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et al., 2003), and leverages recent advances in under-
standing how sleep deprivation impacts neurobehav-
ioral and brain functioning (e.g., Drummend et al.,
1999, 2000; Drunmimond, Gillin, & Brown 2001; Habeck
et al., 2004; Portas et al., 1998),

In the sections that follow, we describe relevant
research related to sleep loss. This is followed by a des-
cription of the PVT and then the ACT-R model we have
developed to perform it. We use the model to demon-
strate the effectiveness of our approach for capturing per-
formance decrements as a function of sleep deprivation.
In describing the model, we suggest some alternative
mechanisms to illustrate how the effects of sleep depri-
vation can be seen as resulting from impacts to either
central control (Type 1 control) or the internal control
of functional processes (Type 2 control), which includes
processes like memory retrieval or programming motor
movements, This distinction constitutes a major theme
of this book. Although the mechanistic explanation for
the effects of sleep deprivation we have developed is not
explicitly defined in terms of Type 1 or Type 2 control,
the discussion illustrates how the modeling effort is
improved through consideration of this distinction.

Neuropsychological Research
on Sleep Deprivation

Unquestionably, sleep deprivation has a negative effect
on human performance across a wide array of tasks
and situations. Determining the particular impacts of
sleep deprivation, both behaviorally and physiologi-
cally, has been a significant topic of study in psycho-
logical and medical research for quite some time
(e.g., Patrick & Gilbert, 1896; von Economo, 1930).
Research originally focused on identifving the nature
of neurobehavioral incapacitation but shifted to changes
in cognitive performance when early studies did not
provide conclusive evidence that sleep loss eliminated
the ability to perform specific tasks (e.g., Kleitman,
1923; Lee & Kleitman, 1923). Current research direc-
tions have been motivated by the desire to uncover the
neurophysiologic mechanisms that produce diminished
alertness and decrements in cognitive performance, as
well as any compensatory mechanisms. Research eval-
uating behavioral, pharmacological, and technological
countermeasures to offset deficits of sleep deprivation
has also been a long-standing focus of research (e.g.,
Bonnet et al., 2005; Caldwell, Caldwell, & Darlington
2003; Caldwell, Caldwell, Smith, & Brown, 2004;
Dinges & Broughton, 1989).
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At the cortical level, studies have shown inconsis-
tent patterns of regional activation responses to sleep
deprivation, depending on the tvpe of cognitive task,
its difficulty, and the method used to measure activa-
tion (e.g., Chee & Choo, 2004; Drummond et al.,
1999, 2001; Habeck et al., 2004). At the subcortical
level, a main area that consistently shows sensitivity
to sleep deprivation is the thalamus (Chee & Choo,
2004; Habeck et al., 2004; Lin, 2000; Portas et al.,
1998). The thalamus typically shows an increase in
activation when individuals are asked to perform a task
while sleep deprived, relative to performing the task
when well rested. For instance, Portas et al. (1998)
asked participants to perform a short-duration attention
task while activity was measured using fMRL They
found that the thalamus showed increased activation
while performing the attention task under conditions
of sleep loss, while overall performance (response time)
was not significantly different from baseline. From these
results, they concluded, “This process may represent a
sort of compensatory mechanisim. . . . We speculate
that the thalamus has to ‘work harder” in conditions of
low arousal to achieve a performance that is equal to
that obtained during normal arousal” (p. 8987). The
possibility of such a compensatory mechanism involv-
ing the thalamws is discussed further in the section on
the computational model later in this chapter.

