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PREFACE

This multi-authored AGARDograph represents the preliminary survey of the Warking Group (AMP-WG-08).
*“Evaluation of Methods to Assess Workload™ was initiated by ihe AGARD Aerospace Medical Panel in January 1977,
following approval by the National Delegates Board (NDB) in th= fall of 1976. Werking Group meetings were held at
Cologne (April 1977), London (October 1977), Fort Rucker, Alabama (May 1978), and Paris (November 1978),
concurrent with symposia conducted by the Aerospace Medical Panel. Early meetings focused, as would be expected,
on the scope of the task, While it was evident that the broad outline could be described with a high degree of agreement,
it was also apperent that tasking individual members with sub-areas would require that they prepare manuscripts de novo,
a level of effort clearly not desired, given the substantial burden each of them alre«dy had in kis own laboratory. It was
therefore decided at Fort Rucker to seek contributed chapters {rom Working Group members and others in the NATO
scientific community who had on hand materials which could be readily adapted to the objectives of the Working Group.
As the reader will see, numerous ~_atributions were received. The editors feel that the result is ¢ wide-ranging
compendiuri of workload measurement methodology, though most certainly some methods have been either missed or
are under i:presented.

The »bjectives and scope of the effort, as approved by the NDB, were as follows:

OBJECTIVES: Military aircraft are becoming increasingly complex, the associated avionics systems
more sophisticated, and the mission profiles more demanding. The objective of the
Working Group is to study if such an increase in aircrew *vorkload has become a
limiting factor in the operationai employment of some aircraft and to determine
vaiuable methods to evaluate this workload.

SCOPE OF WORK:  The measurement domain will be broken down into sensory threshold function
tests, motor function, and responses to psycho, physio, and chemical excitation.

The methodology wil include a wide range of instrumentation, laboratories,
inflight measurement and modelling methods, with the goal of compiling
systematically and evaluating the multiplicity of approaches and techniques
implied.

A companion document, AGARD Adyvisory Report 139 (AR-139) gives the conclusions drawn t y ihe Working
Group within the bcunds of the above objectives and scope.

The members of the Working Group were:

PANEL MEMBERS NON-PANEL MEMBERS
R. Auffret, FR K.A. Kimball, US

E.P. Beck, UK M. Lees, US

B.O. Hartmais, US (Chairman) G.S. Malecki, US

A.N. Nicholson, UK R.D. O’Donnell, US

G. Rotondo, IT F.S. Pettyjohn, US

P. Woodward, US A. Roscoe, UK

M.G. Sanders, US
H.M. Wegmann, GE

Numerous other members of the Aerospace Medical Panel attended Working Group meetings. because of the high
level of interest in this topic within the panel.
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INTRODUCTICN

Task complexity is everywhere in the environmert within the operational pilot functions: avionics systems, 3
commonly with a digital computer core and a wide range of sensors and information displays; a cockpit packed 1
with flight displays and controis; capabilities and, at time=_ requiretnents for multiple missions, confrontation with a
variety of threat systems; crowded airspace; multiple command/control/target designation systems and techniques;

a host of environmental burdens, insidc and outside the cockpit. In addition, the NATO nations have seer the

emergence of multi-role aircraft and an expansion in the tactical employment of the helicopter. Onz result of these ;
technological and operational advances has been a marked increase in aircrew workload. This increase in workload

has become a problem of operational significance, tc the point where, in some cases, aircrew capability has become a i
litniting factor in the operational employment of some aircraft in the more demanding missions. As a consequence, ]
problems of aircrew workload have assumed incitasing importance in the NATO researcr community.

ks
'1.;
¥
'
i:

represented include systems design engineering, operations research, the behavioral sciences, aerospace mcedicine,
physiology, hiochemistry, and biotechnology in general. There has been considerable variation in the kinds of
experimental tasks employed, the measures obtained, the instrumentation used, the analytic models and methods ]
employed, the retio of synthetic modelling versns empirical data used, and the kinds of laboratory facilities required. i
The measurement domains inciude measures of sensory threshold, measures of sensory integration, cognitive function
tests, measures of motor function, vigilance, reaction time, psychophysiologic responses, physiologic and biochem.ical 3
changes. Methodology includes a wide range of instrumentation, laboratory facilities and environme:ts, inflight

measurement methods, and modelling methods. Analysis models and experirn: ntal design requirements also vary

considerably. Coriputer utilization in the areas of experimental programming and data processing has become comm. n-

place. Periodic overviews of current findings are necessary. There is a need for summary matrices, as well as a widely
endorsed taxonomy of human performunce.

i. | Methods of measuring work.oad have a substantial Listory in the NATO research cornmunity. Disciplines

This AGARDograph is one such periodic overview. It is current in the sense that each chapter is a condensation or
modificant of recent papers, prepared specifically by cach author to fit the objectives of this Working Group. Ongoing
research involving advances in workload measurement technology obviously cannot be represented in this report, since

the editors avoided tasking contributors with the preparation of chapters ‘‘de novo.” Such is the nature of “periodic
overviews.”

AT TP T n T TR

It will be helpful to the reader to have a “road-map” of this report. Diagrammaticaily, it looks like this:

b CONCEPTS
. [ 1 Il
Chapter 1 Chapter 2 Chapter 3
1 | Workioad Fatigue Stress
1 OVERVIEWS
. [ T 1 ‘
1 Chapter 4 Chapter 5 Chapter 6 \
‘ Methods in Physiologic I:sights
1 General Aspects [from one Lab i
SYSTEMATIC APPROACHES i
I [ , J
] » Chapter 7 Chapter Chapter §
1 Measurement Methodology Modelling
3 Schema Development
_ AIRCREW APPLICATIONS
; [ T T I — L ——Ll
Chapter 10 Chapter 11 l Chapter 12 r‘Ciiapter 13 Chapter 14 | Chapter 15
- Visual Heart Brain l Pupilonietric Fieid . | Voice Prints
Performance Rate J Waves Opportunities
] ATC AFPLICATIONS
{ 1 1 1
L__”________» Chapter 16 Chapter 17 | [ Chapter 13
Psycho-Phys. Performance Physiol.
Factors Measures Biochem.
Chapter 19 Where do
'———— P Asscssment [——F= we g0
Correlatss from here?
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CONCEPTS OF WOR.ILOAD*

by

Halter B. Gartner, Fh.D.
Miles R. Murphy, Fh.D.
333 Ravens Wood
Menlo Park California 94025

In ordinary uncritical discourse, the phenomeuna referred to by the terms "pilot workload" and "fatigue"
are easily distinguichad. 1In its bdroadest and simples: aspect, pilot werklcuad refers to how much a pilot
must do te perform a speciried flight operation., Fatigue is widely understood as a feeling of tension or
wearincss, often accompanied by an cbvious unwillingness or inability to continue to woik or perform.
However, wheu attempts are made to quantify the workload imposed on a pilot bty a particular aircraft
design, or operationzl procedure, or to access the effccts of fatigue upon sysiem performence, important
unrescived issues arise in rezard to che mure precise specification of workload and fatigue concepts and
to the adequacy of assesment criteria and c~chniques. This chapter and the next address the principle
unzesolved issues in conceptusli:zing and measiring pilot workload and fatigue. 1In a survey of the origine
of operator workload concepts, Jahus (1) has found it useful to characterize workload as "an integrative
concept for evaluating the =iferts on the human operator astociated with multiple stresses cccuring within
tan~uachine environments."” Further, he proposed to partition this broad conception of workload under
three functionally related components: 1) input load, (2) operator effort, and (3) work resault,

While Lrnader concepticus may be considered useful for indicating the range and diversity of workload
reference, the -uipose here is to outline the principle weys in which investigators have elecied to
restrict the u_e of the term. Therefore, we will discuss Jahns' basic classification scheme with only
some minor changes in terminologv.

