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Abst rac t

This project illustrates an approach for measuring how stress influences physiology and cognition.
We introduce a set of tasks for measuring a range of mechanisms that make up cognition while under
stress, and a corresponding set of models that perform these tasks.  To illustrate the use of the tasks
we present data from a single subject-experimenter that experienced four dental procedures.  We
found that the dental procedures led to stress as measured by cortisol measurements taken from saliva
and an increased heart rate and (adjusted) blood pressure.  The variance in stress response was
perhaps the effect of practice, habituation, the result of the dental procedures becoming shorter and
less invasive, other daily variations, or a combination of these factors.  These physiological effects are
consistent with existing reports in the literature.

The subject's performance on this set of cognitive tasks did not appear to be greatly affected
when stressed.  On a visual search task, when stressed (as measured by cortisol) the subject was
equally able to find simple targets; his response time increased slightly after the stressor; driving
performance was slightly poorer before the stressor (the result of anticipatory stress, perhaps); his
performance improved with practice on a task that measured working memory capacity; and he
performed slightly less well on a task performing repeated, serial subtractions. We have implemented
about a dozen important theories of how stress influences cognition as sets of changes, overlays, to
the cognitive architecture.  They are designed to apply to all ACT-R models.  These overlays need to
be tested with this or a larger dataset.

These results have implications for safety critical systems—under stress, cognition may be
influenced in specific ways and this set of tasks provides a starting point to measure how and how
much.  If we can characterize the effects of stress on cognition, we should be able to build better
interfaces.  Finally, perhaps the most influential aspect of this project is that the tasks and summary
models are reusable by others to study the effects of other moderators by gathering data and by
modeling the effects on cognition.  We are in the process of using an improved set of tasks with 135
subjects with three different task stressors and with three levels of caffeine as a potential mitigator.
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1.  Introduction

We all believe that we know that our physiology and cognition are affected by stress.  It would,
however, be useful to know the details of how stress influences cognition.  We know that cognition is
influenced by stress, but how is cognition influenced by stress?  Do we think more slowly?  Do make
poorer decisions (“I was too stressed”) or do we concentrate better (“I focus better under
deadlines”)?  There is evidence of both results, both for improved performance (Morris, Hancock, &
Skirkey, 2004), and evidence for decreased performance.  Do we consider less information or have
less working memory or simply scan our environment less?  As stress and other moderators of
cognition are common it would be useful to know the details.  It would also be useful to know how
stress influences cognition to support time-critical, high-stakes activities as different effects will
suggest or require different design changes to interfaces and systems.

We report here a joint physiological/cognitive approach to studying the physiological effects of task-
appraisal stress as well as to measure its effects on several aspects of cognition.  We believe it can be
applied to a wide range of laboratory stressors.  We are also discussing with other researchers how to
apply it to out of the lab stressors, for example, jumping out airplanes in tandem parachutes.

This a technical report designed to hold our current understanding before presenting more formal
reports.  It thus may be incomplete as our understanding progresses.  It is also designed to serve as a
tutorial introduction to this work to researchers in both fields.  That is, the physiology report and
explanations may be seen as tutorial in nature by those experienced in that field, and the cognitive
science and human factors aspects may be seen as tutorial by those in those fields.

1.1  Definition and measurement of stress

Over the last decade it has become well accepted that exposure to acute and chronic stress is
associated with detrimental changes in health status.  As reported in Klein and Corwin (2002), many
studies have shown that a variety of neuroendocrine and immune responses are altered in response to
stress (there are many examples, but for a review we can recommend Elenkov & Chrousos, 2002, and
Keicolt-Glaser, McGuire, Robles & Glaser, 2002).  For the purposes of these experiments stress is
defined as an environmental or psychological event that threatens an organism’s safety and well-
being and leads to physiological and behavioral responses that allow an organism to deal with the
stressor (Baum, Grunberg & Singer, 1982; Klein & Corwin, 2002).

1.1.1  Types of stressors

There are several types of stressors that have been studied with regard to the relationship between
stress and cognitive performance.  Pew and Mavor (1998) review several, as do most human factors
textbooks.  These include heat (Hancock, 1986), vibration, environmental toxic substances and
related protective equipment, ambient noise, pre-task appraisal (Tomaka, Blascovich, Kelsey, &
Leitten, 1993), situational stress (e.g., dental work, Brand, 1999), work-related stress, task-based or
workload-based stress (Hancock & Warm, 1989), and chronic life stress.  The effect of fatigue in
general and sleep loss in particular are also considered by some as stressors (and they are certainly
part of the related concept of behavioral moderators).

1.1.2  Measurements of stress

Many measures of stress have been used, including behavioral, psychological, and physical
(physiologist).  In particular, two forms of measurement have been used as indicators of stress that
will be used here.  First, self-report surveys are used as indication of the subject’s perception of stress.
Most commonly these scales either reflect perceived levels of chronic life events, acute stress, or daily
hassles.
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Second, physiological measurements of stress are taken as a more objective means of measuring
levels of stress, particularly for measuring the long-term health effects of stress.  Physiological
measurements include blood pressure, heart rate, and levels of cortisol, a hormonal marker of stress.
Although there can be large individual differences in baseline levels of these physiological measures,
it is well established that when compared to an individual’s baseline (pre-stress) measures, the
induction of stress can increase all three of these measurements (e.g., Klein, Faraday, Quigley, &
Grunberg, 2004; Kudielka, Schommer, Hellhammer & Kirschbaum, 2004).

1.2  Effects of stress on physiology well studied

The effects of stress on physiology is relatively well studied.  The concept of a physiological response
to stress was first documented by Cannon in 1932.  Cannon proposed the idea that the body responds
to external threats (stressors) with a series of biological and behavioral reactions induced through
activation of the sympathetic-adrenal-medullary (SAM) axis by the sympathetic nervous system
(SNS).  The SAM-axis is activated when a stressor is presented to the organism, and results in the
release of the catecholamines epinephrine (Epi) and norepinephrine (NE)1 from the adrenal medulla.
Epi and NE initiate the “fight-or-flight” response that contributes an increase in heart rate, blood
pressure, and respiration, as well as the behavioral responses associated with SAM-axis activation
referred to as the “fight-or-flight” response.

In 1951 Selye recognized an effect of hormones (i.e., corticosteroids) released from the adrenal
cortex during stress.  Selye (1951) observed that exposing rodents to a variety of noxious stressors
consistently resulted in the release of corticosteroids regardless of the type of stress induced.
Corticosteroids (e.g., cortisol in humans) are now known to regulate the immune system and
breakdown glucose to provide energy for cells during times of stress.  One other important
contribution made by Selye was his observation that chronic exposure to stress and, thus, the release
of corticosteroids as part of stress-induced activation, had a detrimental effect on the internal organs
of the animals.  Specifically, Selye proposed the General Adaptation Syndrome (GAS).  GAS is a
process by which exposure to stress can overload the physiology function resulting in disease.  There
are three stages of GAS response, resistance, and exhaustion.

Sympathetic nervous system (SNS) activation stimulation by stress also stimulates the hypothalamic-
pituitary-adrenal (HPA) axis stress response (see Stratakis & Chrousos, 1995, for a review).  The
HPA-axis response to stress begins with the release of corticotropin releasing hormone (CRH) from
the hypothalamus, which stimulates release of adrenocorticotropin hormone (ACTH) from the
pituitary gland.  ACTH then circulates to the adrenal cortex to stimulate the release of
glucocorticoids, including corticosteroids (e.g., cortisol, corticosterone).  The corticosteroids regulate
further HPA-axis activation through a negative feedback loop by returning CRH release from the
hypothalamus and ACTH release from the pituitary gland towards baseline levels (Klein & Corwin,
2002).

Activation of the HPA-axis involves the following process: (a) the stressor induces activation of the
hypothalamus to release Corticotropic-Releasing Hormone (CRH) onto the anterior pituitary,
(b) activation of the anterior pituitary due to the presence of CRH results in the release of
adenocorticotropic-releasing hormone (ACTH), which in turn (c) acts on the adrenal cortex to release
corticosteroids into the blood stream.  Over time, the hormones released from the organs of the HPA-
axis, provides negative feedback to induce down-regulation of the system.

Activation of these systems during times of stress occurs to assist the organism in its fight for survival.
It does this by modifying how the body processes energy, and by providing additional energy
reserves.  The relationship of physiological mechanisms and processes have not often been made to
cognition, but it would be useful to have a more complete mapping between the mechanisms of
cognition and the wide range of physiological mechanisms.

                                                
1
 In the UK, epinephrine is still called adrenaline, and norepinephrine, noradrenaline.
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Unfortunately, chronic or abnormal activation of this system can result in the non-specific response
of the HPA axis to long-term stress (Baum et al., 1982; Taylor, 1999) and result in the onset of
disease such as depression, anxiety, and illness (McEwen, 1998; Sapolsky, 1994). It is well established
that prolonged activation of the systems involved in stress (e.g., SAM and HPA-axis) can have
detrimental consequences on the body’s functioning (McEwen & Stellar, 1993), resulting in the onset
of illness.  Excessive levels of stress are associated with the onset of obesity, cardiovascular disease,
depression, chronic fatigue syndrome, and immunosuppression and autoimmune diseases (Bachen,
Manuck, Marsland, Cohen, Malkoff, Muldoon, Rabin, 1992; Larson, Ader, & Moynihan, 2001; NIH,
2002).

Animal and human stress studies suggest that males and females differ in their biological (e.g.,
neuroendocrin) and behavioral (e.g., eating) responses to stressors.  Taking our understanding of the
stress response a step further, in a paper reviewing much of the biobehavioral stress literature, Taylor,
Klein, and colleagues (2000) observed that although the findings of previous stress research were
significant contributions, they were limited in their generalizability because most of this research
excluded females.  Specifically, through 1995 only 17% of studies included females in their analyses.
The observation of Taylor, Klein, and colleagues (2000) lead to the proposal of a new stress theory
that involves a mechanism by which females display different biobehavioral responses to stress
compared to males.  The mechanism involves the release of the hormone oxytocin from the posterior
pituitary gland.

In their review, Taylor, Klein, and colleagues (2000) suggest that although both males and females
display the traditional “fight-or-flight” response to some stressors, a behavioral pattern of “tend-
and-befriend” might better explain females’ stress responses in general.  The tend-and-befriend
response to stress suggests that, for females, a more adaptive response to some stressors may not be
either fight or flight, but rather the use of social interactions to provide physical and perhaps
psychological protection against a stressor.

The underlying neuroendocrine system of the tend-and-befriend differs from the fight-or-flight
response in that it appears to be modulated by the posterior pituitary hormone, oxytocin (Taylor et
al., 1999).  Studies suggest that oxytocin release may actually reduce many of the behavioral health
effects of stress, including reduced blood pressure levels (Light et al., 2000), anxiety (Turner et al.,
1999), and depression (Anderberg & Uvnas-Moberg, 2000).

Oxytocin is a hormone found to be higher in females than males across species enhanced by the
presence of estrogen and suppressed by exposure to testosterone (Taylor, et al., 2000).  Oxytocin
release, through its actions on the SAM- and HPA-axes, is an evolved response that reduces anxiety
and enhances attachment–caregiving resulting in behavior known as “Tend-and-Befriend”.  The
behaviors associated with the Tend-and-Befriend response include parents caring for the young
through actions such as licking, to soothe and quiet their off-spring during times of stress, and
includes the act of forming relationships with other members of a group as a means of protection and
support.  These behaviors tend to appear more frequently in females and complement the behaviors
of the “Fight-or-Flight” response.

This study can start with males and their simpler hormonal profile.  The these results for of sex
differences need to be kept in mind for future studies.

1.3  Effects of stress on cognition less well studied

The effects of stress on cognition have also been studied, but there appears to be less consensus on
how cognition is influenced by stress than there is for how physiology is affected by stress.  There are
studies that provide general measures of how performance on a single task varies due to changes in
stressors.  For example, under high temperature (from 79 to 97 degrees F), mistakes by competent
and by very good telegraphic operators increase by from 30 to 175 per hour, and 6 to 95,
respectively, while exceptionally skilled operators increase from 2 to 6 mistakes per hour (Macworth,
1946 reported in Hancock, 1986).
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The details of how stress affects task performance is less clear.  The effect of stress on cognition and
performance appears to be dependent on more variables than the physiological effects (e.g., as
reviewed in Hancock & Desmond, 2001).  These factors include intrinsic and extrinsic motivation, the
task and its importance, the stressor, the level of expertise, and task duration.  Therefore, multiple
variables must be considered (e.g., behavioral and physiological) when modeling cognitive
performance under stress.  And, where the theories cannot be implemented And, where the theories
are even more vague, the implementations become new theories.

Several theories of the influence of stress on cognition relate stress to arousal and arousal to cognition
(e.g., those cited in Hancock, 1986).  These theories do not provide the units or scale of arousal, and
typically only provide qualitative descriptions of how arousal influences the cognitive mechanisms.
Hancock (personal communication, December 2004) notes, however, that none of the existing
theories of how stress influences cognition are detailed enough for direct implementation in a
cognitive architecture.  We agree.  There are several major theories, however, that provide descriptions
that can be used to inspire changes to a cognitive architectures, such as changes to attention, which we
take up below.

There are some counter example studies where stress has been measured and its effects on
performance over a range of tasks has also been measured.  For example, Lieberman and his
colleagues’ have studied fatigue, including the study on Navy Seals (Lieberman, Tharion, Shukitt-
Hale, Speckman, & Tulley, 2002).  These studies are useful, but the population is somewhat unusual,
both in the level of stress and fatigue (both unusually high) and in the baseline fitness of the subjects
(the subjects are unusually fit).  Their study, however, provides inspiration for this pilot study and the
CafeNav study to follow.

1.4  A suite of tasks and models to study cognition and physiology

This short review suggests that to take the next step in understanding the relationship between stress
and cognition, we will need a suite of tasks, a set of physiology and related measures, and theory of
performance on these tasks (a set of cognitive models).  We need a suite of tasks to measure a wide
range of cognitive performance.  Previous studies that have only measured performance on one task
have been restricted in the types of comparisons and summaries they have been able to provide.  The
simple tasks in the suite should measure a wide range of the basic mechanisms of cognition.  They
will perhaps not be able to measure all aspects, as there are numerous proposed mechanisms in each
theory, and experiments in this area are limited in the number of mechanisms that can be measured
before the mechanisms change their characteristics with time.  This set, however, should explore the
most important and most likely mechanisms to be effected.  It is important to examine multiple
variables because many contribute and to measure multiple aspects of behavior because stress may
have many influences.

