CHAPTER ONE

Why does it take time to make a
decision? The role of a global
workspace in simple decision making

Mariano Sigman and Stanislas Dehaene

INTRODUCTION

The research that we report in this chapter was motivated by three surpris-
ingly simple questions that turn out to have deep consequences for
cognitive brain architecture:

o  Why does it take so much time to take a decision?
s  Why is decision time so variable?
o Why can we take only one decision at a time?

Why does it take so much time to take a decision?

Like any other form of computation, brain computing takes time, Thus, it
may seem obvious that each of our decisions should take some minimal
duration, ultimately linked to axonal, synaptic, and dendritic propagation
delays. Yet the intriguing question is: Why does it take so much time to
take a decision? We do not necessarily refer here to the arbitrary long
durations of certain choices (although this too plays its part). It can take
hours, days, or months to choose where and for how long to go on vac-
ation, and with whom, and how, and so on and so on. Decision difficulty is
illustrated by the metaphor of Buridan’s ass (honoring the 14th-century
French philosopher Jean Buridan), who supposedly died when placed in
between a stack of hay and a pail of water, unable to decide whether (o eat

1



or drink first, But far from the limits of starving or pathological decision
making, simply deciding which of two numbers is larger, or which of two
tones is of a higher pitch, takes between 500 and 1500 ms—a surprisingly
long time, when considering synaptic delay and the timing of selective
responses to sensory stimuli.

Responses to sensory stimulation in the primary visual cortex can be
recorded as early as 50 ms, and the brainstem knows about the presence
of a stimulus 20 ms after its presentation. Even after many relays of
information and a few synapses, in about 180 ms information about a
sensory stimulus is accessible to virtually all visual brain areas (Thorpe,
Fize, & Marlot, 1996). The brain knows whether an object is a face, or a
tree, at about 100 ms (monkey) or 170 ms (human)}, yet acting on this
information to make a choice—a remarkably easy problem—takes 5, or
10, or 15 times more. Propagation of information and delay lines are
thus simply not a good answer to explain why deciding takes so much
time.

Why is decision time so variable?

Decision variability, in turn, may also seem to be a consequence of basic
biology. Fluctuations in membrane voltage potential, in synaptic conneci-
ivity and efficiency—among other sources of biological noise—make the
brain a highly stochastic machine. As a result, brain computations are
unreliable, which explains why we sometimes make mistakes and why
decisions are sometimes faster and other times slower.

Once again this simple intuition turns out to be wrong. While certainly
biological components are noisy, they can combine into extremely precise
machines assuring, among others, extremely reliable DNA replication or
spiking devices (neurons) with remarkable precision. There are countless
demonstrations of this fact. Bryant and Segundo (1976) first noticed that
spike timing accuracy could be extremely precise and that reliability
depends on the particulars of the input driving the neuron. More recently,
this intriguing property received renewed atiention and has been demon-
strated in pyramidal neuron circuils (Mainen & Sejnowski, 1995), in vivo
recordings of the H1 neuron in the visual system of the fly Calliphora
vicina (de Ruyter van Steveninck, Lewen, Strong, Koberle, & Bialek, 1997),
and other subcortical (Butts et al., 2007) and cortical structures in the
mammalian brain (Cecchi, Sigman, Alenso, Martinez, & Chialvo, 2000,
Gur, Beylin, & Snodderly, 1997; Kara, Reinagel, & Reid, 2000). Beyond
the biophysical and anatomical details and their implications for the
nature of the neural code, a remarkable corollary of these studies is that
the brain can perform certain computations with exquisite precision.
Thus, the question of why decisions (as well as other noisy neuronal
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Why can we take only one decision at a time?

A ubiquitous aspect of brain function is its quasi-modular and ma
sively parallel organization, with a large number of processors (neuronss_
columns, or entire areas) operating simultaneously (Hubel & Wiesel’
19593 1968). For example, in the visual modality, a yet undefined numberj
of visual areas perform different feature analysis (Felleman & Va
E.ssen, 1991; Van Essen, Anderson, & Felleman, 1992) and within eacL1
visual area, a parallel ensemble of cortical columns samples simul
tar%eous]y_ the visual scene (Hubel & Wiesel, 1965). Multiple copies ot:
retlnf)toplc maps allow a fast coverage of the environment ata vaps}t feld
of view. This vast parallel machine can perform, with seemingly n
zgorit and e_)[{)tlreme rapidity, tasks that, until recently, were judged vsgrtuc-)
Ob}recﬁgggznigofno.r contemporary artificial machines, such as invariant
' The paradox, however, is that this extraordinary parallel machine i
mcapable- of doing various mental calculations i parallel or, even to ers
form a smg.]evlarge arithmetic calculation that requires m’ultiple stg s~
How' come it 15 50 easy to recognize moving objects, but so difﬁcu]trzc;
muim_ply 357 times 2897 And why, if we can simultaneously coordinate
walking, group contours, segment surfaces, talk, and listen to noisy speech
can we only make one decision at a time? yopecch
Tl}e propos_al that we make is that an answer to al] three puzzles—
dec§smn d.uratfon, decision variability, and slow seriality—arises from the
brain architecture for decision making. In accordance with other invest; a-
tors (Bundesen, 1990; Logan & Gordon, 2001; Sternberg, 1969 2004) %v
contenq that any simple decision task can be decompos,ed int’odsepa,rat:
processing sta.ges (sensory, decision, and motor) and that the decision
stage has specific properties of pooling information, attaining a threshold

and broadcasting the result, which c i
‘ \ onfer to mental decig] i
peculiar properties. wions ther

CONTRIBUTIONS OF DIFFERENT STAGES TO
RESPONSE-TIME MEAN AND VARIABILITY

Factor analysis: Changin i i
_ : g the mean wit
the variance nout changing

The resu]'ts discusse.d_in this chapter emerge from an exhaustive analysis of
4 very simple decision task. This task is number comparison, which
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involves deciding whether a digit presented on the screen is larger or

smaller than a fixed reference. _ ‘ ’
Different manipulations of the task can render it more difficult (Figure

1.1a) including: notation (target number presented in Arabic digits or in
spelled words), distance (numerical distance between the target number
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Fipure 1.1  Features of the number comparison task. {a) i]l}lstration f)f the nm]nbcr c?mpg:l:
son task and the notation, distance, and response comp]exll.y fac{orh: (b) A C 1:1‘nge mﬂnd v
tion resubted in a rigid shift of the RT distribution; a change in numerical d:slanr‘_e r!e(s]u t'c "
a wider distribution. (c) Deciston (stochastic time) was onty asz.ec.ted (?y numenc:ll 15; l:nc 3
Response and nolation manipulations alfected enly the non-decision time. See color plate.
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and the reference), and response complexity (whether subjects were asked to
tap once or twice to indicate their choice). These manipulations change the
difficulty of the task—the mean response time slows down when numerical
distance decreases and when numbers are presented in spelled words
(Dehaene, 1996; Moyer & Landauer, 1967; Sigman & Dehaene, 2005).
These effects are additive—that is, the mean increase due to the distance
factor is independent of the effect of notation (Dehaene, 1996; Pinel,
Dehaene, Riviere, & LeBihan, 2001), thus establishing a first indication
that they involve independent processing stages and can be factored from
the entirety of the task (Sternberg, 1969, 2004).

A surprising observation resulted from an analysis of the effects of
these factors on response-time variability. Although the precise depend-
ence of the mean and variance may vary (Wagenmakers & Scott, 2007), a
simultaneous increase in the dispersion and in the mean is expected from
any stochastic (noisy) process. Indeed, the distance manipulation, as
expected, resulted in a significant increase of the dispersion, which paral-
leled the increase in the mean. Strikingly, however, the notation and
response complexity, while inflicting an important change in the mean, did
not affect the dispersion of the RT distribution (Figure 1.1b).

Modeling decision making: The contribution of processing
stages to RT mean and variance

The decision-making process has been modeled as a noisy integrator that
accumulates evidence provided by the sensory system (Gold & Shadlen,
2001; Link & Heath, 1975: Luce, 1986; Rateliff, 1988; Schall, 2000;
Schwarz, 2001; Shadlen & Newsome, 1996; Usher & McClelland, 2001;
Vickers, 1970). Although many variants have been proposed, the basic

 idea is that perceptual evidence in favor of each of the available response

alternatives is stochastically accumulated in time. A decision is taken
whenever evidence in favor of one response exceeds a predetermined
threshold. Decision thus results from a andom walk of an internal
abstract variable up to a fixed bound. In th simplest scheme, all the vari-

~.aneein response time is attributed to this integration process.