Workloal as a Set of Task Demands: The common attribute of task-demand concevts of workload is the uae

of the term to refer to requirements for task performance which can be specified without reference to any
oper: ‘or response or activity actually applied to satisfy these rajuirements. The distinction between
demands, ac such, and any actual operator response including capabilities. readiness to reapond, etc., is
a very important on>. Ore approsach zo the trratment of workload ar demand is exemplified by Klein's (2)
attempt to quantify and predict 'design-spacific instantaneous worklozd lcvels imposed upon the pilet
while in flight.” In distinguisuing this approach from traditional workload quantification methods, Klein
emphasized that "workloac is addressed from the standpoint of predicting human performance requirements
as demanded by the system and its cperational enviroament rather than from the standpoint of measurement
of human responses to those demarnds."”

The application of task analysis techniques within a designated system-mission-environment context to
determine task performance requirements i1s a familiar and widely used huwan factors practice. Gartner,
et. al, (3) proposed that demands Le more strictly defined as inputs to the crew, which actually serve
(direcfly or indirectly), to establish crew performance objectives or to represent operational conditions
and events which in an actual flight situation would be expected to initiate crew activity or modify
ongoing crew responses. Task demands arc identified using functional criteria, that is, they are inputs
that operatc as .csponse programs or as action requirements for the crew. This distinction between respuvse
and stimulus-oriented expressions of task demand is considered to underlie some of the problems in work-
load assessmeut and practical application, because different “inds of demands are often confoundad. In
other worde, system-oriented and situation-specific demands are often confused with perceived demands by
the operator -1 with the behaviorial or psychophysiological demands imposed on an operator by an assigned
task, Thils task-demand concept is closely related to Jahns' (1) input lcad component which he defines
operation+ily as "a vector (L) of input data which must be transformed by the operator into a vector (F)
of output ds!a vo satisfy a specified performance criterinn function and/or maintain a homeostatic operator
state."” Thus inpu® load characteriszation of task demand fits a vailety of operatnr-loading con. :pts that
distinguish une or mo-e sensory channnels or modalities as important to task performance, and addresses
such concerns as channel capacity, perceptual overload, and so forth. For example, in hi= review of task
loac factors, kartman (4) defined load as 'the sum of all requirements imposed on the operator at any
instant by the system," and later distinguished load as the number of information channels affecting
opcrator perforimance.

The deiining tveature of demand oriented expressions of workload js simply that they be free of any
dependence vpon considerativns of operator response or response capabilities. In view of the apparent
diffirulty in sustsining this distiactior in practice, 1t is probably advisable to associate task demand
only with ilaput or stumulus-oriented variables and to reserve workload for the response-oriented variables.

Workload as Lffort: Thc focus of the conceptualization of workload as effort relates to how much a

cperator has to do, and/or how he uust work to satisfy a especified set cf demands. A general character-
ization of this councept of workioad has been given by Cooper and Harper (5): 'The term workload is
iutended to convey the amount of effort and atteation, both physicsl and mental that the pliot must
provide tc attain & given level of performance."

4 gomewhat different emphasis is provided by Welford (6) ir. characterizing effort as "the intensajty
with which action is carried out. A man may work either wore or less hard at a job,” Here, the emphasis
shifts from effort required to the comsideration of the ef{ort a human operator ac ually does exert in
the performance of a task.

*  This chapter was sbstracted by the editor frum NASA TN D-8365, Pilot workload and fatigue: a critical
survey of ccncepts axd assessment techniques witl permission of the authors.
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In his eladoration of the operator-effor: component of workload, Jahns emphasizes the operator's
readiness to respond and he icentifies such factors as experience, motivation, set, physiological
readiness and physical factors, as well as the general background and personality of the operator as
determinants of this operator's state.

The concept of effort 18 most often used simply to refoer to how hard a man is working and not to
the actual task performance or to the difficulty or demands of tha task. Singleton (7) has argued for
the separation of performance and effort by invoking the familiar obser-ation that "an operator may be
performing better in one of two tasks as compared in an experiment because he is trying harder rather
thar because one task is easier than the other." Whatever it is that occurs when a man is working
harder is referred to as effort.

e Ak Kook

Workload as Activity or Accomplishment: The conceptualization of workload as activity to actual task
performance or the products of this activity. 1t is often used in operational studies of the effects of
operating procedures or system design on aircrew performance. In a summary report (8) on a UAL-ALPA
joint project to evaluate pilot wurkload the authors (who are not named) defined workload in terms of
the total activity of the captain and co-pilot in performing such tasks as flight-path control, vigilance, i
communications, navigation, and system opecation during each phase of a actual flight. The actual
activities engaged in by crew membors have also been used as workload referents in 'ong-term studies of
crew performance factors, For example, Cantrell and Hartman (9) recorded typical flight-crew activities
over 20 consecutive days, including off~duty and administrative activities as well as those carried out
in flight, to be used as an index of worklecad.

Workload Assessment Techniques: A critical review of workload assessmeut techniques Gartner and Murphy N
(10) indicates that dispite conceptuil and practical difficulties the attempt to develop and apply useful
measures of pilot workloed is being vigorously pursued. The workload techniques which they examined

included task-demand analysis, measures of task performance, psychophysivlogical measures and subjective !
reports. None of these assessment techniuues were found to be free of significant limitations in their
sengitivity to difrferences in task 4iff!.vity, in distinguishing tetween physical and mental effort, or H
in the reliability of data acquisition and interpretation procedures.

With respect to workload, Gartner and Murphy recommend that significant improvements in both
measurement anc management can best bw accomplished by refinements and innovations in the analysis and
measurement of pilot effort. They state, "human-factors engineering activities are already being applied
to task-demand analysis, and effective techniques are available for this application." However, systematic
attempts to assess effort per se are considerable less in evidence, despite the fact that such assess-
ments are needed for the empirical evaluation and adjustment of task demands. Innovations in the direct
assessment of effort would also provide a basis for developing more effective "effort control" techniques.
They also point out that there are directly ussessible neuromusculur tension patterns which can be
reliably related to both central neurophysiologicel states ana the task-relevant phenomena of attention
and perception.

In summary tlhen, it can be seen tha. there are several wavs of conceptualizing workload, though in
general they alpht be divided into an emphasis oa the lnput side {task demands) or the output side (the
work ou*put). Similarly, there are variations in the appropriate measurement techniques though here we
see no obvious simplification, The diversity of definitions and approaches accounts for this workiag
aroup (AMP WG-08) report, and is a condition which should be kept in mind as the reader proceeds thru
this document,
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CONUEPTS OF FATIGUE®
by

Walter B, Gartner, Ph.D.
Miles R. Murphy, Ph.D.
333 Ravens Wood
Menlo Park California 94025

A good summary statemsnt of the recurring theme that the cenral difficulty {in dealing effectively
with the problem of fatigue %8s one of definition was preseut.d by Weiford (1). Acrording to him, fatigue
means & subjective state following some kind of physical or mentil strair in ordinary "man-in-the-street"
constructs. However, to the physiologist, fatigue me.ns some ki.d of reduction of response following
more or leew prolonged activity. However, the psychologis:, is ~laced in the middle and charged with
the responsibility of tackling the prohlem of fatigue relative to practical human affaire. Unfortunately,
according to Welford, tiie often evades this respoasibilaty by dismisaing fatigue as unacientific or by
relefining the phenonena.

In another referance, Welford (2 notez that, "difficulties have led some wish to abandon the term
fatigue, yet there is a need for a term to cover thosc changes in performance which take place over a
period of time during which some part of the mechanism, whether sensory, central, or muscular, becomes
chronically overloaded." Bartley (3) cevelcps the position that the inherent utilicy of the concept
will be realized only when it {s clearly distinguished from such considerations as: (1) situation in
which it occurs, (2) the bodily expression of fatigue, and (J) the effects of fatigue on performance,
work output, and so forth, However. it will be apparent in the following overview of fatigue concepts
that such phenomencn have not been excluded for more restrictive defiritions of fatigue, and that
considerable diversity in the contemporary use of the term remains. Part of the problem seema to be
related to the wide overlap between tre concepts cf workload and those of fatigue. In the detailed
overview of these concepts, Gartner and Murphy (4) demonstrate that within an average of 30.5 workload
and fatigue indicators, well over 50X of the indicators are directly or indirectly related or overlapped
to a significant if not indistinguishable degree.

