CHAPTER TWENTY-NINE

APPLICATIONS OF PSYCHOPHYSIOLOGY TO

HUMAN FACTORS

ARTHUR F. KRAMER & TIMOTHY WEBER

The main goal of this chapter is to illustrate how psy-
chophysiological rechniques — as well as scientific theories
that integrate behavioral and psychophysiological levels of
description - can be used to address problems and con-
cerns in the field of human factors. In order to accomplish
this goal we will begin with a brief discussion of human
factors and describe a limited but important subser of cur-
rent issues. Next we will describe some of the criteria that
must be met for psychophysiological measures ro serve a
useful function in assisting human facrors researchers and
practitioners in enhancing the functionality, efficiency, and
safety of current and future human-machine systems. We
will then briefly describe a few illustrative examples of
human factors issues that are addressed with a series of
converging operations, which include psychophysiological
measures and models. More specifically, we will focus on
the ropics of the evaluation of vigilance decrements (lapses
in alertness), the assessment of mental workload, and the
development of adaptive automated systems. However, it
is important to note that we have chosen to focus on these
three application domains because psychophysiology has
already made inroads — in both the laboratory and ap-
plied sertings — in these research areas and not becaunse we
believe that they provide the only potential applications,
There are clearly a number of additional human facrors
issues and concerns that are ripe for psychophysiologi-
cal application. These include the assessment of operator
training and skill development (Hoffman 1990; Strayer &
Kramer 1990), the assessment of multimodal displays { Yagi
1997}, and the examination and prediction of errors and
error compensation strategies in complex systems (Gehring
et al. 1993; Reason 1990; Scheffers et al. 1996).

In recent years there have been a number of reviews of
apphcations of psychophysiology topics related 1o human
factors, most notably mental workload assessment {Gevins
et al. 1995; Kramer 1991 Kramer & Spinks 1991; Parasur-
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aman 1990; Wickens 1990; Wilson & Eggemeier 1991) and
adaptive automation {(Byrne & Parasuraman 1996; Kramer,
Trejo, & Humphrey 1994). Given that these authors have
provided extensive historical reviews of this literature, we
will mainly focus our discussion on relevant research with‘m
the past decade {but see the section entitted “A Brief His-
tory” for a review of carlier work). We will also attempt,
whenever possible, to focus on empirical studies that have
evaluated the major topics of interest in extralaboratory.
environments — that is, in simulators and opcraric?nat envi-
ronments. Finally, given that other chapters in t}’ns volume
provide an extensive treatment of the physiological mcchf :
anisms underlying the psychophysiological measures that ~
we discuss, our discussion will focus on the utility of chese

measures as indices of psychological constructs pertain 8

to system design, system evaluation, and operator traif g

A Brief Introduction to Human Factors

Human factors has been defined as the study ‘fff hf“',
man capabilities and limitations that affect the desigh d? -
human-machine systems (Wickens 1992). Howeveb 2 ;
field of human factors extends beyond the Fhf:?“’f'“’ &
empirical study of human behavior and cogalt i
plex systems to the formulation of guidelines
and models that can be used to design systems.
commodate human users and operators (Meistel
other words, human factors is neither a domain Rt S
sides solely in the laboratory nor one that fafuéﬁs
on the engineering of new (or the retrofitting ¢ P
human-machine systems. That is, the field of h““‘an he
tors endeavors moreover to provide a bridge bﬁw"em d
study of human behavior and cognition 10 Iaborﬁml i
simulated environments and {ii) the design and cvau K \
of human—machine systems. These systems m“%‘vs ik
{purportedly) simple consumer products suc B
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HUMAN FACTORS

VCORs to large and complex svstems such as auromobiles,
aircraft, process conerol plants, and the World Wide Web.

Onver the years, the core topics of interest within the
human factors community have changed with the develop-
ment of technology — more specifically, technologies that
have reduced the need tor humans to serve as manual la-
borers and controllers and shifred the role of humans to
system managers and supervisors. Although such develop-
ments in technology have generally been advantageous for
the humans who have participated in the operation of com-
plex svsterns and products, there have also been a number
of costs associated with the transition of humans from the
role of manual controller to that of supervisor {and o¢-
castonally more active participant) in semiantomated and
automated systems.

For example, one recurrent problem has been referred
o as automaton-induced complacency, This occurs when
human operators are expected to perform a series of man-
nal tasks while also moniroring automated systems, Under
such conditions, monitoring performance often decreases
precipitously rather quickly, often within 30 minutes. How-
ever, such performance decrements occur less often when
the human operator’s only task is to monitor the au-
tomated systems {Parasuraman, Molloy, & Singh 1993;
Parasuraman, Mouloua, & Molloy 1994). Thus, f buman
operators are expected 1o perform multiple tasks, some
of which require active intervention and manual control,
then the monitoring of automated systems may suffer. Of
course, one solution to such a problem might be to also
automate the manual tasks and thereby unburden the oper-
ator from the dual rasks of manual control and supervisory
management. However, such a change is often technically
impractical and may also overwhelm the human operator
with excessive monitoring demands. Even when highly au-
tomated systems are a practical alternative, operators have
been shown to overestimate the automated systems’ reli-
ability and succumb thereby to automation-induced com-
placency even in the absence of manual control demands
{Lee & Moray 1992; Riley 1994).

Another problem associated with highly automared sys-
tems has been referred to as out-of-the-loop unfamiliarity
or, more generally, as a lack of situation awareness (Endsley
1994; Wickens 1992). This oceurs when- human operators
must suddenly, and often without warning, get back into
the control loop and either perform manual control duties
and/or detect and diagnose problems with automated sys-
tems. In such cases the human operators are both &iowmi
and more erroc-pronie in carrying out these duties than it
they had been an active participant in the operation of the
system rather than a passive system monitor.  Imporant
questions with regard to this problem include how to keep
the operator continuously aware of the state of important
systemns and how best to monitor (human} operator readi-
ness to take over important duties should automation fail
{Scerbo 1994},
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There 15 still another set of important mssnes ansing
i the context of complex semiautomared and automated
systems, How should the often overwhelming amounts of
multimodal informadion be presented to human operators,
and how should we assess whether nnssion-crinical infor-
mation has been adequately extracted and retaned by the
operators? These general issues mclude guestions of both
a sensory and perceprual natore, Is critical information
sufficiently distinet from background information? Is crir-
ical information displaved Tong crough for operators to
note and extract rask-crivcal components? There are also
important cognitive congerns. Is the information presented
to the opetator i a format that is consistent with hws or
her mental representation of the system? Do che working
memory requirements exceed operator capacity? Given the
rapid development of “virtual realiny™ technology for oper-
ator rraining and system control, the sensory, perceprual,
and cognitive issues assoctated wath informanon presenta-
don and multimadal integration have beeome more than
an academic exercise. These wsues are now un the verge
of becoming a serious bottleneck for the cifecove use of
this technology.

The issues raised here {and many others! have been
and continue to be addressed through the apphaaton ot
a variery of traditional human factors methodologies. For
exaruple, the question of when 1o auromare system fue
tions has been addressed with several different methods,
cluding (1) the use of models of human performance
and cognition 1o predict the sitwatnons in which human
performance is likely to degrade and (27 the continuous
assessment of human performance via measurement ol
overt actions and responses. Indeed, the model-based and
assessment-based procedures have also been combined into
a hybrid approach to enhance the efhoency of adaptively
automated systems (Byrne & Parasuraman 1996). Simi-
lat techniques have been employed to evaluate new display
concepts and to ensure that information is presented in
formats consistent with the perceprual capabilities and cog-
nitive representations of human operators.

Role of Psychophysiology in Human

Factors -
Given that there are a multitude of technigues available
o address human factons problems and sues. one must
ask whar role psychophysiology might play in human fac-
tors rescarch and appheation. Certainly, to the extent that
information gained through psychophysiological measure:
ment is redundant with that obtamed from other measures
and models employed by the buman factors community,
psychophysiological measures will be unlikely to gain wide
acceprance, This is likely to be the case for the foresceable
furure in light of the relavely high cost of (and substannal
amount of expertise required forh codlecting, analyzing, and
interpreting psychophysiological measures when compared
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with the subjective rating and performance-based measure-
ment techniques tradinonally emploved by human factors
practitioners and researchers,

Thus, for psychophysiological measurement techniques
to gain acceptance in the buman factors community, these
Measures must:

L. prove to be more valid or reliable indices of relevant psy-
chalogical {or, in some cases, physiologicall constructs
than traditional behavioral and subjective measures; or

2. enable the measurement of constructs that are difficule

or impossible to measure with traditional measures; or

enable the measurement of relevant constructs in situa-

aa

tions where other types of measures are unavailable.

Indeed, there is evidence {ro be discussed shortly) that
each of these three criteria has been or can be mer within
a human factors context and with measures obtained via
psvchophysiologically inspired models.