This analysis establishes a possible parsing of our task into com-
ponents: A fixed component to transform the sensory information into
an abstract internal variable (here broadly called the perceptual or P

‘omponent), another fixed component to execute the response (motor or

M component), and the accumulation of evidence itself (central or C
Component)—the latter being the only variable process.
This decomposition model was tested by analyzing how the shape of

“the response-time distributions varied with the experimental manipula-

tions (Figure 1.1c). The histograms of response times were fited to a
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simple model based on a fixed onset delay (t,, the sum of the P and M
component) plus a forced random walk with slope («) and diffusion con-
stant (o) until it reaches a fixed threshold (T). T can be set to 1 without loss
of generality and, for simplicity, we assumed that s was the same for all six
experimental conditions, while a and t, could vary (none of the results
depended qualitatively on the particular choice of o). 1/a characterizes the
integration time (which explains all the variance), while t, captures fixed
components that do not contribute to the variance. Our approach was
to remain with the simplest possible model, whose sole purpose was to
separate stochastic and invariant contributions to reaction times.

The results showed that the shapes of the distributions changed in two
qualitatively different manners. A change in notation resulted in a rigid
shift of the distribution; a change in numerical distance resulted in a
widening of the RT distribution (Figure 1.1b). A parametric dependence
with the distance (Figure 1.1c) revealed that t, changed with notation and
‘response manipulations but was unaflfected by distance. On the contrary,
the decision time changed exclusively with distance, independently of the
notation and response modality.

Furthermore, these results indicate that a cognitive task can be parsed
in stages that provide a reliable contribution to response time, and other
stages that provide a highly stochastic contribution to response time. Is

this decomposition related in any manner with the serial and parallel
nature of these computations? In the next section we show that indeed
such a parallel decomposition can be demonstrated experimentally.

PARSING A COGNITIVE TASK INTO SERIAL AND
PARALLEL PROCESSING STATES

When two tasks are presented simultaneously (or sequentially at a short
interval), a delay in the execution of the second task is systematically
observed (Kahneman, 1973; Pashler & Johnston, 198%; Smith, 1967,
Telford, 1931). This interference effect is referred to as the Psychological
Relractory Period (PRP). It has also been explained by a model that
involves three stages of processing: (1) a perceptuat component (P); (2) a
central component (C); and (3) a motor component (M), where only the
central component establishes a bottleneck (Pashler, 1994; Pashler &
Johnston, 1989; Ruthruff, Pashler, & Klaassen, 2001; Schweickert, 1980;
Schweickert & Townsend, 1989; Sternberg, 1969). PRP experiments have
associated the central component to “response selection”, the mapping
between sensory information and motor action (Pashler & Johnston,
1998). Other processes have also been implicated in the central bottle-
neck—not just response selection, such as mental rotation (Shepard &

Metzler, 1971; Van Selst & Jolicoeur, 1994).
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. Interference analysis constitutes a very powerful experimental {ech
nique to understand the internal structure of a task. The logic of th .
eXperiments resem bles the classic scattering methodology in physics wh:se
the internal structure of an element (e.g., particle, molecule, etc ) is ,und -
stood by colliding it with an experimental probe. In our ex;)erir.nenta] s::
up, the task under study (the number comparison task) was performed
simultaneously or quasi-simultanecusly with a probe task (the tone task)
The tasks were chosen to involve entirely distinct sensory modalities (audi'
tory versus visual) and responses (left versus right hand). The delay in tht;
onset of the two task targets (number and tone), here called “sfimu!us
onset asyn({hrony” or SOA, was controlled experimentally. To achieve a
full separation of the three components, we presented the two tasks in
both possible orders (Sigman & Dehaene, 2005): number followed by t
or tone followed by number. yione

Under t?le asswnptions of the PRP model, the P and M components
can be earried out in parallel with another task, but the central stage is the
only one that provides a bottleneck, in the sense that the central com-
ponent .of each task (Cl and C2) cannot be carried out simultaneous|
These S{mple premises lead to a large number of concrete predictions Ofl.
the family of curves for response time to the first and second tasks {(here
Ca:lled RT! and RT2) as a function of delay, and how these values chan
with a manipulation of the P, C, and M components of either task Tﬁe
fﬁ‘;ss of prg.c[ic.tions are summarized in Figure 1.2, and the logic Ieadiilg ts

¢ predictions can be found in Si
SUmATS the e wee Sigman and Dehaene (2005). Here we

When the number task (perturbed by different experimental manipula-

tions) is performed first, all the manipulated variables should have a main

effect on RTI, but only some of those effects (those that

components of the first task) should propagate E:o the respoigzigrfeﬁ'c’ithi

(Sf;ond tafsk_. Furthermore, they should do so only at short inter-stimulus

y cilt(fémghcl)?\ what we may call the “interference regime” (Figure 1.2a). In

P Sho:-]{SQA shlould' not aff.ect R’.I"l and should inflict no increase in RT2

ot 5 values and a linear increase with a slope of 1 for farge SOA
es. This assumes—as we do throughout this chapter—that RT? is

~-Measured from the onset of the trial. In the convention in which RT?2 is

measured from the presentation of the second stimulus, the model predicts

_that RT2 decreases with a slope of -1 for short SOA durations and is

tonstant for large SOA values.
. When the number task came in second, the model predicts that there

_ | :?sf;lggsze go effect of the manipulated variables on the first tone task. The
'-"':':'(inde - me f‘to the second task should exhibit a constant increase

an }il ent of delay) when the change affects the M and C components
_ should change only for large delays when the change affects the P
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Fipure 1.2 Sketch of basic task predictions. (a) Sketch of the dual-task. {b) Scheme of the
main PRP effect. The vertical axis shows response time. The column on the left indicates the
first task, and each color box within the column represents & different stage of processing:
Perceptual component (P) {green), central component (C) {red) and motor component (M)
{blue). The series of columns on the right indicate the processing time for task 2 at different
delays (A), labeled in the x-axis. Response to the first task is independent of A. The response
time to task 2 represented by the black line is unchanged for small A, while at sufficiently
large A (non-interference regime) it increases linearly with a slope of [, with A. {¢) In the top
panel the number task is performed first, in the bottom panel, second. In both cases, the
numbey task is manipulated by the three factors of notation, distance, and response complexity.
1n all panels the code is identical: RT1 is colared grey, while RT2 is eolored black. The “easy”
condilion is represenied by a solid line and the “difficult” condition by & dotted line. All the
data can be explained in terms of the PRF model: Notation (top row) affects the P com-
ponent, distance (middle row) affects C, and response complexity {bottom row) affects M.

See color plate.
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component (Figure 1.2b). This is one of the critical predictions of the
n‘wdel sinee it implies that certain computations required for T2 percep-
tion can be performed during T1 queuing and thus argues for a coexisteng
of serial anFE parallel processing within the same task. ’
.Every single prediction of the model was verified experimental]
(Figure 1.2¢). For example, in the response manipulation—when numbeﬁ
was p.resented first and subjects were asked to tap the response button once
or twice—we observed a large response cost (175 ms) on the first task, but
none of that effect was propagated to the second task, typical of a 13051:—
bottleneck manipulation (a M1 component that operates in paralle! with
the C2 component). Similarly, the effect of notation was no longer
gbser\écq flqr s_hort SOA values when the number task wils presenfed
econd, mdicating a pre-bottle ing i
e iea ai : g : Stages):.leck parallel stage (a P2 stage operating in
Ai! the results taken together provide strong evidence that our three
experimental factors (notation, distance, response complexity) mapped

« onto distinct stages of the PRP model. Notation manipulation affects a
.. stage of processing prior to the bottleneck, the response manipulation to a
o para'l]el stage of processing occurring after the bottleneck, and the distance

mqn{plllatlon was the only facior to affect a serjal stage of processing. It is
‘striking, of course, that the task decomposition offered by the PRP- and

the response variability methods converged so tightly.