Biomathematical Models
of Sleep Deprivation

In addition to the significant progress that has been made
in understanding the neurobehavioral mechanisms of
sleep deprivation, researchers studying fatigue have
also developed biomathematical models that reflect
the influence of sleep history and circadian rhythms
on overall cognitive performance, or alertness (Mallis,
Mejdal, Nguyen, & Dinges, 2004). Such models pro-
vide a means for describing the dynamic interaction of
these factors. For instance, Figure 17.1 shows the pre-
dictions for one of these models, the circadian neuro-
behavioral performance and alertness (CNPA) model
(Jewelt & Kronauer, 1999), for a protocol involving 88
hr of total sleep deprivation. The circadian rhythm
component of the model is responsible for the cyclic
nature of the predictions and increased sleep loss is
responsible for the overall decline across days.
Although there is room for improvement in all cur-
rent biomathematical models of performance (Van
Dongen, 2004), the models have potential value for
predicting global changes in alertness over time in a
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variety of circumstances. However, a key limitation is
that these models do not make predictions of how
changes in alertness will affect performance on partic-
ular tasks (e.g., changes in response times or changes
in types or frequencies of errors). The fits described in
Van Dongen (2004) were produced by scaling the
alertness predictions to minimize the deviation from
the data. These values had to be computed post hoc.
So, while the predictions from the models approxi-
mate relative changes in performance, they do not
actually provide a priori estimates of how much
response times will change in absolute magnitude or
how errors will increase over time.

The computational cognitive modeling research
described in this chapter will eventually allow us to
bridge the gap between biomathematical models and
complex cognitive task performance. Computational
cognitive models make detailed predictions about
human performance, including response times and
errors. The goal of the project is to use the predictions
from the biomathematical nodels to drive changes in
mechanisms in the ACT-R cognitive architecture. In
this way, the predictions of the biomathematical model
can be used to produce parameter changes in the cog-
nitive model, which can be used to make specific pre-
dictions about how human performance declines as a
function of fatigue. Although this latter goal has not vet
been reached, this chapter describes the progress we
have made toward it, especially the determination of a
set of mechanisms in ACT-R to account for changes in
alertness. These mechanisms are demonstrated in the
context of the PVT, which is described next.

Psychomotor Vigilance Task

The psychomotor vigilance task (PVT; Dinges &
Powell, 1985) assesses vigilant/sustamed attention and
has been used frequently in sleep deprivation research.
Its main advantages are that performance is both sensi-
tive to the levels of sleep deprivation and relatively
insensilive to either aptitude or learning (Dorrian et al.,
2005). During a typical PVT trial, a stimulus appears
in a prespecified location on a monitor at random
intervals between 2 s and 10s. The subject’s task is to
press a response button as fast as possible each time a
stimulus appears but not to press the button too soon.
When the response button is pressed, the visual stimu-
lus displays reaction time in milliseconds to inform the
subject of how well they performed. The duration of a
test session 1s typically 10 min.

The data from a PVT session consist of approxi-
mately 90 responses, which can be classified to facili-
tate understanding how PVT performance changes as
fatigue increases (Dorrian et al., 2005). The range for
the first category, which we will refer to as “alert”
responses, is between 150 ms and 500ms after stimulus
onset (median is typically around 250ms), indicative
of a participant that is responding about as rapidly as
neurologically possible to each stimulus. Responses
greater than 500ms but less than 30,000 ms (i.e., 30s)
are considered to be “lapses™ of attention (errors of
omission; Dinges & Kribbs, 1991; Dorrian et al., 2005).
These responses indicate thal attention is wavering
from the display, but that participants are recovering at
some point lo detect the stimulus. In some nstances,
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participants fail to respond even after 30s, which is a
dramatic breakdown in performance that is classified
as a “sleep attack” (Dosrian et al., 2005). In these cases,
the experimenter intervenes to wake the participant. At
the opposite end of the response-time continuum are
“false starts” (errors of commission), which are responses
that occur before the stimulus appears, or within 150 ms
of the stimulus onset (i.e., neurologically too fast to be
a normal, alert response). These responses represent
anticipation of the stimulus’s appearance.