Fatigue as a Feeling of Veariness or Tiredness: This couceptualizition of fatigue an been characterired
by Bartley (3) as experimental or sensory-cogitative. Experimental concepts seem to be favored in
operational studies of fatigue wherein extensive use is wade of subjective asseusments. In his review
of operational studies, Schreuder (5) elaborates on the subjective aspects of fatigue to suggest that,
"The ordinary sense of weariness which the pilot subjectively feels after a hard day's work should not
be labeled as tatigue.'" Schreuder would insist on a level of intensity of this feeling of weariness
"which is an excess of the expected normal fatigue and which is cumulative and of such amount as {o
alter the pilot's judgement and ability." Factor analytic studies of fatigue indicstie that the
sensation of fatigue has three major components: (1) bodily tiredness and drowsiness, (2) weakoned
motivation or concentration and, (3) a group of physical complaints, not unlike those of psychosouatic
disorders. Other investigators are satisfied with more global and unqualified definitions: Yoshitake
(6) "The feeling of fatigue signifies overall unpleasantness experienced by workc-s and is not quite
the same as complainis of sywptoms of fatigue."

Fatigue as a Clinical Syndrome: In clinical practice, subjective complaints and/or sperific sets of
signs and symptoms are regarded as useful working definitions for fatigue. Mohler (7) has outlined an
exte cive list of 3igns and symptoms for buth physical and mental fatigue, with the physical signs
expressed primarily in terms of physiolcaical functions, i.e., increased blood glucose, increased lag
in pur {llary respons-~, inst.bility of neuromuascular coordination, etc. Mohler's mental symptoms are
expres. w! 1m terms ¢ ' psychogenic and emotional dysfunction and include increased irritatility and
intolerance, tendency .o deprersion and wathdrawal, and increased sex Jdrive, etc.

Hartman (8) suggests a three—category classification of fatigue (acute, cumulative and chronic)
charactevizing acute fatigue as that normally occurring between a pair of sleep periods, and cumulative
fatigue as occurring over a period of day or weeks as a result of inadequate recovery from successive
periods of acute fatigue. Hartman urges a clinical definition of chronic fatigue as "a psychoneurotic
syndrome characterized by difficulty in committing oneself to a active or aggressive course of actinn,
and by a generallzed withdrawal or retreat from conflict which is intolerable for situational or
personality reasons."

Fatigue as Perfoimance Decrement or Skiil Impairment: Fatigue concept referents in this category, like
the clirical signs and symptoms just cited, are often treated as indicators or cffects of fatigue rather
than a distinguishable state. For example, Bartlett (9) states "Fatigue is a term to cover all those
detearminable changes in the expression of en activity which can be traced to the continuing exercise of
that activity under its normal operating corditions, and which can be shown to lead, either to deteriora-
tion in the expression of that activity, or more 3imply, to results within the activity that are not
wanted."

A more formal expression of these changes in performance is provided by Hull's development of the
reactive-inhibition construct (1U0). Hull's behavioral restatement of Spearman's general law of fatigue
and Pavlov's concept of conditioned inhibition is: "Whenever any reaction is evoked in an organism
tuere in lofL a conditios or state which octs as a primary, negative in that it as an innate capscity to
produce a ceasation of the activity wif«h pvnduced the state, we shall call this state or condition
reactive inhibitian",

i This chepter wag abstracted by the editor from N.SA TN D-8365, Pilot workload and fatigue: a critical
aurvey of concepte and assessment technqiues vith permission of the authors.
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One of the more interesting variants is Bartlett's (11) ccncept of "skiil fatigue." On the basis,
of studies pilnt performance in the Cambridge psychological laboratory he sugyests that it is, 'Necessary
to draw a bruad distinction between fatigue produced by continued hard physical work and that produced
by work which calls for little continuous muscular effort, but demands persistent concentratisn and a
high degree of skill," Skill-fatigue, also distinguished from mental fatigue, is said to occur when a
task, such as piloting a plane, requires complex, coordinated, and accurately timed activities. 1In other
Cambridge studies, deterioration of skill performance was apparent after about 2} to 3 hours of stimulated
flying,manifesting primarily as a progressive lowaring of standards of performance, the missing important
information displaya, and the gross miatiming of interrelated control actions.

Fatigue as a Neurophysiological Condition or State: In traditional or classicul studies, fatigue was

1eferred to a particular neuromuscular site, that is, to specific motor units or muscle groups or orpans
or timsie structuves and then defined in terms of specific biochemical and/or response capability changes.
This comparatively narrow tocus is now generally recognized as only cone aspect of fatigue. In a dis-
cussion of neuromuscular fatigue as a special instance of a more general condition as Basmajian (12)
points out "I shall obaerve, at once the traditional and necessary warning that fatigue is a complex
phenomenon and perhaps a complex of numerous phenomenon. The fatigue of strenuous effort is probably
quite different from the weariness felt aftar a long day's routine sedentary work. Undoubtedly, the
following types exist: emotional fatigue, central nervous system fatigue, general fatigue, and
perpherial neuromuscular fatigue of special kinds."

Welford (13) feels that fatigue is best conceptualized as a local neural impairment.

While Grandjean (14) shares the view of many investigators that fatigue 1s a central neuruphysio-
logical condition and is located in the ceatral nervous system more specifically, in the brain stem
reticuler activation system, His conceptualization of fatigue as a conditon of the central nervous
gystem 1is based on early studies of the role of the brain-stem reticuiar formation in producing and
maintaining various levels of inactivity, arousal, and activation.

Welford has also suggested that considering fatigue as a central phenomenon attempts to integrate
the comparatively less accessible condition of mental fatigue with the more readily observed condition
of neuromuscular fatigue. He states, "It appears that ia the intact organism changes in the muscles
brought about by preolonged or repeated contractions can, according to circumstances, have one of two
limiting effects. Either the muscles themselves become tempc-arily incapable of further contraction or
the coniition of the muscles produces afferent stimuli and these in term sffect the central mechanisms
and lead to the ceasation oi efferent impulses." If the term mental fatiyue i{s to have a meaning in
line with that of neuromuscular fatigue, it must denote the impairment of some brain mechanism as a
result of long continued use. The impairment must be reversitle in the sense that it disappears with
rest, and may take the form of lowered sensitivity, or lowered responsiviness, or lowered capacity.

This definition by Welford permits a distinction to be made between mental fatigue and other central
conditions such as adaptation, habituation, and monotony or boredom which also lead to a decrement in
performance over time. However, others see no significance differences in operational definitions of
reactive inhibition, habituation, and central fatigue. Grandjean (13) expresues the popular view that
boredom are components of the fatigue condition aud are related to the task sivuation: "I[ the workload
is too heavy, fatigue due to physical or mental effort is to be expected; if the worker is underloaded
or forced to conduct repetitive work, fatigue due to monotony will be produced,"

Fatipue as a Level of Energy Expenditure: The energy expenditure approach to fatigue focuses orn the cost
of protracted effort, wnether mental or physical, in terms of the energy investments or transformations
required t» sustain it. A formulation of the energistic approach by Dukes-Dobos (15) defines fatigue as
a term to denote a normal psychophysiological process which starts immediately after the beginning of

any physical or mental activity and which consists of the utilization of the bodies' energy stores, the
accumulation of the breakdown products, and the activation of adaptive mechanisms which maintain the
homeostatis of the organism.'

Cameron (16) considers the term of fatigue to be no more than a useful descriptive term for a
generalized stress response over a period of time. '"The human stress response is generalized in character,
involving the whole system of biological emer_ency mechanisms, Since it implies, by definition, an
abnormal demand on the energy resources of the system, it is fatiguing. The degree of fatigue experienced
may depend to some extent on the level of the stress responsc, but will depend primarily on its duration."
Here, he emphasizes the duration of the stress response of the organism, not necessarily the duration of
the stressful condition., This is a critical distinction, because he argues that the length of time
needed to return to a normal arousal level, that is a normal level of biological emergency mechanism
activity is good index of the severity of fatigue.