BRIDGING DYNAMICS AND ARCHITECTURE: A
SYNTHETIC MODEL OF TASK ORGANIZATION

Taken together, the analyses of response variability and of interference

. Suggest that the integration of evidence in time to reach a decision consti-

tutes the only central process in a simple cognitive task that links percep-

'.'_'_tzizsbﬁefi;tlons El{‘ld thus t'hat there is a consistent parsing of a cognitive
. e c;n variaince or :n.tefj??rerzce analy;is. This led us to develop a
=-'_coguitivec . r;l‘rtneworl.c proyldmg a synth.esm of three basic aspects of
ok I;:t1 ecfure. (1 1t§; chronometric ‘orglanization; (2) its parallel
: rostu) ature; and ‘(3) its 'tempora! reliability or stochasticity. We

ated that only the integration process establishes a serial bottleneck,

v while all of i 2 i
- (Figs 1,3a;€_:r Stages can proceed in parallel with stages of another task

df;:??fhlie' extremf?Iy simple, the model makes powerful mathematical pre-
o SC'?Ills (;n experiments in which the order of the presentation of the two
nd their relative offset in presentations are varied as described in the

ey i i i
Previous two sections, Moreover, it establishes a subtle, yet very critical

-'Eljz?illiltlgn: The pTecise distribution of response times for the second task
- ¢ determined, according to the model, from the distributions of
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a consistent parsing based on stochastic and reliable components (.lel'L') and from mll)er erer}c;
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See color plate.
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both tasks when performed in isolation or as a first task in a dual-task
procedure.

If both tasks were performed in a completely sequential manner, the
resulting response-time distribution would be the convolution of the two
original distributions. If both tasks were performed in parallel, the
response-time distribution of the compound task would be identical to the
distribution when the task is performed in isolation. However, the PRP
model states that only the central processing stage is sequential and thus
that some operations can be done in parallel. The precise RT2 distribution
can still be calculated (see Sigman & Dehaene [2005] for the details) and,
crucially, this calculation is parametric, since it depends on the duration of
the M1 and P2 components. Confronting the distributions of the first and
second tasks thus provides access to the durations of parallel processing
stages, which are not directly accessible to measurement.

We found a very good £t of the ensemble of RT distributions for vary-
ing SOAs, The fit required an additional parameter—a rigid shift of 125
ms in time for all distributions of RT1 (see below for the rationale of this
parameter). The durations of the parallel processing stages obtained from
the interference experiment were essentially identical to the ones based on
the shape of the RT distributions to the first task, and which yielded
estimates of 1/u (the time of integration), and t, (a fixed delay).

More recently, we explored a further prediction of this model. If the
effect of interference is simply to reschedule processing stapes within a
task, varying the timing but not the characteristics (duration, precision,
variability, etc.) of each processing stage, the quality of the decision is
unaffected by a concurrent task. We thus studied the functional dependen-
cies of response times and error rates in a dual-task experiment where each
task involved a non-symbolic (analogic) decision. In this situation, as in
most decision comparison tasks with a scalar measure of the evidence, the
extent to which two stimuli can be discriminated is determined by their
ratio, referred to as the Weber fraction. Consistent with the predictions, we
observed that: (1) Response times replicated the main features observed in
prior dual-task studies, showing a strong delay in the execution of the
Second task, which decreases as SOA increases, and no effect on the frst
responded task. (2) On the contrary, we did not observe any significant
effect on the total number of errors or on the distribution of errors as a
function of the numerical distance between the targel and the reference,
Suggesting that the decision process itsell is delayed but its workings are
unaffected by task interference (Kamienkowski & Sigman, 2008).

In summary, our simple model was essentially capable of predicting the
precise shape of a large family of distributions, corresponding to different
SOA values, task orders, and experimental manipulations of the number

 task. We found, however, a consistent departure from this simple model: A
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systematic and constant increase on RT1 that became evident from direct
exploration and from the necessity of including a rigid shift in time on
RT]1 to account for a correct convolution of both tasks in a model of dual-
task performance. In the last section, we return to this subtle but import-
ant departure from the simple sequential model, which will be the gate to a
new series of expertments.

SERIAL AND PARALLEL PROCESSING IN THE HUMAN
BRAIN: DYNAMICS, ARCHITECTURE, AND NETWORKS

Methodological developments to understand dynamics
and architecture in the human brain

What is the neurophysiological basis of the postulated processing, and
particularly of the central decision stage? The purely passive model of the
PRP interference predicts that task interference results exclusively from a
change in the dynamics of the processing stages within each task, without
any additional engagement of other brain areas. This constitutes a chal-
lenge for neurophysiology since it implies observing shifts in time without
any change in total amount of activity during dual-task interference. This
challenge explains why most previous studies have relied on Event Related
Potential (ERPs). These experiments have systematically showed delayed
{(and on occasions also reduced) components, such as the N2PC, P3, and
lateralized readiness potentials (Arnell & Duncan, 2002; Arnell, Helion,
Hurdelbrink, & Pasieka, 2004; Brisson & Jolicoeur, 2007a, 2007b; Brisson,
Robitaille, & Jolicoeur, 2007; Dell’acqua, Jolicoeur, Vespignani, &
Toffanin, 2005; Luck, 1998; Osman & Moore, 1993; Sessa, Luria, Verleger,
& Dell’Acqua, 2007). Using time-resolved fMRI (Formisano & Goebel,
2003; Kim, Richter, & Ugurbil, 1997; Menon, Luknowsky, & Gati, 1998),
Dux and collaborators showed delayed activity in prefrontal cortex in a
PRP paradigm (Dux, Ivanoff, Asplund, & Marois, 2006), suggesting that a
frontal network was one of the [undamental nodes responsible for the
central bottleneck of information processing. None of those studies, how-
ever, provided a complete analysis of the neurocognitive lask architecture
at the whole-brain level.

We sought to achieve such a full decomposition of each task into pro-
cessing stages, in order to understand their parallel or serial nature as we
did in the previous series of behavioral experiments. This ambitious goal
required an important methodological advance: We needed to estimate
timing information invariantly across different brain regions, to dis-
tinguish changes in onset latency and in duration (Bellgowan, Saad, &
Bandettini, 2003), and then to cluster the timing information into distinct

stages based on a precise model of task sequencing.
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' We first demonstrated that FMRI could be used to recover the precise
timing of all the stages in a complex composite task, reconstructing the
cqntrol!ed stream of brain activations in a sequence of cognitive oper-
ations (sensory, motor, verbal) (Sigman, Jobert, Lebihan. & Dehaene
2007). Our Fourier-based methodology—described thoroug,h]y in Sig'man,
et a_l. (2907-)——5110%(1 that single-event fMRI can evaluate changes in acti-
vapon timing with a rather good precision of 100-200 ms. We then used
FhlS methodology in a simplified version of the PRP experiment described
in the previous section. Only four SOA (two short and two long) values
were used, the number task was presented second, and numbers were
presented only in Arabic digits and with a single response modality.

We performed independent identical experiments with time-resolved
fMRI_ al}d with high-density ERP recordings (Sigman & Dehaene 2008)
The timing information from both imaging techniques was cluste;ed intc;
components, guided by the psychological model of the task sequence
described in the previous section. This allowed us to parse the execution of
thg two tasks into a series of processing stages with different timing prop-
ertles,.to understand which nodes were involved in one or both tasks or in
co_ordmating dual-task execution, and which stages proceeded in parallel
with each other or imposed a serial bottleneck.

Factorizing a phy§iological stream into response
components and investigating their temporal
superposition

To understand the dynamics of different brain processes involved in the
dual-task condition, we first decomposed the ERP data using scalp tem-
plates .identiﬁed from the ERP recorded at the largest SOA in which the
execution of both tasks does not overlap in time, We simply identified the
main topographies at each local maximum of the total voltage power
recprded over all electrodes (Figure 1.4a). These components could easily
be lldentiﬁed as the N1 and P3 components corresponding to each task.
W]lllfi more components could potentially have been identified by a more
sophisticated analysis, our aim was not to identify all the independent
brocesses within a task, but rather to understand the dynamics and archi-
tecture of these basic response components within the interference regime.
. To dp so, we decomposed each ERP, at each SOA and each time point
1nto a linear combination of the four scalp templates—this is referred to’
simply as the “time course of the ERP components™. We observed that the
tlmf: course of the components (Figure 1.4b) fitted with predictions
derived from our sequential model, if one supposes that the NI com-
Ponents map onlo perceptual processes and the P3 components onto
central processes (Del Cul, Baillet, & Dehaene, 2007; Sergent, Baillet, &
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Dehaene, 2005). The time course of the N1 and P3 components of the first

(A) 2 Timing of ERP components T task (denoted as TI_N1 and T1_P3) was unaflected by changes in SOA
2 . ] P values (first and second rows in Figure 1.4b), indicating that, as predicted
LA | A by the PRP model, the first task unfolded strictly identically within and

150 vmi 4: A . . . . - e -
; 1 outside the interference regime. This observation also testifies to the effi-
i i ciency of the decomposition procedure, which was able to identify the
{ visual components of the T1 task even when they were superimposed with

0.8 i simultaneously occurring auditory components,

P A ). "0 The time course of the components of the second task showed a very
-1000 distinct pattern. The T2_NI component was strictly time locked to T2
onset, as expected for a perceptual component of task 2. It peaked at a
b of fixed latency after T2 presentation, both within and outside the interfer-
Egpgg;;ago:ents ence regime, and thus its latency increased linearly with SOA. The time

course of the T2_P3 component of task 2, on the other hand, showed little
effect of SOA within the interference regime and a shift proportional to
- the change in SOA in the non-interference regime, as expected for a central
- component of task 2. This is also expected from a motor component (since
. these predictions are valid for all post-botileneck stages) and, given that
the locus of the P3 for each task appears to be lateralized to the right for
T! and to the left for T2 (in accordance with the lateralization of the
response of each hand), it is possible that this component may be indexing
- a4 motor component. Two observations make this nterpretation unlikely:
First, previous results have related the P3 to centra] processing (Sergent et
al.,, 2005; Del Cul et al., 2007). Second, and most importantly, if the P3s
indexed motor components, they could overlap in time (i.e., the P3 of the
second task could be executed in parallel with the P3 of the first task). Our
- observation suggests the contrar , since T2_P3 appears to be locked to the
ending of T1_P3.