As sleep deprivation increases, the proportion of alert
responses decreases, and the distribution of reaction
times shifts to the right, resulting in increased propor-
tions of lapses and sleep attacks. As participants attempt
to compensate based on feedback that they are lapsing
{errors of omission) more frequently, the proportion of
false starts (errors of commission) increases as well
(Doran, Van Dongen, & Dinges, 2001). A sample set
of data from the PVT is shown in Figure 17.2 (these
data are from Van Dongen, 2004; Van Dongen et al,,
2001). In the experiment that provided the data, par-
ticipants first spent three nights in the laboratory to
acclimate to a common sleep cycle of 8 hr for sleep per
day. After this, participants were kept awake continu-
ously for 88 hr, until near midnight on the fourth day.
This is the same protocol that was used to generate the
CNPA predictions in Figure 17.1, which shows alert-
ness predictions for the last day of acclimation and for
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the 88-hr sleep-deprivation period. The first day of this
period, during which no actual sleep loss was yet
incurred, was used as a baseline day. Beginning at
7:30 a.m. on the baseline day, participants completed
a series of tasks, including the PV'T, repeatedly in 2-hr
cycles (the set of tasks took approximately 30 min to
complete}. Note that the PVT data shown in Figure 17.2
are averaged over sessions performed within each day
of the protocol, whereas the CNPA data in Figure 17.1
illustrate the dynamic changes in alertness that occur
within each of the days (circadian rhythms).

‘The next section describes the computational cog-
nitive model. The model represents the first step in
developing the capability to make detailed a priori
predictions about changes in human performance on
particular tasks as a function of increased levels of
fatigue. The model performs the PVT, and parameter
changes in the model impact performance in a man-
ner sitilar to human performance under conditions of
sleep deprivation.

Computational Cognitive Model

The computational model described in this chapter
was developed in the ACT-R 5 cognitive architecture
(Anderson et al., 2004). Here we will describe only
the ACT-R mechanisms that are associated with the

0.30
0 —*— Baseline ¢
20251 —a-p ?
£ ay 1 TSD
%0.20- —+—Day 2 TSD
& - ©- Day 3 TSD
S 0.15
=
o
‘E 0.10 | False Starts
5

A

£ 0.05 .

0.00 - ot i " a0 - =+

|4——— Alert Responses - 150ms to 500ms (10 ms bins) —'I

Response Time

FIGURE 17.2 Human performance on the psychomotor vigilance task. Data are
from a study where participants were kept awake for 88 continuous hours, while
performing a battery of tests every 2 hr (data from Van Dongen et al., 2001; Van
Dongen 2004). Averages across test sessions within each day are shown.



parameters that were manipulated to alter the architec-
ture’s level of alertness, which produces the perform-
ance decrements exhibited by the model.

We have constrained the selection of appropriate
parameters and mechanisms for this effort in several
ways. For instance, we have taken into account previous
research in the ACT-R community (Belavkin, 2001;
Jongman, 1998), and we have used the conclusions
from neuropsychological research on the effect of sleep
deprivation on the functioning of various brain areas,
particularly the thalamus (Chee & Choo; Habeck et al.,
2004; Portas et al., 1998). To use the conclusions from
this work, we leveraged recent advances in the devel-
opment of the ACT-R architecture, which have included
mapping its components to brain areas (Anderson,
chapter 4, this volume). This mapping establishes a
“common space,” where links between neuropsycho-
logical research on fatigue can be putatively linked with
aspects of the architecture. The constraints imposed by
this research implicate a mechanism in ACT-R that is
related to the production selection/execution cycle as
a candidate for being impacted by fatigue. This process
is associated with the basal ganglia and the thalamus in
the current conceptualization of ACT-R (Figure 17.3).

The production/execution cycle involves evaluating
alternative productions and then selecting the “best”
among them. During the selection process, produc-
tions are compared using a value called expected utility
(U,), which is calculated for each candidate produc-
tion using the equation:

U=PG-C,+e
In this equation, P, is the probability of success if pro-

duction, is used and C, is the anticipated cost. In gen-
eral, G has been termed the value of the goal. However,

Production Execution Cycle in ACT-R

(including hypothesized mapping to brain areas)

Basal Ganglia Thalamus
Matching | | Selection Execution
(Striatum) | (Pallidum)

FIGURE 17.3 Production execution cycle in the adaptive
control of thought-rational (ACT-R) cognitive archi-
tecture, including hypothesized mapping to brain
arcas. The expected utility equation is associated with
the selection component of this process, while
execution is controlled by the utility threshold (T,).
Adapted from http://actr.psy.cinu.edu/.
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the research cited above uses the G parameter to capture
the influence of arousal on performance (Belavkin,
2001; Jongman, 1998). We use this conceptualization
of G in our model as well. Noise (€) is added to the cal-
culation to add a stochastic component to the value.
The noise is sampled from a Gaussian distribution with
a mean of 0 and a variance of about 0.21." A value for
U, is calculated for each production; that matches the
current state on each production cycle. The production;
with the highest value for U, is selected.