To achieve this, the current study will need to include a subset of the existing range of physiological
measures that are used to measure stress.  These typically include heart rate, blood pressure, and
hormonal measures such as cortisol.

We will also need a set of models of cognition, cognitive models that can be modified to represent the
effects of stress on performance.  These models can then be modified to represent the theories of how
cognition is moderated by stress.

The detailed effects of stress induced by a particular stressor on a range of tasks with a normal
population can then be studied.  That is, to see how the details of cognition change, not just overall
performance.  Knowing the details would help create a more generalizable theory of the influence of
stress on cognition, and we are also are likely to find that we will need a more detailed theory of
stress.

Finally, it would be quite useful to have baseline performance on a variety of cognitive measures to
help understand the effects of stress, that is, measures of basic cognition before and during the
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stressor as well as performance on more complex tasks.  These range of measures will help create a
theory of how performance is modified, not just that performance is modified overall by a
percentage.  This work will also be a step forward because complete physiology and cognitive data
will be recorded together, and multiple performance measures will be available, including timing and
error rates, and types of errors.

1.5  An example stressor: Dental work

Many people informally report that visits to the dentist as well as dental work itself is stressful.  As
noted by Kandemir and colleagues (1997), “80% of the United States and German population are
afraid of dentists and visit dental practices only when necessary.”  Because of this general perception,
there have been a few studies that view dental procedures as a stressor and have taken the time to
examine the effect of dental work on hormonal responses to stress (e.g., cortisol).  There is some
inconsistency as to the effect of dental stress on levels of cortisol.  Specifically, while some studies
have found that dental work is associated with increases in levels of salivary cortisol (Hill & Walker,
2001; Kandemir, Oksan, Alpoz, Ergezer & Kabalak, 1997) others have found no significant change
in salivary cortisol levels (Brand, 1999; Shepherd, Sims, Johnson & Hershman, 1987).

Studies that report increases in cortisol during the dental procedure, have found such increases
among children and adults.  The study of children ages 7-12 years, who had never before visited a
dental office, showed significant increases in salivary cortisol during cavity preparation and 5 minutes
following placement of a temporary filling compared to levels of cortisol in the control (no dental
work) group, from 0.16 ug/dl to 0.22 to 0.33 ug/dl (Kandemir, Oksan, Alpoz, Ergezer & Kabalak,
1997).

Among adults salivary cortisol levels were measured one day before surgery (pre-stress), on the day
of surgery (stress) and one day following (post-stress) a 3rd-molar (wisdom tooth) removal
procedure (Hill & Walker, 2001).  Patients in this study were given either local or general anesthesia
based on personal preference.  The study found that patients given general anesthesia showed a
significant increase in salivary cortisol levels from pre-stress to stress (23.5 to 36.2 nmol/L) and a
statistically significant decline in cortisol levels from the stress to post-stress (36.2 to 23.6 nmol/L).
Patients given a local anesthetic showed a similar pattern in cortisol on the day of surgery (24.6 to
25.8 to 20.7 nmol/L), but this difference was not statistically significant from either the pre- or post-
stress periods.  Because cortisol levels of the day of surgery were significantly higher in patients that
received general anesthesia compared to the those that received the local anesthetic, Hill and Walker
concluded that anesthesia may be a factor mediating any change in levels of cortisol, rather than the
stress of dental work itself.  There were also self-selection biases that were extant in this study — the
subjects selected their choice of anesthesia, so subjects that found dental work more stressful would
have been more likely to choose the general anesthesia.

Another study looked at the stress of periodontal surgery on levels of serum cortisol among patients
given intravenous sedative and local anesthesia or local anesthesia alone (Shepherd, Sims, Johnson, &
Hershman, 1987).  In both of these groups serum cortisol showed a significant decline in circulating
levels.  Subjects in the sedation + anesthesia group showed a greater decline in cortisol during the
procedure compared to those that received anesthesia only.  Based on this physiological data, these
findings go against the perception that dental procedures are a stressful event.  The fact that subjects
in a conscious sedative state showed a greater decline compared to those with a local anesthetic,
suggests perception of stress may be an important mediating factor to the response of cortisol during
a dental procedure.  Along those lines, a study by Brand (1999) correlated levels of salivary and
urinary cortisol with anxiety, using the dental anxiety scale (DAS).  In this study Brand found a
significant positive correlation between urinary cortisol and the DAS.  Salivary cortisol levels,
however, were not significantly correlated with levels of DAS anxiety.

Taken together these studies suggest that levels of cortisol can be taken during dental work as a
measure of stress, and can provide useful physiological measures of stress as there appear to be
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individual differences.  However, to date no study has investigated the effect of repeated exposure to
dental procedures on perceived stress, cognitive ability, and physiological variables.

1.6  A pilot study: A single subject with dental work

To address these issues and determine what cognitive mechanisms, if any, are affected by the stress of
a repeated dental procedures, a pilot experiment was conducted.  We present here a study of a single
subject having four dental procedures.  This experiment ran what is essentially a formal, but pilot
study of this approach, of measuring cognitive and physiological performance for tasks where
cognitive models are available using a simple stressor and a single subject.

We created a set of set of tasks to study the effects of stress on cognition.  These include a working
memory capacity task, a visual signal detection task, a simple reaction time task, a simple control task,
and a serial subtraction task.  Together, these tasks take about an hour to perform, and thus, a baseline
before and after set of measurements, and the dental procedure would take about 3 hours.

We next present the tasks and modifiable models to perform these tasks.  The models and tasks are
available for reuse, and we are adding to this suite as well.  We describe the methodology for this as a
single subject experiment.  The results of this study are reported.  Reaction times and error rates are
used primarily.  We propose how to implement several theories of stress that we find in the literature
and that we can create based on the underlying cognitive architecture.  We find numerous lessons for
this joint type of project, and we also find that some theories of stress are not plausible, at least for this
subject.  The implications, then, of course, are discussed.

2.  Tasks and Models

The cognitive models and tasks presented here are designed to serve as a example task suite.  The task
suite is designed to gather a range of data that focus both on specific mechanisms and their
integration (e.g., as recently explored by a workshop hosted by Gray, Gray, being drafted).  The tasks
are also either chosen or designed to provide corresponding cognitive models direct access to the
same interface used to gather the data (Ritter et al., 2000).  So, for example, the SynWork (Elsmore,
1994) task used by ARL, the LAMP project (Kyllonen & Christal, 1989), or the task suite created by
NTI for the Caffeinated tube food study (O’Donnell, 2004), which would seem natural candidates, do
not provide direct support for cognitive models to access these tasks and are not equivalent.

The performance of these models and subjects can then be used to study the effect of moderators of
cognition.  In the case of the models, this will be through the use of overlays representing the effects
of moderators of cognition.  Using a range of tasks will allow us if successful, for example, to more
successfully argue that our overlay offers an accurate representation of how the stress arising from
pre-task appraisal broadly affects cognition.

Before we can discuss our hypothesized relationship of stress on cognition, we first describe the
variety of tasks that help measure cognition before and after stress.  We have chosen tasks that have
cognitive models associated with them, as building a model can be a separate task in itself.

2.1  Working memory capacity–the MODS task

Working memory is a cognitive faculty that is commonly associated with impairment due to various
stressors and other moderators of behavior, such as fatigue.  Thus, our first task is a measure of
working memory capacity.
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2.1.1  What

In this task, called the MODS task, developed by Lovett and her colleagues (Lovett, Daily, & Reder,
2000), working memory capacity is measured by asking the subject to audibly repeat a list of letters
that are displayed one at a time in a fixed locations on a computer screen.  At the end of each list of
letters (of variable length) there is a number.  There are three to six lists presented on each trial at
about 1 s per number or digit, and thus the subject is asked to recall a three to six digit number at the
end of each trial.  This is represented diagrammatically in Figure 2.1.1.  The subject in this case
would have seen a, p, and q appear on the center left of the screen, and then the number 3.  Then d, c,
and 1 would appear in a spot to the right of the first spot, and so on.  After the last number, the
subject is prompted to type in all the numbers in order.

This experimental apparatus is implemented with ePrime.  The full task presents 32 lists to subjects in
a fixed order representing 32 numbers to be used.  The resulting measures of working memory
capacity have been shown to correlate well with performance on problem solving tasks (Lovett et al.,
2000; Lovett, Reder, & Lebiere, 1999).

In our shortened version in this pilot study, mini-MODS, there are 15 numbers, 4 x 3 digit, 4 x 4
digit, 4 x 5 digit, and 3 x 6 digit numbers.  These numbers are taken from the MODS stimuli.  We
have also created a second version for use in the future using the remaining numbers.  Both versions
are balanced for the number of digits repeated in consecutive stimuli.

Figure 2.1.1.  A diagrammatic representation of the MODS task.  Letters are read out loud
until a number appears and then the next column is presented.  At the end, the subject

reports all the numbers.

2.1.2  How much

The primary measures from this task are the number of completely correct responses for each
number length (i.e., at length 3, 4, 5, & 6).  A secondary set of numbers is also provided, which is the
number of digits correctly retrieved without regard to position.

An ACT-R 4 model was run with different values of working memory capacity from W = 0.5 to
W=1.5.  The resulting percent correct for each length are stored in a spreadsheet provided by Lovett
et al.’s colleague, Sukru Demiral.  The spreadsheet includes computations to compute the best fitting
value of W given the percent correct for each length.
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2.1.3  Model

Lovett et al. (2000) describe an ACT-R 4 model that performs this task and have provided a copy.
We are working on creating an ACT-R 5 model of this task with Schoelles.  We will use this model to
compute the working memory capacity (W) for use in other models as an individual difference and to
report the effects of moderators on working memory.

2.2  Vigilance and simple reaction time task

Vigilance and simple reaction time tasks afford us the ability to test a subject’s perceptual and motor
skill.  Like working memory, perceptual and motor skills are also hypothesized by many theories to
be affected by stress. Vigilance tasks typically require sustained attention for a long duration of time.
In our vigilance task we are not (and cannot be) concerned with prolonged attention but rather more
pertinent attention for short time period (4 min).  Reaction times are also assumed to be influenced
by many behavior moderators, including many types of stress.

2.2.1  What

In our implementation of a simple visual signal detection task subjects are asked to fixate on the
center point at the center of the display, and to respond when they see a circle by pressing the space
bar.  Figure 2.2.1 shows an example stimulus and the fixation point at the center of the display.
Alternatively squares can appear; however, subjects are told to ignore these as noise.

Each stimulus is presented for 300 ms. This time was chosen as a time span that allowed for
perceptual encoding under normal to favorable conditions.  The 30 stimuli and 30 noise objects
appear on a fixed schedule with a fixed set of delays between stimuli between 1 and 5 s, and in a set
of fixed locations distributed across the screen (the locations were chosen with a uniform distribution
and to be no closer than 100 pixels to the edge).  The apparatus records accuracy and response time.
A second variant is available for this task, which presents the same stimuli but in a reversed order, and
with the noise and signal locations exchanged as well.

After the signal and noise stimuli are presented, 15 signal stimuli are presented in a row at the fixation
point.  They are displayed with random times between the stimuli of whole second amounts ranging
from 1 to 5 s.  These form a simple reaction time task.

This task is implemented as a Common Lisp program.  It runs on PCs and Macintoshes in Allegro
and Macintosh Common Lisp.  A revised version (2.0, April 2005) using a busy loop time controller
that appears to provide timing accurate to well within 10 ms on these machines.

2.2.2  How much

Signal Detection Theory (e.g., T. D. Wickens, 2002) can be used to analyze the subjects’ ability to
detect and respond to ambiguous stimuli. How well subjects can discriminate signal from noise can
be measured using signal detection theory to compute d’, a measure of signal discrimination, and
subject’s lambda, a measure of their criterion (are they conservative or aggressive in their
classification of a percept as a signal or as noise?).  Reaction times of these decisions can also be
recorded.

A final set of 15 target stimuli are located on the fixation point, so a measure of simple reaction time
is also measured by this task.  The last 10 appear to have little learning and can be averaged to
compute a minimum, single-choice, reaction time as well as variance in response time.
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2.2.3  Model

A model in ACT-R 5 can perform this task, both the vigilance task as well as the simple reaction time
task.  This model uses a relatively novel approach to provide an ACT-R model access to a real-time
task.  This model remains to be validated against data.

Figure 2.2.1.  The visual signal detection task as seen by subjects.

2.3  Driving

Many theories note that perceptual motor control skills are influenced by behavior moderators.  It is
useful to include a simple control task in our suite of tasks.  A simple driving task provides a well-
recognized task, and it provides an integrated measure of performance including perceptual-motor
control.

2.3.1  What

The task we used (3d-Driver, initially from www.theebest.com/games/3ddriver/3ddriver.shtml) uses a
large number of perceptual motor and decision making abilities.  The 3ddriver Java program was
modified to record keystrokes and their times as well as the random seed used to set up the driving
course (acs.ist.psu.edu/driver-model).  A sample interface is shown in Figure 2.3.1.  The subject can
drive the simulated car at different simulated speeds and turn using keystroke commands. Although
the task itself is slightly more crude than we would like, 3ddriver provides a simple control task that
uses multiple aspects of cognition, and is very portable.

2.3.2  How much

Most driving tasks use lane deviation as a measure of performance. These measures have been
computed by a model that runs with the subject (Mini-DUMAS), but could be taken from the driving
task itself, as these measures are necessary for creating the display.  Here, we can also use time
between crashes as a measure of catastrophic errors.

Further analyses are possible, such as number of keystrokes and, with further instrumentation of the
interface, it would be possible to use time between obstacle appearance (curves or cars) and corrective
actions.
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2.3.3  Model

A simple ACT-R (4) model is available that drives the car. It has been tested with respect to average
lane deviation as well as time between crashes (Ritter, Van Rooy, St. Amant, & Simpson, accepted
pending revisions).  A similar model has been used to drive an ER1 robot and has been validated
against user data (Kukreja, 2004).  The driving model has been compared with unstressed human
data at three speeds.