Another important consideracion is the temporal sen-
sitivity of psychophysiological measures. In many human
factors contexts — such as the evaluation of new display
concepts, the examination of the effects of different envi-
ronmental conditions {e.g., differences in ambient temper-
ature, humidity) on human performance and information
processing, the evaluation of training proficiency, and the
assessment of fitness for duty — data can be collected
and then analyzed and interpreted off-line (i.c., at a later
time that might, depending on circumstances, range from
minutes o days). In such situations, enough effort can
be devoted to deal adequately with potential artifacts in
the psychophysiological data and enough data’ can usu-
ally be collected to ensure adequate signal-to-noise ratios,
On the other hand, there are also a number of human
factors contexts that demand almost instantaneous data
processing and interpretation. For example, given the in-
creasing trend toward adaptive duromation in systems such
as aircraft and process conrrol, it has become important
to develop measures that can both describe and predict
changes in psychological constructs such as mental work-
load, alertness, and information processing strategies —
in real time or near-real time, Such information could
then serve — along with inferences abour human informa-
tion processing capacities extracted from dynamic models
of the interaction berween humans,. tasks, -and environ-
ment - as input to algorithms that determine the dynamic
rask allocation policy between humans and automated sys-
tems. Of course, such situations pose technical problems
for psychophysiological measures that are not encountered
i off-line contexts, such as rapid data collection; pro-
cessing, artfact rejection, and interpretation.  Additionally,
the bandwidth of some systems {e.g, high-performance air-
craft)y may be high enough w preclude collecting sufficient
amounts of {at least some types of) psychophysiologi-
cal data to ensure adequate reliability or signal-to-noise
ratios.
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One additional 1ssue that merits some discussion s
the applicability of psychophysiclogical measurement rech-
niques to extralaboratory environments, Most psychophys-
jological research has focused on explicating the functional
significance of different measures and components with rel-
atively simple tasks i well-controlled laboratory environ-
ments. Even so, a preat deal of effort has been expended on
the chimination of potential artifacts (e.g., from ambient
clectrical ficlds, contamination from other physiological
signals that may mask the signal of interest, individual
differences in basclines, or a measure™s morphology or to-
pography). When such artifacts are difficult or impossible
to eliminate during data recording, the focus has been on
adjusting the physiological measures in order to minimize
the impact of artifacts on data interpretation. Given the
diversity and magnitude of the artifacts encountered in
such well-controlled settings, is it a reasonable expectation
to collect valid and reliable psychophysiological data in
less well-controlled environments such as high-fdelity (and
sometimes motion-based) simulators or operational envi-
ronments? Although collecting psychophysiological data in
such environments clearly provides a considerable technical
challenge, there have been a number of promising develop
ments in the design of miniaturized recording equipment
that can withstand the rigors of operational environments
(Caldwell 1995; Miller 1995; Sterman & Mann 1995). Théfﬁ
have also been developments in pattern recognition and Sig-
nal analysis technigues that enhance the detection of somé
physiological signals in noise (Trejo & Shensa 1993; Wes'ﬁf ‘
erkamp & Williams 1995), as well as development of auto-
mated artifact rejection procedures (Du, Leong, & Gevins
1994). For example, Gevins et al. (1995) reported the de-
velopment of a “smart helmet” systemt, which incorporates
a combination of 32 EEG and EOG electrodes along “".“h'
mintaturized preamplifiers into a flight helmet. Barting
technological roadblocks, such developments should con-

tinue to increase the potential for recording psychophys ey

logical signals in a number of complex environments. :

In summary, each of the issues discussed 0 .ffﬂ ﬂe"és o
to be carefully considered when psyc:hOphlyﬁ‘ic’i"g"mi me;a“: :
sures are to be used in addressing human factors problems
and concerns. Indeed, it is likely that some types qua;;s( 7
chophysiclogical measures will be appropriate fm‘ only 2
subset of situations in which human factors 1ssucs: i
examined, whereas other measures may be more w*d”:
applicable. In an effort to make some of these cﬂnf?f?eg y
tions ‘more concrete; we now turn to a critical m“’fe“'r
current applications of psychophysiologicai mééﬁ‘?mmm'
issues in the human factors field. ‘ 9

Psychophysiology and Human Factors:
A Brief History R e
discipline -in
hat arose aroune

Human factors developed as a unique
sponse to human performance questions t
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the time of World War I1. For the first time, systems such
as military aircraft, ships, and ground vehicles were becom-
ing sufficiently complex thar more numerous {(and sorme-
times catastrophic) errors were observed — even though the
systems were functioning as designed from a mechanical
standpoint. That is, human operators cither could not ex-
ecute their assigned functions as expected or they did not
have sufficient training to do so. As a consequence of
these system problems and the well-founded suspicion that
systems were not being designed o ensure adequate hu-
man performance, cxperimental psvchologists were called
upon o ¢evaluare the human~machine interface and traimng
regimes, to diagnose the problems {and potental problems
not yet observed), and to suggest system improvements and
rraining modifications to ensure safe and efficient system
operation [Fins & Jones 1947; Mackworth 1948},

v s mteresting thar psychophysiological measures, prin-
apally measures of gaze direction, plaved an important
role in the examination of human performance in complex
systems during the early vears of human factors. Firs and
colleagues (Fites, Jones, & Milton 1950; Jones, Milion, &
Fiets 19305 see also Gainer & Obermayer 1964 used mea-
sures of gaze direction, gaze duration, and the sequence
of eye movements to examine the information exwaction
strategies employed by novice and experienced aircraft pi-
lots during nstrument flight. Data acquired from these
studies were used o reconfigure instrument panels to opts-
mize the speed and accuracy with which pilots could locate
and extracr tlight-relevant information. Eye scan measures
continue to be used today, in conjuncrion with measures of
pilot performance, to assess pilot strategies for extracting
information as well as mental workload and skill acquisi-
tion in military and civilian flight {Bellenkes, Wickens, &
Kramer 1997; Fox et al. 1996; Kotulak & Morse 1995},

The use of other psychophysiological measures ro exam-
ine issues of interest to the human facrors cominunity soan
followed the pioneering research of Fitts and co-workers.
For example, Sem-Jacobsen and colleagues (Sem-Jacobsen
1959, 1960, 1961; Sem-Jacobsen et al. 195% Sem-jacobsen
& Sem-Jacobsen 1963) recorded electraencephalographse
(EEG) activity from pilots as they flew mumsions of vary-
ing difficulty in simulated and actual flight in an effort
to examine the utility of this psychophysiological measure
for assessing the deleterious effects of high-G environments
and mental and emotional workload. It was abo specu-
lated thar psychophysiological measures, and in particular
measures of the EEG, would prove useful for the selection
and evaluation of pilots for high-performance aircraft and
for adaptively automated systems (see also Gomer 1981).
Although Sem-Jacobsen's visions for applications have not
vet been realized, our review of the current literature will
indicate that.at least some of these applicarions are soon
to be realized. g ‘

Finally, measures of heart rate and heart rate vanability
have long been used to provide a continuous record of the
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cardio-respiratory function and mental workload of oper-
ators in complex simulated and realoworld systems, Hearr
rate measures have been recerded as aireraft pilots execute
a number of maneuvers in simulated and actual airceadt
such as landing (Ruffel-Smith 1967), refueling during long-
haul flights (Brown et al. 1969}, performing steep descents
{Roscoe 1975}, and Hying combat missions {Roman, Older,
& Jones 1967}, Such measures continue o be used today,
often in the context of other psychaphysiological measures
and along with a more sophisticated apprecanion for the
underlying physiology.

In summary, although the applicaton of psychophysi-
ological rechniques 1o 1ssues of human facrors has a rela-
tively recent history, these measures provide useful msights
into human performance and cognitton in extralaborarary
enviranments, We turn now to a discussion of recent appli-
cations of psychophysiclogical measures 1o three ditferent
topies of miterest o the human factors communry: assess-
ment and prediction of vigilance decrements, assessment of
mental workload, and potential psychophysiological inpues
to adaprively avtomated systeras,

Assessment and Prediction of Vigilance
Decraments

Interest in the buman Lictors commuaity e the detecton
and prediction of vigilance decrements ~ and especially
operator petformance, which is crucial to nussion success -
has been expressed since at Jeast the 19508 { Broadbent 1971
Broadbent & Gregory 1965 Davies & Parasyraman 19803,
Indeed, early mnterest o viglance decrements tocused on
rwo aspects of the phenomencn: ) the charactenzation
of behavioral and mformation processing changes that ac-
sompany reduced. viglance, often through the utihzation
of signal derection theory {1, examining the influence of
vigilance changes on the sensitivity and response criteria of
human observers); and (i) changes wn physiological indwes
of arousal [(Hockey 1984, Parasuraman 1984, However, 1t
swon became dear thar arousal contd not be wreated as a
unitary conecept but nstead was mulndimensional i nature
{Gopher & Sanders 1984 Pribram & McGumness 197 5%
A good deal of laboratory and applied research in recent
years has focused on expheating the multple imeracting
mechanisms thar underlic the mamtenance of alertriess jor,
conversely, the anser of sleep = Akerstedr & Folkard 1996;
Lavie & Zvilini 19925, Much of this rescarch hay congen
trated on work ehvironinents, such as loug-haol truck dov-
ing, train driving, and transeceanie thght. In these environ-
ments, irregular hours of sleep and acuvity are the norm
and wark often occurs during the evering or mightiune
hours {Boucsein & Oumann 1996; Kecklund & Akerstedt
1993; Miller 1995},
The measurement of EEG has been the “gold standard™
against which alertoess has been vorified in muoch of this
work. This measure has Jong served ay the method of
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choice for the categorization of stages of sleep (Goeller
& Sinton 1989; Loowmis, Harvey, & Hobart 1937). Also,
changes in EEG, parucularly in the alpha and theta bands,
have been found o be predictive of performance changes
in sleep-deprived imdividuals {Beacty er al. 1974; Smulders
et al. 1997 Townsend & Johnson 19795, Orher measures —
such as EOG {electro-oculogramy, pupil diameter, slow cye
movements, respiration, electrodermal activity, and ERPs
(event-related potentials) —~ have also demonstrated some
success in tracking the onset of sleep (Harsh er al. 1993,
Miller 1995, Torsvall & Akerstedt 1987, 1988; Yamamoto
& Isshiki 1992). However, within the human facrors com-
munity, the interest is not in categorizing sleep stages but
rather in identifving and predicting when loss of alert-
ness or increased sleepiness will detrimentally influence
performance.