Once a production is selected, the next step is exe-
cution. This process is associated with the thalamus in
ACT-R (Figure 17.3). Production execution is con-
trolled by a parameter called the utility threshold, T,.
The selected production is executed, provided that U,
exceeds T,. If it does not, no production is executed
and the model is “idle” for the duration of that produc-
tion cycle (approximately 50 ms).” The neuropsycho-
logical data suggest that fatigue may indirectly affect
this process, with individuals trying to offset the adverse
effects throngh an attempt at compensation (Portas
et al., 1998). As the behavior of the model illustrates,
some compensation may be possible, but it does not
completely offset the negative effects associated with
sleep loss.

We find it encouraging that research on the neu-
robehavioral effects of fatigue and research within the
ACT-R community both point to a common mecha-
nism for capturing fatigue effects in ACT-R. The con-
vergence of this research on the production selection/
execution cycle in ACT-R indicates that one of the
impacts of fatigue may be a decreased likelihood of
successfully executing an appropriate sequence of pro-
ductions. This entails both an increased likelihood of
having cognitive cycles where the system is idle as well
as the execution of inappropriate productions. Next we
describe the model we constructed in ACT-R, which is
based on this conceptualization of the impact of fatigue.

Model Design

Because the PV'T is simple in design, the ACT-R model
is relatively straightforward. Before the stimulus appears
the model can (1) deliberately wait for the stimulus or
(2) errantly make a response (a false start). Once the
stimulus has appeared, the model can (1) attend to the
stimulus and then respond (this is two productions) or
{2) respond without attending the stimulus (a false start
that happens to come after the stimulus appears and is
therefore counted as an appropriate response). At any
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point in the task, it is possible for the model to be idle
for one or more cognitive cycles.

Vor nearly all the productions in the model, P, was
set to |, meaning that the goal would be achieved suc-
cessfully if that production was fired. The lone excep-
tion to this was the production that errantly responds.
P, for this production was 0, on the assumption that it
is highly unlikely to result in achieving the goal of suc-
cessfully responding to the stimulus. The consequence
of this is a reduced likelihood of that production firing
relative to the other, appropriate productions, since U,
becomes a negative value (-C; ). However, with noise
added to the utility computation, this production is
occasionally the one with the highest U; and also rises
above T,

‘To produce decrements in performance like those
associated with sleep deprivalion, we conceptualized
increased sleep deprivation as resulting in decreased
arousal. Therefore, we implement fatigue in ACT-R by
decreasing the G parameter, in line with previous
research within the AC'I-R community (Belavkin, 2001;
Jongman, 1998). Reducing the value of G decreases U,
for all productions, where P, is greater than 0. This
makes it more likely that the expected utilities for those
productions will fall below T, thereby making them
less likely to fire. In turn, this increases the probability
of idle cognitive cycles. A key feature of this mecha-
nism is that idle cycles actually become more likely
than appropriate actions once U, (before noise is added)
falls below T, which happens after the first full day of
total sleep deprivation.

In addition to the decreased arousal that is associated
with sleep loss, we include a secondary process that
can be viewed as an attempt to compensate for the neg-
ative effect of fatigue, as suggested by Portas et al,
(1998). In ACT-R terms, the increased activity they
observed in the thalamus can be seen as an attempt to
make it easier for the selected production to fire suc-
cessfully. The most natural way of representing this in
ACT-R is by reducing T,. With lower values for T,
productions with increasingly lower U, values are
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able to fire. In cases where there is an idle cognitive
cycle, new U, values are computed at the beginning of
the next cycle and the process repeats. The noise added
to the caleulation of U; creates the possibility of all
matching productions being below threshold on one
cycle, followed by a cycle where at least one production
rises above threshold.