McFarland (17) has criticized the focus on physiological factors and fatigue citing the familiar
arguments that effects observed in the laboratory are not always found in actual work situations and that
other factors often influence energy reserves and utilization capacities, mainiy physical condition and
motivation, and that the metabolic costs of mental work are very slight. 1In this argument, characteriza-
tions of the pilot's job as predominantly cognative and not physical or muscular are frequently cited
to question the relevance of physiological factors, especially those derived from studies of heavy phy ical
workloads, It would seem that i{ this concept of fatigue as a level of energy expenditure is to bear
fruit we must have a clear focus on the higher order concepts of energy mobilization and channeling in
the individual, rather than focusing on the localization and reduction of this response to metabolic
activities in particular muscles or tissues. .

Welford, who views both mental and neuromusclar fatigue as effects of loading, would agree that
fatigue is a consequence or concomitant of workload. Bartley would also agree with this relationship
while insisting that fatigue is a condition of the individual and is not to be defined in terms of
evxternal situations or even work products. In this situation, he considerz energy expenditure, paced
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performance, prolonged activity, and demands upon particular body mechanisms to be typically fatigue-
producing.

The primary difficulty in applying fatigue assessment techniques more explicitly is the multi-
dimensional character of fatigue phenomena and their interaction with even more complex phenomena of
individual motivation and stress tolcrance. The approach of Bartlett td fatigue assessment utilizing
the application of the concept of skill fatigue is important since observable changes in pilot behavior
during prirary task performance can de clearly and directly related to the accomplishment of flight
management and/or aircraft control objectives. It must be concluded that factors other than task
demands or protracted effort are more significant in the occurrence of fatigue. These other factors
include individual differences in personality, motivation, physical fittness, and life style, as well
as such situatiounal factors as operational management policies, disruption of established biorhythms,
sleep patterne, and exposure to various envirommental stressors. The relative contribution of personal
versus task-specific fatigue factors is an important unresolved issue.
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CONCEPTS OF STRESS ;
by

Richard E. McKenzie, Ph.D.
Crew Technology Division

USAF School of Aerospace Medicine (A¥SC) 1
Brooks Air Force Base, Texas 78235
USA

Tc paraphase the Webster Dictionary definition of stress, we find that strass is a physical,
chemical, or emotional factor to which an individual fails to make a satisfactory adaption and which
causes physiologic tensions that may be a contributary cause of disease. While this publication is not
the format for a clinical discussion of the psychological, pasychiatric, and biological aspects of the
effects of stress on the airmen and its related effects upon the man-machine interface, the concept of '
stress and its decrementing role is an important one in modern aerospace flight.

In his discussion of psychology and flying fatigue, HRartman (1) defines acute fatigue as th “ which
occurs in a single flight, during a single day, or more appropriately, between a pair of sleep periods.
Here the recovery from acute fatigue is a function of the adequate amount of rest available. But even
without prolonged or even relatively short rest periods, the fatigued flier can mobilize his resources
and return briefly to near rested levels of efficiency when the occasion demands. Hartman also defines
cumulative fatigue as that which occurs over a period of days or weeks, and ia the result of inadequate
recovery from successive periods of acute fatigue. Recovery from cumulative fatigue is also dependent
upon adequate rest. However, without an adequate recovery schedule, the pilot findg himself fighting an
enhanced workload self-generated by his own loss in airmanship and efficiency, and finds that the longer
cumulative fatigue continues to build up, the longer it will take for him to recover his reserve and his
capacity to mobilize himself to meet high demand situations.

The term "chronic fatigue” has a special psychiatric meaning and is defined as a neuropsychiatric
disease. Chronic fatigue is a psychoneurotic symptom characterized primarily by difficulty in committing
oneself to an active or aggressive course of action and by a generalized withdrawal or retreat from a
conflict which 1s intolerable for situational or personality reasons. Thus, this entity is rarely seen
in either the military or civilian pilot/aircrew member.

Like fatigue, stres3 has its acute phases, one of which is an alerting arousal response enabling
the person to perform better and to otherwise adapt himself to an emergency. Cumulative stress, on the
other hand, is a build-up of physiological, chemicel and emotional factors over a period time until
some kind of maladsption occurs, As Selye (2) points out, stress is a rcasonably normal component of
modern every day iife and can be adaptive, but cumulative stress becomes maladaptive and ultimately then,
stress becomes dist:css.

Selye (3) has also discuased his general adaptation syndrome which he conceptualizes as the .
defensive response of the body, through the endocrine system, to systemic injury evoked by stress. This
is worked out by an initial stage of shock, like an arousal or surprise reaction, followed by a stage of
growing resistance o the injurv (adeptation), followed in turn by a final stage of healing or exhausiion
and death if adaptation fails. Note that there is no alternative course of action, one must either
resist the bodily effects of stress by healing or one must become exhausted, and ultimately be defeated
by the effects of stress. In short, then, one cannot ignore the effects of cumulative stiess.

Jparks (4) in a chapter entitled "The Clinical Aspects of Psychiatri: Illness in Fliers," brings to
light a relatively interesting aspect of a pilot's career progress. One could call this situation one
of selective scrzening, bhecause flying personnel, through the almost automatic process by which they
learn the skills required for modern pilotage, be ft military or civil aviation, are screened for emotional
stability. During their initfal period of training, they have close supervision, with exposure to moderate
levels of stress together with the requirements of rigid discipline demsnded Yy attention to procedures
and the awareness that tl.» aerospace enviromment is an unforgiving mistress. In order to successfully
pursue his chosen career, the pilot must adapt to the early stresses of flight training. Flight itself
poses additional stressors to which he must form adaptive methodologies or strategies which act as a
further screening process. Following the completion of flying training, additional periods of flying
duties, upgrading and so forth, further cauge him to adapt more and more strategies for coping to the
point that almost any unstable individual would be self-eliminated prior to any operation assignment.
For the military pilot, combat poses additional and unique stressors to which he must adapt, ground
himseif, or be ultimately surrendered. It is a small wonder that we expect to find any psychiatric
casualties once this ascreening process is completed.

However, the very aspect of recognizing this screening process implies that we also recognize that
we have a highly selected individual who will almost invariably stand up to most of life's stresses.
Therefore, we are inclined to form an almost mythical concept of the pilot as being inviolate and
unwffected by ordinary and inordinate stressors. This of course, is far from true. Carlos Perry in a
chapior on aerospace psychiatry (5), examines some the stressors of aerospace operation. He poincs out
*hat 'potential danger, physical discomfort, energy demands, attitude, and enforced physical passivity
iave ~eer well recognized as stresses and need little further elaboration. He also shows that increased
sreciali~ation in aerospace operations 1s the source of stressors that were not apparent when flying
gzuivities were more generally uniform. Thus, a given airman may well tolerate stresses associated with
flying long conventional type cargo hauls in the company of a crew, but not be able to successfully cope
with stresses of solitary, short duration, high altitude intercept flights in high performance eingle
engine jetcraft. He points out the incongruity involved in the military concept of alert. Here, we have
aircrev men who are interested in flying, going places, and seeing things and we force them to ait for
long periods of time in an alert facility, away from family and other ratisfying activities. Perry states
out that boredom has also become a major stress factor. Here automation, lack of diversification, endless
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rouvtines, and increasing length of individual fljights contribute to the production of boredom. He states
that "while boredom may be considered to be a benign type of stress, that these feelings are not far
removed from the more serions fz2elings of lack of ambition, futility, or even depression.” He points out
that the nature of aerospace operations are scurre of another major category of stress, with the
necessities of long and frequent travel, varying periods of absences which can be a .ource of severe
stress to maritial and parental activities.

Even the complexities posed by the various types of aircrew equipment for providing a livagble
envirenment for man imposes their own constraints and physiologic stresses. Mission and operational
requiraments present the modern pilot and crew with everchanging complex tasks which provide another form
of stress. These msjor sources of alrcrew stress are compounded by the individual's internal psycho-

physiolugic reaction to stress and to general external =stressors, such as personal, career or family
problems.