We are not working on creating an ACT-R 5 model of this task—we will be replacing this task with
the Argus task in the larger study, so an ACT-R 5 model is not needed.  It would be interesting,
however, to compare and understand how the model changes between ACT-R 4 and 5.

Figure 2.3.1.  User interface in the 3ddriving game.

2.4  Serial subtraction

Serial subtraction is often used to create stress in physiological and biobehavioral experimental
paradigms.  It is a well-studied task, and thus, there are a lot of physiological data and some
performance data on this task.  It is one of the component tasks in the Trier Social Stressor Task set
(Kirschbaum, Pirke, & Hellhammer, 1993), which also include public speaking.  This task is
commonly used because many people, particularly younger people, find it stressful to perform public
speaking and doing repeated serial subtractions in front of an experimenter.

Existing models of arithmetic performance (e.g., Ashcraft & Kirk, 2001; Lebiere, 1998, 1999; Ritter,
Jones, & Baxter, 1998) use working memory extensively to hold partial results, and use many of the
basic processing mechanisms in cognitive architectures to perform the task.  Thus, performance on
subtraction is likely to be influenced by changes to working memory, as well as by changes to
processing speed.  It should also be sensitive to changes in how declarative and procedural memory is
used.

2.4.1  What

The serial subtraction task might be better named the repeated subtraction task, for the subject
repeatedly subtracts a fixed number from a running total.  Thus, subjects typically start with a 4-digit
number like 5,432, and subtract the number ‘7’ from the running total for 4 minutes.  An alternative
version that may be more threatening, that of subtracting by 13, is also used.  Both of these numbers
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are relatively prime with respect to 10, the base of these numbers, so the last digits repeat every 10
subtractions.  This is the longest possible cycle and makes the set of subtractions as difficult as any
available for base 10 numbers.

In the most stressful version, the subject reports the answers verbally, and is corrected by the
experimenter when the answers are incorrect.  The subject is also prompted to speed up mid-way
during the task, regardless of actual performance.  We have created a version to work when an
experimenter is not available (or cannot provide feedback), and where the subject cannot report the
numbers verbally.  It takes keystrokes from a keypad.  If the user mistypes, it restarts from the
number typed.  This version is available as a Common Lisp program.

Subjects vary in their response, partly based on their knowledge, and partly based on their appraisal
of this task.  When their knowledge is controlled for, appraising the task as challenging leads to more
subtractions than when the task is appraised as threatening (e.g., Tomaka, Blascovich, Kelsey, &
Leitten, 1993).

2.4.2  How much

The measures reported in previous studies have typically included number of attempts per 4 minute
block and percent correct (e.g., Tomaka & Blascovich, 1994).

It would be very useful for building models of this task to include the types of errors and the
frequencies of the error types that are generated.  It is also useful to include the standard deviations
or standard error of these measures, particularly the time to answer.  It may also be useful to record
the time course of the answer, and consider whether under stress the strategy changes, for example,
answering left to right vs. right to left.  Strategy changes have been found to vary under workload
(e.g., Kuk, Arnold, & Ritter, 1999).

Preliminary studies of the audio recordings on this task suggest that analyzing the recordings for
pace and pauses in uttering the answers would be useful.  This is a very detailed analysis, however, so
it is probably beyond most projects to analyze the data in this detailed way as well.

2.4.3  Model

We have created a cognitive model of serial subtraction in the ACT-R cognitive architecture in ACT-R
4.  The specific serial subtraction task that was modeled asks a subject to start with a 4-digit number
and repeatedly subtract 7 from it.  For example, the number 6,537 can be the starting number from
which the number 7 should be subtracted repeatedly.

This model can be moderated to demonstrate how the influence of biobehavioral effects on cognition
(sometimes called behavior moderators) can be studied through a combination of cognitive modeling
techniques and traditional empirical research.  Two overlays, additions to the cognitive architecture
changing parameters and knowledge, have already been created to include the effects of cognitive
appraisal and math anxiety on task performance.  The predictions of the model with one of the
appraisal overlays matches fairly well the answer rate and percent correct for example data on a
serial-subtraction task with and without stress (Tomaka, et al., 1993).

Previous work with this model in ACT-R 4 (Ritter, et al., 2004) has shown a relatively good match to
performance with challenging and threatening pre-task appraisals, and to an overlay simulating
anxiety.  The math anxiety overlay, which is based on popular theories, produces further, novel
predictions. Taken together, the model and overlay already suggest that ACT-R's current default
settings are too competent, and show how cognitive architectures can be used to explore the
interactions between biopsychological processes and cognitive mechanisms.  We are working on
creating an ACT-R 5 model of this task.
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2.5  Other tasks available and needed

There are other tasks that can be considered for inclusion in this task suite.  We examine three that
have models associated with them.  Having a model in hand makes it more possible to aggregate the
results.

In discussions with other researchers it is surprising the range of requirements and the number of
libraries of tasks.  Here, we require tasks to run on laptops, to have automatic data collection, and to
have ACT-R models of their performance (or to be have models that could be quickly built in ACT-
R).  Other requirements, such as large validation studies or running on PDAs generate different lists
of tasks.  For example, SimWork has been used to measure work, strategy changes, and stress.  There
is not yet, however, a model of this task, and this model would have to be brought to this task or a
version of the task created for the model.

2.5.1  Time estimation

Stress appears to influence time perception (Friasse, 1984; Yatko, 2001; Yatko, Grunberg, Stine, &
Kline, 2001), and this appears to extend to doing timed tasks such as serial subtraction.

There are four classical methods to measure time estimation (Allen, 1979; Brinda & Waksberg, 1956;
Wallace & Rabin, 1960; Zakay, 1990).  The method we use is known as verbal prospective time
estimation (Klein, Corwin, & Stine, 2003; Stine, Yatko, O’Connor, Grunberg, & Kline, 2002) where
the participant estimates the length of an empty block of time.  For example, the experimenter will
say ‘Start’, and then 47 s later ask the subject to estimate the length of the time interval.  This can be
done multiple times, but typically with slightly different times.

Time estimates then are converted into an accuracy score using the duration judgment ratio of
subjective to objective time duration (e.g., Block, Hancock, Zakay, 2000; Block, Zakay, & Hancock,
1999).  This ratio, called theta, is calculated using a standard formula of  = time estimate by subject /
actual time passed (e.g., 47 s.), such that an estimated time of 50 s would be divided by the clock
duration to yield a  = 1.06, whereas an estimate of 30 s would yield a  = 0.64.  Thus, a  > 1
indicates an overestimate of time such that the subject perceives greater time passage than the clock
duration, while a  < 1 indicates that the subject perceives less time passage than the clock duration.
A  = 1 indicates a perfect time estimation in matching clock duration (for example studies see Stine
et al., 2002; Yatko, 2001; and Klein et al., 2003).

There is a model of time perception in ACT-R 5 (Taatgen, Van Rijn, & Anderson, 2004) that is
promising.  Currently, this model reproduces time intervals rather than labeling them.  It is based on
neurological arguments that there is a separate system in the brain that computes time.  It should be
straightforward to create a model that given an interval, estimates the time.

2.5.2  Argus

It would be useful to have a complex task and model to examine more complex effects of stress of
cognition, and the effects of stress on complex cognition.  Air traffic control offers such a task, and
has long been studied as a task that produces stress and it is interesting to know how stress influences
it.  There are several simulations of air traffic control and flight, for example, TASP (Bolton et al.,
2004), the Kanfer-Ackerman (1989) task implemented in Lisp for ACT-R (Lee & Anderson, 2001),
and the AMBR air traffic control task (Gluck & Pew, in press).  While models have been hooked up
to these tasks, models are not provided with these tasks.

Argus (Schoelles & Gray, 2001) is a task tool that provides a range of possible tasks similar to air-
traffic control.  In this task, the subject has to classify aircraft as they fly on a plan-view display.  The
difficulty can be modified by modifying the pace and number of the planes.  It can also be modified
by varying how many steps are required to complete a classification.
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Argus offers a variety of measures of performance.  Some are relatively low level, such a measure of
clicking speed that can be inferred and Fitts Law constants for mouse moves.  There are also larger
constructs, including number of mouse clicks (and thus, number of duplicate mouse clicks or errors
in clicking), number of targets examined, time to classify a plane, number and percent correctly
classified, and number of planes classified twice.  These measures can be compared to patterns of
behavior represented by larger strategies, such as working on planes with and without replacement,
classifying planes when they enter, and classifying planes before or after they leave a sector.

Schoelles and Gray (2000, 2001) have created ACT-R models that perform the Argus task.  There are
also some baseline/control data from previous studies.  We are using this task in the CafeNav study,
block 2 and a modified, more complex version in block 3.

2.5.3  dTank

Another area to study the effects of stress is on competitive, real-time tasks.  This is a task that might
also be more likely to be a stressor.

dTank (Morgan et al., 2005) is a simple Java-based tank simulation game (acs.ist.psu.edu/dtank).  It
was created to provide an environment for Soar models to play against humans, and to be good
enough for humans to want to learn from the Soar models.  It is based on the Tank-Soar
environment.  It is instrumented to record both user and agent actions with timestamps.

The current studies of dTank have compared how often the agent wins (Sun, Councill, Fan, Ritter, &
Yen, 2004).  There are a host of other measures that can be computed and that would be useful.
Morgan and colleagues (2005) use a variety of measures, including frequency of each action type
including shots and a summary strategy classification.

dTank has been used in several projects to compare architectures, and thus models to play dTank are
available in Jess, Soar, Herbal/Soar, and CAST (Sun et al., 2004).  A stub has been created to support
ACT-R models and JACK models.

3.  Physiological Measures of Stress

Although there can be large individual differences in baseline levels of physiological measures, it is
well established that when compared to an individual’s baseline (pre-stress) measures, the induction
of stress increases heart rate, blood pressure, and hormonal measures of stress, such as cortisol (Klein,
Faraday, Quigley, & Grunberg, 2004; Kudielka, Schommer, Hellhammer & Kirschbaum, 2004).  We
summarize several here.

We would also note, that for ingestion of moderators or mitigators, such as caffeine (Morgan, Ritter,
Klein, & Stine, submitted), that dosages provide more accurate results.  That is, not just how much
caffeine was consumed (dose), but how much per body weight (dosage).  Thus, studies using caffeine
and materials like it, should also record related measures like body weight and height.

3.1  Heart rate

Heart rate is a measure of stress.  Under stress heart rate typically increases from a (healthy) baseline
between 60 and 90 beats per minute by 10 to 30 beats/minute.  Heart rate can be condensed into
measures every minute or every three minutes.  Heart rate variability is also used by some
experiments with additional equipment.
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3.2  Blood pressure

Blood pressure has also been used extensively as a measure of stress.  Under stress systolic (pumping)
typically increases from a (healthy) baseline between 100 and 130 mm of mercury (mmHg) by 10 to
30 mmHg.  Diastolic is also measured, and this varies less than systolic, but is also influenced by
stress.

3.3  Cortisol and other hormones

Cortisol is a hormone that is released as part of a physiological stress response.  It can be most
accurately measured through blood samples, but sampling in this way is a stressor itself.  Blood draws
require a trained phlebotamist to collect samples and significantly increase the complexity of studies.
Urine can be used to measure cortisol as well.  This approach requires a few less precautions than the
blood measure, and offers a more summative but less time-specific measurement as cortisol measures
in urine lags behind the blood levels by two hours (Brand, 1999). Like other stress responses (Taylor
et al., 1999), cortisol response differs between the sexes (men > women, Kudielka, Buske-Kirschbaum,
Hellhammer, & Kirschbaum, 2004; Purnell, Brandon, Isabelle, Loriaux, & Samuels, 2004), and is also
subject to monthly baseline changes (Kirschbaum et al., 1999).

Cortisol measures of nanograms/microlitres (ng/uL) are equivalent to micrograms/milliliters (mg/ml).
Micrograms/deciliter are equivalent to mg/ml * 100.  nMol/L is a measure used more in medical
settings, and this converts to ug/Dl when multiplied by 0.03625.  Measurements across labs may vary
by a factor or 2 or 3 (personal communication, Eve Schwartz, July 2005), due to the regents in the
testing kits across manufacturers.   Also, cortisol measured in (blood) plasma will be about an order
of magnitude higher, but well correlated with saliva.

Cortisol also appears in saliva.  This is a much less stressful way to measure cortisol.  A single cotton
swab, chewed for two minutes, provides enough saliva to provide about 20 assays of hormones like
cortisol and DHEA (explained later).  Brand (1999) reports that ‘the salivary cortisol concentration is
independent of the saliva flow and has a high correlation with the unbound (‘free’) cortisol
concentration in the blood plasma.’  Several papers mention a problem with blood contaminating
salivary cortisol measures, but this is not a problem in a normal population, and we believe is not a
problem in non-invasive dental work.

Brand (1999) reported cortisol levels with a mean of 9.65 +/- 5.5 nmol/L for patients about to
undergo a tooth extraction.  Hill and Walker (2001) report baselines of 24.6 +/-14 with day of dental
surgery measures of 26.8 +/-14, and post-surgery measures of 20 to 24 +/- 14 nmol/L.  Kirschbaum
and colleagues (1999) report a baseline measure for men of 6 nmol/l and an average of 12 nmol/l
when stressed.  Women exhibit the same response curve, but the size of the response varies by what
phase of the menstrual cycle they are in.

Later work (e.g., Granger & Kivlighan, in press) suggests that cortisol measures alone may not
provide a completely accurate picture.  DHEA appears to moderate cortisol across individuals, with
the full relationship still being explored.  It has been hypothesized that some individuals may have
elevated levels of both hormones, or that reactivity of individuals may vary by their basal levels of
these hormones.  It may be that some people are responders (i.e., their cortisol levels vary with stress),
some are non-responders (i.e., their cortisol levels do not vary with stress), and some may even
decrease their cortisol levels with stress.

3.4  Related hormones

There are at least two other hormones used to measure stress, dehydroepiandrosterone (DHEA) and
alpha-amylase.  DHEA is a precursor to sex steroids in the biological system and has been identified
as an active contributor to the regulation of steroid hormones such as cortisol.  DHEA can be
measured in a non-invasive manner through saliva. Thus, when measuring cortisol through saliva,
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salivary DHEA can be measured at no extra risk to the subject while adding a new dimension in the
assessment of cortisol regulation in studies.

