis of delays in perceptual processing lines; (4) this
dispersion is such that, even for moderately long SOAs (up to
300 ms), there is a significant proportion of trials in which
participants execute the tasks in the order opposite to the
order of stimulus presentation; and (5) in other experimental
designs, when instructed to respond always in the same order,
participants can set a fixed order of response for simultaneous
or delayed presentations at no cost (in RT), indicating that
task selection can be determined fully by top-down control.

Altogether, these arguments point to an interaction
between bottom-up factors and a top-down decision process
in determining which task is performed first. In the model
developed further below, we will assume that task setting is
the result of a slow, stochastic, and possibly biased decision
process that weights the evidence in favor of the presence of
one or the other stimulus before assigning central resources
to one or the other task.

A Minimal Model for Response Times in Dual-Task
Paradigms: Incorporating Task-Switching Costs to
Sequential Processing Models

In the present experiment, participants were explicitly
asked to perform a dual task. Yet, they were implicitly
performing another decision necessary to achieve their goal,
namely, in which order to perform the two tasks? We
hypothesize that in this particular experimental situation,
we should observe a trace of a hierarchy of nested processes
[4,44-47]; first setting the system for a particular task
execution order, and then, within each task, executing the
series of subprocesses that compose it. We now show how
such a structure can account for the three critical departures
that have been highlighted in the results section. The basics of
the model are described in Figure 5. The passive bottleneck
model [8,9,24,27,37,48] constitutes the starting point. The first
modification, the insertion of an initial task-setting process, is
required to account for the dependency of RT1 on SOA. In a
previous experiment [27], we showed that to provide an
accurate description of response times for both tasks, a fixed
time thought to be related to executive processing and
engaging of the system needed to be added. Here we found
that in a situation in which task order is unpredictable, this
time increases as SOA gets shorter, suggesting that task
setting is more difficult when task choice poses a conflict.
This is consistent with previous findings of the role of
preparation on overlapping-task performance, which have
suggested that when task order is known, sequential perform-
ance of overlapping tasks is scheduled in advance [49].

A second addition to the passive bottleneck model of the
PRP, the insertion of a task-disengagement process, is
necessary to explain the other two major experimental
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Figure 5. A Minimal Model for Dual-Task Response Times: Incorporating Task Switching Costs into Sequential Processing Models

(A) Minimal model capable of accounting for the critical observations in our interference paradigm (see Results and Discussion for a more detailed
description). Each task consists of three basic processing stages: perceptual (P), central (C), and motor (M) processes. It is assumed that only the central
process establishes a bottleneck whereas other stages can be carried out in parallel with stages of another concurrent task [8,24]. Central processes,
which are assumed to rely on stochastic evidence accumulation mechanisms and therefore make a major contribution to response-time variability [27],
are depicted with triangles. Non-decision processes, which have a relatively fixed duration, are depicted with boxes. The model supposes that a first
central decision is required to select which task to perform first. We refer to this stage as task setting. We assume that its duration is longer at short
SOAs, when both stimuli are in competition, than at long SOAs, when a single stimulus is presented. A second postulate is that there is a temporary
inhibition of the response to the second task, implying that it cannot be executed until the first task has been disengaged, as observed in task-switching
paradigms [14]. We refer to this stage as task disengagement. Note how, during the interference regime, all three central decisional processes (triangles)
follow each other in time, indicating saturation of the central system, which causes the observed response delays (dashed lines). Those delays
essentially vanish as SOA increases.

(B) Pattern of results predicted by the model (same format as in Figure 2B). All the key observations can be fitted with a single set of parameters. The
stage durations, in milliseconds, are: P(Number) = 350, P(Tone) = 320, C(Number) = 530, C(Tone) = 580, M(Number) = 50, M(Tone) = 30, Task
Disengagement = 600, and Max Task Setting = 200. The fit yields a mean square error (averaged across all conditions) of 42 ms.