Altogether, the data suggest that T2 presentation immediately engages a
 Sensory processing stage, which unfolds as a series of damped osciilations
over a period of about 300 ms after T2 onset (Figure 1.3, third row),

- followed by a central component that starts about 250 ms after T? onset
. and peaks at 380 ms, but is systematically delayed by the simultaneous
*performance of another central process of a concurrent task.

As with the behavioral experiments, while the passive bottleneck
.-, model was capable of explaining the bulk of the observations, some details
“-- of the ERP analysis did suggest several departures from the simple model
< Proposed: A modulation of the amplitude of the N1 component, reflecting
_-Sensory attenuation during concurrent task processing, the ramping of the
N1 tomponent, revealing task 2 sensory expectation after task I comple-
© tion, and the emergence of the task 2 P3 component before stimulus

- Presentation. These important departures will be discussed in the next
~ Section,

Task 2: N1 Task 2: P3

(B)

Task1: N1 ©

Task 1: P3
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Figure 1.4 Dynamics of brain processes: N1 and P3. (a) Iden_tifying the response com-
postents (N1 and P3), when the two tasks are performed without interference. {b) Dyozj:m;\?:
of each component: Components of task 1 (first two p_aneis) are unaffected by S " -me_
component of T2 (third panel) follows stimulus presentation, P3 component reflects 2 bo
neck for short SOAs. See color plate.




Brain networks of serial and parallel processing in the
human brain

ERPs provide high temporal resolution, but they are notoriously imprecise
for localization. Here, we took advantage of the fact that the PRP
phenomenon induces large delays of several hundred milliseconds, which,
as discussed previously, are measurable with fMRI (Sigman et al., 2007).
For the context of this chapter, it is important to know that the analysis
is based on the phase of the response that provides an estimate of the
“temporal center of mass” and thus:

1. For achange in the onset of neural activation, only the phase of the
hemodynamic response should vary, not the amplitude. The change
in the phase should be identical to the change in delay.

For a change in duration of activation, both phase and amplitude
should increase, with the slope of the phase change reflecting half
of the actual change in the duration of neuronal activation
(Sigman et al., 2007).

2

We therefore recorded whole-brain fMRI images at a sampling time
(TR) of 1.5 s and computed the phase and amplitude of the hemodynamic
response on each trial, for each subject and each voxel. A large network of
brain areas (Figure 1.5a) exhibited phases consistently falling within the
expected response latency for a task-induced activation (a liberal interval
of 2-10 s). As expected for a complex dual-task experiment with visual
and auditory stimuli, these regions included: (1) bilateral visual occipito-
temporal cortices; (2) bilateral superior temporal auditory cortices; (3)
motor, premotor, and cerebellar cortices; and (4) a large-scale bilateral
parieto-frontal network. How is this large network organized in time
during dual-task performance?

As with the ERPs, we relied on the model to determine our analytic
strategy in order to parse the fMRI data (Figure 1.5b). Our method
allowed us to fully parse the responsive brain areas into five different
networks based on their temporal profile of response. The functional
neuroanatomy of these networks (Figure 1.5b) was, for the most part, in
tight accordance with the theoretical predictions.

For the brain network involved exclusively in task 1, timing of the
aclivation, and hence the phase of the fMRI response, should not change
with SOA. This first network (blue, no phase variation) comprised regions
in extra-striate visual cortex, left motor-cortex, and the most medial part of
the posterior-parietal cortex as well as an extended subcortical network.
This network is expected for a visual number comparison task with a right-
hand response.
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ain network involved exclusively in task 1. Yellow: The brain network involved in
eptual component of task 2. Red: The brain network involved in the central and
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coordinatien of bath tasks. See color plate.
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For the brain network involved in the perceptual component of task 2,
the timing of activations, and hence the phase of the fMRI response,
should increase in direct proportion with SOA. This second cluster
(vellow, stope-1 linear phase response) was the smaliest and involved
exclusively bilateral auditory cortex, including Heschl’s Gyrus and more
lateral regions of temporal cortex—a plausible network for the sensory
processing of the second task (auditory pitch judgment).

For the brain network involved in the central and motor components of
task 2, activation should be unchanged for short $0A-—due to guening—
and thus a delay should only be observed for long SOAs resulting in a non-
linear phase dependence with SOA. IMRI voxels with this temporal profile
were found in the right motor cortex, right Supplementary Motor Area
(SMA) (remember that target T2 is responded to with the left hand), and
bilateral intraparietal activation. Interestingly this cluster also included the
most medial parts of the visual cortex. This unexpected finding might
relate to the fact that subjects resumed attention to the fixation cross after
conclusion of the two tasks.

The previous networks assume that the distinct dynamic processes of
the two tasks always engage distinct brain regions, which of course isnota
necessary implementation of the model—indeed it seems much more likely
that some of the stages of tasks 1 and 2 engage identical brain reglons. We
therefore investigated one of the most interesting theoretical predictions—
that the serial bottieneck may result from a broad shared network between
both tasks, even when sensory and response modalities of both tasks are
distinct. Regions involved in both tasks should show an increase in phase
corresponding roughly fo one half of these indicated by regions corres-
ponding to task 2. We found that this profile corresponded to a massive
cluster, involving an extended bilateral network that included the hilateral
posterior parietal coriex, premotor cortex, SMA, anterior part of the
insula, and the cerebellum. Actually, voxels involved in both tasks should
increase with a slope of 0.5 in the noninterference regime, but show no
increase in the interference regime, since the total duration of both tasks is
unchanged (see Figure 1.2b). The resolution of our methodology was in
the limit to resolve this issue and we could not distinguish reliably the slope
of 0.5 from the slope of 0 in the interference regime.

For all these regions, if the effect of SOA is simply to alter the onset
time of distinct processes, the amplitude of the fMRI activation should
remain constant. This was indeed a very consistent experimental observa-
tion, in striking contrast with the observed broad repertoire of phase pro-
files. It indicates that all of the above changes corresponded to purely
dynamical reorganizations of task components, without any change in

activation strength.
In summary, we measured the phase of the fMR1I response in the whole
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’.braln at ‘lngh temporal resolution in order to parse the responsive network
m.to distinct processing stages. Sensory areas tracked the objective time gf
sumuhfs presentation, while a bilateral parieto-prefrontal network correl
ateFl w1.th the dual-task sequential delay. An extended bilateral net rrek-
which 1ncluc_]ed the bilateral posterior parietal cortex, premotor C::;C;; ’
SMA, ant.enor part of the insula, and the cerebellum, was shared b bo:i;
tasks dun‘ng the.extent of dual-task performance. Consistent wi¥11 the
| EEG findings, this provides physiological evidence of the coexistence of
serial and parallel processes within a cognitive taslc. °°