The humar body is known to adapt to or to withstand severe conditions of immediate or acute stress.
However, it does not respond as well to long-turm or cumulative atress, whatever its source. While
aircrew personnel are subject to speclal forms of stress the basic resction to stress is uniform. All
stress, physical, emotiorsl and so forth, is reaspondc:d to by some kini of an adaptive or avoidance
rveaction. The basic need is to protect oneself from sore and mnre stress. Phyaically the initial
response ig a musculoskeletal tension/arousal response, which together with the corresponding changes in

glandular, organ, and nervous systems prepare the individual to retreat from the situation or to comfront
it, the ciassic flight or flight reaction.

In the case of cumulative stress, the musculoskeletal and organ system of the body tend to be
continuaily activiated to the point where the individual is now stressed even when the original source
of atress is absent. The stress becomes intsrnaliged and most stimuli, either internal or external,
become sources of stress., We now have a chronically tense, irritable, agitated, disturbed person.

As cumulative stress continues, the musculos*keletal and organ systems of the body may start to
undergo pathologic changes. We bLegin to see psychosomatic systems of stress in the muscles of the neck
H and shoulders or other parts of the body. Chronic muscle tension produces decreaseld blood flow in these
tissues, with pain and joint pathology. Chronic organ reactions yield typical symptoms of the gastro-
intestional tract, such as stomach cramgs, ulcer, colitis, and so forth.

It 13 obvious that chronic stress and its related pathology cannot be ignored. The alrcrew member

who experiences cumulative stress from one or multiple sources and who is then further subjected to 3
. additional increuwents of stress from personal or aircrsft equipment, from the demands of the mission, or E
4 from fatigue or external stressors will find his best skills and efforts decremented. This degrading
c of performance i3z obviously related to the disaster or near-disaster of the aircraft accident, but not
necessarily in the causal s@=nse. A recent survey of USAF accidents fails to support degraded performance
or stress as a causative agent. Instead, stress and decremented performance are seen as factors which
are contributory in that they act to "set the stage", preparing the psychologic and physiologic world
| of the pilot in such a manner that he is not able to respond effectively to one or more additional untoward
. events. This is the insidious danger of stress pathology and constitutes an excellent reason rfor including
a pre~accidert mentgl gtatus investigation as part of the accident review process. However, as 1o most
3 things, "an ounce of prevention is worth a pouand of cure." How can we prevent stress, or better yet, how
can we prevent dis stress as the result of cumulative stress?

rhait it it i ail

There is a solution for cumulative stress. It has long been known, in a simple minded way, that one
cannot be tenge and relaxed at the same time. Thus, the adaptive response to stress/temsion is one of
relaxation. Adequate recovery times from periods of cumulative stress with provision for recreation are
- important. Perhaps even more important, however, would be a conditioned learning program wherein the !
3 individusl is taught to avoid the effects of cumulative strese by keeping himself in a relatively relaxed )
] state. There are several long-time approaches to this type of training. One of the earliest being that
o of Schultz with his autogenic training followed by Jacobson's progressive relaxation training and more
recently by such mediative techniques as transendental mediation (TM). An intriguing modern day addition
3 to these forms of relaxation methodologies is that of biofeedback techniques where an electronically

generated signal from the muscle or organ system involved is available to the individual as a learning

technique. This is based on an axiom in information theory that states "the controllor giving information
about the state of the system can then exercise control over that gystem." It has been demonstrated that
the central nervous system can exercise exquisite control over the CNS, the spinothalamic ard automonic

nervous systems. Biofeedback is merely one way of giving the controller jinformation about the state
&f of the system go that he can learn to exercise the necessary control. While biofeedback simply utilizes
modern electronic technology, we must realize that there are many adaptive strategies which could be
employed and also realize that huwman beings come supplied with internal biofeedback signals which
undoubtedly play an important role in both adaptive and maladaptive behaviors.
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SOMS CONSIDT2ATIONS CCYCERMWG METHODS TG EVALUATE AND ASSESS
VORXLOAD IN AIRCEAY! 2TLOTS

by

Professor Gaetano Rovomio, Brigadier General IAF, MC
Italian Air Force Medical Sarvice H.Q. -~ Italy
Via P. Gobett¢i 2 -~ 00185 Roms

If the nature and entity are analyzed of the various stressing and fatiguirg factors that are acting
on the body and psyche of aircrafts' pilots during their specific activity, it appeoxs obvious that under-
lying the exercise of a pilou's profession is a basic situation which vltimately permeates the whole of
his activity and exerts a multiplicity of effects on the physique and psyche of the ssme pilot.

The fundameatal characteristics of such a situation may be summarized ss follows:

1. Flying involves the use of a machine that is required, unlike other aachines, tc respect certain
aerodynamic laws. Any infraction of these laws involves an immediste risk of crash and accident. In the
pilot's professicnal activity, therefore, 1ife depends on the machine and its continuous efficiency, a
situation that in actual practice expresses itself in the form of a permanent image of potcatial "vulner-
ability" undoubtsadly present in the subconscious of each and every pilot.

2, Pilot's activity depends a great deal on the spatial environment of the aircraft, the three-
dimensional displacement and rapid trancvition of the sircraft, and, indirectly, on the various conditioas
that have repercussions on the human body (i.e., accelerations, acoustic and nen-acoustic vibrations,
equipment, sensorisl stress, etc.). All these conditions constitute links in a chair of factors which
readily explain the wealth of interferences that act on the somato-psychic balance snd, consequently, on
performance, adaptability and, in the lcng run, on individual fatigue.

3. Flying does no% just represent a technical or operative activity, i.e., a job, but rather "a
vital activity and an 'in toto' reaction of the ego to the emvironment.”

Upon such a basic substrate, which is in itself potentially stressing and qualitatively common to all
pilots irrespective of their specialization and the type of aircraft they fly, there then act interferences
due to the various physical and psychic factors, each of which pluys a specific and individualizing role
both in connection with general and particular aircraft (fighter, transport, reconnaissance, rescue, or
helicopter, etc.).

1t would certainly be interesting and important if 1. were poasible to define the degree and limits
of such psychophysical workload by means of technically valid and acceptable scientific methods with a
view to obtaining differential qualitative and quantitative assesmaents of the various flying speciali-
zations. In fact, numerous methods have been proposed peviodically for obtaining a measurz of workload
by quantitatively evaluating the functional changes that fatigue can produce. As known, such changes wnay
consist of an increase of the duration and inconstancy ol the psychomotorial reaction times; an increase
of the latency time of the pupillar reflex; a diminution of the capacity fnr rapid binccular fusion; an
increase of the accommodation time for near and distant vision; a reduction of the critical flicker fusicn
frequency (3, 12) and changes of other ophthalmic iudexi:s; modifications of tlie characters and duration of
the monosynaptic spinal refluxes produced, for exsmplc, in the area of the sciatic nerve (1); variations
in the duration of the central nervous time of the orbi:cular blinking reflex under light stimulation, and
the time needed for a complex mantal process (11); reduction in muscular force and muscular tone; increased
instability in neuromuscular coordination; increased loss of electrolytes through cutaneous sweating;
reduced circulating plasma volume; variaticms in the urinary excretica of curticosteroids (7) and cathe-
colamine (2, 6); variations in the lactacidemia, glycewia, and cholesterolemia values, the ratio between
alpba and bets lipoproteins, the number of the eosinophiles, and the hematocrit index; and, finaily,
electrocardiographic changes and variations in the Ruffier and Dickson index of cardiac resistance (4).