In recent years, there have been a number of attempts o
employ psychophysiological markers of alertness to predict
vigilance decrements in laboratory and extralaboratory set-
tigs. In some cases, the identification and prediction of
changes in alertness resulting in performance decrements
have taken place off-line. In other studies, the focus has
been on using psychophysiological measures to develop
on-line, closed-loop systems to predict {and sometimes re-
duce) performance decrements. For example, Morris and
Miller {1996} recorded EOG as ten sleep-deprived military
pilots flew an extended series of instrument maneuvers in
a moving-base flight simulator. The investigators were able
to account for 61% of the variance in a composite measure
of Hight performance. The composite measure included
three EOG measures, blink amplitude (i.e., the extent of
evelid movement), long dosure rate (i.e., the number of
closures longer than 300 msec), and blink duration. Similar
relationships berween eye blink measures and performance
in sleep-deprived individuals have been reported in both
laboratory and automobile simulator studies (Stern, Boyer,
& Schroeder 1994; Wierwille 1994}, Such results, when con-
sidered along with the underlying neuronal substrates; have
led these researchers to suggest that endogenous blinks may
be a useful index of tonic activation of the rostral cen-
tral nervous system — that portion of the nervous system
responsible for the maintenance of alertness.

Other researchers have examined the usefulness of ERPs
and EEG in tracking performance decrements that ac-
company decreases in alertness. Humphrey, Kramer, and
Stanny {1994) examined the changes in ERPs = miore specifs
ically, the amplitude and latency of the P300 component —
as sleep-deprived subjects performed memory and visual
search tasks throughout the night and into the morning.
Reaction times (RIs) and lapses ncreased, accuracy de-
creased, P300 latencies increased, and P300 amplicudes
decreased with increasing time on task. Indeed, the mag-
nitude of the changes in P300 latency and RT were quite
sinilar as a function of time on task. Given that the
P300 appears to be sensitive to stimulus evaluation pro-
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cesses while being relatively insensitive to moror processes,
it would appear that decrements in performance were due,
in large part, to reduced etficiency of perceprual processes
{see also Koelega et al, 1992).
Two rescarch groups have focused on developing EEG-
based closed-loop systems for the predicrion of vigilance
decrements. Pope, Bogare, and Bartolome (1995) had par-
ticipants perform a multitask consisting of monitoring,
tracking, communication, and resource management sub:
tasks, each of which could be performed manually or
automatically. The EEG was recorded continuously durs
ing performance of these rasks and was used to adjust
the level of automation (i.e., the number of subtasks that
were performed automatically) on the basis of changes in
alertness or task engagement as inferred from a number
of different EEG-based metrics. The EEG-based detection
algorithms were tested in two different control modes, as
both a negative and positive feedback system. In the case
of the negative feedback system, the objective was to de-
tect a decrease in task engagement and then require that
a subtask be performed manually. This, w trn, would
result in an EEG-based indication of increased task en-
gagement (alertness). For the positive feedback system,
the objective was to increase the discrepancy between the
EEG-based indication of alertness at time » and time 7-+1
by further reducing manual control requirements when re-
duced alertness was detected. Thus, within this control -
theory approach, an effective EEG-based index of alert-
ness or task engagement would be expected to produce
relatively rapid and stable oscillatory behavior. with the
negative feedback system. On the other hand, a slow and
less stable oscillation would be expected with the positive:
feedback system. Several of the EEG derivations produced
such behavior. However, the derivation that was most soc
cessful was beta power divided by the sum of alpha power
and theta power. This is most likely due to the fact’that: o
the other derivations included either high-frequency EE‘G e
or EMG (electromyographic) components, neither of ; ki
has been reported to be sensitive to changes in alerma’:"ss::‘, :
Makeig and colleagues (1990; Makeig & Inlow ’199;3;,‘ e
Makeig & Jung 1996) have investigated the efﬁcaffyxffﬁ
EEG-based alertness detection systems for the Pff-’d‘won ~
of missed. responses during simulared sonar tasks using
U.S. Navy sonar operators.  In- their studies, 30*???‘@’
erators attempted to- detect: 300-msec noise-burst mfg‘f’”
embedded in a white noise background. o somﬂ_yo‘fft e
studies, particularly those in which ERPs wercf’qf mtﬂf‘:;?
brief task-irrelevant tones were also occasiennlly"pr@@; .
Operator-specific EEG algorithms were derived by empC; 4
ing several different frequencies in the delta, theta, ?lti?
alpha bands to predict vigilance decrements. These mt‘;‘hc ‘
ple regression-based algorithms were quite SuC@ssfuLj i 4
algorithms developed on data from one cxpenmwfg 5%
sion were capable of accounting for berween 75 %aﬁ ; -
of the variance i error rates (1., response “@E‘?ﬁ‘?
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lapses) obtained in a second experimental session. Other
results suggested that on-line algorithms, which detected
changes in theta and gamma (> 35 Hz) activity, were ca-
pable of predicting missed target detection responses up to
tent seconds in advance of the occurrence of a target. Fi-
nally, ERP components (more specifically, N200 amplitude
and latency and PIOO/NIOO amplitude difference) elicited
by task-trrelevant auditory probes did a reasonable job of
predicting changes i error rates within a 32-sec moving
window,

The resules trom che Pope et al. and Makeig et al. stud-
ws suggest that it is now possible, in simulated real-world
tasks, to detect and predict changes tn alertness or task
engagement thar have important implications for system
performance, One wonders, however, whether physiolog-
wally based alertness detection and prediction systems
could be further improved by incorporating a number of
psychophysiological measures; rather than a single mea-
sure as m the Pope et al. and Makeig et al. studies. Indeed,
a number ot studies suggest that chis may be the case.
For example, Torsvall and Akerstedt (1988) reported that
changes in the alpha and theta bands of the EEG, along
with slow eve movements detected in the FOG, could re-
liabiyv predict that a targer would be missed a full minute
i the future. Varri et al. {1992) reported the develop-
ment of a computerized system for predicting the onset
of sleepiness that incorporated measures based on EQG,
FEG, and EMG. Preliminary tests of the system showed
promise when compared against the scoring of the physio-
logical data by sleep experts. Thus, it would appear that a
promusing area of future research is the incorporation of a
number of different physiological measures into alertness
detection systems.  Clearly, another important direction
is the transition of psychophysiologically based alermess
detection systems out of the laboratory and into opera-
tonal environments. This is a particularly important step,
because many of the vigilance decrements observed in fab-
oratory research have not been reported in the field. This
is likely due to the differential incentives to maintain ade-
quate performance in these two sertings ( Wickens 19923,

Assessment of Mental Workload

THEORY

Although there is, at present, no commonly agreed-upon

definition of the construct of mental wotkload, it has of-
ten been conceprualized as the processing costs incurred.
by a human operator in the performance of 2 single or

multiple tasks (Kramer 1991; Wickens 1992).° These costs
have been associated with the effort or resources required
to maintain an acceptable level of performance in the face
of varying environmental and task conditions.

Early models of mental workload assumed thar a smgit
capacity or undifferentiared resturce was sufficient 1o ac:
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count for performance decrements observed with changes
in task difficolry or vanations in external (€8, temper
ature, humidity, barometric pressure, noise, lighting) or
internal (e.g., fatigue, ilness) stressors (Maoray 1967). In
these unitary capacity models, it is assumed that a sin-
gle pool of capacity is available and that the requirement
to perform additional wasks {or increases in task difficuley}
will require the allocation of resources. As task demands
continue to increase, the supply of resources is diminished
and performance declines. It is interesting o note that,
within some of these carly models, there was a degree
of elasticity m the supply of resources available for task
performance. For example, in Kahneman's (19730 model,
the supply of resources could be expanded o a limited
exrent with increases in arousal, Thus, in a sense, hu-
mans could self-regulate the quality of their performance
{at least within circumscribed hmitsy by varving their level
of arousal.