: BEYOND THE SIMPLE SEQUENTIAL MODE
| l:
- HIERARCHICAL SCHEME FOR DECISION MAKINGAAND
: EXECUTIVE CONTROL

- ;\ (.:on&stent. picture emerges from the previous behavioral and physio-
L jc)guzal experiments. A sm_lp!e model of task architecture accounted for a
~large number of observations on mean and variability of response times
.. -the precise s‘hape of the distribution of response times of the frst a ci
_ secoyd tas}c in dual-task procedures, the effect of numerous experimen?ai
: man%puiafmns on these variables, and the precise dynamics of the different
-Iélllzycs}lologuf:_i/tI components z.md net\yorks identified with high resolution
i tzu:l . reRIr.OCIIIov.v;lvei,] in each lnstar_lce, we observed minor but con-
- Roosssnly incimp;;ct; ‘ ¢ departures, which suggested that the model is
e Reg};h; Silgsi mt?]rk?d departt.lre came from our behavioral abservations,
S gomonses rgu g 11’3; task in the PRP paradigm, while independent of
o (Jian:g e ! &nK to be slower than. when performing the task in isolation
B ﬂ;is ma, ¢ a;:wxsher, 2004, Slgman & Dehaene, 2005), We reasoned
forming the){(‘ tta re atgd to an executive control stage engaged before per-
o taSklsrs' task, in 'order to prepare for the instruction of performing
i o Drdm a specific ordef. We hypoth.esized that in situations in
g s o er 1; unk_n_own, this executi_ve time should increase, reflect-
o g of decision processes: P';r.st, in terms of which task to
L pmato ! n secogd, the Spec'lﬁc decision involved in each task. We
| Dinan éonew SEries o'f' experlments to understand the precise archi-
ek l:1;11]11uta‘t1cons in tl_ns more e?hological situation of unknown
Tacton Dn. I.e() owing a sn_nlla}: apa!yms of the effect of experimental
waton tsplc{)nse-tlme. dlstnbutlogs, we could conclude that in this
igaging in aas; 1lcmcfsrtmnty, e)-{ecutlve components (engaging and dis-
oo 11 Cr.t.asl) had .to be mcorpgrated into our original model to
s rl ica }:.:ehav:oral observations (Sigman & Dehaene, 2006).
e e ef or the involvement o_f such executive components could also
rom the human physiological data. In the ERP analysis we
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observed that, while the timing of the peak of the N1 component of task 2
was in strict accordance with the predictions of the passive bottleneck
model, several other observations deviated from this model. First, we
observed a reduced amplitude of the sensory N1 within the interference
regime compared with outside the interference regime. Second, the tem-
poral course of the N1 component ramped prior to stimulus presentation,
probably reflecting task expectation and preparation (Figure 1.6a).
Finally, an auditory P3 component emerged at long SOAs, even before any

(A) Introspective RT is a reliable measure
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Figure 1.6 Tempora! dynamics of processes. Introspection of response time and its fajlure
during dual-lask processing. (n) A number comparison task followed by an estimate of
introspective response time {IRT) indicated that, although there is a consistent under-
estimation (reflecting o poor calibration ol absolute IRT), subjects’ estimate of TRT is very
tightly correlated with RT. {b) On the contrary, the 300 ms delay of the PRP was unnoticed
in introspection. Subjects always thought that they were taking a constant time for task 2,

regardless of SOA. See eolor plate
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auditory stimulus was presented. This anticipatory component peaked
around 500 ms, thus coinciding nicely with the end of the visual P3 evoked
by task 1. This ERP sequence is compatible with the hypothesis that, as
soon as subjects completed task 1, they re-oriented their attention to
prepare for task 2, reflecting an executive component of task engagement
(Allport, Styles, & Hsieh, 1994; De Jong, 1993, 1993; Jentzsch, Leuthold
& Ulrich, 2007; Logan & Gordon, 2001; Meiran, Chorev, & Sapir, 20002
Ruthruff et al., 2001; Sigman & Dehaene, 2006). In addition, it suggests
that the absence of top-down control may explain the amplitude attenua-
tions observed during interference (Gilbert & Sigman, 2007).

We also found an indication of executive components involved in the
active coordination of task processes in the fMRI experiment, by finding a
cluster of voxels that was not expected by the purely sequential model.
Those voxels showed a purely non-linear component with an increase in
phase at the shortest SOA (Figure 1.5h, green cluster). This cluster, which
was not predicted by the passive bottleneck model, involved exclusively a
bilateral fronto-parietal network, previously found to be involved in pro-
cessing bottlenecks in dual-task performance (Dux et al., 2006; Marois,
Chun, & Gore, 2000; Marois and Ivanoff, 2005), in effortful but not in
automatic tasks (Ashbridge, Walsh, & Cowey, 1997), and ubiquitously
present in a large variety of goal-directed tasks (Duncan & Owen, 2000).

Cognitive theories have debated about the exact nature of the processes
caus?ng the PRP bottleneck. It has been suggested that it involves only a
passive queuing of response-selection processes (Pashler, 1984) or, on the
contrary, that it might involve a more extended set of processes that may
vary with the exact nature of each experimental design, including execu-
tive components of task engaging and disengaging {Allport et al., 1994,
Jentzsch et al., 2007; Logan & Gordon, 2001; Meiran et al., 2000: Ruthruff
et al., 2001; Sigman & Dehaene, 2006, Pashler 1994) as well as delays in
response initiation (De Jong, 1993, 1995; Meyer & Kieras 1997; Sigman &
Dehaene, 2006). While a vast set of data can be explained simply in terms
of response selection, certain aspects of the data argue clearly in favor of
an “extended bottleneck™ that may manifest in different manners related
to e‘xecutive function and consciousness, depending on context and
specific paradigms. Indeed, we found it necessary to include exscutive
components (engaging and disengaging in a task) in a2 more ethological

* situation of task uncertainty where the order of actions to achieve a com-

Plex goal is unknown. Furthermore, the extended array of areas affected
by the PRP suggests that a broad array of processes causes the delay.
Although this large set of areas might implement just a single cognitive
stage of response selection, it seems more likely to correspond to the
deployment of multiple hierarchically organized executive operations
(Koechlin & Jubault, 2006; Koechlin, Ody, & Kouneiher, 2003).
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We thus are led to envisage a model in which decisions occur serially at
any of several possible levels of cognitive architecture. There are simple
task decisions (Which key should I press for this stimuius?), but also
higher-level executive decisions {Which of these two stimuli should I pro-
cess first? Am I finished with the first stimulus? Can I orient attention to
the second?). Importantly, our evidence so far suggests that all of these
decisions involve overlapping parieto-prefrontal networks and are serially
arranged in time, such that the need for a higher-level decision pushes all
other lower-level decisions further back in time. This is reminiscent of
Buridan’s problem—sometimes our atiempts to control our decisions
actually delay our responses rather than improve them. However, the
stochastic random-walk mechanism of decision making has one interest-
ing property: Even when there is zero evidence favoring either alternative,
the internal “Brownian motion” quickly leads to tipping over to one side
or the other, in finite time only marginally slower than when actual evi-
dence is present. Thus, we are never completely paralyzed by a decision—
though we are often slowed by a serial chain of executive control
operations.

A MOMENT OF THOUGHT: EVIDENCE FROM
INTROSPECTION AND METACOGNITION

Our approach to understanding cognitive architecture involved a variety
of methodologies. A common aspect to most of them was combining
chronometry (through additive factor analysis) with other experimental
tools such as interference, EEG, and time-resolved fMRI. Recently, we
also investigated whether the chronometric technique could be used to
address, in a precise quantitative manner, the introspective knowledge of
one’s own mental content. A fascinating question is whether there are
limits to our own introspection (Hart, 1965; Jack & Roepstrorff, 2003,
2004; Lutz, Lachaux, Martinerie, & Varela, 2002; Nelson, 1996; Over-
gaard, 2006; Wundt, 1897/1999), and whether introspective access fo
specific processing stages presents a precise, well-determined relation to
our neurocognitive architecture. Indeed, it has often been speculated that a
key property of the parallel stages of a task is that they operate outside of
our awareness and are therefore opaque to introspection (e.g., Posner,
Snyder, & Davidson, 1980). Might the decision stage also coincide with the
conscious stage in task processing?

To explore which processing stages were accessible to introspection
during the PRP, we again asked participants to perform the number
comparison task, either in isolation or in a PRP design with a concurrent
tone-discrimination. The novel aspect was that, following each of their
responses, participants also indicated their introspective estimation of

1. THE ROLE OF A GLOBAL WORKSPACE IN SIMPLE DECISION MAKING 33

response time (IRT) by clicking with the mouse on a continuous graded
scale spanning 0 to 1200 ms and labeled every 300 ms.