Alpha-amylase is a salivary protein that has been shown to correlate with norepinephrine (another
stress hormone) release in humans.  Thus, it is a marker of sympathetic nervous system activity.
Salivary alpha-amylase is a non-invasive way to measure sympathetic-adrenal-medullary axis
response to stress.  Because alpha-amylase can be measured in saliva, it, too, can also be measured at
no extra risk to subjects.

3.5  Self-reports of physiology and mental state

Self-reports by subjects is another way to measure stress.  Similar to the NASA TLX scale to measure
workload from self-reports, there are several tools to measure mental state and stress.  Some of the
more common scales that have been used to measure levels of self-reported stress are the Perceived
Stress Scale (Cohen, Kamarck, & Mermelstein, 1983), Life Events Scale (Holmes & Rahe, 1967), and
the Daily Hassles and Uplifts Scale (Lazarus & Folkman, 1989).  Related to these is the Mood
Assessment Scale (Klein, Corwin, & Stine, 2003).

These scales often represent a trade-off between multiple measures (more questions tend to make the
measurement more reliable), but more questions also take more time.  For post-task appraisal,
questions can be re-worded in the past tense and should be asked immediately after the task.

Studies can use two types of items to get task appraisals, one for stress and one for coping (together
making up the appraisal).  For example, "How stressful do you expect the upcoming task to be on a
scale from 1-5 where 1 is not at all stressful and 5 is very stressful?"   And "How well do you think
you will be able to cope with the upcoming task on a scale from 1 to 5 where 1 is I cannot cope at all
with the task, and 5 is I can cope very well with the task."  Taken together these can be seen as a
measure of task appraisal.  This is an approach used by Tomaka and Blascovich.  Thus, the appraisal
value is then determined by taking the ratio of the stress value over the coping value, so the values
could range from 1/5 (.20) to 5/1 (5).

Kelsey, Blascovich, Leitten, Schneider, Tomaka, and Wiens (1993) have made arguments for creating
more stable appraisal values by asking more questions with the following words for the stress
component: "stressful", "threatening", and "demanding", and for the coping component "how able are
you to cope..." and "How well do you think you will perform?"  The performance question is
different than coping, but using an average of the 3 stress-related questions appears to be useful.

3.6  Comparisons of physiology measures and cognition

There have been few comparisons of the physiology measures of stress and cognitive measures.
Tomaka and Blascovich (1994) is an unusual example because they report performance on the task
in general terms, as well as the physiological stress measures.  This study and the larger CafeNav
study will be somewhat unusual in reporting a broad range of each type of measure.

4.  Method

This section describes the subject pool, measurements, and procedure of the pilot dental study for the
task suite discussed in Section 2.

4.1  Subject

The subject for the current study was one of the authors.  At the time of the study he was 42 years old
and was a regular coffee drinker.  Before each session he typically had a single cup of coffee 2 hours
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before the session began.  Each session began at approximately noon, and each dental procedure
began at approximately 2 PM and lasted approximately one hour.

4.2  Measurements and apparatus

Several kinds of measures were taken in the study using several kinds of apparatus.  They are
presented here in order of use.

Cardiovascular Measurements.  Systolic blood pressure (SBP), diastolic blood pressure (DBP), mean
arterial pressure (MAP), and heart rate (HR) were collected using an automated, oscillometric monitor
(Dinamap, Compact Blood Pressure Monitor, Critikon, Tampa, FL).  This monitor has been shown to
yield blood pressure values that are highly correlated with intra-arterial and ambulatory blood
pressure measurements (Borow & Newburger, 1982; Mueller, Wells, Radevski, Ouwerkerk, Tager,
Sliwa, & Sareli, 1997).

Blood pressure and HR readings were taken every 3 minutes throughout the study sessions.  An
aggregate of these readings within each period in the study are reported. Aggregating these measures
has shown to be reliable for basal SBP and DBP readings in a laboratory setting (Llabre, Ironson,
Spitzer, Gellman, Weidler, & Schneiderman, 1988).

Affect.  Using the Mood Assessment Scale (Klein, Corwin, & Stine, 2003), the subject was asked to
provide a mood rating (e.g., happy, angry, irritable) on ten questions using a 7-point Lickert scale,
with “1” being not at all and “7” being very much afflicted by that feeling.

Cortisol.  A saliva sample was collected five times during each session from the subject who rolled a
cotton swab in his mouth for two minutes before placing the swab into a Salivette saliva collection
tube (Sarstedt, Inc., North Carolina).  All samples were kept at room temperature until the session was
complete (up to 5 hours); samples then were transferred to a low-temperature (-80 C) freezer until the
assays were performed.  Concentrations of cortisol were determined using an enzyme-linked
immunosorbent assay (Assay Designs Inc., Michigan) conducted at the Pennsylvania State University.
All samples were run in duplicate in a single assay batch.  The assay had a lower limit of sensitivity of
0.057 ng/ml with less than 5% coefficient of variance.

Computer-based measures of cognitive performance.  Cognitive assessment protocols were run on a
Toshiba Satellite laptop computer using the Windows XP operating system.  The cognitive tasks,
including working memory, visual signal detection, simple driving, and serial subtraction were all
performed with this computer.

Working memory capacity.  The MODS task, developed by Lovett and her colleagues at Carnegie
Mellon University (Lovett et al., 2000), is designed to test the working memory capacity of the
subject.  This task was implemented in ePrime (www.pstnet.com/products/e-prime), which ran on the
laptop computer.

Working memory capacity is measured by having the subject audibly repeat a list of letters displayed
(one at a time, every second) while attempting to remember the digit presented at the end of each list
of letters.  The list of letters varied across the 15 trials in length and in letter choice.  There were 3 to
6 lists of letters presented during each trial, thus on each trial the subject attempted to recall 3 to 6
digits.  After the last letters+digit list, the subject was prompted to enter the digits in order of
appearance.  The digits to be remembered were the same each time this task was run.

Dependent measures recorded are the number of digits completely correct (by place and number) for
each list length, and number of digits correct without regard to position.  Both of these measures give
an indication of working memory capacity, and they can be used to compute the best fitting working
memory capacity (W) in a corresponding ACT-R model of the task.
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Signal Detection Task.  The subject was seated with his head approximately 12 inches form the laptop
screen (chin approximately over the edge of the keyboard).  The 9 by 12 inch screen was set for a
1024 x 768 pixels display.  He was instructed to fixate on a cross at the center of the screen.  A series
of 10 pixel square stimuli appeared for 300 ms each.  These stimuli were presented over a 4-minute
block.  The first stimuli subset, 30 circles and 30 squares, varied in a fixed pattern in location and
time between stimuli.  This pattern was reversed for the second and fourth runs of each session.  The
second subset, 15 circles, appeared at the fixation point.  The subject was instructed to respond to a
circle by pressing the space bar and to ignore the squares.

The first subset of the stimuli was analyzed as a signal detection task.  The signal to noise distance
(d’) and threshold (lambda) were computed, as well as reaction times for hits and false alarms.  The
second subset of the stimuli was all on the fixation point and was used to compute a more direct
single-choice reaction time.

Simple driving task.  A simple driving game available online
(www.theebest.com/games/3ddriver/3ddriver.shtml, acs.ist.psu.edu/cafenav/driver-readme.html) was
used to measure perception and control.  The task was implemented in Java. The Java code was
modified to save the random seed initializing the game and determining the road layout and what
cars appeared to pass and as oncoming traffic.

The game has a simple computer interface—the car is driven by using the letters "A" to accelerate and
"Z" to brake and the left and right arrow keys to steer.  The course turns and goes through tunnels,
and oncoming cars appear as well as cars to pass.  The subject was instructed to drive without hitting
any cars or running off the road.  If the subject hit anything or ran off the road, they were asked to
restart the game and continue play until the 5-minute trial duration elapsed.

The first 2.5 minutes of the game required to subject to drive at a simulated speed of 45 mph
followed by a 2.5 minute period traveling at a simulated speed of 60 mph.  These speeds were taken
from previous studies as being easy and harder speeds (Ritter, Van Rooy, St. Amant, & Simpson,
accepted pending revisions).  Throughout this task, the timing and direction of all key presses that
control the driving process were recorded.

The average time between crashes was the primary measure.  The keystrokes and the average lane
deviation are also available.

Mental Arithmetic.  The serial subtraction task is a modified portion of the Trier Social Stressor Task
(Kirschbaum, Pirke, & Hellhammer, 1993) that requires the subject to count backwards by 7’s from a
series of selected 4-digit numbers.  The trial duration was 4 minutes.  

There were three modifications to adapt this task to this environment.  First, the subject was instructed
to enter the results of the subtractions via an external numeric keypad.  Typically, the answers are
provided verbally.  Verbalizing was not always possible in this environment.

Second, the initial seed numbers were chosen so that they could be easily communicated to the
subject, for example, 4,700, 8,100, and 5,100 were used as starting points.  This might make them
appear less random, as some subjects in other studies are asked to start from numbers such as 5,467,
but communication was a problem in this environment as there were other people talking, and the
subject could not easily ask for clarification.

Third, answers that were incorrect were not reported to the subject.  Typically, incorrect answers by
the subject bring a reprimand from the experimenter—this is partly why and how the task is used as a
stressor.  Starting over is more difficult in this task; during the dental procedure it would have been
intrusive to have the restart passed to the subject by a talking computer or even from a research
assistant.  In addition, because of the dental work, it is not necessary to use this task itself as a stressor.

Dependent measures include the subject's accuracy and number of subtractions computed per 4-
minute. The errors and error types were also recorded.
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4.3  Procedure

4.3.1  Overview

The study procedures consisted of 4 sessions over 2 months (weeks 1, 3, 5, and 9.5).  The first 3
sessions were Tuesdays, the last a Friday.  This schedule was dictated by the dental work and available
appointments.  All sessions began between 1200 and 1220 to minimize the influence of circadian
rhythms on neuroendocrine and cognitive performance data and ended approximately at 4 PM.  The
dental work itself was scheduled for 2-3 PM each day.  Each session had the same procedure with
respect to sequence of events, timing, and duration.  The difference between sessions was the type of
dental treatment administered to the subject.  The dental treatments varied slightly in levels of
invasiveness.  They are described next.

4.3.2  Session Protocol

Each session took place over 2 days (see Figure 4.3.1).  Each session contained 5 measurement
periods.  Day 1 of the trial included four sessions:  2 baseline sessions (pre-stress, on campus, pre-
stress waiting room), 1 dental treatment session (stressor), and 1 post-treatment session (post-stress
waiting room).  Day 2 of the study occurred 3 days after Day 1, and involved a second post-treatment
session (post-stressor campus).  Although baseline and post-stressor sessions contained the same
sequence of events, the setting of the sessions differed.  Specifically, the first baseline and second
post-stressor session took place in a seminar room on a university campus while the second baseline
and first post-stressor session took place in the waiting room of the dental office.  Approximately 15
minutes separated each session on Day 1 including travel to the dental office.  Measurements taken at
the dental office (Prestress 2 and Post-stress 1) were to provide an indication of immediate pre- and
post-stressor responses.

Figure 4.3.1.  Study timeline.

Baseline 1 and 2.  The baseline sessions began with a 5-minute rest period, to allow stabilization of
the subject’s heart rate.  Following the rest period, the blood pressure cuff was placed on the subject’s
non-dominant arm.  Every 3 minutes for 9 minutes a baseline heart rate, systolic blood pressure,
diastolic blood pressure and mean arterial blood pressure readings were recorded (4 recordings total).
Collection of the mood assessment scale (1 minute) and salivary cortisol (2 minutes) sample followed
this baseline cardiovascular assessment.  Next, the cognitive performance tasks were administered in
the following order: working memory (MODS) (4 minutes), signal detection and simple reaction time
(4 minutes), driving (5 minutes), and serial subtraction (5 minutes) tasks (see Figure 4.3.1).  Blood
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pressure readings were taken every 3 minutes throughout the performance tasks; typically a total of 3
readings were collected.

Dental Sessions. The blood pressure cuff was placed on the subject’s non-dominant arm and
measurements were taken every 3 minutes continuously throughout the treatment. Similar to the
baseline session, the dental treatment sessions began with a 5-minute relaxation period.  The dentist
then began one of the treatments.

During Session 1, two fillings were replaced.  Treatment was performed with Prilocaine and Artacaine
as local anesthesia.  In Sessions 2 and 3, root debridement (cleaning the roots of the teeth with an
ultrasonic probe) was done on the left and right sides, respectively using a Chlorhexidine glutinate
treatment.  The patient was anesthetized locally with the use of Benzocaine, a topical anesthetic gel.
In Session 4, a summary assessment of the previous debridements, additional root debridement, and a
general teeth cleaning were performed.

The serial subtraction task was performed at a convenient time during the treatment session with the
assistance of a trained research assistant.  Following completion of the dental treatment, the mood
assessment scale was administered as part of this period and a cortisol sample collected.

Post-stressor Periods 1 and 2.  The post-stressor period protocols were similar to the baseline sessions
and only differed from each other in setting.  Specifically, post-stressor 1 took place immediately
following the treatment in the waiting room of the dental office and post-stressor 2 took place in a
seminar room on a nearby university campus.

5.  Results and Discussion

The measures taken in the study are presented here in the order that they were taken.  The size of the
study leads to more descriptive statistics than inferential measures.

The subject completed all of the four sessions.  Our subject’s value on Corah’s Dental Anxiety Scale
was 9, and this is very close to the mean of 9.74 +/-1.84 reported by Brand (1999) for normal (not
selected to be anxious) dental subjects.

The post-stressor 2 period of Session 2 was performed before a visiting colleague to demonstrate the
study.  The data (shown below) indicate that this demonstration was somewhat distracting to the
subject and limited the accuracy of the data.

5.1  Cardiovascular measurements

Measures of the average systolic blood pressure (SBP, Figure 5.1.1), average diastolic blood pressure
(DBP, Figure 5.1.2), average heart rate (HR, Figure 5.1.3), and average mean arterial pressure (Figure
5.1.4) across each session are provided below.  You can see how these measures vary across the
sessions and periods.  There was a greater reaction in SBP than in DBP.  This difference in reactivity
is typical, in that DBP is more stable.