However, this selfregulation of performance through
the expansion of processing resources suon became viewed
That is, while the concepruabization
driven by

as a two-edged sword.
of resources as a somewhar elastic commaodiny -
variations i cffort, arousal, and wotivation - was seen
as an important method of compensating for variations
i task difficuley as well as internal and external seres-
sors, it also rendered it difficult to predict patterns of task
interactions in multitask eovironments. Thus, an impor-
tant {uterest in the 1970s and 19805 wis the description
of processing resource rrade-offs between concurrently per-
formed rasks and their imphcations for task performance
{Norman & Bobrow 1975; Sperling & Melcher 19781 In
stch' 2 "conrext, it was important to fix the toral amount
of resources, so thar allocating ¥ resources to one misk left
1=~ x resources available for the perforntance of other tasks
[Navon & Gopher 1979}, Withour such a restriction on the
notion of resources or processing capacity, v would be dif-
ficult to-map resource consumption 1o performance quabity
i any meaningfol way ~ especially in the absence of a
detailed knowledge of how anid when other factors {eg.,
arousal, effort, and motvation) mfluenced the quantity of
available resources,

A number of data visualization wools were developed
within this fixed-resource framework as an-ad 1o the qual-
cative and quantitative conceptualizanion of the relanonship
berween performance and resource allocation palicy. For
example; a performance operating characteristic (POCY 1
illustrated ' Figure 1 performance on two concurrently

“performed tasks is crossplotted to indicare the extent 1o
which the two tasks require resources to be adequarely per-

formed. In deriving a POC, participants are asked 1o vary
their priority, across blocks of trials, on two tasks. For ex:
ample, in one block of dual-task wrals, partipants might
be instructed to perform as best as possible on task A and
devote any spare capacity o task B, In another block of
trials, participants would be insteucted to trear the tasks
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where performance is resource-limited:
performance improves in a monotonic
fashion with the investment of additional
Such a funcrion would be
likely to underlie the performance rela-
vionship tlustrated in curve 1 of Figure L
On the other hand, curve 2 in Figure 2
indicates that rask performance is data-
limited; that is, the investment of addi-
tional resources bevond an initial (and
minimal allocation will have liele addi-
tional influence on performance. Such a
performance/resource relationship could
arise for several reasons. First, the task
could be very difficult, as when a ho-
man operator is required to maintain
twenty unrelated pieces of information
in working memory. Because such a
task is obviously beyond the capabilities

rosQUICes.
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Figure 1. Hlustration of a performance operating characteristic {POC),
Curve | illustrates 2 situation in which the performance of one rask
is dependent on the performance of the other task. In such cases it
is assumed that the rwo tasks require the same variety of processing
resources or capacity. Curve 2 illustrates a situation in which the per-
formance of one task is insensitive to the performance of the other,
concurrent task. In such cases it is assumed that cither the two tasks
reqquiire few resources for performance (e., they can be performed
auromaticallyr or thae the asks require different processing resources.

with egual priority. Finally, in a third block consisting
of dual-rask trials, participants would be asked to favor
task B. Single-task conditions, in which participants per-
form one of the two tasks and completely ignore the other,
are also included ro provide anchors for the POC:

Curve 1 Hlustrares a situation in which there is.a:1:1
trade-off between two concurrently performed tasks; that
1s, performance on one rask declines with increases in
the performance of the other. In contrast, curve 2 il-
lustrates a sitwation in which performance of one task
is insensitive to the level of performance on the other,
concurrent task. Although the POC illustrates only the re-
lationship between the performance of two concurrently
performed tasks, the relationship between the hypotheti-
cal construct of resources and performance can be inferred
from the shape of the function in the POC. This rela-
tionship can be further Hlustrated in a performance re-
source function (PRF}, which plots performance against
resources,

Figure 2 illustrates the resource/performance relation
that would be expected to underlie the performance fune-
tions plotted in Figure 1. Curve 1 in Figure 2 depicts the case

of most of us, investing additional re-
sources would have little or no beneficial
cffect on performance. Second, a PRF
function like that illustrated in curve 2
could indicate that performance on 3
task had been sufficiently automated thar few resources are
needed to achieve optimal performance ~ for example, the
manual control of an automobile on a straight highway by
an experienced driver. Curve 2 in the PRF function wou%d
likely underlie the performance relationship illustrated in
curve 2 of Figure 1, where changes in the performance qn
one task had lietle influence on the performance of the
other task {i.e., assuming the two tasks were data-limited).
A number of psychophysiological studies have been con-
ducted to examine the predictions of the resource models

100%

Performance

0% :
Resources S oREL
Figure 2, Ilustration of a performance resource fffu“Ctth‘;a%ﬁén ;
Curve 1 illustrates a situation in which the investment of a !r» ;
processing resources results in a corresponding impﬁf‘@wn:ft,;zrp;sncé "
mance, Curve 2 tepresents a situation in which optimal per he addi-
is achieved after the investment of minimal TESORICES, wtth}:c aéﬁﬁ"
tional investment of resources having little or no effect f’“ t eq ‘
of performance. A
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of mental workload. Studies examining the P300 and N100
components of the ERP have confirmed a number of pre-
dictions of resource models of mental workload. One
smportant prediction of resource models is that resource-
limited tasks should entail a monotonic relationship be-
tween resources and performance. Kramer, Wickens, and
Donchin (1983) confirmed this prediction when they found
that increasing the difficulty of a tracking task systemat-
wally decreased the amplitade of the P300 component of
the ERP elicited by a secondary visual discrimination task.
Thus, it would appear that the P300 might provide an index
of the allocation of resources: increased resource demands
by the primary task would lead to diminished resources
tor the secondary rask, which in trn would be reflected
by decreases in the P300 amplitude. Indeed, this rela-
tionship between P300 and task difficulty under dual-task
conditions was confirmed in a variety of studies that used
tasks such as visual scarch, memory search, visual and au-
ditory discrimination, and tracking {Hoffman et al. 1985,
Kramer & Strayer 1988; McCallum, Coopér, & Pocock
1987; Natani & Gomer 1981; Strayer & Kramer 1990).
However, 1if ERPs and more specifically P300s reflect re-
source allocarnion, then we would c:xpé«:t a reciprocity i
P300s elicited by two concurrently performed tasks. That
15, hxed-capacity models {Navon & Gopher 1979; Norman
& Bobrow 1975} argue that, as one task becomes more
dithcult or more important, additional resources will be
allocated for the performance of that task, leaving fewer

resources for the concureently performed task. I P300s re--
flect such a process then we would expect a reciprocity

in P300 amplitude, so that increases in the amplitude of

Normalized Task Difficulty

Figure 3. Wlostration of a P00 ceciprocity effecr, where 3005 cherred
by events in 2 rucking task increase with the difficalty of the tracking
task while P300s clicited by tones ina secondary tane diseriminativg
rask decrease in ymplivude with inersases in the didfoaby of the tack

g tash The performance and PY® mieasures were normalized (e,
by subtracting the minimum score 16 each task from cach condition
and dividing these produces by the differences between the mimmum
and maxigm score incach task) o fachiate comparisons across the
primary and secondary tasks,

P300s elicited by events in one task should be accompa-
nied by decreases in the ampliwude of P300s ehicited m
another, concurrent task. Indeed, such an cffect has been
reported. Sirevaag et al, (1987; see also Wickens et al. 1983)
found that P300s eliciied by changes in target position in
a tracking task mcreased in amphrude with increases in
the difficulty of the wsk, Correspondangly, the amplitude
of P300s clicited by events i a task of lesser umportance
{an auditory discrimination task) decreased with ncreases
in the diffculty of the primasy {tracking) task, The re
sults from this study are dlustrated in Figure 3. Thus, it
would appear that changes in P300 amplitude in dual-rask
studies mimic the resource reciprocity effects. predicted by
fixed-capacity models,

The P3O0 reciprocity effects are important for several

reasons, First, they provide converging support for the no-

tion of resource reade-offs among tasks, suppore thae is
independent of the performance effecrs wadinonally used
to define resource allocaton policies. Second, the P30
data can be obtained n the absence of overt respoirses,

“thus enabling the assessment of resource allocavon poh-

cies in siruations where actual behavior oecurs infrequenty
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w2, a qualizy control inspector monitoring a visual dis-
plav, a pilar monitoring the status of the aircraft while fy-
ing on autopilott. Finally, as we review next, reciprocity
effects have been found for components of the ERP other
than the P300, suggesting the potential of resource trade-
offs for different processing operations,

Similar reciprocity effects have been reported tor other
components of the ERP, such as rhe P00, N100, and P200
NMangon & Hillvard 1990, Parasuraman 1983). Note, how-
ever, that in the study of Mangun and Hillyard -(1990), the
P1O0O and N10O components showed reciprocity patterns
like that Hlustrated 10 curve 1 of Figure 1 (or similar two
that shown in Figure 3), reflecting a wade-off in the pro-
cesses underlying these components between locations in
a spaval arrention task {e.g., attend to the left or the
right to detect an infrequent target), whereas P300s and
performance measures displayed a pattern more like thar
lustrated in curve 2 of Figure 1. The authors explained
this apparent dissociation between reciprocity patterns for
the earlier ERP components {P100 and N100) and the later
ERP component and performance measures by suggesting
that, “as attention was increasingly withdrawn from one
visual ficld and allocated to the other, higher perceprual
processes were still able to extract and analyze the infor-
mation from the progressively diminishing sensory signal”
{(Mangun & Hillyard 1990, p. 548;. In other words, more
than a single varicty of processing resources or capacity
can underlic performance m a divided attenrion rask.

The suggestion that a single resource
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1987; Jorna 19921, As a result of findings like these and
others, a number of theorists have proposed that mental
worktoad should be conceprualized as a multidimensional
rather than a unidimensional construct, so that two con-
currently performed tasks will show trade-offs only when
the tasks require the same types of processing resources or
capacity {Polson & Freidman 1988; Wickens 1992).