The results we obtained were extremely clear cut (Figure 1.6). IRT
turned out to be an extremely reliable and sensitive measure, tightly correl-
ated with objective RT in a single-task context and sensitive to factors (ie.,
notation) affecting response time by less than 50 ms. In a psychological
refractory period task, however, the objective processing delay resulting
from interference with a second concurrent task was totally absent from
introspective estimates. That is, during the interference regime, the partici-
pants were totally unaware that their responses to the second task had
been slowed by as much as 300 ms (Figure 1.6). Thus, awareness and
accessibility to introspection seemed to be tightly linked to the availability
of the central decision system—when this system was free, all stages of a
cognitive task contributed to introspective response time, but when it was
occupied by another task, participants were no longer aware of the
duration of the perceptual and queuing stages of the PRP task.

DISCUSSION: COGNITIVE ARCHITECTURE OF THE
NEVER-HALTING MACHINE

Several cognitive theories shared the hypothesis that while most mental
and neural operations are modular, certain specific controlled processes
require a distinct functional architecture that can establish flexible links
among existing processors. This process has been called the central execu-
tive (Baddeley, 1986), the supervisory attentional system (Shallice, 1988),
the anterior attention system (Posner, 1994), the capacity limited stage
(Chun & Potter, 1995), the global workspace (Baars, 1989; Dehaene,
Kerszberg, & Changeux, 1998), or the dynamic core {Tononi & Edelman,
1998). Yet in all of these different versions, it shares three critical aspects:
(I)_binding of information from many different modules; (2) uniqueness
of its contents; and (3) sustained activity for a few hundred milliseconds.
These aspects are also characteristic of consciousness and thus it has been
propqsed that engagement of the central system may be a requirement for
conscious processing (Baars, 1989; Dehaene & Naccache, 2001; Tononi &
Edelman, 1998). It is proposed, in a two-stage model, that an early stage
permits the rapid, initial evaluation of the visual world. Only during a
second, capacity-limited stage, does information become conscious when
the neural population that represents it is mobilized into a brain-scale state
of coherent activity that involves many neurons distributed throughout an
extended network of the brain (Baars, 1989; Dehaene & Naccache, 2001;
Tononi & Edelman, 1998).

Combining models from psychophysics and human physiology, we
could disentangle the unfolding of processing stages during a compound
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cognitive task and relate this architecture of stages to their dynamic organ-
ization and stochasticity. The data converged to a model that proposes:

o an initial perceptual processing of incoming stimulus, which is per-
formed in a modular (parallel) fashion and is very reliable in time, as
indexed by the N1 latency of the event-related potential

o followed by a central process involved in the flexible coordination of
information according to specific task requirements, which is
intrinsically serial and involves a stochastic integration, as trad-
itionally used to model decision making in single tasks, and as
indexed by the P3 component of the ERP.

Our findings of the dynamics of T2 processing in the PRP fit well with
the ERPs of other interference experiments such as the attentional-blink
and masking experiments (Del Cul et al., 2007; Sergent et al., 2005). In
these experiments it was found that the first ~270 ms, indexed by P1 and
N1 components, were independent of conscious access and this was fol-
lowed sequentially by a central distributed workspace, indexed by a P3
component, involving prefrontal and parietal network, which was engaged
only in trials in which the stimulus accessed CONSCIOUS Processing.

These results have led to the proposal that the P3 component of the
EEG may be related to access to a global coherent workspace associated
with flexible coordination of information, which in turn may mediate con-
scious reportability (Del Cul et al., 2007; Sergent et al., 2005). According
to this theory, a distributed set of neurons with long axons provides a
global “broadcasting” system enabling communication between arbitrary
and otherwise not directly connected brain processors (Baars, 1989;
Dehaene et al., 1998; Dehaene & Naccache, 2001). Global neuronal work-
space theory can explain wly response selection generally imposes a dual-
task bottleneck. In most psychological tasks, the relation between stimuli
and responses is entirely arbitrary and thus requires the temporary map-
ping between otherwise independent processors. Establishing such a new
arbitrary interconnection should involve central workspace mediation,

Supporling this interpretation, interference is drastically reduced for
highly practiced or non-arbitrary tasks {Greenwald, 2003; Lien, McCann,
Ruthrufl, & Proctor, 2005; Lien, Proctor, & Allen, 2002). More evidence
for the existence of a common global workspace invelved in conscious
processing and in the executive and flexible coordination of processing
modules results from behavioral experiments that 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). These experiments suggest that processing
limitations may arise in part from a common bottleneck (Jolicoeur, 1999;
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Marois & Ivanoff, 2005; Wong, 2002). Finally, our observation that the
objective processing delay resulting from interference with a second con-
current task is totally absent from introspective estimates further suggests
that subjective introspection of time spent on a task tightly correlates with
the period of availability of global workspace activity (Corallo, Sackur,
Dehaene, & Sigman, 2008).

Simply to illustrate these ideas, we provide a basic sketch of the postu-
lated brain dynamics during the blink and the PRP (Figure 1.7). In both
experimental designs, certain aspects of T2 processing—indexed by the NI
and mediated by a transient activation of sensory cortex—can proceed
while T1 is engaged in a broad and coherent state of processing accupying
the central workspace. While the nature of this sensory memory of T2 is
not fully understood and requires theoretical and experimental invest-
igation (Gegenfurtner & Sperling, 1993; Graziano & Sigman, 2008;
Sperling, 1960), it appears to constitute a labile form of memory that can
be overridden by the presence of a mask, consistent with current theories
and experimental evidence of masking by object substitution (Del Cul et
al., 2007; Di Lollo, Enns, & Rensink, 2000). The presence of a mask after

ATTENTIONAL BLINK
» T2 is masked, resulting in exiinction.
» The second stimulus does not access consclousness.

time

T1and T2 T1 processing blocks T2 T1 response
presentation

PSYCHOLOGICAL REFRACTCORY PERIOD
. T2.is sustained and thus £an access the workspace after a delay.
* This delay is inaccassible to introspection.

T1andT2 T1 processing blocks T2 T1 response,

presentation delayed T2 processing T2 response

Figure 1.7 A simple sketch of the dynamics of modular and workspace processing during
the PRP and the attentional blink. See color plate.



T2 can thus lead to the attentionmal blink (AB) phenomenon, whereby
participants fail to detect the presence of T2 although it demonstrably
caused a strong initial perceptual activation. In the absence of masking,
T2 can access the workspace and T2 is therefore processed with the delay
observed as the PRP phenomenon. AB and PRP are therefore envisaged as
two very similar phenomena, arising from the same constraints of parallel-
serial architecture.

While there are no direct correlates of these findings in single-cell awake
monkey physiology (there is currently no demonstration of the PRP in
non-human primates), some chronometric aspects can be related to the
dynamics of neuronal activation in single task. The neurophysiological
bases of simple perceptual decision making have been widely studied in
tactile {(Hernandez, Zainos, & Rome, 2002; Romo, Hernandez, & Zainos,
2004; Romo & Salinas, 1999) and visual discrimination tasks (Bichot,
Schall, & Thompson, 1996; Britten, Newsome, Shadlen, Celebrini, &
Movshon, 1996; Britten, Shadlen, Newsome, & Movshon, 1992; Hanes &
Schall, 1996; Schall & Bichot, 1998; Shadlen & Newsome, 2001; Thomp-
son, Bichot, & Schall, 1997, Thompson, Hanes, Bichot, & Schall, 1996).
These studies have revealed direct physiological corielates of the accumu-
lation process postulated in formal response-time models. Some neurons
appear to code for the current perceptual state. For instance, neurons in
the middle temporal visual area (MT) appear to encode the amount of
evidence for motion in a certain direction (Britten et al., 1992; Shadlen &
Newsome, 1996). Other neurons, distributed in multiple areas, including
posterior parictal corlex, dorsolateral prefrontal cortex, and frontal eye
fields, appear to integrate this sensory information and thus show stochas-
tically increasing firing rates in the course of decision making (Kim &
Shadlen, 1999; Shadlen & Newsome, 1996, 2001). In agreement with the
accumulation model of decision making, the rate of increase varies with
the quality of sensory evidence (Mazurek, Roitman, Ditterich, & Shadlen,
2003; Shadlen & Newsome, 1996, 2001), and the response is emitted
when the firing exceeds & threshold (Hanes & Schall, 1996). Furthermore,
accumulation of information about the upcoming response appears in the
firing train aflter a latency of about 200 ms (Geld & Shadlen, 2000;
Roitman & Shadlen, 2002), which is relatively fixed for a given task and
might thus index the duration of the initial perceptual stage.