Quite obviously, however, all these methods lenil themaelves very readily to criticisy. Indeed, none
of the results obtained by these methods are capable of being interpreted in a unique manner. In fact,
these methods messure functional charges that are or can be influenced considerably by a weal:h of other
factors, both endogenous and exogenous, including first and foremost, the subject's age. Therefore, if
one wanted to make a comparative evaluation of the amount 2nd precocity of the stress and the psycho-
physical workload produced by the individual stressing factors connected with flying, one would admit that
1t is extrewely difficult to find a precise differential criterion that could oe used to obtain a quanti-
tativa graduation of this workload. This is nst only because the subjec < elament, here understood as
thz individuality and extreme variability of the response of the single subject to every type of stimulus,
has a predominan: weight in this particular activity; it aloo depends on the nature and entity of the
reaction to any kind nf stimulus which sre, in turn, conditioned by numerous and extremely variable
individual, envirommental, and circumstantia) factors.

After those necessary premises conceraing the difficulties of a unique interpretation of all pro-
posed dirgnostic methodn and the preponderance of gsychical workload on physical one in the piloting
aircrafts, it ic onr opinion that between the ahove-mentioned functional changes eventually produced by
emotional and psychic fatiguz, z particular attention could be reserved - in Aviation Medicine - to
varia:ioas in the utrinary excretion of corticosteroids and especially catecholamine.

it is well known that cver; stress - no matter if physiological or emotional - is capable of inducing
organic reactions due to the increase of cortinosteroides and catecholamines in the blood circulation.
According to wany authors who have studied the phenomeron in the aviation field, there are increases also
in particular flight conditions, particularly those likely to set up a state of stress.
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Therefore, ‘t is possible to conclude that the determination of the urinary excretion of catecho-
lemines in particular, as indication of a possibtle psychic stress, could be used as a method to objectify
“emotions." This could huve a usefui application in practice to reveal emotionul states undergone in
flight, particularly during the phase of training and other all conditions of considerable psychical
engagement in the cource of aeronavigation.

In other word,, the deteruination of such substances would then give useful information about the
presence of stress and would alsuv allow to evaiuate the intensity of the latter (and of consequent work-
load). The same evaluation may also be obtaiied by determining the quantity of vrnilmandelic acid (VMA)
excreted with urine, such an acid taking its origin from the metabolism of catecholamines (5).

These methous might be usefully and practicaily employed with the purpose of obtuining an objective
meagsuremenc of the emotional aspects of the human personality in real conditiona, and then quantitatively
evaluating the workioad (especizlly psychic, but also physical and physiological workload) in the pilot's
professional activity.
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PHYSIOLOGIC ASPECTS OF WORKLOAD/FATIGUE/STOESS*
Ly

Layne P. Perelli, Captain, USAF
Crew Technology Division
USAF School of Aerospace Medicine (AFSC)
Brooks Air Force Base, Texas 78235
USsA

It is important to recognize that the physiological mechanisms of the organism do not particularly
care nor are they necessarily aware that they are reacting to the effects of workload, the effects of
fatigue or the effects of stress. Phymiological mechanisms provide a common link between the concepts
of workload, fatigue and stress. Traditionally the basic physiological approach to fatigue involves
the measurement of energy expended in performing a given amount of work. As early as 191Y to 1920,
Waller and De Decker (1) measured the carbon dioxide production of workers and were able to relate
increases in carbon dioxide production to a reduction of work output during a night's activity. They
use the term "physiological cost™ to describe the increased metabolic demands resulting from increased
fatigue and related lowered performance. Page (2) (3) has suggested that the cuncept of fatigue be
replaced with the concept cf metabolic cost, and Bitterran (4) has suggested that the concept of fatigue
be defined as a reduced efficiency resulting from continued work and reversible by rest, with efficiency
defined as the ratio of performance to expended effort. Effort was to be deterained from metabolic cost
indices.

Concepts of physiolog’c cost are related .o Selye's concept of the general adaptation syndrome in
which any stress to which the body is exposed creates an overall non-specific, systemic reaction to cope
with or reduce the stress (5). It is theorized that fatigue creates a stressful condition to which the
body tries to adapt, and in so doing produces an abnormal set of physiologic indicators which can be
evaluated as to the severity of the fatigue/stressor.

After reviewing several fatigue studies showing no significiant or dramatic performance decrement
and one study with a performance increase, Cameron (6) concludes that performance measures are too erratic
and unreiiable to serve as indicators of fatigue. He feels thit the term fatigue should be used a= no
more than a descriptive ters ~or generalized stress response cver a period of time, and that the best
index of acute anl chronic effects would be the time required for biologic emergency mechanisms to return
to a normal arousal level.

Pursuing this same line of thinking, Harris and O'Hanlon (7) provide a review of what is known about
the recovery of man from exposure to certain adverses conditions, such as sleep deprivation, abnormal
work/rest cycles, prolonged physical work, and envirommental and situational stressors. Their purpos:
was to determine if recuvery functions can predict how long a man can maintain effective performance
before e must be relieved and how long a rest period is required before he is ready again to perform
effectively during continuous military operations. They conclude that while there is insufficient
knowledge now available to make such predictioms, the following list of potential physiological failures
seems mosc important to consider and reversal of these impairment: may provide practical indications
that recovery has taken piace: 1) Degraded physical working capacit,. 2) Inadequate iron reclamation,

3) Mild cardicl fatigue, 4) Paroxysmal cerebral cortical activity, 5) Tipaired carbohydrate mztabolism,
6) Thiamine dericiency, 7) Involuntary hypohydration, 8) Glycogen exhaustion, 9) Increased susceptibility
to infection, 1¢) Imbalanced protein metabolism and 11) Adrenal cortical and medullary exhaustion. They
feel like Cameron that chenges dv: to fatigue will beccme apparent in th: physiological systems before
parformance degradetion occurs. This implies, of course, that even thouzh a given schedule of work has
not yet produced performance decrement, work-rest cycles should be struortured sc that severe changes in
the physiological systems «re prevented.

Following this same conc:pt that the physiologic cost of fatigue is generally not an immediate
problem providing the individual receives sufficient recovery time, Hartman and Cantrell (8) have tcken
the position that the best approach to meintain man's capacity for skillful work is to engineer the
system so that physiological degradation is eliminated. This implies that if physiological indicators
known to be associated with stress reactions arc found to be within normel limits, then it is presumed
that no performance decrement of operational consequence has occured. Thus, the problem is to quantify
these physiologic limits in relation to a criteria of performance degradation in such a way as to cause
system managers to design, man, and use an operational system in such a way that these limits are not
exceeded. One of the diff:iculities in using physiological indicators for evaluating workload, fatigue,
or stress is of a temporal nature in tha- some physiological responses can be observed only after periods
of hours or even days while other responses occur almost instantaneously. Some measures are unobtrusive
which could be used in operational situations wyhil.. others are somewhat impractical or often impossible
to obtain.

We will first discuss the long term physiological indicators of stress workload and fatigue recovered
from the organism and measured as urinary metabolites, namely the 17-hydroxycortico steroids (17-OHCS)
and the catecholsmines (epinephrine and norepinephrine). The following general review of 17-cortico
steroids and catecholamines is taken from Guyton (9).

Steroids, namely cortisol are excreted into the blood stream from the adrenal cortex in response
to a wide variety of stresses. Steroids enable the body to cope with stress through its effects on
carbohydrate, fat and protein metabolism. It causes a stimulation of gluconeogensis by the liver and a
decrease in glucose utilization by the cells which in turn raises the blood glucose concentration. At

* This material was abstracted from a chapter of Captain Perelli's draft doctoral dissertation by
Richard E. McKenzie, Ph.D.
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the same time it causes a reduction in protein storus in all parts of the body except the liver. Blood
amino acid concentration goes up, transport of amino acids into extrs hepatic cells is diminished and
transport of amino acids to the liver is enhancod. Amino acids are thus mobilized from the tisaues to
the liver. Finally, fatty acids are brought out of ndipose tissue increasing their blood concentration
vhich increases their uw.ilirution for enargy. The adrmnal cortex secretes sieroids in response to
adrenocorticotrophic hormones from the adenchypophysis which is under direct comtrol of the hypcthalmus.
With this indirect feedback mechanism, levels of cortisol can continue to rise to very high blood
concentrations as long as the stress agent continues to stimuiate the hypothalmus in some way. Cortisol
fixes to its target tissues in atout 20 minutes after velease. The normal bluod concentration is about
12 micrograme per 100 milliliters and its half life in the blood is 100 minutes. The normal secretory
rate is 15 milligrams per day of which approximately 75X is excreted in the urine.