It is tnteresting that some psychophysiological measures
appear 1o be diagnostic of parricular varieties of processing
resources whereas other measures are less diagnostic and
appear instead to reflect general or undifferentiated pro-
cessing demands imposed upon the human, Psychophysio-
logical measures that fall into this latter category include
respiration, heart rate (HR), eye blinks, electrodermal ac-
tivity, and some components of electroencephalographic
activity (Fogarty & Stern 1993; Kramer 1991; Wilson &
Eggemeter 1991).  The sensitivity of these measures 1o
general or undifferentiated processing demands can have
advantages and disadvantages both. On the positive side,
such measures could be used in a wide variety of set-
tings and across a number of different systems to prm{idc
a general indication of the mental workload experienced
bv the human operator. In many cases, such informa-
tion can be extremely valuable to system designers who
are interested in the overall magnitude of processing d"
mands imposed upon the human operator. However, if
more specific information concerning the type of process:
ing demands is needed - for example, to discern wheth@ ;

or capacity s insutficient to account
for the pattern of performance and
processing interactions in dual-task sit-
uations has been supported by a vari-
ety of behavioral and electrophysiolog-

TABLE 1. Assessment Measures Mapped to Workload Components

Physiological Measure

‘Psychological Constructs

Primary Additional . !

tcal studies. For example, there have
been a number of reports of failures
to find performance trade-offs between

P100/N100 components of Spatial attention
two resource-limited tasks (North 1977; the ERP SR
Shaffer 1975; Wickens 1992). There have EEG - alpha activity Gerieral processing Alertness
also been reports that some psycho- demands ‘
physiological measures such as the P300 EEG - theta activity General processing Alertness

and heart rate variability (HRVY arc
sensitive to only a limited subset of pro-
For example, P300
appears to be sensitive to central pro-
cessing but not motor demands {Isreal
et al. 1980); P100 and N100 appear to re-
flect early selective attention processes
and more specifically the distribution
of attentional resources in visual space
{Mangun & Hillvard 1990). The 0.10-

cessing demands,

P300 component of the ERP

Perceprualicentral Memaory updating ’ -

processing resources

Hz component of HRV appears to be
sensitive to working memory demands
but insensitive to response or motor
demands (Aasman, Mulder, & Mulder

: demands o l
; Physical ¢ fomal -
Heart rate General processing Physical and emotionit,
demands workload
Heart rate variability Working memaory Problem-solving
{0.10-Hz component} demands dtmands
Eye scan pattern Visual information
extraction strategies
Blink rate Visual demands Alertness
Blink duration Visual demands Alermess

S . in the
Nate: Listed are psychophysiological measures thar have been cmpl?yt:d m.:h ‘
ment of the multidimensional construct of mental workload in applied settings,
with a hypothesized mapping between measures and menral workloa

§
along -
J components. - &
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the response demands of a new control system or the per-
cepual demands of a new display configuration are respon-
sible for increased mental workload ~ then more diagnostic
measures will be necessary. A summary of the inferred re-
lationship berween different psychophysiological measures
and different aspects or components of mental workload is
presented in Table 1.

APPLICATIONS

We have provided a brief description of the theoreti-
cal framework in which psychophysiological measures of
mental workload have been explored. Now we turn to a
discussion of extralaboratory applications of physiological
measurement of mental workload in simulator and opera-
tional environments. Aircraft Hight is the context in which,
by far, the most extralaboratory research has been pursued.
Indeed, carly applications of psychophysiological measure-
ment of workload and other psychological construcrs date
back to the late 1940s. Ar that time, Paul Fitts and his
colleagues (Fitts ¢t al. 1950; Jones et al. 1950} employed
measures of eve gaze direction to determine the manner in
which pilots extracted information from instrument panels.
The results of these studies led to the development of air-
craft instrument panels that configured instruments on the
basis of importance (defined in terms of the number and
duration of eye fixations) and sequential scan strategies.

In the past decade, a number of studies have been
conducted ro evaluate the utility of different psychophysi-
ological measures as metrics of mental workload in simus
lator and operational environments. For example, Kramer,
Strevaag, and Braune {1987) examined whether the in-
verse relationship between P300s elicited by secondary task
events and the difficulty of a primary task, which had
previously been reported in Jaboratory studies, would be
obtained in an aircraft simulator, Seven student pilots flew
an instrument flight plan with a single-engine aircrafe sim-
ulator while concurrently counting one of two tones that
were presented via earphones. The P300s elicited by the
secondary task tones decreased in amplitude with increases
in the difficulty of the flight task, which was produced by
increasing turbulence and subsystem failures. Similar ef-
fects were reported for P300 amplitude and latency (Fowler
1994) and P200 amplitude {Wilson, Fullenkamp, & Davis
1994) for simulated visual flight ti.e, flight in which the
pilot flies with reference only to the ground) and actual
thght in military aircraft, respectively. It is important to
note that, in each of these studies, ERPs were elicited by
tones from an “oddball” sk in which the pilots were re-
quired to cither covertly count or manually respond to the
relevant tones.

Even though this “relevant probe”™ technique appears to
produce relatively consistent data in simulator and oper-
ational environments, there is an important drawback to
using this method for eliciting ERPs in nonlaboratory en-
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vironments. Namely, it is conceivable that the requirement
ta count or overtly respond to audirory {or visual) probes
will increase workload in already demanding environments.
Furthermore, safety concerns will likely predude the im-
position of additional task demands on operators in many
real-world environments. Therefore, although the relevant
probe technique would appear appropriare for the assess-
ment for mental workload in laboratory and simulator
environments, it is unlikely to see wide application in op-
crational contexts.

Given these porential limitations of the relevant probe
techmique, what other psychophysiological measures might
be used to examine mental workload in simulator and
operational environments? There are at least three pos-
sibilitics. First, an “irrelevant probe” technique has been
used to clicit ERPs in aircraft simulators. In this tech-
nique, additional stimull (e, tones) are presented but
participants are not required @ count or overtly respond
ta them (Papanicolaou & Johnstone 19841, Thus, at the
very least, the rrelevant probe rechmigue mimmizes e
spomse or motor interference with the task of anterest,
Strevaag ot al. (1993) emploved this wechnique to assess
the mental workload experienced by senior helicoprer pi-
lots using a variery of different commumication systems,
The P300s elicited by irrelevant probes decreased m ampli-
tude with increases in the communication load in difterent
phases of low-level high-speed flight in a high-fidelity he-
licopter simulator.  Thus, like the P300 effects obtamed
with secondary task-relevant probes, it would appear that
the P300 provides an mdex of the restdual processing re-
sources that remain after performing the primary task {in
bath cases, flight control). However, there are also cases in
which P300s elicited by irrelevant probes have not proven
sensitive to the mental workload experienced in simula-
tors, Kramer, Trejo, and Hamphrey (1995 had wen bighly
trained U8, Navy radar operators perform a simulated
radar task that was varied in difficulty by manipulatung
the number of targets to be tracked in a limited period of
time; FRPs were elicited by auditory irvelevant probes. Al-
though the amplitude of the P300 decreased when the wne
task alone was compared to the radar task with the ir-
relevant tones, no further decrease m P300 amplitude was
obseeved with increases in the difficulty of the eadar rask.

An important question is why the irrelevant probe rask
was sensitive to levels of mental workload in the Sirevaag
et-al. (1993} study but not in the Kramer et al. {1995 ex-
periment. Although there are a oumber of differences m
these rwo studies, including the type of system being sim-
ulated, one intriguing possibihity concerns the pature of
the operators’ tasks. In the Sirevaag et al. {1993} study,
the pilors were constantly communicating with air traf-
fic control, ground controllers, and other awrcraft. That
is, they were monitoring auditory messages presented via
headpi;ﬁﬁr:s. In contrast, verbal communicanion was quite
infrequent for the radar operators in the Kramer ct al.




804

{1993) study. Theretore, it seems conceivable that the P300
clicited by the irrelevant auditory probes reflected van-
ations in mental workload in the Sirevaag et al. study
because the auditory channel was being actively moni-
tored and attended, whereas the audirory channel was not
very important in the radar monitoring rask examined in
Kramer at al. {1995}, In orher words, it may be that P300s
elicited by irrelevant probes reflect mental workload only
it they occur within an artended modality or source of in-
formation. This hypothesis is consistent with the findings
of Verbaten, Huyben, and Kemner (1997) and Makeig et
al. (1990). These researchers found that ERPs elicited by
task-irrelevant probes were sensitive to variations in mental
workload in cases where the irrelevant probes were pre-
sented in the same modality as the task of interest. In any
evenr, additional research is warranted before the irrelevant
probe technique will be ready for application in simulator
and operational settings.

Another alternative to the relevant probe technique for
the assessment of mental workload in simulator and oper-
ational environments has been referred to as the “primary
task” technique (Kramer et al. 1985). In this technique,
psychophysiological measures {in parricular, ERPs) are
clicited by relevant events in the task of interest. For ex-
ample, tn the Sirevaag et al. (1993} study, P300s elicited
by changes in the position of the target in the tracking
task increased in amplitude with increases in the diffi-
culty of tracking. A clear advantage of this technique is
that the mental workload (as well as other processing op-
erations] can be assessed with respect to specific events
that occur within the operator’s task(s). Furthermore,
unlike the relevant or irrelevant probe techniques, no ad-
ditional stimuli need be introduced into the task, thereby
negating concerns regarding performance disruption and
operator safety. Thus, within aircraft simulators and dur-
ing actual flight, psychophysiological measures could be
recorded based on radio communications, the presenta-
tion of navigational fixes on multifunction displays, and
the occurrence of various warning indicators in the cock-
pit. However, there are also several drawbacks associated
with the primary task technique with regard to psycho-
physiological measurement. First, the technique requires
that relevant discrete events be found in the tasks of in-
terest and that the simulators (or operational systems) be
modified so that these events can be used as triggers for
the psychophysiological measures. However, modification
of complex systems ~ particularly operational systems - is
usually quite difficult, if not impossible. Second, given the
low signal-to-noise ratio of many ERP components {i.e.,
those psychophysiological measures that are triggered by
discrete events), there must be a sufficient number of dis-
crete events within the task of interest in order for the
technique to be feasible. Given these constraints, there are
limited opportunities for the use of the primary task tech-
nique in simulator and operational environments,
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Nonetheless, psychophysiological measures that do not
require the impositon of additional stimuli mighe still be
employed. Indeed, the great majority of psychophysiologi-
cal measures that have been used to assess memal workload
in stmulator and operational environments fall into this
category., These measures include eye movements, blinks,
heart rate, heart rate variability, respiration, electrodermal
measures, hormonal measures, and EEG activity. The only
potential drawback of these measures is that they are not,
in general, diagnostic with regard to the varieties of men-
tal workload that are experienced by the human operator.
However, these techniques have been used successfully in
a number of applied contexts to track changes in men-
tal workload with variations in task and environmental
demands.