Further evidence of such a dynamic arrangement comes from record-
ings from the primary visual cortex of awake monkeys, which have shown
that & visual stimulus evokes a first transient response, followed by a sus-
tained wave of activity (Lamme & Roelfsema, 2000; Lamme, Super,
Landman, Roeilsema, & Spekreijse, 2000; Lee, Yang, Romero, &
Mumford, 2002; Li, Piech, & Gilbert, 2006, 2008; Luck, Chelazzi,
Hillyard, & Desimone, 1997; Reynolds, Chelazzi, & Desimone, 1999;

Roellsema, Lamme, & Spekreijse, 1998; Roelfsema, Lamme, Spekreijse, &
Bosch, 2002) at a latency of about 200 ms, nicely coincident with the
latency of integration in parietal and prefrontal areas and of the engage-
ment of the-P3 process. These two responses have very different functional
dependencies: The first transient response is largely determined by stimu-
lus properties and can be explained by classical bottom-up receptive field
properties. On the contrary, the second response can be modulated by
different cognitive and contextual factors, For instance, it is amplified if
the local stimulus is salient and attended (as in figure-ground experiments)
and it can virtually disappear if the stimulus is masked (which presumably

. precludes its access to consciousness) or by anesthetics. This specificity

suggests an engagement of the central workspace system in the second
wave of activity and that the same neuron may be involved in distinct
processing stages within the same task. Further experiments are required

S to determ_inf: whether this second wave of activity shows a dnal-task delay
characteristic of the serial processing bottleneck.

Altogether, neurophysiological and brain-imaging studies suggest that,

S bey_opci an initial and relatively reliable perceptual delay of about 200 ms, a
* decision stage begins that involves a process of stochastic accumulation of

evidu'ance and the joint activation of a distributed network of areas, with
partially changing topography as a function of the nature of the task, but

= with frequent if not systematic co-activation of parietal and premotor
-regions. Our results suggest that this accumulation system is slow (which

might be‘ required to flexibly combine information in different Sensory,
mnemonic, and motor modalities), is variable (probably due to an active,
dynamic reverberating and integrating state), and is responsible for estab-

lishing the PRP bottleneck. Thus, while certain neural computations
.~ (probably mediated by hard-wired circuits confined to small portions of

sensory space) can be very fast, precise, and parallel, linking such informa-

- lion together in a coherent workspace results in a slow, variable, and

intrinsicaily sequential computation.
The challenge for the next few years will be to understand which precise

- biophysical mechanisms are involved in this coherent wortlsspace and why

they result in such dynamic and architectonically distinctive properties. At

_-Present, our results simply suggest that this bottleneck might occur
i because the cerebral accumulation system is broadly distributed and
S iy li}rgely shared across tasks, and thus must be entirely “mobilized”, at any

.. Elven moment, by whichever task is currently performed. Considerable
‘owresearch has examined the neurophysiology of a single cognitive oper-
.- ation, but much less is known on how we chain these basic operalions into
i _COmp]ex' tasks. The results described here constitute a first step toward a
- Progressive understanding of the chaining of simple computations into

Complex compound tasks,
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We thus are led to envisage a model in which decisions occur serially at
any of several possible levels of cognitive architecture. There are simple
task decisions (Which key should I press for this stimuius?), but also
higher-level executive decisions {Which of these two stimuli should I pro-
cess first? Am I finished with the first stimulus? Can I orient attention to
the second?). Importantly, our evidence so far suggests that all of these
decisions involve overlapping parieto-prefrontal networks and are serially
arranged in time, such that the need for a higher-level decision pushes all
other lower-level decisions further back in time. This is reminiscent of
Buridan’s problem—sometimes our atiempts to control our decisions
actually delay our responses rather than improve them. However, the
stochastic random-walk mechanism of decision making has one interest-
ing property: Even when there is zero evidence favoring either alternative,
the internal “Brownian motion” quickly leads to tipping over to one side
or the other, in finite time only marginally slower than when actual evi-
dence is present. Thus, we are never completely paralyzed by a decision—
though we are often slowed by a serial chain of executive control
operations.

A MOMENT OF THOUGHT: EVIDENCE FROM
INTROSPECTION AND METACOGNITION

Our approach to understanding cognitive architecture involved a variety
of methodologies. A common aspect to most of them was combining
chronometry (through additive factor analysis) with other experimental
tools such as interference, EEG, and time-resolved fMRI. Recently, we
also investigated whether the chronometric technique could be used to
address, in a precise quantitative manner, the introspective knowledge of
one’s own mental content. A fascinating question is whether there are
limits to our own introspection (Hart, 1965; Jack & Roepstrorff, 2003,
2004; Lutz, Lachaux, Martinerie, & Varela, 2002; Nelson, 1996; Over-
gaard, 2006; Wundt, 1897/1999), and whether introspective access fo
specific processing stages presents a precise, well-determined relation to
our neurocognitive architecture. Indeed, it has often been speculated that a
key property of the parallel stages of a task is that they operate outside of
our awareness and are therefore opaque to introspection (e.g., Posner,
Snyder, & Davidson, 1980). Might the decision stage also coincide with the
conscious stage in task processing?

To explore which processing stages were accessible to introspection
during the PRP, we again asked participants to perform the number
comparison task, either in isolation or in a PRP design with a concurrent
tone-discrimination. The novel aspect was that, following each of their
responses, participants also indicated their introspective estimation of
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response time (IRT) by clicking with the mouse on a continuous graded
scale spanning 0 to 1200 ms and labeled every 300 ms.

The results we obtained were extremely clear cut (Figure 1.6). IRT
turned out to be an extremely reliable and sensitive measure, tightly correl-
ated with objective RT in a single-task context and sensitive to factors (ie.,
notation) affecting response time by less than 50 ms. In a psychological
refractory period task, however, the objective processing delay resulting
from interference with a second concurrent task was totally absent from
introspective estimates. That is, during the interference regime, the partici-
pants were totally unaware that their responses to the second task had
been slowed by as much as 300 ms (Figure 1.6). Thus, awareness and
accessibility to introspection seemed to be tightly linked to the availability
of the central decision system—when this system was free, all stages of a
cognitive task contributed to introspective response time, but when it was
occupied by another task, participants were no longer aware of the
duration of the perceptual and queuing stages of the PRP task.

DISCUSSION: COGNITIVE ARCHITECTURE OF THE
NEVER-HALTING MACHINE

Several cognitive theories shared the hypothesis that while most mental
and neural operations are modular, certain specific controlled processes
require a distinct functional architecture that can establish flexible links
among existing processors. This process has been called the central execu-
tive (Baddeley, 1986), the supervisory attentional system (Shallice, 1988),
the anterior attention system (Posner, 1994), the capacity limited stage
(Chun & Potter, 1995), the global workspace (Baars, 1989; Dehaene,
Kerszberg, & Changeux, 1998), or the dynamic core {Tononi & Edelman,
1998). Yet in all of these different versions, it shares three critical aspects:
(I)_binding of information from many different modules; (2) uniqueness
of its contents; and (3) sustained activity for a few hundred milliseconds.
These aspects are also characteristic of consciousness and thus it has been
propqsed that engagement of the central system may be a requirement for
conscious processing (Baars, 1989; Dehaene & Naccache, 2001; Tononi &
Edelman, 1998). It is proposed, in a two-stage model, that an early stage
permits the rapid, initial evaluation of the visual world. Only during a
second, capacity-limited stage, does information become conscious when
the neural population that represents it is mobilized into a brain-scale state
of coherent activity that involves many neurons distributed throughout an
extended network of the brain (Baars, 1989; Dehaene & Naccache, 2001;
Tononi & Edelman, 1998).

Combining models from psychophysics and human physiology, we
could disentangle the unfolding of processing stages during a compound
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cognitive task and relate this architecture of stages to their dynamic organ-
ization and stochasticity. The data converged to a model that proposes:

o an initial perceptual processing of incoming stimulus, which is per-
formed in a modular (parallel) fashion and is very reliable in time, as
indexed by the N1 latency of the event-related potential

o followed by a central process involved in the flexible coordination of
information according to specific task requirements, which is
intrinsically serial and involves a stochastic integration, as trad-
itionally used to model decision making in single tasks, and as
indexed by the P3 component of the ERP.

Our findings of the dynamics of T2 processing in the PRP fit well with
the ERPs of other interference experiments such as the attentional-blink
and masking experiments (Del Cul et al., 2007; Sergent et al., 2005). In
these experiments it was found that the first ~270 ms, indexed by P1 and
N1 components, were independent of conscious access and this was fol-
lowed sequentially by a central distributed workspace, indexed by a P3
component, involving prefrontal and parietal network, which was engaged
only in trials in which the stimulus accessed CONSCIOUS Processing.