There is one additional component to the model. A
mechanism was implemented to represent the process
of falling asleep. The idle cognitive cycles that result
when no productions rise above threshold represent
situations where arousal is so low that none of the
available actions are executed. As an individual falls
asleep, the probability of being in such a state should
increase. In the model, this is represented by having
the value of G decrease when idle cognitive cycles
occur during the time when the stimulus is on the
screen. On each occasion when this occurs, G is
decremented by 0.035. This is limited by the architec-
tural requirement that G remain positive. So, G is
decremented by 0.035 on each idle cognitive cycle,
unless that decrement results in a negative number, in
which case G is set to a minimum value of 0.0001,
where it remains stable until the start of the next trial.
"T'his progressively reduces the probability of a response
with each passing cycle in the model. The value of G
is reset to the starting value at the beginning of each
trial, reflecting either a successful response or heing
awakened by the experimenter after a sleep attack. The
values used for G and T, for the four days of the exper-
iment are presented in Table 17.1. As this table illus-
trates, G falls more rapidly than T, meaning that the
model’s performance deteriorates across the four days
of the study. The model’s performance is described in
more detail in the next section.

Model Performance

Baseline performance in the model reflects the interplay
of the knowledge in the system with the various mech-
anisms described above using the parameter values

1asLk 17.1 Parameter Values for G and T, in the ACT-R Model for Each
Day in the Sleep Deprivation Protocol

Day G (Arousal) T, (Utility Threshold)
Baseline 1.98 1.84
Day 1 of total sleep deprivation 1.80 1.78
Day 2 of total sleep deprivation 1.66 1.70
Day 3 of total sleep deprivation 1.58 1.64




identified above and shown in Table 17.1. All other
parameters were kept at their default ACT-R values.
Baseline performance represents an alert, well-rested
participant. The model’s performance in this condi-
tion, along with the human data, is illustrated in panel
Aof Figure 17.4. The model closely captures all of the
phenomena of interest. The largest discrepancy
between the two data sets is that the human partici-
pants’ alert responses tend to be somewhat faster than
the model’s. This may reflect an attentional strategy in
use by the participants, but not implemented in the
model.> The accuracy of the model’s predictions at
baseline is matched by the predictions it makes for per-
formance after one, two, and three days without sleep,
as shown in panels B, C, and D of Figure 17.4, respec-
tively. The model captures the increase in false starts,
the shift in alert response limes, and the increases in
lapses and sleep attacks. For all four days, the perform-
ance of the model closely matches the human data.
Overall, the correlation belween the human data and
the model predictions is 0.99 (root mean square devia-
tion = 0.0047).
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The impact of decreasing G in the model is to
reduce the likelihood that the appropriate productions
will have U, values above T,. We interpret this situa-
tion as reduced arousal (i.e., ACT-R gets sleepy), with
the impact being that the appropriate productions are
not executed. The reduction in arousal relative to the
level of compensation immediately decreases the like-
lihood that a fast response will be made. Thus, there is
a shift in the distribution of reaction times to the right,
with progressively fewer fast responses as G gets lower.
The decrease in frequency of fast responses has sec-
ondary effects. Each time an opportunity to respond is
missed (idle cycles), G is decremented. This makes the
model less likely to respond at the next opportunity. So
the impact of lower arousal accumulates to produce
many more lapses, along with more sleep attacks.

Finally, the false starts in the model increase simi-
larly to the human data. This is primarily a side effect
of the compensation in the model, reflected by the
decreased values for T,. As T, decreases, it is more
likely that the value for U, for the production that pro-
duces a false start (i.e., just click) will have a U that
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FIGURE 17.4 Human data and model performance for each day of the 88-hr total sleep deprivation protocol (data

from Van Dongen et al., 2001; Van Dongen, 2004).
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rises above threshold. Thus, the mechanism for com-
pensation produces an undesirable behavioral conse-
guence in the model that matches the human dalta;
namely, an increased likelihood of responding before
the stimulus appears. Itis also the case that the decrease
in G contributes to this effect (though to a lesser extent),
since changes in G do not impact U for the just-click
production (because P =0 for this production). The
combination of these two aspects of the model produces
an increase in the probability of producing a false start
that lines up with the data from the human participants.