For example, measures of HR and HRV have proven sen-
sitive to variations in the difficulty of flight maneuvers and
phases of flight (e.g., straight and level, takeoffs, landings)
in both fixed-wing and rotary-wing military and commer-
cial aviation (Boer & Veltman 1997; Roscoe 1993; Velt-
man & Gaillard 1996; Wilson & Fisher 1995), automobile
driving (Brookhuis & de Waard 1993), air traffic control
{Brookings, Wilson, & Swain 1996), and electroenergy pro-
cess control {Rau 1996). In each of these cases, heart rate
measures have served as a relatively continuous index of
mental workload in simulated or operational environments.

It is important to note, however, that changes in heart
rate and components of heart rate variability do not aiway:s
produce the same partern of effects with regard to their.
sensitivity to mental workload and task difficulty {Jorna
1992; Mulder 1992; Porges & Byrne 1992; Wilson 1992).
This is likely due, in large part, to the fact that these
measures are influenced by different pl’t)/fiiolﬂgicai systel
responsible for maintaining homeostasis, Thus, we WE

to underscore that, although it may be kmlam?cly casy 10
ations (but 5“;
o

record heart rate measures in applied situ :
Wilson 1992 and Jorna 1992 for in-depth discussion
potential artifacts in applied setrings), changes 10 t?;ﬁf-‘
measures are multiply determined by different th5*§~Qg,
ical systems and therefore are likely to be inﬂuﬁf{lcf?
different physical and psychological phenomena (Bm}f ]
Cacioppo, & Quigley 1993; Cacioppo et al. 1994). In fad!
spectral analysis of heart rate is traditionally
into three functionally distinct bands as follows.

1. A low-frequency band ranges from 0.02 0 O%Hz
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ot applied studies. Tattersall and Hockey (1993) analyzed
HR and HRV measures recorded during a three-hour cock-
pit training study of eleven novice Hight engineers. They
reported that (1) HRV in the mid-frequency band was re-
duced during demanding problem-solving activities during
straight and level Highr and (1) HR was higher duoring the
take-off and landing phases of flight. The authors spec-
ulated that HR provides a sensirive index of the higher
arousal or stress experienced by the flight engineers dur-
ing takeoff and landing phases of Hight, whereas HRV n
the mid-frequency band reflects the mental effort expended
during difficult problem-solving operations. Wilson {1993)
recorded HR from aircraft pilots and weapon systems offi-
cers as they flew a variety of mancuvers in an F4 Phantom
aireraft. For the pilots, HR increased from ground-based
operations to light as well as during a number of different
flight segments (Le., takeoff and landing, low-level flight,
target acquisition). The HRs were generally lower for the
weapon systems officer than for the pilot, with one impor-
tant exception: weapon systems officer HRs were higher
than pilot HRs during the one flight segment in which the
weapon systems officers flew the aircraft,

In general, HRV was less sensitive to changes in work-
load than HR. For the pilot, HRV decreased from preflight
to flight segments, but this pattern was reversed for the
weapon systems officers. Wilson speculated that the differ-
ent HRV patterns for the pilot and weapon systems officer
might be atriburable to different patterns of respiration.
Indeed, Veltman and Gaillard (1996; see also Sirevaag et
al. 1993) reported a confound between HRV in the mid-
frequency band and respiration in a simulated flight task.
However, when they deconfounded HRV and respiration by
scaking HRV with blood pressure variability (BPV) — cssen-
tially removing the influence of respiration on the derived
measure — they found chat the derived HRV measure did
discriminate among preflight and different flight segments.
Thus, although there are important concerns with regard
to respiratory confounds on mid-frequency HRV measures,
there also appear to be procedures that can be used to
address such concerns (see also Mulder 1992}, Therefore,
as suggested by our preceding discussion as well as by
the mapping of psychophysiological measures to cognitive
constructs {Table 1), thechoice of whether HR or a com-
ponent of HRV is to be emploved tn any particular setting
should be predicated upon (i) the potential artifacts that
might be cncountered as well as (if) the mental workload
aspect(s) of interest to the rescarcher or human factors
pracotoner.

In addition to HR and HRV, a number of other measures
have been used to assess mental workload in applied ser-
tings without requiring additional task requirements {c.g.,
the probe techniques necessary for elicication of ERPsh.
Electro-oculographic measures — including blink rate, blink
amplitude, blink duration, and saccade length and veloc-
ity — have been employed to assess mental workload in
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simulator and operational environments. Consistent with
laboratory studies, blink rate has been found to reflect
changes in mental workload in applied settings, although
these changes are in visual workload rather than mental
workload in general (Sirevaag er al. 1993; Wilson 1994;
Wilson er al. 1994). For example, Veltman and Gaillard
(1996} found that blink rate discriminated berween thghe
conditions and landing (with lower blink rates during land-
ing) vet was insensitive to different levels of task demands
during flight. Likewise, Brookings et al. {1996) reported
that blink rare discriminated among a number of different
aircraft density conditions during a simulated au traffic
control task (with reduced blink rates while monitoring
an increasing number of aircrafty yer did nor discrimi-
nate among scenarios characterized by different levels of
complexity (i.e., as defined by increasing the heterogene-
wy of aircraft types to be controlled). These results led
the researchers to conglude that ~ although blink rate
distinguishes among different levels of viswal load, with
decreasing blink rates while extracting more informaton
from the visual enviropment ~ blink rates are evidently -
sensitive to cognitive load 1n applied settings.

These findings and conclusions are somewhat perplexing
when viewed in the wontext of laboratory-based rescarch
that has found blink rate to be sensitive to both visual
and cognitive workload (Kramer 1991, Stern, Walrath, &
Goldstein 1984). For example, Bauver, Goldstem, and Stern
{1987 reported that blink rate reflected the memory pro-
cesses fiecessary to maintatn either few or many items in
memory for a brief period of time, a witwanon i which
cognitive but not visual load varied. Given such a partern
of results, why then does blink rate appear to be insen-
sitive to cognitive Joad in applied sertings? One possible
explanation concerns the relative sensitvity of blink rate to
visual and cognitive load: It is convervable that blink rare
is not sufficiently sensitive to relatively fine distinctions be-
tween high levels of cognitive load that are experienced
in applied settings (e.g.. the distincnon between straght
and level flight versus landingy. That 15, unlike labora-
tory conditions in which gradual increases in task demands
are implemented, comparisons between task conditions in
applied settings arc often berween very low-demand situa-
tions fe.g. resting baselines) and a variety of what are often
high-demand task conditions. Blink measures may just not
be sensitive to copgnitive load differences in high-demand
sitpations. ‘ ,

Bhink duration measurcs ~ that s, the amount of time
the evelids are closed during a blink - have produced
more variable results than have blink rate measures in ap-
plied settings. Sirevaag et al. (1993 reported decreases
in blink duration with increases in communication load
during rotary wing flight, regardless of whether commu-
nication was carried out visually (by reading messages
from a mulpfunction display and responding manually) or
orally. However, other researchers have either found blink
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duration to discriminate between the same conditions as
blink rate measures {Veltman & Gaillard 1996} or to be less
sensitive to visual load conditions than bhink rate (Wilson
1994; Wilson et al. 1994). Thus, clearly more rescarch is
needed to discern the relative sensitivity of different blink
measures to mental workload as well as o examine the
range of sensitivity of electro-oculographic measures to
cognitive aspects of mental workload in applied setrings.

Unlike ERPs, which require the presentation of a dis-
crete event for their clicitation, ¢lectroencephalographic
measures can be recorded independently of ongoing stim-
ulus and response activity. Indeed, EEG measures in the
form of the traditional frequency bands (see Chaprer 2 of
this volume for an in-depth discussion of the speciral de-
composition of EEG activity) have been used in a limited
number of applied settings (aircraft flight and automobile
driving) as indices of mental workload. Measures of EEG
have more frequently been employed in the assessment of
low levels of arousal in vigilance situations and as inpwt
for closed-loop adaptive systems to monitor alertness in
real time or near-real tume. These applications will be dis-
cussed next.