DOI: 10.1371/journal.pbio.0040220.g005

@ PLoS Biology | www.plosbiology.org 1234 July 2006 | Volume 4 | Issue 7 | €220



departures from the sequential model. Although we had
found previously that the distance manipulation affected a
central stage of the number task [27], the absorption of the
distance effect in the present data implies that this stage
cannot be the only limiting stage. Based on the previous
proposal that task inertia is a critical factor in task-switching
paradigms [14,18,19], we have included another limiting stage
of disengagement of the concurrent task. Although central
processing of task 2 can be executed immediately after
central processing of task 1 has been completed, the outcome
of task 2 cannot be executed until the system has disengaged
from the previous response-setting mode. Such an organ-
ization is analogous to previous models of cognitive archi-
tecture that postulate two bottlenecks, one due to response
selection and the other to response initiation and modulated
by the type of effector used to respond [33,50].

Once task-setting and disengagement costs are added, our
revised bottleneck model can account for the remaining
findings that were found inconsistent with the passive
bottleneck model. Concerning first the absorption of the
distance effect, augmenting the duration of the central stage
of task 2 does not affect the response because, for short SOA,
the limiting stage is task disengagement. Second, the strong
correlation between RT1 and RT2 for short SOA and the
weak dispersion of RT2-RT1 can be explained since both
responses are locked in time by a single disengaging process
which may have a relatively invariant duration.

While other alternatives may provide an explanation for
some of these findings, they do not seem to be able to explain
simultaneously all of our observations. For instance, the
central capacity sharing model [51-53] suggests that central
processing of multiple tasks can be carried out simultane-
ously, but with a limited total capacity. This model correctly
predicts an increase in RT1 for short SOAs. However, many of
our other observations are incompatible with central capacity
sharing. First, the model predicts an interaction between SOA
and a central manipulation of task 1, since the additional
central processing must be carried out under reduced
capacity at short SOAs but not at long SOAs. However, in
our task, when the number task is responded to first and the
central factor of numerical distance is manipulated, we do not
observe such an interaction. Likewise, the model is unable to
explain the disappearance of the distance effect for RT2 at
short SOAs when the tone task is responded to first. Finally
when the number task is responded to second, changing the
notation (a pre-bottleneck stage) postpones central process-
ing. Thus, according to the central capacity sharing model, the
point at which the first task must relinquish some capacity is
postponed and thus it should be speeded up. In our task,
responses to the tone task when presented first are independ-
ent of the notation of the number task.

Overall, despite the simplicity of our experimental design,
the resulting data are difficult to capture by a very simple
model. We do not argue that the model we propose is the only
possible one, or even the optimal one. Such a conclusion is
clearly beyond reach when the space of possible models
incorporates so many dimensions. We have merely built the
simplest model we could conceive of that could explain all the
data and remain consistent with previous findings. Indeed, we
started from a highly predictive model in a more simplified
situation, and all the components that we have incorporated
appear necessary to explain our observations.
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Which Generalizations May or May Not Be Drawn from the
Present Findings?

The present experiment does not constitute an exhaustive
analysis of the different dimensions of task choice and
processing interference. For example, there is no doubt that
the saliency of the stimuli (luminance or volume), the
participants’ expertise, and other factors might influence
task response order. Here we have concentrated on the
influence of the duration of different processing stages of
one task, and left all other factors unchanged. Similarly, this
experiment does not provide a complete factorial explora-
tion of all the possible sources of processing interference.
For example, we have explicitly avoided low-level sensory
interference by presenting stimuli in two different modal-
ities. On the motor side, although we have used different
hands to avoid low-level motor interference, it is very likely
that some of our observations are specific to bimanual
responses and would not necessarily transfer to multi-modal
motor responses, for instance hand-voice or hand-feet
combinations [54]. Indeed, the disengagement cost is present
in bimanual responses but seems reduced or absent in other
motor configurations [33,54], in agreement with a hierarch-
ical organization of motor preparation and action [55-57]. It
is possible that, in our task, the response is first planned at a
spatial representation level, in which the leftward or
rightward direction is encoded, and only subsequently
assigned to the appropriate effector hand. Evidence sup-
porting this hierarchical organization comes from learning
studies that show that a learned sequence transfers across
hands but not to different sequences within the same hand
[58].

The relative contributions to response time of the different
components of the model and their dependence on exper-
imental factors might also vary with the specific experimental
setup. For example, in fixed-order dual-task experiments,
there is no trial-to-trial task-order decision and thus the task-
setting cost is independent of SOA. Regarding task disengage-
ment, we think that the time to disengage from one action to
another may also critically depend on experience and may
become quite short under fixed task-order instructions [59].
Note from the model of Figure 5 that if the duration of task
disengagement is less than the central component of the
second task, then it should have no observable consequences.
Essentially, the measure of interference is determined by the
maximum of two limiting factors: the bottleneck duration
and the disengagement duration.