Overall patterns of cardiovascular response were consistent across sessions for each session, however, a
distinct stress response can be observed during the dental procedure in the Session 1 SBP reading.
This increase in SBP suggests that the subject did have a stress response during Session 1, but that this
response attenuated within that session and over repeated sessions.  The appearance of a decline in
SBP, DBP, and HR during the dental procedure may be due to the fact that the subject was in a
reclined position (based on previous research this is an event that consistently results in lowered blood
pressure).  Finally, there was a trend observed in cardiovascular measurements between pre-stressor 1
(Period 1) and pre-stressor 2 (Period 2), this trend suggests that an anticipatory stress response may
be present.  Specifically, there does appear to be an increase in cardiovascular measurements between
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Period 1 and 2.  These differences, however, are not statistically significant and the clinical impact of
such changes of this size is unclear.

Figure 5.1.1.  Systolic (pumping) Blood pressure over periods of the 4 sessions.

Figure 5.1.2. Disystolic (resting) blood pressure over periods of the 4 sessions pressure
over periods of the 4 sessions.

For comparison, systolic measures of 140 mmHg are considered high blood pressure at rest, and 130
mmHg is borderline high.  Thus, this subject did not have resting high blood pressure.  The increase
of blood pressure in Session 1 from 118 in Period 1 to 128 in Period 2, when the change in posture is
accounted for, represents a change of about 20 mmHg2.  This change is large enough to indicate an
important change in stress.  Because there were multiple readings (albeit, not independent across
                                                
2
  We measured blood preasure sitting and reclining in the chair on a day that treatment was not provided.
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subjects, but across time), this indicates that this was a reliable change for that subject on that day with
respect to that change in environment.  The blood pressure changes otherwise do not indicate
changes in stress in the other sessions, even when a 10 mmHg is added to account for the change in
posture.  These measures also provide the reader with examples of how much variance there is in
blood pressure readings across a single individual across days and dental procedures.

The heart rate per session, as shown in Figure 5.1.3, goes up when the subject arrives in the dental
waiting room.  This is consistent with anticipatory stress.  While it goes down during the dental work,
this is almost certainly due primarily to the different posture during the dental work.  When reclined,
blood pressure drops due to a decrease in resistance.  This is suggestive that the subject’s heart rate
should be measured in more similar postures in the future.

Figure 5.1.3.  Heart rate across periods for each session.

Figure 5.1.4.  Mean Arterial Pressure across periods for each session.
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Effects of stress on heart rate should be based on differences from baseline.  In this case, the heart
rate can be seen to go up from about 84 (Session 1, pre-stressor 1), to about 88 (pre-stressor 2) beats
per minute (BPM).  Heart rate thus shows that the waiting period was more stressful, although the
Post-stressor 2 heart rates are also high, where they should be lower as cardiovascular measures often
decline following removal of a stressor.  However, the duration of recovery from a stressor may also
be indicative of the stress of being experimenter-subject or a need for more regular exercise on the
part of the subject.  Heart rates in unusually fit individuals, such as in world class athletes can be as
low as 40 or 50 BPM.  The heart rate for modestly fit individuals will be in the 70’s.  A baseline of
80 BPM indicates someone who needs more exercise.  Increases in heart rate of 10 to 20 beats/min.
indicate changes in stress (Klein, Faraday, Quigley & Grunberg, 2004).

Overall, dental work as a stressor as measured by the cardiovascular measures.  There were differences
of between 5 and 10 mmHG that appeared to arise from a stress response, either as anticipatory
response, or during the stressor.  Heart rate went up from 5-10 beats per minute in several cases,
although being in the dental chair in a relaxed position seemed to decrease this rate by about 10 beats
per minute.  Disystolic blood pressure went down during the stressor; this was almost certainly caused
by the reclined position.

Session 1 was probably the most stressful.  In this session, systolic BP went up significantly during the
stressor.

5.2  Cortisol

Cortisol measures for each of the periods in each session are shown in Figure 5.2.1 while cortisol
levels for each period averaged across sessions are provided in Figure 5.2.2.  One value was lost, it
was for Period 1, Session 4.  Although not significant because of variability, the means for each
session shows the same trend that Kirschbaum (Kirschbaum et al., 1999) and others find, that of
rising levels of cortisol in anticipation of the stressor and then a decline following exposure to the
stress.

Figure 5.2.2 shows that on average the cortisol measures varied across the periods in each session.
The presence of high cortisol levels during Period 1 of most sessions suggests that the daily stressors
experienced by the subject and sense of urgency to arrive at the experimental session may have
proved more stressful than the dental session itself.  However, when cortisol levels during the dental
procedure were compared to the Pre-stress 2 and Post-stressor 1 periods, a slight increase in cortisol
levels appear suggesting that relative to the pre- and post- baseline periods the dental procedure did
induce a stress response in the subject.  When variations in cortisol levels between sessions were
considered for each period, the level of variance present indicate that the stress of the dental
procedures was only present during the 2nd and 3rd sessions and that, overall there was no main effect
of the dental procedure.  During sessions 2 and 3 the subject experienced root debridements that did
not increase the level of perceived stress for the subject as much as the filling procedure.  The subject
also believed that the dental filling replacements in Session 1 caused the most stress.  This is
interesting, and may be due to anticipatory stress that reduced as attenuation occurred.

These results are comparable to other dental work studies, which have found values with a mean of
9.65 +/- 5.5 nmol/L [0.34 ug/dL] (Brand, 1999) to 24.6 +/-14 [0.89 ug/dL] with day of dental
surgery measures of 26.8 +/-14 [0.97 ug/dL], and post-surgery measures of 20 to 24 +/- 14 nmol/L,
[0.725 to 0.87 ug/dL] (Hill & Walker, 2001).  There is clearly a range of measures, and this subject’s
measures, taken in the afternoon, are similar to what is in the literature.
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Figure 5.2.1.  Cortisol measures for each period and sessions.
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Figure 5.2.2.  Cortisol measures averaged over sessions.

5.3  Working memory measures

The MODS task was used to measure working memory capacity.  Figure 5.3.1 shows the proportion
of answers completely correct across the five periods.  Period 3 was the dental work.  Similar results
are obtained for proportion of digits (unordered) correctly retrieved.  Figure 5.3.2 shows how the
proportion completely correct and the proportion of correct digits improved across sessions and
across practice with this task.  The differences between stimuli length are relatively small for this
subject, as we shall show, so in most of these plots the stimuli length is collapsed across.
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Figure 5.3.1. Proportion completely correct for all simuli for periods 1, 2, 4, and 5.
Lines are labeled with the session numbers.

Figure 5.3.2.  Proportion correctly ordered (o) and correct unordered digits (u) for all
items for Sessions 1, 2, 3, and 4, by period.

Figure 5.3.3 shows the proportion of correctly ordered retrievals for each stimuli length for the four
sessions.  These plots show that shorter stimuli lengths are retrieved more accurately, and that with
practice, both within a session and over sessions that correct retrievals increase.
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Figure 5.3.3.  Proportion correctly ordered digits retreived by item length for Sessions 1,
2, 3, and 4 (from left to right and top to bottom).

The plots in figure 5.3.3 show that the subject started out with good performance and generally got
better.  In particular, performance improved within a session.  Sessions 1, 3, and 4 perhaps showed a
decrement after the dental work (Period 3) of complete retrievals, but otherwise no differences are
apparent.

These values of complete correct retrievals can be used to compute working memory capacity using
the ACT-R 4 model of the task.  We used Damirol’s spreadsheet (MODS Model Pred Easy.xls,
undated) that uses the proportion completely correct for each stimuli length to compute the best
fitting value of performance for W.  The best value of W, 1.5, has an expected performance of 0.9875
on the 3-digit stimuli, 0.80 on the 4-digit numbers, 0.70 on the 5-digit numbers, and 0.4 on the 6
digit numbers.  When the subject’s performance is put into the spreadsheet, because it usually is
greater than these numbers on most stimuli and never less than one of them, the computed W is
uniformly 1.5, the largest test value provided.

Figure 5.3.4 shows the correlation between total proportion correctly retrieved by position and the
cortisol level for all of the 16 period measurements.  This figure shows that cortisol did not correlate
well with performance on the MODS task, perhaps because the MODS task was essentially at ceiling.
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Figure 5.3.4.  Correlation of cortisol level for each period by total proportion
correct on the MODS task.

Overall, these results illustrate how performance on this task improved with practice—the stimuli did
not change, and the subject learned them.  The figures also show an interesting effect.  While we were
interested in measuring working memory capacity with stress, what we actually see is a task that when
repeated combines working memory capacity and learning during stress—the stimuli were constant
across each session.  That is, the numbers to be remembered were the same each time the MODS task
was run.  What we have then is a learning curve during stress.  A fixed set of stimuli like this may
provide a measure of learning under stress.  There is also some suggestion that WM capacity is
disrupted after a stressor is relaxed.

Further work with MODS to measure working memory capacity will require a set of variant tasks.  We
have created another short MODS task (mini-MODS-b) using the numbers from the large task not
used in the first variant.  These numbers have been slightly reordered to keep the number of digits
repeated across stimuli to be more comparable.  This variant is available but we do not yet have data
from it.

5.4  Visual signal detection task

The first subset of the visual signal detection task stimuli were analyzed as signal detection stimuli.
The signal to noise distance (d’) and decision threshold, lambda, distance of threshold from 0, the
center of the noise distribution were computed, as well as reaction times for hits and false alarms.
Sometimes Xc is used (Wickens & Hollands, 2000), and sometimes this construct is labeled with other
symbols.

The last subset of the stimuli were all on the fixation point and were used to compute a more direct
single-choice reaction time.  These are reported separately in the next section.

Performance on the visual signal detection task for the 16 sessions is shown in Figure 5.4.1 and 5.4.2.
The figures display d' and lambda for each of the sessions and periods.  These figures suggest that
the subject did not learn this task across repeated exposure across sessions.
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Figure 5.4.1.  d’ for individual sessions.   

Figure 5.4.2.  Lambda for each session.

Figure 5.4.3 and 5.4.4 shows the simple reaction times and d’ and lambda measures aggregated over
the 16 sessions for the two versions of the task (12 of type A and 4 of type B).  These plots show that
performance on the two versions are similar enough to treat them the same, although potential
differences should be kept in mind.
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Figure 5.4.3.  Choice reaction times and simple reaction times for the two versions of the
VSDT task (Version A (N=12) left columns, and Version B (N=4) right columns).

Figure 5.4.4.  d’ and lambda for versions A (left column) and B (right column) of the task.   

Reaction times on this task for the two measurable types of signals are shown in Figure 5.4.5 (the
time for misses and correct rejections cannot be computed, as they are no-responses).  These times
are somewhat slow for a 20 year old subject, but may be appropriate given that this subject was older
and that they involved visual search.  Further examination of these times has, however, led to an
improved version of the task.
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Figure 5.4.5.  Mean reaction time for hits (left) and for false alarms (right).

Figure 5.4.6 shows d’ and lambda by period aggregated across sessions.  This figure shows that on
average d’ went up slightly following the dental work, perhaps due to increased arousal.  Lambda
might also have changed due to anticipatory stress.  These figures suggest that this task may provide
interesting data when performed with a larger number of subjects.

 

Figure 5.4.6.   Mean d’ (left) and mean lambda (right) for each session.

We also analyzed the results with respect to distance from the fixation spot.  These results are shown
in Figure 5.4.7 for hit rate and false alarm, and Figure 5.4.8 for d’ and lambda.  For this subject, d’
decreased with distance generally, except for the extreme positions, where the ability to avoid false
alarms at extreme distances allowed d’ to not be too bad.  The current graph suggests that this
paradigm will provide a way of measuring how vision changes with moderators, and if the effective
field of view changes with moderators.
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Figure 5.4.7.  How hit rate and false alarm rate varies by radius averaged across
periods and sessions.

Figure 5.4.8.  How d’ (left) and lambda (right) vary by radius from the center point
averaged across periods and sessions.

5.5  Simple reaction time

The last 15 stimuli in the visual signal detection task were treated as simple reaction times, and they
are treated separately here.  Figure 5.5.1 shows their times averaged across sessions.  The figure
shows that it would be appropriate to take the last 10 of these stimuli and use them as a measure of
simple reaction time.  This figure also shows that the subject did not learn over repeated practice with
this task.

Figure 5.5.2 shows how the simple reaction times varied across sessions and periods.  There does not
appear to be a learning effect.

Figure 5.5.3 shows how the simple reaction time varied across sessions.  Somewhat surprisingly we do
not find any noticeable effects on simple reaction time due to the stressor.  This may be due to the
single subject design, or it could be because the stressor was not extreme enough to influence simple
reaction time.  While we believe that simple reaction time varies with stress, we find no significant
variations here.
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Figure 5.5.1.  The average reaction time across all sessions and periods for each
of the 15 reaction time stimuli.

Figure 5.5.2.  Simple reaction times for each period.
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Figure 5.5.3.  Simple RT across periods averaged over sessions.

5.6  Simple driving task

The first 2.5 minutes of the driving game required the subject to drive at a simulated speed of 45
mph followed by a 2.5 minute period traveling at 60 mph.  Performance on these two conditions
have been collapsed in these analyses.  The average time between crashes by period and session is
shown in Figure 5.6.1.  The average time per crash averaged over sessions is shown in Figure 5.6.2.
The first figure shows that this task might be influenced more by stress of getting to the study and
after the dental work, than by anticipatory stress of the upcoming dental work.  Figure 5.6.1 does
show that the period before the dental work had reduced variance (perhaps some stress is good), and
the period after the dental work had maximal variance.  This graph may be showing part of the
hypothesized inverted u-shaped curve as changes in variance.
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Figure 5.6.1.  Average time between crashes by period and session.
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Figure 5.6.2.  Average time between crashes per period across session.

Figure 5.6.3 shows the average time between crashes per session, averaged over periods.  This
measure increases somewhat over time, indicating learning, but this increase appears noisy due to the
single subject design, and also, we fear, the noise in the task arising from differences in the task—each
map was unique for each run, and the cars on the map also added uncontrolled noise.