General Discussion

The model described accurately captures the impact
of sleep deprivation on human performance on the
PVT. The mechanisms that were implemented are
hased on research within the ACT-R community, com-
bined with neurobehavioral evidence concerning the
impact of fatigue on brain activity. This illustrates the
potential for using multiple constraints from diverse
research communities to develop an understanding of
cognitive mechanisms that impact performance. The
ultimate goal of this work is to develop a general set of
mechanisms for understanding how fatigue impacts
the human cognitive system. The mechanisms must
specify the relationship between fatigue and cognitive
control, even if it is not done explicitly. ACT-R has
components that correspond to the distinction between
Type 1, or centralized, control and Type 2 control, or
the internal control of functional processes.

The central production systemn represents the 'l'ype
1 control in ACT-R, while the other modules represent
Type 2 control structures. The production cycle drives
behavior in ACT-R models and directs the operation of
the other modules. Other modules respond to requests
from the production system by producing actions (e.g.,
motor movements or shifts of visual attention) or by
performing some operation and making the resulis
available to the production system (e.g., a retrieval
from declarative memory).

Al one extreme, alertness could be implemented as
a separate module in ACT-R that operates as a Type 2
control structure to influence central cognition. At the
other extreme, alertness could be viewed as a compo-
nent of the Type 1 control system.* We are not com-
mitted to a particular view of how sleep deprivation fits
with cognitive control. Our model represents fatigue
as a set of mechanisms that operate on the central
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production system in AC'1-R. Decreased arousal (G)
and a lower utility threshold (T, ) both involve the cen-
tral production system and influence the actions that
are taken by the model. The performance decrements
in the other modules stem from productions failing to
fire to send the appropriate requests. Still, the model
has little to say about whether those mechanisms are
part of the Type 1 control structure or are a separate,
Type 2, control structure. This is because the driving
force behind the fatigne mechanisims is not yet inte-
grated into the AC'I-R architecture. Specifically, the
biomathematical models of alertness, which we intend
to use to drive the parameter changes, are currently
outside the architecture. How they are represented in
the architecture could have important implications for
our understanding of how cognitive moderators like
fatigue operate.

In the current model, the deficits in performance
that develop with diminished alertness represent a
breakdown in Type 1 control, where appropriate actions
are no longer taken. Increases in the frequency of idle
cognilive cycles produces a reduction and shift in alert
response times. In addition, when the model is idle
arousal continues to fall, making the model progres-
sively less likely to respond. Essentially, the Type 1 con-
trol in the model disappears, as the central production
system ceases to drive behavior forward. The model
has, in essence, gone to sleep. Fven though false starts
are a consequence of a production becoming more
likely to fire, this effect still represents a breakdown in
control, since the production has a low probability of
success. More generally, with the current mechanism
for decreasing arousal and compensation, ACT-R
becomes less able to differentiate between successful
and unsuccessful productions. The effect is more
erratic (i.e., unstable) performance, just as is found in
hunnan participants who are deprived of sleep (Doran,
etal. 2001).

It is not the case that all of the effects must come
through interaction with Type | control. We have con-
sidered an alternative mechanism for producing false
starts that involves processes within the motor module.
In ACT-R, motor actions can be preplanned so that they
can be executed more rapidly. Type | control guides
the execution of the planned action. It is passible that one
of the effects of fatigue is to increase the likelihood that
planned actions are inadvertently executed without
direction from the central production system. There is
evidence that increased levels of fatigue may reduce
cognitive inhibition (e.g., Harrison & Horne, 1998).