Finally, in some circumstances, central interference can
become negligible [60-62]. While central interference persists
in multimodal dual-task experiments [54], it can be greatly
reduced when the two tasks use distinct and highly automated
stimulus-response mapping [63,64]. However, recent results
suggest that even under conditions of high ideomotor
compatibility, the locus of the central processing bottleneck
may be shifted but not completely eliminated [65]. This is
consistent with the idea that learning may result in a shift of
the cortical representation of complex features toward
earlier stages in the processing pathway [43,66,67], which
may provide a neural implementation for the process of
automatization [68,69]. This implies in particular that the
serial or parallel character of certain processing stages may
be, at least in part, a matter of experience.
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Possible Cerebral Substrates of the Different Components

A common feature that has emerged from several efforts
devoted to understanding the architecture of information
processing in the human brain is the existence of two
qualitatively different types of neural processes: modular
(parallel) and central (serial). In different cognitive theories,
the central process has been named the central executive [2],
the supervisory attentional system [4], the anterior attention
system [3], the capacity limited stage [36], the global
workspace [1,70], or the dynamic core [71]. Its engagement
appears to be imperative for numerous cognitive functions
such as executive and effortful mental action, working
memory, and conscious processing. It is characterized by
certain basic dynamic and architectonic features: (1) It
collects information from many different modules, (2) it
cannot proceed in parallel with other processes of the same
type, (3) it is sustained for a few hundred of milliseconds, and
(4) it is highly stochastic.

Behavioral experiments which have combined the basic
features of different manifestations of central processing
such as the PRP (two rapid responses) or the attentional blink
(extinction of a second rapidly presented stimulus) have
shown that both forms of processing limitations may arise in
part from a common bottleneck [37,72,73]. Indeed, more
recent neuroimaging data have argued for a role of parietal
and prefrontal areas in central processing both in the
attentional blink (AB) [36,74,75] and in the PRP [37,76,77)].
More generally, several different lines of evidence have
identified an extended network which includes parietal and
lateral frontal cortex as a neural candidate of central
processes [4,47,75,78], involved in stimulus-response mapping
[79], necessary in effortful but not in automatic tasks [80] and
ubiquitously present in a large variety of goal-directed tasks
[81].

Our model suggests that during dual-task processing, three
central stochastic decisional processes follow each other
without any temporal gap: task choice, selection of first
response, and selection of the second response (depicted by
triangles in Figure 5). Each decision-making process has been
modeled as a noisy integrator [82-86] that accumulates
evidence provided by the sensory system in a highly stochastic
manner and is responsible for most of the trial-to-trial
variance in response times [27,87]. Neural integration has
been observed in multiple cortical areas including posterior
parietal, dorsolateral prefrontal, and frontal eye fields [87,88],
thus overlapping largely with the nodes previously associated
with central processing by dual-task experiments.

Although much evidence thus points to a distributed
parieto-frontal network, parsing out the different contribu-
tions to central processing within this large network remains
an important challenge. Our model provides predictions and
experimental directions to achieve this goal. According to
our model, different contributions to central processing may
be parsed according to their susceptibility to experimental
manipulations and to intrinsic trial-to-trial variability within
a fixed experimental condition. A first prediction is that
modulations of the engaging and disengaging stages should
result in a differential activation in the dual-task condition
relative to the sum of activation observed in single tasks. In
contrast, the passive bottleneck model predicts no change in
the total activation of the central component of each task
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(just a dynamic reorganization) and thus predicts that this
contrast should not evoke a difference in the fMRI signal.
Moreover, the duration of the task decision process should
depend on task-order knowledge and should show a strong
covariation with RT1 but not with the interval between both
responses (RT2-RT1). Compatible with part of those pre-
dictions, a recent fMRI study that manipulated task order in a
PRP experiment showed that cortical areas along the
posterior part of the left inferior frontal sulcus were more
strongly activated in different-order than in same-order trials
[89].