The decrease in variance with practice from Session 2 to 4 is more typical of learning, where variance
decreases with practice.  The low variance to start with is typically not seen, but some models can
hypothesize a floor effect, where performance is uniformly poor as the user learns how to do the task.
Also, again, this low variance could be due to chance given the single subject.  This subject appeared
to perform better after the dental work, although this result was not tested for statistical significance.

Previous work found an average time to crash of 10 to 16 s (Ritter, Van Rooy, St. Amant, & Simpson,
accepted pending revisions).  The times here are significantly longer, although the subject is older
(and presumably no faster and more likely slower than Ritter et al.’s subjects).

These graphs suggest that learning is an important component of this task, that average time to crash
can be much higher than 16 s, and that the existing model is thus a model of novice performance, not
practiced performance.  An alternate hypothesis is that this subject was more knowledgeable about
the task on a strategic level, and that this influenced performance.

The performances in Figure 5.6.3 can also be analyzed with respect to an inverted U-shaped curve.
The baseline performance, as represented by the post-stressor 2Period, is poorer because of lower
arousal.  With increased arousal in the pre-stressor 1 Period and the post-stressor 1 Period,
performance improves, but with even higher stress, pre-stressor 2, performance decreases again.  The
limited amount data here as well as the different cortisol results (the pre-stressor 1 Period was most
stressful as measured by cortisol), suggests that this story may not be accurate.

Further analysis, such as average lane deviation, could be computed.  This would require including a
replay capability in 3d Driver.  This should be a relatively straightforward addition, as this number is
computed to draw the display.  In addition, greater control is required of the task, particularly of
oncoming cars so that the driver is not left in the impossible task of overtaking a car (while at a fixed
speed) with oncoming traffic.  The task told to the user must change (you can slow down), or the
oncoming cars need to be removed.
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Figure 5.6.3.  Average time between crashes per session.

Figure 5.6.4 shows the correlation of cortisol vs. time to crash.  There is a correlation of 0.31.   That
is, higher cortisol values correlated with better driving (longer times between crashes).  An inverted U-
shaped curve is not evident here.  This correlation and plot might be tried with BP and heart rate, but
may be lowered due to stochastic nature of the task and noise in the measurements.
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Figure 5.6.4.  Cortisol vs. mean time to crash.  r = 0.31.

The average number of keystrokes per run for each of the sessions are shown in Figure 5.6.5 and the
average across sessions are shown in Figure 5.6.6.  The number of key presses per run will correlate
with the length of these runs.  There is not much regularity except to note that the variance is greatest
for the post-stressor 1 Period, and that the key presses occur, on average, a little faster than once per
second.  This measure does not appear to be a useful measure.
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Figure 5.6.5.  Keypress rate by period and session.
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Figure 5.6.6.  Keypress rate by period averaged over sessions.

5.7  Mental serial subtraction

The number of correct serial subtractions and total attempted for each of the periods and sessions are
shown in Table 5.7.1.  If multiple blocks were run in a period (which happened twice), the first
period is used.  Time per attempt is thus the total time for the block (some were marginally over 4
minutes).  Note that these analyses did not discard errors and typos from total attempts.
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 In these scores, typos have been removed and the results judged as correct or incorrect, multiple
duplicate entries were noted and removed from the total, and repeats of the starting number were also
removed. The first period of the first session was 8 minutes, and the last 4 minutes are used here.

There were 665 total attempts across all blocks in the 16 periods.  The subject generated 24 typos that
were removed, which is about a 3.7% error rate.  22 entries were not coded; these included entries
where the starting number was typed in at the beginning, an extra <enter> was typed, or a 0 was
perhaps entered as the <enter> key.  These types of entries were not analyzed with respect to period
because of how few entries there were.

A summary graph of the averages number attempts and percent correct are shown in Figure 5.7.1.
These results show that the number of subtractions is likely to be lower when entered with a keyboard
than done verbally, but this could also be an individual difference, as these values appear to be within
the range reported in other studies.  Table 5.7.1 also provides some feeling for the variance in this
task.

The measures are aggregated across sessions in Figure 5.7.1, which shows that on average the number
attempted and number correct did not appear to vary much across periods, but that variance in the
answer rate might vary across periods, and that there appear to be some learning during each session.

Table 5.7.1.  Number of serial subtractions per period and session.

Sess i on P e r i o d

Attempts

per 4

m i n .

Time per

Attempt

(ms ) S D

C l ean

C o r r e c t

C l ean

Attempts

R a t i o

C o r r e c t

1 1 21 11,216 4,159 17 19 0.89

1 2 28 8,700 4,903 14 23 0.61

1 3 27 10,108 5,153 19 23 0.82

1 4 38 6,307 2,748 33 36 0.92

1 5 30 7,956 4,036 23 29 0.79

2 1 30 8,049 4,579 7 8 0.88

2 2 34 7,024 2,981 22 34 0.65

2 3 34 7,128 3,037 29 32 0.91

2 4 24 9,903 5,500 16 24 0.67

2 5 28 8,493 6,283 26 28 0.93

3 1 29 8,321 2,876 26 29 0.90

3 2 21 11,335 7,077 17 21 0.81

3 3 18 13,581 4,322 16 17 0.94

3 4 29 8,291 4,401 22 29 0.76

3 5 27 8,925 6,746 25 28 0.89

4 1 33 7,235 3,255 29 33 0.88

4 2 41 5,793 3,988 32 40 0.80

4 3 28 8,915 5,190 24 28 0.84

4 4 36 6,630 3,262 26 36 0.72

4 5 41 5,904 2,435 33 40 0.83
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Figure 5.7.1.  Number of attempts (top line) and number correct seial subtractions per
period averaged across sessions.

The subject made a total of 525 correct subtractions, and made a total of 115 errors, approximately
an 83% correct rate.  This can be compared with Tomaka et al.’s (1993) rate of 46 (threatened) to 61
(challenged) attempts per block and 91% correct.  A description of what types of errors occurred, are
provided in Table 5.7.2.  This table shows that some common errors were misremembering the
number (subtract 10 or add 10), subtracting by 8 or 6, and subtracting but misremembering the
100’s (add 93 or subtract 107 or 407). Further analyses might show on what types of problems the
errors occurred.

Table 5.7.2.  Types and frequencies of subtractions on the serial subtraction
 task across all blocks.

Less than –7 Correct (-7) Greater than –7
-407 1 525 -6 16
-209 1 -5 3
-207 1 duplicate 13 -4 8
-107 1 jumbled 2 -3 4
-18 1 -2 1
-17 4 -1 2
-16 1 3 13
-14 3 7 1
-12 1 10 4
-10 17 18 1
-9 2 22 1
-8 3 31 1

93 6
110 1
111 1
193 1
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Figure 5.7.2 shows that cortisol as a measure of stress does not correlate well with number of attempts
nor with percent correct across the 20 sessions (there are 19 points as one cortisol measure was lost).

Figure 5.7.3 shows the location of errors by decile of time across all blocks, sessions and periods.
The histogram shows that the rate of errors appears to increase with time in the block (r = 0.83).
While learning within a session was observable, within a block fatigue was dominant or the task
appraisal shifted to be more threatening.
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Figure 5.7.2.  Correlation between Cortisol measures and number of attempts per 4 min.
block (left) and percent correct in those blocks.
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Figure 5.7.3  Location of errors in across all periods and sessions by decile of block.

5.8  Discussion

We summarize these results of this study.  We then examine the implications for other, larger studies.

5.8.1  Summary of results

This study found that dental work was a stressor for the one subject as measured by the physiological
measures of blood pressure and, if adjusted for position, by heart rate.  The results for cortisol are
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likely to be reliable if averaged over multiple subjects.  The cortisol measures also suggested that
starting the study each day was more stressful for the subject-experimenter than the dental work itself.
Further work in this area could look at heart rate variability, but this takes more time to set up and
more expensive equipment.  Session 1 appeared to have the largest effect on most measures, but
sometimes 2 and sometimes 3 had a greater effect.

The working memory capacity measures were repeated 16 times using the same stimuli.  The subject
started out essentially at ceiling, perhaps due to piloting this study, and pretty much remained there.
They did exhibit some learning across the periods of a session.  This stressor did not appear to
influence learning, but this may be different for a different subject or a larger stressor.

The visual signal detection time showed an increased performance following the stressor of a small
amount, about 1 unit in d’.  There were shifts in lambda, but these did not appear to be significant,
but should be reexamined in a larger dataset, as there were some differences.

d’ varied by distance from the center point.  This was not examined by period, but did show that
these measures might have some ability to measure how visual performance varies with stressor or
mitigators.  Lambda also varied with distance from the center of the screen, but this was harder to
interpret.  The visual signal detection task did not appear to show a difference across variations, but
the noise was high on these measures relative to each other, so this difference should be reanalyzed
again in the next study.

The reaction time task appeared to provide reliable measures in the last 10 of its 15 stimuli.  The
reaction time measures appeared to follow the signal detection task affect, that of being slightly faster
after the stressor.

The driving study also found that performance slightly improved after the stressor, but this was
probably not reliable.  Figure 5.6.1 also shows that variance increased greatly after the stressor.
Variance in behavior was not fully analyzed here, but should be kept in mind in further studies, as
one effect of stress may be to increase variance in behavior.  A correlation of cortisol and time to
crash showed a weak positive correlation.

The serial subtraction task showed an effect of stressor directly.  An effect that was seen was that
during the stressor, the number of subtractions attempted went down, and the percent correct
appeared to go up.  Another effect that was seen was that more subtractions were attempted as time
passed within a session.

There were also some interesting error data.  The subject made more errors within each period as time
passed, that is, it appears that a fatigue or fatigue-like process exists.  The 116 errors will also provide
help in understanding how the task is performed and how it breaks down.  Again, there was little
correlation of performance on this task with cortisol.

This study found more data than has been analyzed here.  The mood data is yet to be analyzed.
There are further details that could be examined in the driving task, which are noted there. There are
certainly further details of the serial subtraction task that could be examined (e.g., what types of
problems led to errors, how did performance change with time within a block).  The effect of each
task on blood pressure and heart rate could also be done.

There remain further questions that are better answered with a larger study, such as the CafeNav
study.  For example, what is the best measure of stress in this task?  The biobehavioral perspective is
that a multivariate assessment (i.e., combinations of variables) is best.  One of the questions that this
study did not address well and that this report does not address is “How well do the physiology
measures correlate?”  We have not examined how cortisol correlated with HR, BP(systolic),
BP(diastolic), MAP, or a composite measure found from a regression.  This complete analyses of
these variables has not been done, particularly because with one subject it is unlikely to be fruitful.
The analyses reported here provide some baseline for understanding other work, in particular, the
larger CafeNav study.
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We have also not done a full set of correlations of each of these stress measures with performance on
the tasks.  An analyses that remains to be done is to collapse across sessions and correlate each
possible stressor with each performance measure on each task.  Where we have done this, the results
have been restricted by the single subject design and the relatively small number of data points.  This
analysis is likely to be inconclusive given the single subject here, as well as what appears to be a
relatively limited stressor and relatively limited stress response.  More data from more participants is
the answer, and again, we refer the reader to the CafeNav study and the reports that will shortly be
coming from it.

5.8.2  Implications for the CafNav study

There was one implication from this work with respect to the blood pressure data.  The timing of
physiological measurements needs to be analyzed (e.g., equal number of measurements
–BP/HR—need to be determined for each task—if each task is 4-5 minutes long, one may want to
take BP more frequently so that there is more than 1 measurement during each task).

There are numerous suggestions from this study about the care and feeding of data as there were
several problems with the data files.  The data files need to have their date and time of acquisition
included in them.  Many of the files did not, particularly the driving files.  Both date and time were
reconstructed from the file system for the driving task, but this is a fragile way to derive or store this
data.  Also, the computer’s time was off by at least 2 hours, and perhaps by date as well.  Data files
need to have a version of the software used included as a header or as a paired file in the directory,
these did not.  It would also be useful to have raw start times included in the header (e.g., at 10.56 am,
23 July 1969).  At least two of the data files were missing or mislabeled (there were files log0 and log
2, but no log1 for driving).  Most files ended with 'wrecked', but some did not.

It may be possible that this implementation of the serial-subtraction task was not stressful enough.
There was not feedback on the task, and in particular not social feedback.  It almost certain that
serving as subject-experimenter created some baseline stress as well, which may have diluted the
dental work as stressor.

6.  Overlays

As before mentioned, an overlay is an appropriate technique for including a theory of how behavior
moderators, such as stress, influences cognition across a variety of models within a cognitive
architecture.  Previous work that has been done in modeling stress has often only been developed and
tested on a single model and a single task.  Although implementing theories of stress as modifications
to a model in a cognitive architecture is a proper first step, it falls short of the goals of an overlay.  An
overlay in the cognitive modeling sense is an adjustment to the parameters or mechanisms that
influence all models implemented in the architecture.  Specifically, in ACT-R there are a set of
mechanisms and a number of global parameters that play a role in the model’s functioning.  Using
the variety of tasks above that test a range of orthogonal, important psychological abilities, we should
be able work towards a single overlay that is able to replicate the effects of stress on human behavior
on those tasks.

These overlays considered here will be static overlays, representing the state of processing in a
challenged (or neutral) and in a threatened state.  Lazarus and Folkman (1984) and Hancock and
Szalma (2003) note that coping influences the task or that the task is a type of stress itself.  Most of
these overlays make simpler assumptions, that the effects of stress can be represented with a static
approach of modeling unstressed (challenged, perhaps), and stressed (threatened).  In many theories
and most of the implementations here the effects of stress are assumed to be there or to not be there.
This is probably simplistic, but will be a helpful assumption for starting this work.

In time, it is clear that stress has a more dynamic nature than the theories these overlays provide.  It
seems too difficult at the present time to create a model of stress that dynamically adjusted to the
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effect of stress on the task and to the effects of the task itself.  The testing and comparison of these
more complex theories is not possible with our understanding and what now appears to be limited by
computing power to run the models (with 135 subject, perhaps) over 5 tasks for 10
overlays—creating dynamic overlays would combinatorially compound this problem.  Where there is
one overlay that is dynamic and we will use it (Belavkin), we do not attempt to create new dynamic
overlays here.

There are two ways to generate these overlays for pre-task appraisal and for situational appraisal in
the case of this data set.  The first way is to examine existing theories of how stress influences
cognition, and implement them in ACT-R.  Migrating verbal theories into cognitive models has been
done before for other theories in other areas (e.g., Jones, Ritter, & Wood, 2000).  This process is not
always completely satisfactory, as the verbal theories are often posited in vague terms, do not indicate
how they would interact with behaviors and effects necessary to implement them.