At this point it should be obvious that one can measure 17 keto-steroid production from either
blood or urine sampling. The only problem one should be aware of is that there is a difference in the
concentration time of 17-0HCS found in blood plasma as opposed to urine by abou:t two hours. Increases
in 17-0HCS excretion have been found for various anxiety producing situations, such as electroshock
tzeatment and with the use or administration of hallucinogenic drugs and in the viewing of mildly stress-
ful motion pictures., Berkum, Bialek, Kern and Yagi (10) performed an extensive series of experiements
simulating five stressful military situations in which the subject was led to believe that he was in
immediate danger of losing his life or of being seriously injured, or that by his actions he has seriously
injured one of lis colleagues. All of these stress situations resulted in elevated 17-OHCS excretfion
and the level of the increase was related to the presumed level of stress induced for each situalion.

Miller (11) provides a review of the many studies in which 17 keto-steroids have been found to
increase due to the stress of military flying. In 1943, Pincus and Hoagland (12) conducted three sets ot
experiments which related steroid excretion and flying stress. They reported not only significantly
increased steroid production, but that individual performsnce scores were positively related to the level
of steroid increase. They also reported that increases in steroid production were found to be related to
independent rating given by the pilot's squadron commander on their individual susceptability to fatigue.

Catecholamines: Catecnolamines are secreted by the adrenal medulla in response to stimulation from the
syspathetic nervous system. The relation-ship between the adrenal medulla and a threating situation
was first demonstrated by Cannon and de la Paz (13). While the proportions of catecholamines which are
excreted depend upon the physiologic conditions, on the average, 75X epinephrine and 25X norepinephrine
are excreted. Their effects on the body are the same as those caused by direct stimulation f the
sympathetic nervous system, but the effects last about ten times longer since the circulating catechol-
amines are only slowly removed from the blood. It should be noted that the sympathetic nerve endings
excrete norepinephrine, but in a matter of seconds it is reabsorbed or destroyed at the cellular level
by O-methyl transferase or monoamine oxidase. These enzymes are similar to cholinesterase which destroys
acetycholine, the agent excreted by the psrasympathetic nervous system. While both the sympathetic
nervous system and the excretions of the adrenal medulla have general nonspecific effects, the
catecholamines stimulate and increase the metabolic rate of every cell in the body. However, it must be
noted that circulating catecholamines do not readily pass the blood-brain barrier. This means that
central nervous system physiology is not as reactive to these circulating substances as is the rest of
the body physiology.

The general resuit of stimulation of the sympathetic nervous system is to mobilze the body for
action. Norepinephrine causes general vasoconstriction, increased cardiac activity, increased basal
metabolism, sweating, inhibition of the gastrointestinal tract, glucose release from the liver, decreased
kidney output, and adrenocortical secretion. PFEpinephrine has gimilar effects but bas a greater stimulat-
ing effect on cardiac activity and basal metabolism and has a less comstricting offect on the vascular
system of the skeletal muscular syastem. Normal resting secretion rates are .? micrograms pex kilogram
of body weight per minute for epinephrine and .07 micrograms per kilogram of body weight per minute for
norepinephrine.

While there is some indication that catecholamines are excreted due to stress, they are generally
released in relation to the overall activity level or performance level. In a review of catecholamine
response to various activities, Euler (14) reports that mental stress associated with anger, aggression,
or exhilaration will increase norepinephrine excretion while emotional states characterized by appre-
hension, discomfort, painful or unpleasant feelings, will increase epinephrine excretion. As an example
of what one may expect to find in measures of catecholamine levels, Euler and Lundberg (15) found that
urinary epinephrine levels were elevated in pilots as well as inexperienced passengers during one or one
and one-half hours of moderately stressful flights, The pilots also had elevated norepinephrine levels
while the passengers did not. Melton and Fiorica (16) found that both epinephrine and norephrine
excretions were elevated during cross-country flights in private pilots with less than 100 hours flying
experience. However, the levels of excretion were not related to the length of flyirg time. A more
recent study by Krahenbuhl, Marett and King (17) explored catecholamine production during various phases
of Air Force flying training in the T-37 jet aircraft. They found that the emergency procedure phase
which was given in a Link trainer was esaentially ncnatressful, but that both epinephrine and norepineph-
rine were significiantly elevated from control valuvez during actual spin, solo and check flights. Here
again, the assessment using epinephrine appears to be more responsive than the use of norepinephrine as
an indicator.

Even though there does not appear to be any functional relationship between the adrenal medulla and
the adrenal cortex, there is an interaction of catecholamine in steroids effects within the body.
Broverman, Klaiber and Vogel (18) have attempted to differentiate the effects of short-term versus
long-term stress relative to the interaction of catecholamine and steroids. Short-term stress is
hypothesized to facilitate performance on serially repetitive, overlearned tasks and to impair performance
on novel tasks requiring perceptual restructuring. Long-term stress is hypotherized to have the opposite
effects. They attempt to acco: for these finding by argueing that during short-term stress behavior
is dominated by the sympathet{ .vous system. However, with increasing exposure of rhe central nervous
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system to the stress-elicited adrenal horsones, dominance ahifts to the jurasympathetic system caveing
an overali depression of activity. !

o N

The Cardiac Indicators: The cardiac activity indicators neart rate (HR) and heart rate variability (HRV)
have been used extenaively to analyze inflight pilot activity probably because the data can be crllected :
without gross interference of flight activities. In addition, heart rate can be measured for specific !
segments of parformance during relsiively short time spans. There is no way to precisely determine

the relative contributions of ary segment of behavior during a urine collection period and thus, urine
anslysis is confined to relatively gross estimates of whan perfcrmance decremenc has occurred., In
addition, heart rate and heart rate variance appears to be more closely related to activity levels and
performance quality than does information or catecholauine production revesled by urine analysis. One
other advantage of heart rate activity is that data reduction can be slmost immediately and easily
performed while urine analysis requires one or two days of chemical analysis in the laboratory undes

! fairly optimal corditions. A study by Bateman, et. al., (19) shows that heart rate for commercial

pilots on routine flights, upgrade training flights, and simulator flights are very similar and higher
than resting rates. However, basic training flights were found to be significantly higher. Heart rate
increased in respoase to specifi: inflight stresses and when pilots were demonstrating maneuvers requiring
a high degree of skill. Opmeer and Krol (20) found that increasés in heart rate and decrease in heart
rate variance matched the predicted order of increasing difficulty of four phases of flight, namely
baseline, level flight, take-off, and approach. When pilots were required to fly realistic flight plans
in a simulator, the same relative changes were found. They found heart rate variance to be a more
sensitive measur~ than heart rate alone and they concluded that heart rate variance appeired to be more
related to cogy tive tasks where heart rate was more responsive to anxiety inducing tasks.

T A T W

Y : Roscoe (21) has demou:..trated that heart rate is a useful tool in evaluating pilot workload changes

' created by now aircraft instrumentation and advanced control systems. Heart rate was found tn vary as
changes in weather conditions and different runways created more stressful landings. While these inflight
cardiac indicators have yielded some information on cognitive workload and stress levels experienced by
pilots, laboratory studies in which the stimulus presentations can be i .~re precisely controiled have

been much mo.: successful in relating these indices to performance and workload.