Sterman and colleagues (1994; Sterman & Mann 1995;
Sterman, Mann, & Kaiser 1992) examined EEG changes in
the 8-12-Hz (alpha} band during a series of simulated and
operational military flights. For example, Sterman et al.
{1992} reported a systematic decrease in the power of 8-12-
Hz EEG activity as control responsiveness was degraded
in a T4 aircraft. Furthermore, these spectral changes were
sensitive to the nme course of the variations in task diffi-
culty within the fights. Sterman and Mann (1995) likewise
reported graded decreases in this alpha power as U.S. Air
Force pilots flew progressively more difficult in-flight re-
fucling missions in a B2 aircraft simulator.  As in their
previous study, alpha suppression varied within each flight
according, ro momentary demands of the tasks and ‘mis-
sion. Brookings et al. (1996} reported changes in both theta
{4-8-Hz} and alpha (8-12-Hz) power as a number of expe-
rienced air traffic controllers performed a series of control
tasks varying in task complexity and aircraft density. Al-
pha power decreased with increases in the heterogeneity
of the aircraft types to be controlled, whereas theta power
increased with the absolute number of aircrafr to be con-
trolled. Brookhuis and de Waard (1993) reported that a
derived EEG measure — (alpha + thetal/beta = reflecred
the ditficulty of an automobile driving task, decreasing in
power as driving difficuley increased.

Thus, the EEG measures, particularly in the alpha and
theta bands, have proven sensitive to variations of mental
workload in applied sertings. Furthermore, these measures
have the potential to track momentary fluctuations in men-
tal workload that result from relatively rapid changes in
task demands. However, it still remains to be determined
whether changes in these components of the FEG reflect
general variations in the arousal or preparatory state of the
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organism or instead more specific cognitive operations or
processes. Topographic analyses of spectral changes across
the scalp are likely 1o provide insight into this issue {An-
drew & Plurtscheller 1996; Gevins et al, 1995; Sterman &
Mann 19953,

In summary, a number of psychophysiological record-
ing techniques that have been developed in the laboratory
have been successfully implemented in extralaboratory con-
texts such as simulators and operational environments.
Although the psychophysiological measures discussed here
have proven useful in the assessment of mental workload
in applied contexts, there is clearly a need for the devel-
opment of additional and more efficacious procedures for
signal extraction, pattern recognition, and artifact detec-
tion and compensation if psychophysiological measares are
to become more widely used in the human factors context.

In addition to the need for further development of
technology and methodology, there is also a need fora re-
consideration of the theoretical framework in which mental
workload has been examined in applied contexts. As de-
scribed earlier in this section, the modal view of mental
workload has been the fixed (unitary or multidimensioqa}?
resource or capacity view. Although this conceptualization
has provided a reasonable starting point for the exan:
ination of performance trade-offs between concurrenfl?
performed tasks in applied settings, it is unnece§sarxly
restrictive when complex task performance is considered
within the context of the stresses (e.g., sleep loss, fa!igt{%
illness, variations in motivation) of everyday life. That zs.
the fixed-capacity view does not permit the compensatory
and often strategic control of performance that is needed
to cope with the common stressors encountered in most
jobs and tasks. Indeed, theorists such as Hockey (1997; see

also Gaillard 1993; Gopher & Sanders 1984; Pri'bram &i
McGuinness 1975) have argued the need for multtP}e‘l"vg
g to this vieWw,

d to be defi-
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than conceptualizing multitask performance in terms of
graded capacity sharing, additonal consideration should
be given to all-or-none pertormance trade-offs and strate-
gic modifications of processing strategies under difficult
dual-task condivons (Allport 1987; Meyver & Kieras 1997;
Navon & Miller 1987). Indeed, Pashler (1994) provided
relatively strong empirical evidence in favor of bouleneck
models {¢f. Broadbent 1938). According to these models,
the availability of a processing operation is restricted o
a single task at a time. Therefore, mulurask decrements
can be attributed to the delay in the availability of the
processing mechanisms rather than a lack of capacity or
TesOUrces,

The important question, however, is what implications
these theoretical considerations have for the psychophysio-
logical assessment of mental workload in applied settings.
At the very least, such considerations suggest a broader
role for psychophysiological measures. For example, the
concern for compensatory regulation of behavior suggests
that psychophysiological measures may serve a role in as-
sessing and predicting short- and long-term physiological
or health costs as well as in assessing momentary fluc-
tuations in mental workload. Indeed, psychophysiological
measures have played an increasingly important role in the
investigation of the efficacy of different coping styles in
the workplace (Gaillard & Kramer in press). Similarly, the
concern with changes in information processing strategies
with variations in mental workload could be addressed
with psychophysiological measures that have not been tra-
ditionally used in workload assessment. For example, ERP
components have been identified and characterized that
would provide additional insights concerning: the monitor-
ing and detection of errors (the error related negativity ~
Gehring et al. 1993; Scheffers et al. 1996); the programming
and execution of overt actions (the lateralized readiness
potential — Coles, Scheffers, & Fournier 1995; Osman,
Moore, & Ulrich 1995); the updating of working memory
(the slow-wave component ~ Rosler, Heil, & Roder 1997);
and the detection of semantically incongruent information
(the N400 — Kutas & Van Petien 1994). Thus, psychophys-
iology could play an important role in the examination
of a broadened conceptualization of mental workload in
applied settings.

Psychophysiological Inputs to Adaptively
Automated Systems

In a previous section {Assessment and Prediction of Vig-
ilance Decrements), we briefly described two alertness
detection systems {Makeig & Inlow 1993; Pope et al. 1995
that, in essence, provide the possibility for the allocation
of tasks berween humans and machines on the basis of an
assessment of the human operatot’s level of alertness ot
task engagement. In many ways, the application of psy-
chophysiology to the on-line detection and prediction of
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vigilance decrements is well on its way to implementation
in operational systems, at least in those systems where
operator movements and physical activity are sormewhat
constrained (e.g., automobile driving, tramn driving, pilot-
ing, quality control inspection, process control). This s
due in large part 1o the fairdy well-developed concept of
alertness at both a physiologieal and a psychological level
of description. Additionally, there is a substantial body of
empirical research both in the laboratory and in simulators
that suggests physiological measures can indeed be success-
fully employed to detect and predict vigilance decrements,
particularly in terms of response omissions or lapses.

However, can we expect on-line applications of psycho-
physiological measures to other issues of concern to human
factors professionals, such as the assessment of changes in
mental workload or the direction of atention? In many
ways, the detection and prediction of behavioral implica-
tions of variations in mental workload and attention are
harder than assessing performance implicanons of lapses
in alertness. This follows because in many cases the ma-
jor concern in alermess detection s whether behavior 15
present or absent — that s, whether the human operator
is awake and performing or mleep, Although s is cer
tainly somewhat of an oversmplification of the viglance
or alertness problemis), just bemg able 1o make the br
nary decision that the operator will be awake or aslecp
during critical rask periods would be a major contribution
to the ficld. However, the assessment of mental work-
load and attention goes beyond simply makmg a binary
decision {although in many cases even this would be a
great improvement in our knowledge abour the psychologi-
cal state of the human operator). Instead, it often involves
the assessment of graded changes i performance quality
and oftentimes changes in information processing and per-
formance strategies. Thus, these arcas of application of
psychophysiology demand much greater precision of mea-
surement than does alertoess detection.

Given these situational constraints, several important
questions must be answered: before psychopbysiologeal
measures can’ be employed in real-time adaptive systems,
One question, which has been addressed (in part) by re-
search discussed in the previous section on the assessment
of mental workload, is the sensttivity of different psycho-
physiological measures to levels and types of processing
demand or mental workload,  As disoussed earlier, some
psychophysiological measares (& FRP componems) are
quite diagnostic with regaed to the nature of process-
ing demands. Other measures, howwever, are Sensitive 1o
changes in a host of psychological and sometimes physi-
cal constructs {e.g., respiration, eve blinks, elecrrodermal
activity) but are not diagnosus of specific types of de-
mands. Clearly, the deasion of which measare to employ
depends upon the nature of the question, particulady in
terms of the system performance implications for detecting
and predicting general or specific changes in psvchological



808

processes. Another related question — which has received
much less attention but is no less important in the conrext
of real-world systems — is whether particular psychophvsi-
ological measures are sensitive to the entire range or only
a limited range of the psychological construct of interest
{e.z.. mental workload, attention, alertness).

A number of studies have examined the extent to which
EEG can be used to distinguish among the types of pro-
cessing required to perform different tasks as a searting
point for the development of psychophysiologically based
communication systems. For example, Wilson and Fisher
{19935} examined the extent to which EEG data could be
used to classify which of 14 different tasks {c.g., simple au-
ditory and visual RT, spatial processing, memory search,
visual monitoring) a subject was performing. A princi-
pal components analvsis (PCA) was used to determine the
EEG frequency bands, which were then submitted o a
stepwise discriminant analysis procedure. This was done
to classify the EEG according to which of the different
tasks was being performed during the recording (see also
Mecklinger, Kramer, & Strayer 1992 for further discussion
of the PCA technique applied to EEG frequency band de-
termination). An average classification accuracy of 86%
(with a range of 61%-95%) was achieved across seven par-
ticipants. However, the frequencies above 30 Hz at lateral
recording sites were heavily represented in the classifier.
Thus, it 1s conceivable that the high clasgsification accuracy
might 10 some extent be due to muscle activity of the neck
and scalp rather than to electrical activity of the brain.
Kerin and Aunen {1990} performed a similar study in an
effort to determine whether EEG frequency band asymme-
try ratios (the ratio of power in the traditional frequency
bands across homologous sites on the right and lefe side
of the scalp) obtained from 2-sec data samples could be
used to discriminate among the performance of a variety
of different tasks (mental rotation, mental multiplication,
mental composition of a letter, visual imagery) under ten
different experimental conditions. In this case, however,
the investigators ensured that the EEG effects were not
contaminated by muscle artifacts. The classification accu-
racies (percentages) ranged from the mid-80s to 90s, which
were similar to those reported by Wilson and Fisher (1995).
Inforrunately, however, it is difficult to directly compare
the findings of the Kerin and Aunon (1990} and Wilson and
Fisher (1995) studies owing to their use of different classi-
fication procedures and tasks. Nonetheless, the data from
the two studies are promising and suggest that the vari-
eties of processing associated with different types of tasks
can be distinguished by an on-line analysis of relatively
short samples of EEG. Clearly, however, additional stud-
tes are needed that systematically compare the efficacy of
different classification algorithms with a large corpus. of
perceptual, cognitive, and psychomoror tasks.