When the theory is more concrete, sometimes the verbal theory makes different assumptions about
how information is processed.  Hendy, Farrell, and East’s (2001) model of stress response predicts
information processing itself is decremented with stress, and theories by Canon (1932), Selye, and
Mason in the biopsychology literature predict that performance decreases above an optimal level of
stress or arousal, but these theories work only on a general level of information.  Even more troubling
is when the theories make assumptions about processing that cannot yet be directly or routinely
implemented in models or their architectures.  Examples of these effects include how under stress,
particularly high workload stress, tasks are deliberately shed (e.g., Parasuramn & Hancock, 2001;
Wickens et al., 1998) or processed more lightly (Hendy et al., 2001), and how negative information in
particular may be lost or ignored.  Both of these effects (strategy shifts and change in information
processing) require more complex models and architectures to represent task load, and to have the
model dynamically adjust its strategies, and to include a more complex representation of knowledge.

As an extended example, consider modeling the effect of stress on situation awareness.  What is
perhaps a clear concept when presented as a verbal theory becomes at worst an ill-defined concept
when examined within a model, and at best becomes a complex computation of how well the model’s
representation of the world matches the world (level 1), and how often and how well the model
updates its model of the world (level 2 and 3, what objects are doing, and what objects will do).  Level
1 SA can be computed for most models.  Their representations of the world will not be as accurate as
humans’, but this computation could be done, and a multi-variable qualitative summary could be
provided.  Many models do not update their mental models of the world except in a reactive way, and
it will also be necessary to define a measure of SA that summarizes this type of dynamic cognition
with respect to level 2 and 3.

The second way to generate overlays is to examine the architecture and propose overlays based on
the architecture’s mechanisms and parameters.  These theories can be implemented directly, but
sometimes are difficult to compare with existing theories.

We present several overlays to consider.  The first group are based directly on existing theories of
how cognition is influenced by stress.  The second group are generated more by interpreting existing
theories using ACT-R, and the final group are simple ones generated by examining ACT-R’s
parameters.

We implement the overlays as percentage changes where we can because some models will start with
base differences from ACT-R’s default settings.  This approach may allow overlays to be combined.

6.1  Wickens’ theories

We have taken Wicken’s theories of stress from Wickens, Gordon, and Liu (1998).  They note (p.
383) that it is difficult to predict the “amount of stress” (their quotes) for psychological stressors in
any particular circumstance because of individual differences in cognitive appraisal.  These
differences can arise through changes in information processing due to how the task is performed
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(allowing more or less time to appraise the situation), how the task is appraised due to level of
expertise, and whether one is in control of the situation.  They do, however, go on to provide some
theoretical statements that can be used to implement overlays here.

Further in their review, Wickens et al. note perceptual narrowing (or tunneling) as an effect of stress
(over arousal).  The item focused on is typically the cause of stress or related to relieving this stressor.
Cognitive tunneling can also occur, where a limited number of options are considered.

Wickens-PT.  Perceptual tunneling can be implemented several ways.  One way is to vary the default
distance from the screen.  This effectively makes objects on the periphery less visible. Another way is
to modify the visual attention latency.  This makes moving attention to the periphery slower, and
some agents would use information from the periphery because it is harder to get, and would miss
more changes there.

Wickens-CT.  To implement cognitive tunneling, the declarative and procedural retrieval thresholds
in ACT-R can be modified by the overlays to represent a greater reliance on well known and well-
practiced knowledge.  While not a complete implementation of cognitive tunneling, it is a useful step
forward for both the overlay and as an operationalization of this theory.

Wickens-WM. Wickens et al. (1998, p. 385) note that working memory capacity appears to decrease
under stress.  It is less capable for storing, rehearsing information, and less useful when performing
computations or other attention-demanding tasks.  They go on to note that long-term memory
appears to be little affected and may even be enhanced (although, some of the reasoning effects
noted below will perhaps mitigate this effect, such as focusing on well learned knowledge, which also
implies focusing less on less well known knowledge, which is using less of long term memory!).

The implementation of this theory is straightforward; the working memory parameter in ACT-R can
be decreased by a range of values, from 5% to 25%.  These can represent different amounts of
working memory available when the problem solver is stressed.

Wickens-SS. Wickens et al (1998, p. 385) also note that under stress there are sometimes strategic
shifts, with an emphasis to “do something, now!” (their quotations).  This is problematic, as other
authors also sometimes note under stress that operators freeze, although this may not be the same
type of stress or the same amount of stress.  We will attempt to implement this anyhow, but this should
be seen as a fairly tentative theory.

The overlay here (strategy-shift) shifts the expected gain and expected cost equation to favor
strategies (rules) with low expected cost.  This encourages the model to choose rules that do
something ‘now’ over rules and strategies that have high payoff.

6.2  The task as stressor—Hancock and Warm (1989)

Hancock and Warm (1989) describe the effect of stress on task performance as an individual’s
interest in maintaining an optimal amount of information flow.  They note several effects, including
that “physiological compensation is initiated at the point at which behavioral response reaches the
exhaustive stage.”  So, with as stress increases, the agent modifies its cognitive efforts, then its
physiology changes to support these efforts, and then, after a sufficient period of time, there will be a
catastrophic collapse.  The task itself as a source of stress, with sustained attention as the stress
generator.  For (well-practiced) automatic tasks, there is little effect of stress on performance.  This is
a result to keep in mind when designing overlays.

The other reusable aspect of their theory is an explanation about why heat stress on a simple task can
be better predicted than noise stress.  Their approach is to understand the input, the adaptation, and
the output (here, we would focus on the effect of the adaptation to the information processing and
output mechanisms).  Heat stress has a fairly simple input description, and its effects on cognition and
physiology on adaptation appear to be, they note (p. 532), direct and straightforward.  We would add
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that the effects of heat (or cold) on cognition are relatively monotonic over time and over changes
towards extreme temperatures.  The results they review show a very nice area where physiology
directly affects cognition. Cognition directly suffers when thermoregulatory action can no longer
maintain core body temperature.  They point out that noise is less easy to characterize on input, and
the adaptation is more complex.  We would note that the adaptation has more individual differences,
and is more complex cognitively and physiologically.  Thus, pre-task appraisal will be more difficult
to model than caffeine because task appraisal is a more dynamic and more knowledge-based
moderator.  Both will be more difficult to model than thermal stress.

We do not take away an overlay from this approach, but we take away the three part description of
input, adaptation, and response.  We also gain a greater understanding of the types of moderators.
We also do not yet model, but should put on our scorecard, that the task itself, perhaps even when
challenging and not threatening, will serve as a stressor over time.  This is supported by a review of
caffeine, which summarizes that without caffeine, performance on a vigilance task decreases over time
even for motivated subjects (Morgan et al., submitted).  This theory also predicts that performance
and resources will degrade faster when performing more complex tasks.

6.3  Decreased attention—Many researchers

Several theories relate the effect of stress on cognition as a decrease in attention.  Hancock (1986)
reviews several and puts forth his own.  ACT-R includes several aspects of attention.  Working
memory capacity is a type of attention, and this is a parameter that can be modified in ACT-R, which
we did in the Wickens-WM overlay above.

Worry as dual task.  We have also added a secondary task to the model to simulate worry.  In this
case, stress causes a dual task to appear.  This has been implemented as a single production that
represents the use of working memory to do processing about the stressor.  It reduces performance
by taking up time, and as that additional time passes, task-related working memory elements can
decay.  This approach to modeling anxiety is consistent with theories of math anxiety and other
studies of anxiety (e.g., Ashcraft, 2002; Ashcraft & Kirk, 2001; Sarason, Sarason, Keefe, Hayes, &
Shearin, 1986).

All of these overlays based on modifying attention predict that the more attention the task demands,
the more susceptible performance is to stress, which is consistent with the literature.

We have used this approach as a possibility before (Ritter, Reifers, Klein, Quigley, & Schoelles, 2004)
by simply including an additional rule that can apply, but otherwise does nothing task related.
Further versions could be implemented that worry directly about the task components, which would
have a less negative effect, but that could also bias decisions.  When this rule is chosen, it takes time
from the primary task, and also allows the declarative memory of the primary task to decay over the
time that the rule takes to apply.

6.4  Perceptual narrowing—Hancock and Szalma (2003)

Hancock and Szalma (2003) note that stress influences sensory and perceptual capacities, “which
results first in a diminution and then a failure of information assimilation”, and that “stress depletes
resource-based processing of higher-level functions (e.g., problem solving).”  While these are not
quantitative predictions yet3, because we have a complete, integrated cognitive architecture, we can
create an overlay that modifies the sensory and perceptual capabilities.  We can also attempt to
explore how this theory is different than Wicken’s (and others’) perceptual narrowing.

                                                
3
 Indeed, Hancock (personal communications, December, 2004) noted that he thought that there are no theories of

stress complete enough to directly implement in a cognitive architecture.
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Hancock-Szalma-IA.  This overlay of information assimilation modifies in ACT-R/PM how quickly
the visual attention can shift (in ACT-R/PM, this is visual-attention-latency, from 0.085 s to plus
25%).  Thus, with increased stress, the number of objects that are fixated upon in a given time period
decreases.

This overlay could also be implemented with EMMA (Salvucci, 2001), which is a further extension to
ACT-R/PM to provide more detailed predictions based on saccades and a more detailed model of how
the time and quality of feature integration could change.

6.5  Variance in behavior—Avraamides

Increased procedural variance.  Avraamides suggested increasing the variance used in choosing
knowledge to apply.  In initial models of the serial subtraction task (Ritter, Avraamides, & Councill,
2002), increased values of noise (EGN) helped shift the model’s behavior so that more mistakes were
made.  The reason to include more noise was so that when threat appraisal was selected in the model,
the default value of EGN was changed to a greater number (1.0) to simulate a state where the
procedural knowledge was applied less accurately in the threatened state (Ritter, et al., 2004).  This
overlay helped the model predict performance on a single task fairly well.  This overlay would,
however, increase the application of less than optimal knowledge, but its effects would be more
noticeable when the knowledge is not well learned.  The explanation then, is that with expertise, the
effect of noise is still there, but has less effect on experts whose knowledge may be more
differentiated and has greater strength than novices have.

Decreased procedural variance.  Increased EGN will lead to using different knowledge sources and
trying new and less well known strategies more. This is at odds with many theories of stress, which
postulate that with increased stress operators rely more on well-learned knowledge and do not try out
new things. This alternative, inverse overlay would, however, increase the application of less than
optimal knowledge, but its effects would be more noticeable when the knowledge is not well learned.

Modifying the threshold for applying a rule in ACT-R should be considered as a possibility as well.
That this second overlay arises from the implementation is an example of where the implementations
tells us more than the simple theory does.

6.6  Local changes to motivation—Belavkin and Ritter (2004)

Belavkin and Ritter (2004) posited a theory of motivation based on a review of the emotions
literature.  Belavkin has created an overlay that modifies ACT-R’s expected gain noise value so that
with each success on a task, this noise value goes down.  This has the effect of the problem solver
paying more attention to their knowledge, which, in fact, has been successful.

When the problem solver has recently been unsuccessful, the noise value goes up.  This increases the
noise in knowledge application, leading to less rational choices of which knowledge units to apply (in
the case of ACT-R, these are rules).  If the model is caught in a local minimum in the weights to the
knowledge units, this approach will help it move to a new state.  This overlay applied to a model has
been successfully been shown to model the Yerkes-Dodson (1908) mice data better than an
unmodified ACT-R model (Belavkin & Ritter, 2004).

Belavkin-moderated EGN.  This overlay (www.cs.mdx.ac.uk/staffpages/rvb/software/optimist/) is
consonant with Avraamides’ overlay, but is more dynamic.  Avraamides’ overlay predicts that noise
increases with a threatening appraisal.  The Belavkin overlay predicts that poor performance is also a
stressor that increases knowledge choice noise, and noticing the performance as being poor could
lead to appraising the task as threatening.  This overlay also increases the application of less than
optimal knowledge, particularly when the knowledge is not well learned.
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6.7  Theories grounded in ACT-R’s mechanisms

The use of the ACT-R architecture allows other theories to be generated based on the architecture
itself.  The major parameters in ACT-R include the working memory capacity, processing speed, the
declarative and procedural retrieval thresholds, expected gain noise, and the rate of learning.  Several
of these parameters have not been used to implement an existing theory of stress in an overlay.
Because, as parameters, they suggest where changes occur, they are used to create overlays here.
Their lack of use so far could be because we have a limited review, or because these parameters are
not seen as being influenced by stress.

Processing speed.  This overlay modifies the processing speed by decrementing the current value by
25%.  The base speed is used for modeling challenging conditions, and the processing rate is
dropped by 25% to model the effect of threatening appraisals.  The likely problem with this overlay
is that its error rate may go up because working memory will have more time to decay per problem,
but this also might be small enough that it is not a reliably noticeable difference.

Learning rate.  Neither the procedural nor declarative learning rate have been used by any of the
overlays above.  The learning rate, in addition to helping with learning, also appears to help a model
decrease its error rate in serial subtraction task over a four-minute block (Bansal, 2002).

6.8  Summary

This set of overlays provides a rich and full set of theories to test.  Implementing and testing them
should provide a lot of food for thought about how cognition and performance vary on these tasks.

As a set, these overlays tell us a lot about how stress has been conceptualized.  A summary of these
overlays and their current, tentative implementations are shown in Table 6.8.1.  The table shows that
all of the theories modify only one aspect of cognition.  Nearly all influence central cognition, but
few affect periphery processors.  In particular, none affect the motor processor.  Thus, some of the
areas where these theories are incomplete can be seen.  For example, we know that mental arithmetic
is influenced by stress, but the perceptual narrowing theory and several others do not predict an effect
of stress on that task.  For other overlays, similar tasks can be proposed where the theory predicts that
stress will not influence performance.  These theories might be combinable, and we will be
investigating this.  The design of the implementation shown in Table 6.8.1 supports this approach.

Currently these overlays are static, representing a single measure of stress at a static point in time.
The response to stress is not static, and thus an area for future work will be making the response
dynamic, showing where stress comes from, and showing how task performance can ameliorate the
effects of stress or contribute to it.