Our proposed cognitive architecture emerges from a
synthesis of three major sources: passive bottleneck models
[7,8]; models of task switching costs [14,18,20] and of
attentional inertia [22,23,90]; and hierarchical models of
cognitive architecture [4,44,46,47,91,92]. By specifying the
organization, response delay, and response variability of
those mental processes, down to a level of detail where the
full response time distribution can be accounted for [27], our
research paves the way for an identification of their cerebral
correlates.

Materials and Methods

Participants. A total of 16 participants, all right handed, were
involved in this study (eight males, age 21 = 3 y). Participants were all
native French speakers and were remunerated for their participation.

Procedure. Participants were asked to perform two tasks, with the
clear instruction that they had to respond accurately and as fast as
possible to each one as it arrived. The delay in the onset of the two
tasks changed randomly from trial to trial from 0 ms (simultaneous
presentation) to 1,000 ms. In the number comparison task, a number
was flashed in the center of the screen for 150 ms, and participants
had to respond as to whether the number was larger or smaller than
45. The presented numbers ranged between 21 and 69, excluding 45.
In different trials, the number was presented in Arabic digits or in
words. Participants responded to the number task with a single key
press using the right hand; the middle finger to indicate that the
number was larger than 45 and the index finger to indicate that it was
smaller. In the tone task, participants were asked to discriminate
between a low (440 Hz) and a high (880 Hz) tone, both lasting 150 ms.
Participants responded with a single key press with the left hand; the
middle finger to indicate the low tone and the index finger to indicate
the high tone. The numerical distance between the target and 45, and
the delay between the presentation of the two stimuli, varied
randomly, and trials were presented with an inter trial interval
(I'TT) that jittered (i.e., varied randomly) between 3,100 and 3,300 ms.

In each block, there were 33 different trial types, including 15
different SOA values (0, =60, =120, =240, £360, =500, =800, and
+1,000 ms) for each notation (30 total), the number task presented
alone in both notations, and the tone task presented alone. To
present the same number of trials for the number task and tone task
in isolation (regardless of notation), two trials of the tone task were
presented in each cycle. Thus, each cycle consisted of 34 trials: 30
double-task, two number task alone, and two tone task alone.
Participants performed a total of 15 cycles (a total of 510 trials)
divided into five blocks with pauses in between blocks. Before starting
data collection, participants performed a training block of three
cycles (102 trials).

Stimuli. Stimuli were shown in a black and white display in a 17-in
monitor with a refresh rate of 60 Hz. Participants sat 1 m from the
screen. Stimuli were always presented in the fovea, and their size was
1° for the Arabic digits and 2.5° for the words. Auditory stimuli were
pure tones of 150 ms duration and 440 or 880 Hz frequency. Auditory
stimulation was provided through headphones.

Data analysis. All the analyses described here were done only on
correct responses. In dual-task trials, a trial was considered correct if
participants responded correctly to both tasks, regardless of task
order. Since there were two tasks and each task had two possible
responses, chance level for this experiment is at 25%. Errors (15%)
include errors either to the first or second task, and trials where
participants failed to respond to either of the tasks, or both. Trials in
which the response times to either task were longer than 2,000 ms
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(<4% of the trials) were excluded. All the statistics were done using
the R software package, and in all ANOVAs, participants were treated
as a random factor. 50%SOA (Figure 1) was calculated on a
participant by participant basis, by linearly extrapolating the
distribution to find the 50% crossing. Correlations between RT1
and RT2 (Figure 4) are measured as the zero lag covariance:

Clx,y) = 3%y

1)

where j corresponds to the different observations of a single
participant. A measure of correlation was calculated for each
individual participant and then averaged across participants.

The model used to fit the data had ten parameters, eight of which
were fit in an exhaustive search to generate the distributions that
generated mean RT1 and RT2 that departed less (using the minimal
squares criterion) from the observed distribution. Mean RTs were
calculated according to the formulas:

RT1 =TS +P1+ Cl + Ml (2)

RT2 = TS + max((P1 4+ C1 + max(C2, TD)), SOA + P2 + C2)