Thus, if planned actions are held back using a process
like inhibition, then sleep deprivation could result in
more frequent false starts through a breakdown in
Type 2 control. We have not implemented this alterna-
tive, partly because the current ACT-R architecture
does not include mechanisims for inhibiting motor
movements that could be manipulated to produce this
effect. However, il provides an interesting possibility
for future research.

This alternative mechanism for false alarms raises
an important issue for understanding fatigne. If it is the
case that fatigue can directly influence one Type 2
control structure, like a motor module, then presum-
ably other modules may be affected as well. Such a
conclusion would suggest that sleep deprivation has
effects that transcend the distinction between Type 1
and Type 2 control. That is, it is possible that sleep
deprivation influences mechanisms associated with
Type 1 control and Type 2 control.

Conclusion

We have presented a model that performs the PVT,
combined with a set of mechanisms that produces
decrements in performance on that task, which mirror
the effect of sleep loss in human participants. The
mechanisms implemented in the model were based
on previous research, both in the ACT-R community
and on the neurobehavioral impacts of sleep loss. The
data were fit at the level of average performance for
each day of the study. We have demonstrated that these
mechanisms produce performance changes in the
model that closely match the performance changes of
human participants who have been denied sleep over
a period of nearly four consecutive days. The next step
is to fit the model to the experimental data from each
10-minute session, which occurred at 2-hour intervals
throughout the study. This effort is already underway
and has provided further support for our approach. We
are using the results from this process to develop a
mapping between aleriness predictions generated by
CNPA and parameter values in the ACT:R model.
Once the appropriate mapping is identified, it will be
used to validate our ability to make a priori predictions
about human performance in other experimental
protocols and for other tasks.

A maijor challenge for validating our model lies in
its ability to account for findings from a variely of tasks.
The model’s performance on the PV'1 is almost entirely
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dependent on procedural components of the architec-
ture; the only declarative knowledge needed is a repre-
sentation of the goal. It will be interesting to see whether
additional mechanisms are required to account for
changes in performance associaled with tasks that
require more declarative knowledge. For instance, we
are currently developing a model for a serial addition/
sublraction task (SAST), which relies on knowledge of
simple (single<ligit) addition and subtraction problems.
Our initial examinations of the model for this task sug-
gest that the procedural mechanisms that produced
the effects in PVT may not be sufficient to account for
the changes in response times and accuracy on the
SAST. This may indicate that decreased alertness
effects many aspects of the cognitive system simultane-
ously. Certainly, other areas of the brain show changes
in activity as a function of sleep loss. As this research
progresses and matures, we hope to develop a compre-
hensive, mechanistic explanation of the changes that
occur at the level of the human cognitive architecture
as a function of changes in alertness. To do this, we
will continue to incorporate as many theoretical and
empirical constraints as we can, to guide the identifi-
CHriD[l OF i’llt‘L‘hHlliSmS ﬂ.'ll(] to i:lform our lll]dCrStan(]iﬂg
of the processes involved.
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Notes

1. In ACTI=R, noise is controlled by a parameter, s,
whose relation to the variance (a?) is defined by the
equation: o7 = (°*s%)/3, In this model, s was set to the
default ACT-R value of 0.25.
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2. ACT-R does not produce idle cycles by default. This
required an enhancement of this component of the
architecture, and we are grateful to Dan Bothell for
his help implementing this. In addition, cycle times in
this model were noisy, which is an available option in
ACT-R. The duration of a particular cycle in the model
varied between 25 ms and 75 s, according to a uniform
distribution, which is the default function for this noise
value in ACT-R.

3. The implemented maodel does not explicitly main-
tain attention once it has responded to the stimulus. As a
result, when the next stimulus appears, an extra prndu&
tion is required to shift attention to it. With a probabilistic
mixture of this process and one that maintains attention
on the stimulus location between trials, the distribution of
response limes can be captured more accurately. However,
the better fit comes at the cost of model complexity, which
seemed unwarranted for the current modeling effort.

4.1t is possible to consider a third option, which is that
arousal is outside cognitive control altogether (i.e., it is
not under control), However, arousal clearly seem to affect
aspects of control in cognition, suggesting that it operatcs
through these structures, if not as one, or past, of them.
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