These results have led to the proposal that the P3 component of the
EEG may be related to access to a global coherent workspace associated
with flexible coordination of information, which in turn may mediate con-
scious reportability (Del Cul et al., 2007; Sergent et al., 2005). According
to this theory, a distributed set of neurons with long axons provides a
global “broadcasting” system enabling communication between arbitrary
and otherwise not directly connected brain processors (Baars, 1989;
Dehaene et al., 1998; Dehaene & Naccache, 2001). Global neuronal work-
space theory can explain wly response selection generally imposes a dual-
task bottleneck. In most psychological tasks, the relation between stimuli
and responses is entirely arbitrary and thus requires the temporary map-
ping between otherwise independent processors. Establishing such a new
arbitrary interconnection should involve central workspace mediation,

Supporling this interpretation, interference is drastically reduced for
highly practiced or non-arbitrary tasks {Greenwald, 2003; Lien, McCann,
Ruthrufl, & Proctor, 2005; Lien, Proctor, & Allen, 2002). More evidence
for the existence of a common global workspace invelved in conscious
processing and in the executive and flexible coordination of processing
modules results from behavioral experiments that 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). These experiments suggest that processing
limitations may arise in part from a common bottleneck (Jolicoeur, 1999;
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Marois & Ivanoff, 2005; Wong, 2002). Finally, our observation that the
objective processing delay resulting from interference with a second con-
current task is totally absent from introspective estimates further suggests
that subjective introspection of time spent on a task tightly correlates with
the period of availability of global workspace activity (Corallo, Sackur,
Dehaene, & Sigman, 2008).

Simply to illustrate these ideas, we provide a basic sketch of the postu-
lated brain dynamics during the blink and the PRP (Figure 1.7). In both
experimental designs, certain aspects of T2 processing—indexed by the NI
and mediated by a transient activation of sensory cortex—can proceed
while T1 is engaged in a broad and coherent state of processing accupying
the central workspace. While the nature of this sensory memory of T2 is
not fully understood and requires theoretical and experimental invest-
igation (Gegenfurtner & Sperling, 1993; Graziano & Sigman, 2008;
Sperling, 1960), it appears to constitute a labile form of memory that can
be overridden by the presence of a mask, consistent with current theories
and experimental evidence of masking by object substitution (Del Cul et
al., 2007; Di Lollo, Enns, & Rensink, 2000). The presence of a mask after

ATTENTIONAL BLINK
» T2 is masked, resulting in exiinction.
» The second stimulus does not access consclousness.

time

T1and T2 T1 processing blocks T2 T1 response
presentation

PSYCHOLOGICAL REFRACTCORY PERIOD
. T2.is sustained and thus £an access the workspace after a delay.
* This delay is inaccassible to introspection.

T1andT2 T1 processing blocks T2 T1 response,

presentation delayed T2 processing T2 response

Figure 1.7 A simple sketch of the dynamics of modular and workspace processing during
the PRP and the attentional blink. See color plate.



T2 can thus lead to the attentionmal blink (AB) phenomenon, whereby
participants fail to detect the presence of T2 although it demonstrably
caused a strong initial perceptual activation. In the absence of masking,
T2 can access the workspace and T2 is therefore processed with the delay
observed as the PRP phenomenon. AB and PRP are therefore envisaged as
two very similar phenomena, arising from the same constraints of parallel-
serial architecture.

While there are no direct correlates of these findings in single-cell awake
monkey physiology (there is currently no demonstration of the PRP in
non-human primates), some chronometric aspects can be related to the
dynamics of neuronal activation in single task. The neurophysiological
bases of simple perceptual decision making have been widely studied in
tactile {(Hernandez, Zainos, & Rome, 2002; Romo, Hernandez, & Zainos,
2004; Romo & Salinas, 1999) and visual discrimination tasks (Bichot,
Schall, & Thompson, 1996; Britten, Newsome, Shadlen, Celebrini, &
Movshon, 1996; Britten, Shadlen, Newsome, & Movshon, 1992; Hanes &
Schall, 1996; Schall & Bichot, 1998; Shadlen & Newsome, 2001; Thomp-
son, Bichot, & Schall, 1997, Thompson, Hanes, Bichot, & Schall, 1996).
These studies have revealed direct physiological corielates of the accumu-
lation process postulated in formal response-time models. Some neurons
appear to code for the current perceptual state. For instance, neurons in
the middle temporal visual area (MT) appear to encode the amount of
evidence for motion in a certain direction (Britten et al., 1992; Shadlen &
Newsome, 1996). Other neurons, distributed in multiple areas, including
posterior parictal corlex, dorsolateral prefrontal cortex, and frontal eye
fields, appear to integrate this sensory information and thus show stochas-
tically increasing firing rates in the course of decision making (Kim &
Shadlen, 1999; Shadlen & Newsome, 1996, 2001). In agreement with the
accumulation model of decision making, the rate of increase varies with
the quality of sensory evidence (Mazurek, Roitman, Ditterich, & Shadlen,
2003; Shadlen & Newsome, 1996, 2001), and the response is emitted
when the firing exceeds & threshold (Hanes & Schall, 1996). Furthermore,
accumulation of information about the upcoming response appears in the
firing train aflter a latency of about 200 ms (Geld & Shadlen, 2000;
Roitman & Shadlen, 2002), which is relatively fixed for a given task and
might thus index the duration of the initial perceptual stage.

Further evidence of such a dynamic arrangement comes from record-
ings from the primary visual cortex of awake monkeys, which have shown
that & visual stimulus evokes a first transient response, followed by a sus-
tained wave of activity (Lamme & Roelfsema, 2000; Lamme, Super,
Landman, Roeilsema, & Spekreijse, 2000; Lee, Yang, Romero, &
Mumford, 2002; Li, Piech, & Gilbert, 2006, 2008; Luck, Chelazzi,
Hillyard, & Desimone, 1997; Reynolds, Chelazzi, & Desimone, 1999;

Roellsema, Lamme, & Spekreijse, 1998; Roelfsema, Lamme, Spekreijse, &
Bosch, 2002) at a latency of about 200 ms, nicely coincident with the
latency of integration in parietal and prefrontal areas and of the engage-
ment of the-P3 process. These two responses have very different functional
dependencies: The first transient response is largely determined by stimu-
lus properties and can be explained by classical bottom-up receptive field
properties. On the contrary, the second response can be modulated by
different cognitive and contextual factors, For instance, it is amplified if
the local stimulus is salient and attended (as in figure-ground experiments)
and it can virtually disappear if the stimulus is masked (which presumably

. precludes its access to consciousness) or by anesthetics. This specificity

suggests an engagement of the central workspace system in the second
wave of activity and that the same neuron may be involved in distinct
processing stages within the same task. Further experiments are required

S to determ_inf: whether this second wave of activity shows a dnal-task delay
characteristic of the serial processing bottleneck.

Altogether, neurophysiological and brain-imaging studies suggest that,

S bey_opci an initial and relatively reliable perceptual delay of about 200 ms, a
* decision stage begins that involves a process of stochastic accumulation of

evidu'ance and the joint activation of a distributed network of areas, with
partially changing topography as a function of the nature of the task, but

= with frequent if not systematic co-activation of parietal and premotor
-regions. Our results suggest that this accumulation system is slow (which

might be‘ required to flexibly combine information in different Sensory,
mnemonic, and motor modalities), is variable (probably due to an active,
dynamic reverberating and integrating state), and is responsible for estab-

lishing the PRP bottleneck. Thus, while certain neural computations
.~ (probably mediated by hard-wired circuits confined to small portions of

sensory space) can be very fast, precise, and parallel, linking such informa-

- lion together in a coherent workspace results in a slow, variable, and

intrinsicaily sequential computation.
The challenge for the next few years will be to understand which precise

- biophysical mechanisms are involved in this coherent wortlsspace and why

they result in such dynamic and architectonically distinctive properties. At

_-Present, our results simply suggest that this bottleneck might occur
i because the cerebral accumulation system is broadly distributed and
S iy li}rgely shared across tasks, and thus must be entirely “mobilized”, at any

.. Elven moment, by whichever task is currently performed. Considerable
‘owresearch has examined the neurophysiology of a single cognitive oper-
.- ation, but much less is known on how we chain these basic operalions into
i _COmp]ex' tasks. The results described here constitute a first step toward a
- Progressive understanding of the chaining of simple computations into

Complex compound tasks,
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CHAPTER TWO

| ____._.Frames, brains, and content domains:
Neural and behavioral effects of

:_:;':I_esc_:riptive context on preferential
choice

David R. Mandel and Oshin Vartanian

INTRODUCTION
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