Other researchers have demonstrated that on-line anal-
ysis of EEG and ERPs can be used to communicate at
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least two-state information to a computer. Farwell and
Donchin (1988} developed an ERP (P300-based) commu-
nication system in which participants attended to 1 of 36
cells in a 6 x 6 matrix of letters and symbols. The rows
and columns of the matrix were randomly flashed and
ERPs were clicited by the flashes. Discriminant analysis
algorithms were developed to capitalize on differences in
amplitude in the P300 and slow wave, which discriminated
between attended and unattended elements in the matrix.
The system was able to communicate, with 93% accuracy,
approximately 2.3 letters per minute. Although this com-
munication rate was quite slow, the system was far from
optimized in that only a portion of the ERP waveform
was used from a single scalp site for classification. Indeed,
Humphrey and Kramer (1994) demonstrated classification
accuracies above 95% between conditions of high versus
low workload. They used dual tasks with average ERPs
consisting of 10 sec of data (i.e., ten 1-sec ERPs) and com-
bined the ERP dara from several electrodes (see also Trejo,
Kramer, & Arnold 1995).

Other researchers (Pfurtscheller et al. 1996; Wolpaw &
McFarland 1994} have trained participants to utilize their
EEG to move cursors around a computer screen. Wol-
paw et al. (1991) trained participants, over the course qf
five one-hour sessions, to modify the amplitude of their
8-12-Hz mu rhythm to move a cursor into a target. The
target was randomly positioned at the top or the botto{rt
of a computer screen. Participants learned to modify their
mu rhythm, which was recorded over the motor -:o‘rtex,; by
thinking about performing either a physical activity 9‘-“:;?
as lifting weights: (which increased the amplitudﬂ‘ of the
mu rhythm) or relaxing (which decreased the ampht?d‘ of
the mu rhythm). The investigators persuasivciyful"d oHE.
contamination of the mu rhycthm by eye blinks or by‘ qthef
potential activity that might increase local EMG activity-

In terms of assessing the direction of attention, partictt
larly in the visual domain, another promising rechnology 1%
eye tracking. In recent years eye trackers h

ave evolved from
cumbersome devices that require constraining the obse

. . cecluded
with-a chin rest and bite bar — which, of course, sz:::fd o
i s cor 03 ctions ~ O i&isd .
speaking and many other complex a mplecely

light, head-mounted devices or {in some cases) com |
unobtrusive recording devices. Although there arcfﬁmzey

still constraints on the conditions under which ey MOV
ments can be reliably recorded (e.g:, the observer must %
relatively nonambulatory and, in the case of NORTEY ord
eye trackers, facing the tracker), it is now pnssfblc 1o TeC iy
the position of the eyes — with relatively h;gh wmp:ﬂ o
and spatial precision — in a laboratory, a S‘mniarfﬁ; the

a number of operational environments.. Indeed, gmn aft

research suggesting visual attention and eye Pcsfa;mﬁcr

often closely coupled (Deubel & Schneider 1996; T
et al, 1995; Zelinsky & Sheinberg 1997 but sce FoX & 1
1996), eye trackers can be.used to d’Ym‘mi‘mny 3 al '
location of attention to different regions of th#“’*??‘ i

f nonobtrusive
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Such information can be extremely valuable in the context
of on-line monitoring of operator information extraction
strategies. This ensures that critical information has been
noted and that operators are sampling information with
sufficient frequency to ensure an up-to-date mental model
of the task and envirenment,

In summary, although the application of psychophysiol-
ogy to on-line assessment is still in its infancy, the labora-
rory and simulator research that has been conducted thus
far has made a promising start toward the development of
physiologically based on-line assessment of alertness, at-
tention, and mental workload. Clearly, continued progress
will depend on the integration of muldple psychophysio-
logical measures with other measures of the constructs of
interest. Tt depends, as well, on the continued development
of signal detection and pattern recognition techniques that
can hasten the extraction of the measures from rthe back-
ground noise expericnced in simulator and operational
SeTtings.

Psychophysiological Inference in Human
Factors

Human factors researchers and practitioners have used psy-
chophysiological measures in at least two different ways to
make inferences about important psychological processes
in applied settings. At the most fundamental Jevel, human
factors researchers have used psychophysiological measures
as an index of whether two conditions, systems, or indi-
viduals differ. In such a case, the main interest is often
whether a particular display, control device, or novel design
produces a general difference in brain function {e.g., via
measures of EEG or ERPs) or autonomic nervous system
responsivity (via measures of heart rate, heart rate vana-
bility, or respiration). The psychophysiological informa-
tion obtained in these studies, often along with behavioral
and subjective assessments, is then used to dccidg whether
the modified system produces equivalent human responses
as compared to a baseline system (especially when addi-
tional functions or features are added to the system and
the question is whether the human operator can still ad-
equately perform the requisite tasks) or perhaps whether
the modified system has led to an enhancement in human
responses,

However, the ability to discern whether two systems
result in a difference in the physiological responsivity of
human operators is not always sufficient. In many cases,
the human factors researcher is interested in discerning the
nature of the psychological difference engendered by two
or more tasks or systems. Only with such nformation
can the proposed tasks or systems be further retined or
modified to best accommodate the human operator. For
example, in order to reduce mental workload w s aften
important to know whether high levels of workload are
the result of excessive perceptual, memory, or motor de-
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mands {or some combination of chese different types of
processing demands).  Such knowledge can then enable
system modifications that are wrgeted o the specific na-
ture of processing demands, thereby reducing the nme and
cost necessary for system improvements, Indeed, as has
been illustrated in previous discussions and the hypoth-
esized mapping in Table 1, psychophysiological measures
have been used to indicate whether specific types {and
magnitudes} of processing demands differ across systems,
sertings, and individuals in applied coneexts such as pilot-
ing, air trafhc control, sonar and radar monmoring, and
automobile and truck driving. However, although such in-
ferences are routinely made, it is important 1o keep in mind
that the mapping between physiological measures and psy-
chological constructs is rarely one-to-one {Cacioppo &
Tassinary 1990). Thar is, as illustrated in Table 1, the
great majority of psychophysiological measures are related
in a one-to-many fashion with psychological constructs, so
there cleardy 1s a need for the use of converging operatioms
fand measures - mcluding physiological, behavioral, and
subjective) to isolare the influence of systam changes on
psychological processes,

Conclusions

In this chapter we have provided a brief synopsis of sev-
eral current issues in the field of human factors thar would
likely benefit from the applicanon of psychophysiologr
cal wechniques and psychophysiologeally inspired models
and theories. In discussing cach of these potental ap-
plication areas, we have endeavored, whenever possible,
to describe studies i which psychophysiological measures
have been used to address issues of concern to the human
factors community in applied setrings = that s, in com-
plex simulators and in operational environments. Indeed,
if psychophysiology is fo make a lasting contribution to the
field of human factors, it is important that we “transition”
our measurement technigques from the relatively sterile yet
well-controlled environment of the laboratory to the much
richer but less controlled operational setungs. Clearly, as
evidenced by our critical review of the hterature, such tran-
sitions are beginning to take place,

In each.of the research and apphvation domains thar we
discussed ~ the assessment of mental warkload, the detec-
tion and prediction of lapses in alertess, and the on-line
assessment of information processing activities and strate-
gics — there have been demonstrations of successful apphi-
cations of psychophysiology. In these cases, psychophys-
tological measurement has either [a) pmvi-:itfd converging
support, along with petformance and subjective measures,
of important changes in information processing strategics,
alertness, or atrention, or (b} provided wnsighes that were
not available with other measures = for example, by provid-
ing information concerning phyvsiological copug stmwigim
with implications for short- and long-term pyychological
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and physical health, by indicating changes in resource
allocation strategies with implications for multitask per-
formance, and by predicting when vigilance decrements
will be observed. Clearly, given the continued development
of semiautomated and automated systems in which hu-
man operators monitor rather chan actively conrrol system
functions, there will be numerous additional opportuni-
ties for the use of psychophysiological measures to provide
msights into the covert processes of the mind.

However, in each of the research domains that we have
discussed, there remain a number of important challenges
for psychophysiological measurement.  These challenges
include:

1. the development and further refinement of signal ex-

traction, pattern recognition, and artifact rejection and

compensation algorithms that can be employed in rela-

tively noisy covironments;

the contnued development of physiological and psycho-

togical models of psychophysiological measures; and

. the mapping of these models and measures to models
developed by other research domains, such as cognitive
science and neuroscience.

=

[ox8

Indeed, there appears to be activity on each of these fronts
and in partcular on the integration of psychophysiological,
neuroscience, cognition, and emotion in the development
of macro models of human psychological function.

NOTE
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