+ M2 — SOA (3)

and

TS = TSumax (SOA < 350) : TS in (SOA>350) (4)
where TS is the duration of the task setting stage, which ramps from
TSiax to TS,in at 350 ms. TS,,;, was set to 100 ms. The precise decay
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form of this function did not result in significant changes in the
goodness of the fit. TD is the duration of the task disengagement stage. P1,
C1, M1, P2, C2, and M2 are the durations of the perceptual, central,
and motor components, respectively, of tasks 1 and 2. Same
parameters were used to fit both task orders, with fixed values of P,
C, and M for the tone and number tasks. All distributions resulting
from task order, notation, and distance (a total of eight distributions)
were fit simultaneously with fixed parameters. The changes in
processing components resulting from the different manipulations
were not fit but rather obtained from the effects of each manipulation
on response time: For the notation manipulation P(number) was
increased by 86 ms and for the distance manipulation C(number) was
increased by 112 ms. Thus, a total of ten parameters (eight were fit)
were used to fit eight experimental distributions. The mean standard
error for the best fit, averaged across all distributions, is 42 ms.

Acknowledgments

We thank Sarah Kouhou for helping us in data acquisition.

Author contributions. MS and SD conceived and designed the
experiments. MS performed the experiments. MS analyzed the data.
MS and SD wrote the paper.

Funding. MS was supported by a Human Frontiers Science
Program (HFSP) fellowship and SD by a centennial fellowship of
the McDonnell Foundation.

Competing interests. The authors have declared that no competing
interests exist.

23. Posner MI, Walker JA, Friedrich FJ, Rafal RD (1984) Effects of parietal

injury on covert orienting of attention. J Neurosci 4: 1863-1874.

. Pashler H (1984) Processing stages in overlapping tasks: Evidence for a
central bottleneck. ] Exp Psychol Hum Percept Perform 10: 358-377.

. Pashler H (1989) Dissociations and dependencies between speed and

accuracy: Evidence for a two-component theory of divided attention in

simple tasks. Cognit Psychol 21: 469-514.

Jiang Y, Saxe R, Kanwisher N (2004) Functional magnetic resonance

imaging provides new constraints on theories of the psychological

refractory period. Psychol Sci 15: 390-396.

Sigman M, Dehaene S (2005) Parsing a cognitive task: A characterization of

the mind’s bottleneck. PLoS Biol 3: €37. DOI: 10.1371/journal.pbio.0030037

Potter MC, Chun MM, Banks BS, Muckenhoupt M (1998) Two attentional

deficits in serial target search: The visual attentional blink and an amodal

task-switch deficit. ] Exp Psychol Learn Mem Cogn 24: 979-992.

Moyer RS, Landauer TK (1967) Time required for judgements of numerical

inequalities. Nature 215: 1519-1520.

. Dehaene S (1996) The organization of brain activation in number
comparison: Event-related potential and the additive-factor methods. J
Cogn Neurosci 8: 47-68.

. Welford AT (1967) Single-channel operation in the brain. Acta Psychol 27:
5-22.

. Borger R (1963) The refractory period and serial choice-reactions. Q J Exp

Psychol 15: 1-12.

De Jong R (1993) Multiple bottlenecks in overlapping task performance. J

Exp Psychol Hum Percept Perform 19: 965-980.

Duncan J (1980) The demonstration of capacity limitation. Cognit Psych 12:

75-96.

Duncan J (1980) The reference of interference in the perception of

simultaneous stimuli. Psychol Rev 87: 272-300.

. Chun MM, Potter MC (1995) A two-stage model for multiple target
detection in rapid serial visual presentation. J] Exp Psychol Hum Percept
Perform 21: 109-127.

. Marois R, Ivanoff J (2005) Capacity limits of information processing in the

brain. Trends Cogn Sci 9: 296-305.

Posner MI (1978) Chronometric explorations of mind: The third Paul M.

Fitts lectures, delivered at the University of Michigan, September 1976.

Hillsdale (New Jersey): Erlbaum. 271 p.

Posner MI (2005) Timing the brain: Mental chronometry as a tool in

neuroscience. PLoS Biol 3: e51. DOI: 10.1371/journal.pbio.0030051

Desimone R, Duncan ] (1995) Neural mechanisms of selective visual

attention. Annu Rev Neurosci 18: 193-222.

Pashler H, Johnston JC, Ruthruff E (2001) Attention and performance.

Annu Rev Psychol 52: 629-651.

Dehaene S, Sergent C, Changeux JP (2003) A neuronal network model

linking subjective reports and objective physiological data during

conscious perception. Proc Natl Acad Sci U S A 100: 8520-8525.