The overlays need to be applied to a wide range of tasks, and the results compared to subjects’
performance on a similar set of tasks.  A large battery of tasks will be important because on a single
task some of these overlays may make similar predictions on a single task, and thus will need to be
tested with a complete battery of tests are given to people who are stressed.

The complexity of this problem, the suite of tasks, suite of data, and suite of models, will require reuse
of models and tasks.  Preliminary data shows differences that may help differentiate these overlays,
and that task-related stress was present.  We have started pilot work on doing this (Ritter, et al., 2005).

Creating an initial model that models stress globally is a first step.  After creating the first effective
overlay there are several multiple lines of research that can then be investigated.  First, we would hope
to create other global overlays modeling other psychological phenomenon demonstrating that the
concept of overlays in a cognitive architecture is indeed valid. For example, the overlays could be
extended to study unethical levels of psychological constructs.  Overlays here could help study
extreme levels of stress, of fatigue, of heat, and of dosages of caffeine.
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Second, these overlays might also be further extended in several ways. They could be extended to
model different levels of stress or individual differences. They could also be refined.  For example,
the distracter thought overlay could have several different thoughts, some not focused on the task,
which would slow down the model and thereby reduce the activation of working memory, and other
thoughts that might be more task related, and would slow down the task but raise the activation of
particular task component memories.

Granted, the goals are ambitious, but the possible implications and impact seem to be worthy of
further effort in this area.  The next step here is to see how consistent are the models with overlays are
with respect to data, and to also examine the differences in error rates and error types that these
overlays predict.
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Table 6.8.1.  Summary table of the proposed overlays to implement pre-task
appraisal (stress) in ACT-R.

Overlay name Major effects Implementation and effect of the
threatening appraisal

Wickens-PT Perceptual tunneling Variant A. Visual attention
latency goes up by 25%.  For
default ACT-R, 0.085 ms to
0.10625 ms.

Variant B. Visual distance goes
down by 25%.  For default
ACT-R, this is 15 cm to 11.25
cm.

Wickens-CV Cognitive tunneling Declarative and procedural
thresholds go up by 10%.
Defaults are 0 and nil, so values
for threatening are set to 0.1 and
0.11.

Wickens-WM Working memory is hurt by stress W goes to 0.8 * W.  For default
ACT-R (parameter GA in ACT-
R 5) the default is 1.0 and it
changes to 0.8.

Wickens-SS Low cost strategies favored PG-C is used to choose a rule,
and it is modified to be
PG – 1.2 C

Hancock-Szalma-IA Information assimilation
decreases with stress

Saccade times (visual attention
shifts) increase from visual-
attention-latency, from 0.085  to
+50%.

Avraamides Procedural knowledge
application noise increases with
stress

EGS goes from 0.1 (challenged)
to 1.0 (threatened).  ACT-R
default is 0.

Avraamides-Inverse Procedural knowledge
application noise decreases with
stress

EGS goes from 1.0 (challenged)
to 0.1 (threatened).  ACT-R
default is 0.

Belakin’s OPTIMIST Dynamically moderate noise in
knowledge based on success rate

Value of goal is modified from
base value dynamically. See
Belavkin & Ritter, 2004, for
details.

Processing speed Modifies processing speed Default activation time modified
by 120%.  For default ACT-R
from 0.05 to 0.06.

Learning rate Modifies the learning rate Modifies a very short term type
of learning, base-level learning
is 0.5, but is decreased to 0.4
when threatened.

Intrusive thought Includes a rule that fires.  Effects
modified by rule strength.

Simple rule is added to the
model.

Could also be implemented by
changing retrieval thresholds for
rules.
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7.  Conclusions

This pilot study demonstrated that physiological and cognitive measures can be recorded in the same
study, and showed that knowing both of these measures are potentially useful.  We found that it takes
some additional work and collaboration to get these multiple measures in the same study as there are
different expectations about the pace of the preparation of the study, the recruitment of subjects, the
pace within a session, and the experimenter and apparatus effects that need to be paid attention to for
one paradigm that the other paradigm ignores.  The gathering and interpretation of these results
required knowledge from two different kinds of psychology, and there were preparatory steps and
analyses that required the assistance of all the authors.  We did find, however, that these two
approaches inform each other.

Well, what does this study tell us?  We see several lessons about stress and several lessons about this
suite of tasks and its relationship to studying stress.  This study also makes some useful suggestions
about how to model stress, particularly with respect to cognitive architectures.

7.1  Lessons about stress

There are several lessons about stress that we can present even with this single subject design.

(a)  For this subject the first session was stressful, because it appears that even laying down, there was a
noticeable increase in systolic blood pressure during the first dental procedure.  This effect became
attenuated following Session 1.  Dental work is stressful enough to induce physiological results and is
common.  We saw this, and similar results are in the literature.  It may be a useful way to measure the
effects of exogenisis stress.  Also, getting to work can be stressful, as this data shows.

(b)  The cortisol measures appear not to have been affected by blood contaminates, but this remains a
possible explanation for any elevation in the post-dental work cortisol measures.  Future dental
studies should test for this possibility.

(c)  This work did not measure the concurrent levels of DHEA, a related hormone that appears to
mediate the effects of cortisol.  The relative responses of cortisol and DHEA, as proposed by Granger
and Kivlighan (in press), might provide a clearer measure of stress that is predictive of cognitive
performance.

(d)  The observed increase in blood pressure measurements due to the stressor was not found
uniformly across all the other stress measures.  Thus, we again find that one reason for the
uncertainty in this area is how the measures of stress appear to be noisy, not perfectly correlated, and
influenced by other factors.

(e)  This type of stress (i.e., dental) and amount appears to have less influence on cognition than on
physiology, at least as measured by our tasks.  This effect has to be understood with the small N, the
subject-experimenter, and the pilot nature of the initial versions of these tasks.  We did not find, for
the range of stress here, large effects on performance.  This may also be possible due to the pervasive
and longer term effects of stress, in that most studies of stress on cognition (or fatigue and cognition),
have run subjects for longer periods of time on each task.

(f)  We saw large effects of learning on repeated performance of the MODS task.  This is both good
news and bad news.  The good news is that the subject could learn while under stress as measured by
cortisol and blood pressure.  The bad news is that the task failed to show differences in working
memory capacity because these effects were overshadowed by performance nearly at ceiling.  We are
now working on a variant of this task so that subjects can see one variant when they start, and another
at retest.
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(g)  The overlays presented here provide a taxonomy of theories of how stress influences cognition.
They provide a useful set of theories of stress to test.  We continue to work on them and will report
them shortly (Ritter et al., in prep.).

(h)  Many of the overlays, however, fail to provide a comprehensive explanation of how stress could
influence performance on a range of tasks. Many of the overlays do not modify behavior on all of
the tasks, because the models that perform the simpler tasks do not use or depend on the mechanisms
that the overlays modify.  Thus, some of the overlays predict that performance on the task will be
immune to stress, which is in many cases is simply not plausible.  Thus, we will need to explore
combinations of overlays.  Using a variety of tasks that use different parts of the cognitive
architecture will help provide a more comprehensive study of stress.  For example, the overlays that
influence perception alone fail to explain how stress influences performance on serial subtraction, a
task that does not rely on perception, at least as implemented in the study presented here.

7.2  Lessons about the methodology of studying stress

There are several limitations to this project as reported here, and lessons about the CafeNav task and
model suite we are developing.

(a)  The most pressing and most easily fixed is the number of subjects.  With one subject, this dental
study work appears to be a proof of concept.  This number of subjects (one) was particularly
problematic here because the subject was also the experimenter, and this allowed at least one error to
creep into the procedure.  A single subject design is also problematic because of there are known
individual differences to dental work, and indeed, individual differences with respect to different
dental procedures, appeared here—only the first dental procedure appears to have been particularly
stressful, but even for this the stress measures were not uniformly affected.  This limitation is
addressed in the CafeNav project by including 15 subjects per condition for the 9 conditions (3 levels
of caffeine, 3 main tasks).

(b)  The number of tasks does not test all the mental aspects that can be hypothesized as being
influenced by task appraisal.  The current bank of tests, although they already take about 45 min. to
administer, do not cover all aspects of cognition.  Thus, one area for further development is the
development of a theoretically motivated and compact test or task battery to measure cognitive
parameters.  Work in this area will require multiple studies to examine how cognition is influenced by
stress because it is difficult to take all the measurements that are desirable within a typical study
period.

(c)  There are several developments from this pilot study that have influenced the larger CafeNav
study.  We now know how to run the MODS task more cleanly, and have a learning curve for fixed
stimuli.

We understand the driving task more, and future versions can be instrumented to report lane
deviation.  Previous versions computed the lane deviations by having a cognitive model watch and
report lane deviation while the subject drove (Ritter et al., accepted pending revisions).  We believe
that this can be directly reported by the game itself.  Also, we believe that we can better control the
task, and could have the game control the speed and oncoming cars.

(d)  The Visual signal detection task with simple reaction time measurements appear to work well, and
is reusable.

(e)  The hand-held, without feedback, serial subtraction task appears to be a useful version of the
standard serial subtraction task where interaction is not available.  We have preliminary norms (quite
preliminary) for these two tasks (VSD and serial subtraction without feedback through a keyboard).

(f)  This work took longer to prepare and to run than either a physiology or a cognitive experiment.
The two methodologies make quite different assumptions in many places.  The physiology work is
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more sensitive to time of day and sex of the subject, for example, which was controlled by doing the
procedures at the same time of day and taking additional measurements.  The cognitive measures
require more time to take than a blood pressure reading.  One lesson we have learned is that it takes at
least twice as long to prepare and more than twice as long per session to do a combined experiment.
The Cafenav study controls for the time of day and all participants rest before blood pressure
measures are taken.

7.3  Lessons for architectures and models of stress

Considering the architecture and models with respect to a real stressor has led to several suggestions
and insights about stress, cognitive architectures, and cognitive models within those architectures. The
results above make several suggestions for developing cognitive architectures like ACT-R or
COJACK.  We attempt to make direct suggestions here.

(a)  The current generation of cognitive architectures are not developed enough.  They typically do
not include the mechanisms that the stress theories propose are modified.  Hancock and Szalma
(2003) and others note several high-level effects of stress on cognition, including that operators load-
shed.  Most if not all cognitive models are not aware enough of their own performance to load-shed.
This is clearly an important but future topic for cognitive architectures.

(a)  Architectures need to support load-shedding.  This can either be done by adding architectural
support to track task load and adjust the uptake of tasks.  In COJACK, this might be done by limiting
the event queues that essentially hold jobs.  In ACT-R this might be realized through a compiler that
helps a modeler break their task down into unit tasks, and includes a set of rules that help a model to
manage these subtasks.  In both cases, more direct measures of workload will be provided by the
modified architectures.

This load-shedding may also contribute to the perceptual narrowing found in stress.  If the real set of
tasks that represent workload for people includes active perceptual tasks, that is, knowing to look and
having to query the environment for information, then this task is also usually missing in models.
Until recently most models were not performing any perceptual tasks—models got all the
information they needed and only the information they needed given to them without modeling
perception (Ritter et al., 2000).  Thus, cognitive models might explain perceptual narrowing not as a
perceptual effect, but as the effect of dropping some mental model updating tasks when
concentrating time on a single task.

(b)  Models will need to include more active models of perception.  Perhaps one of the more
important effects of forcing models to interact actively with the environment to learn the task details,
is that with higher workload less information will be available, and that the interaction itself
contributes to workload.

(c) The current generation of cognitive architectures are not developed enough to include the
biological variables that the theories of stress propose are modified.  Many theories of stress
emphasize the dynamic aspects of stress and how the body adjusts to stress on a variety of levels.
Current architectures pretty much show up and do their task, without circadian rhythms, arousal,
energy reserves, vigilance strategies, coping strategies, or homeostatic drives of any kind.  Some of
these will have to be added to make the architectures more realistic and susceptible to stress.  Arousal,
if it becomes defined, would be a candidate for inclusion as well.  For example, the stress that appears
to come from maintaining vigilance (reviewed in Hancock & Warm, 1989, p. 524), is probably best
described as reallocating attention resources through a process that is physically tiring.  We have not
got that yet.  Work on COJACK, MAMIDS, and PSI are steps to extend architectures in this direction.

(d) We will need to include a task appraisal mechanism.  This appears to be knowledge-based in some
ways, but also has some strong architectural aspects in that it modifies how processing is performed.
Thus, individual models should not be required to provide it, but it should be included in the
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architecture.   Gratch and Marsalla’s (2004) system provide an example implementation to build
from.

(e)  The use of ACT-R as a theory here provides an approach for operationalizing the theories of
stress within a common framework.  Thus, it provides a way for the work of Wickens, Hancock, and
others, to brought into as direct a comparison as the theories allow.  In some cases, we were not able
to operationalize the predictions of some theories on these tasks and for this stressor because the
theory was not developed enough.  That is ok.  This approach treats theories somewhat harshly,
requiring them to be particularly clear and to be complete.

Our theories can be compared with other implemented theories.  IMPRINT, for example, includes the
effects of several kinds of stress on cognition.  This system and the results that are included in it need
to be further studied.  Gratch and Marsalla’s (2004) system, while not strictly speaking about the
effects of pre-task appraisal on a simple task, shows that larger appraisal systems on more complex
tasks can be implemented in a cognitive architecture.  We do not yet understand how portable and
reusable their system is, and it is only starting to be compared with actual data.

(f)  This approach of implementing these theories in a cognitive architecture accrues the usual
benefits of working within a cognitive architecture.  The theories are more complete.  There is
support to make them more complex and accurate.  The possibilities of deriving predictions more
automatically and of supporting applications (such as agents in simulations) are provided as well.

7.4  The next steps for this work

The next steps for this project are to measure the effects of stress in a larger population and to model
it using a set of cognitive models.  We have started a study to apply this approach of multiple tasks
and most of the cognitive and physiological measurements used here to a larger population, the
CafeNav study (N=135).  As of June 2005 we have run 48 subjects.  We should also be able to
attempt to fit the performance of these subjects across these multiple tasks, coming up with better
predictors of their individual differences (Gobet & Ritter, 2000) due to stress and caffeine.
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