. Sigman M, Pan H, Yang Y, Stern E, Silbersweig D, et al. (2005) Top-down
reorganization of activity in the visual pathway after learning a shape
identification task. Neuron 46: 823-835.

26.

27.

28.

29.

34.

35.

38.

39.
40.
41.

42,

July 2006 | Volume 4 | Issue 7 | €220



46.

47.
. Meyer DE, Kieras DE (1997) A computational theory of executive cognitive

49.

50.

5

—

52.

53.

54.

56.

58.

59.

60.

61.

62.

67.

68.

. Koechlin E, Ody C, Kouneiher F (2003) The architecture of cognitive

control in the human prefrontal cortex. Science 302: 1181-1185.

. Norman DA, Shallice T (1986) Attention to action: Willed and automatic

control of behavior. In: Davidson R], Schwartz GE, Shapiro D, editors.
Consciousness and self-regulation: Advances in research and theory. New
York: Plenum Press. pp. 3-18.

Shallice T, Burgess P (1996) The domain of supervisory processes and
temporal organization of behaviour. Philos Trans R Soc Lond B Biol Sci
351: 1405-1411.

Fuster JM (1993) Frontal lobes. Curr Opin Neurobiol 3: 160-165.

processes and multiple-task performance: Part 1. Basic mechanisms.
Psychol Rev 104: 3-65.

De Jong R (1995) The role of preparation in overlapping-task performance.
Q J Exp Psychol A 48: 2-25.

Logan GD, Burkell J (1986) Dependence and independence in responding
to double stimulation: A comparison of stop, change, and dual-task
paradigms. J Exp Psychol Hum Percept Perform 12: 549-563.

. Tombu M, Jolicoeur P (2003) A central capacity sharing model of dual-task

performance. ] Exp Psychol Hum Percept Perform 29: 3-18.

Tombu M, Jolicoeur P (2005) Testing the predictions of the central capacity
sharing model. ] Exp Psychol Hum Percept Perform 31: 790-802.

Navon D, Miller J (2002) Queuing or sharing? A critical evaluation of the
single-bottleneck notion. Cognit Psychol 44: 193-251.

Pashler H (1990) Do response modality effects support multiprocessor
models of divided attention? J Exp Psychol Hum Percept Perform 16: 826-
842.

. Rijntjes M, Dettmers C, Buchel C, Kiebel S, Frackowiak RS, et al. (1999) A

blueprint for movement: Functional and anatomical representations in the
human motor system. ] Neurosci 19: 8043-8048.

Lien MC, Schweickert R, Proctor RW (2003) Task switching and response
correspondence in the psychological refractory period paradigm. ] Exp
Psychol Hum Percept Perform 29: 692-712.

. Lien MC, Proctor RW (2000) Multiple spatial correspondence effects on

dual-task performance. ] Exp Psychol Hum Percept Perform 26: 1260-1280.
Pashler H, Baylis G (1991) Procedural learning: 1. Locus of practice effects
in speeded choice tasks. ] Exp Psychol Learn Mem Cogn 17: 20-32.

Koch I (2005) Sequential task predictability in task switching. Psychon Bull
Rev 12: 107-112.

Greenwald AG, Shulman HG (1973) On doing two things at once. IL
Elimination of the psychological refractory period effect. J Exp Psychol
101: 70-76.

Levy J, Pashler H (2001) Is dual-task slowing instruction dependent? J Exp
Psychol Hum Percept Perform 27: 862-869.

Schumacher EH, Seymour TL, Glass JM, Kieras DE, Meyer DE (2001)
Virtually perfect time sharing n dual-task performance: Uncorking the
central attentional bottleneck. Psychol Sci 12: 101-108.

. McLeod P (1977) A dual task response modality effect: Support for

multiprocessor models of attention. Q J Exp Psychol: 651-667.

. Posner MI, McLeod P (1982) Information processing models—in search of

elementary operations. Annu Rev Psychol 33: 477-514.

. Lien MC, McCann RS, Ruthruff E, Proctor RW (2005) Dual-task perform-

ance with ideomotor-compatible tasks: Is the central processing bottleneck
intact, bypassed, or shifted in locus? J Exp Psychol Hum Percept Perform
31: 122-144.

. Gilbert CD, Sigman M, Crist RE (2001) The neural basis of perceptual

learning. Neuron 31: 681-697.

Sigman M, Gilbert CD (2000) Learning to find a shape. Nat Neurosci 3: 264-
269.

Schneider W, Shiffrin RM. (1977) Controlled and automatic human

i) PLos Biology | www.plosbiology.org

1238

69.

70.

71.

72.

73.

74.

75.

76.

N |
~I

78.

79.

80.

81.

82.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Dynamics of the Central Bottleneck

information processing: 1. Detection, search and attention. Psychol Rev
84: 1-66.

Shiffrin RM, Schneider W (1977) Controlled and automatic human
information processing: II. Perceptual learning, automatic attending and
a general theory. Psychol Rev 84: 127-191.

Dehaene S, Kerszberg M, Changeux JP (1998) A neuronal model of a global
workspace in effortful cognitive tasks. Proc Natl Acad Sci U S A 95: 14529-
14534.

Tononi G, Edelman GM (1998) Consciousness and complexity. Science 282:
1846-1851.

Wong KFE (2002) The relationship between attentional blink and
psychological refractory period. J Exp Psychol Hum Percept Perform 28:
54-71.

Jolicoeur P (1999) Concurrent response-selection demands modulate the
attentional blink. J Exp Psychol Hum Percept Perform 25: 1097-1113.
Sergent C, Dehaene S (2005) Neural processes underlying conscious
perception: Experimental findings and a global neuronal workspace
framework. J Physiol Paris 98: 374-384.

Marois R, Yi D], Chun MM (2004) The neural fate of consciously perceived
and missed events in the attentional blink. Neuron 41: 465-472.

Schubert T, Szameitat AJ (2003) Functional neuroanatomy of interference
in overlapping dual tasks: An fMRI study. Brain Res Cogn Brain Res 17:
733-746.

. Szameitat AJ, Schubert T, Muller K, Von Cramon DY (2002) Localization of

executive functions in dual-task performance with fMRI. J Cogn Neurosci
14: 1184-1199.

Jiang Y (2004) Resolving dual-task interference: An fMRI study. Neuro-
image 22: 748-754.

Jiang Y, Kanwisher N (2003) Common neural substrates for response
selection across modalities and mapping paradigms. J] Cogn Neurosci 15:
1080-1094.

Ashbridge E, Walsh V, Cowey A (1997) Temporal aspects of visual search
studied by transcranial magnetic stimulation. Neuropsychologia 35: 1121-
1131.

Duncan J, Owen AM (2000) Common regions of the human frontal lobe
recruited by diverse cognitive demands. Trends Neurosci 23: 475-483.
Link SW, Heath RA (1975) A sequential theory of psychological discrim-
ination. Psychometrika 40: 77-111.

. Luce RD (1986) Response times: Their role in inferring elementary mental

organization. New York: Oxford University Press. 562 p.

Ratcliff R (1988) Continuous versus discrete information processing
modeling accumulation of partial information. Psychol Rev 95: 238-255.
Usher M, McClelland JL (2001) The time course of perceptual choice: The
leaky, competing accumulator model. Psychol Rev 108: 550-592.

Laming D (1968) Information theory of choice-reaction times. New York:
Academic Press. 172 p.

Mazurek ME, Roitman JD, Ditterich ], Shadlen MN (2003) A role for neural
integrators in perceptual decision making. Cereb Cortex 13: 1257-1269.
Romo R, Hernandez A, Salinas E, Brody CD, Zainos A, et al. (2002) From
sensation to action. Behav Brain Res 135: 105-118.

Szameitat AJ, Lepsien J, Cramon DY, Sterr A, Schubert T (2005) Task-order
coordination in dual-task performance and the lateral prefrontal cortex:
An event-related fMRI study. Psychol Res: 1-12.

Duncan J, Ward R, Shapiro K (1994) Direct measurement of attentional
dwell time in human vision. Nature 369: 313-315.

Miller EK, Cohen JD (2001) An integrative theory of prefrontal cortex
function. Annu Rev Neurosci 24: 167-202.

Sheppard DM, Duncan J, Shapiro KL, Hillstrom AP (2002) Objects and
events in the attentional blink. Psychol Sci 13: 410-415.

July 2006 | Volume 4 | Issue 7 | €220