: ' The normal re .. ing heart rate exhibits a relarively large degree of beat to beat irregularity (HRV)

: referred to as sinus arrythmia, Ettema and Zielhuis (22) found that sinus arrythmia was significantly
depressed and heart rate, blood pressurge and respiration rate were significantly increased as workload
increased. They concluded that this effect is due to a change in both the breathing pattern and a rise
in vagal tone and sympathetic nervous activity induced bv the mental load. Boyce (23) found essentially
the same increase for heart rate and decrease in HRV ‘or increasing mental loads. A series of studies
by Thackray (24) has shown HRV to be a useful measure tor separating rest peroids from mental work periods
on a variety of tasks. Using a two dimensional compensatory pursuit tracking task, he found that heart
rate variance along with heart rate, blink rate, respiration rate, respiration perjod variability, and
skin conductance were all capable of differentiating the rest period from the work periods. 1In a
simulated radar control task, heart rate variance was found to be higher for subjects reporting high
boredom. In addition, the performance of the subjects in the higher boredom group also significantlv
declined over the rest period. This would suggest that HRV reflects a level of attentiveness whi.n is
related to overall performance capability.
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A fairly comprehensive view of the relationship between cardiac indicators and performance has been
stated in the broader framework of arousal theory. It is known that the level oi performance quality is
related to the degree of arousal or activation level of the operator in terus of an inverted, U-shaped
function which implies that an optimal level of activation will producs maximum performance capability.
This in turn is related to the reticular activating system which i: effect mediates the sleep/wakefullness
: dimension. This of course is related to increasing levels of fatigue, Heart rate can be expected to
[ ) decrease as the subject's level of arousal falls or to innrease as extra effort is put forth to stay
E awake. The seemingly paradoxical increase in heart rate with fatigue is normally seen with physical
exertion as well, where heart rate continues to increase under vigorous exercise up to the point of the
; collapse of the organism. Thus, the task demands of the systems operalor job must be teken into account
3 if one is to predict the arousal level of a long duratiion flight., Corcoran (25) attempted to separate
the concept of arousal from task demand by requiring minimal activity from subjects during a 60-hour
veriod without sleep. In this case, both heart rute and performance on an unarousing, nonphysical,
30-minute vigilance task fell consistently. He argues that perforuance will follow the inverted "U"
previously described with decreasing arousal, and that arousal wi'l fall with lack of sleep or increased
fatigue, but the effort to remain awake which is what is being wz2asured by physiological indicators will
be a function of task demand and subjective rotivation to remsin awake.

Extrapolating from these research findings, the f.llowing changes in heart rate and heart rate
variances can be predicted for long duration flights. First, heart rate and heart rate variance would
tend to increase with moderate levels of fatigue. With very high levels of fatigue, heart rate would be
expected to fall and heart rate variance to increase still further. We would also find that tasks which
created greater levels of arousal because of their complexity or the amount of concentration required
would be initially more resistant to fatigue effects. From this we can hypothesize that straight and
level periods of flight requiring minimal control input and instrument monitoring should show greater
¢ kY performance decrement with fatigue than periods when maneuvers must be performed. Heart rate should be
3 ' higher and heart rate variance should be lower as the arousal value of the task increases. Tasks
) : requiring maximum levels of information and concentration should shw least performance decrement and
greatest heart rate increases and greatest heart rate variance decreases.

Thus, we appear to be at a point where the important pilotage aspects of information processing,
decigion making, pattern recognition and so forth, are the important task variables and cardiac indicators
are one of the important measures of workload, fatigue, and stress relative to the man-machine system.
However, it would be a mistake to focus upon single physiologic variables. We have the present capability
to collect and eveiuate multiple physiologic variables and weigh them by means of regression analysis sa
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as to investigate whe:her meaningful physiologic profilas can identify specific reactions to specific
aspects of workload, fatigus or stress.

While we are considering the present state of the art for both groumi-based and inflight phyeiologic
weasuremants, some exciting treakthroughs are on tha horiszon which may allow us to measure and utilise
cortical indicators of dynamic brain activities ‘ncluding decision meking and irnforwation processing.

But firet, we shall explore how we arrived at tha nosition that information processing activitier relative
to required information input is a vital consideration in tie evaluation cf *he uan-machine interface.
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SCIE INSIGHTS RXLATIVE TO THE MAN-MACHINE SYSTEM:
AN OVERVIEW 07 TXN YCARY OF RESEARCH

by

Richard E. McKenzie, Ph.D., iryce O. Hartman, Ph.D.
Crew Technulogy Division
USAF School of Asrospuce Medicina (AFSC)
Brooks Air Frice B~ge, Texas 78235
USA

It is known that man-machine systems require certain kinds of operator skills and involve specific
kinds of tasks whether they are ground based, air-borne or in space. Viewing the developaent of aviation
from its inluncy throagh current operational aircraft, airbo.ne weapons systems, and space systems wa
see a remarkable accelerated aevelupment of automation. With this development, there has baen a shift
in the nature of the job performed by the man in this assembly of man and machine. 1In goneral, piloting
is really more like "machinemsnship," with the mmher of subsystems which the pilot mus’ control, the
number of cockpit diaplays and other informational inputs as well as the incressed commanications load,
all contriduting to a tremendous increase in workload (1). The term workload is a somryhat ambiguous
concept that can be dofined in many waya., We feei that workload ancompasses the concepts of performance,
fatigue, and stress, any cne of which can be defined in terme of the other. Keeping in mind the pilot's
{function as a asyistems monitor, wherein he initiates occasioial commands to the system, we know that the
pilot will assume actual control of the system only at intervals against a background of activity at a
lcwer level. Thus, we have a highly variahle work rate situation and our initial concern is whether or
not the intervals of low activity might alter the efficiency of the operator when he is required to
assume command or exercise control over the system. In our first attack on this problem we used four
different workload levels from which the subjects went into a period of overload. The subjects in this
study were used in a single session, matched group design. There were a total of 20 subjecta, five in
each of 4 load levels. Ve obtained pronounced decrements in parformance during overload after succesaively
lower work load levels. Unfortunately, in spite of the matching there were some differences between
groups of subjects on initial or baseline proficiency, therefore, we felt that this initial exploratory
study was not an adequate evaluation of the problem. What we needed was a repeated seasion design using
each subject as his own control. With this refinement in a follow-on experiment, we found no differences
in proficiency related to difterent base work rates. This confirmed British studies on speed, thar is
siznal rate streas, wherein the effects obtained are function only of the immediate operator load and ;
ae independent of the characteristic of the preceding task load levels. So we found that the system 1
Jperator works 2t a steady systematic rate independent of the more variable rate of signal onset, The ‘
operator tends to ignore a rapid onset of signals, preceding in a methodic fashion to work on each
subtask as he gets to it. We liken this smooching function to the strategy of "queing" proposed by :
Mill~r. In this strategy the operator assigns each new input to a kind of conceptual list of ¢esponses ;
te '.¢ made whaa he gets to them. We looked for Miller's other adaptive strategies which hu called 3
"filtering" (ignoring some signals in order to process the remaining more effectively) and "two-handed ;
operation.” Instances of filtering covld not be identified and two-handed operation occured only
infrequently; however, this does pose the question as to what conditions cause or promote the use of
such strategies (2).

This initial study was reported in 1961 but in the meanwhile we became involved in evaluating system
operator performance factors in the School of Aerospace Medicine's space cabin simulator. In evaluating
the operator data, we reported the possible "energizing" effect of an intial high signal rate period had
on a subsequent period of very low signal rates. We also felt that signil rate might be a way of
manipulating both duty time and diurnal variables (3). With the idea that performance decrement was not
specifically time-anchored, but more of an immediate or inatantancous prcduct related to signal rate, we
continued to gather data in the space cabin. The next sariss of flights explored a reversal of day/night
operating times. Heve we again fourd that signal rate was a primary factor in performance, with marked
decrement at lov signal retes below those of 119 per hour. This effect is attenuated by the day/night
cycle in that performance decrement 18 not as great when the low signal rate periods occurred during the
day (4).

At this point the requirement for evaluating special mission personnel including astronaut candidates
led to the interesting concept of task induced stress, Here competing tasks were used in a manner so as
to cause the operator to psychologically internalize the task stress, rather than to attribute his obvious
performance deteriment to the task itaself, Aside from the problems of selection and evaluation the
results of our attempt to induce thls kind of stress show that the competing task situation produced
aignificant task stress which could be used to access the relative adaptiveness of the individual. 1In i
other wordrs, the selected group was better able to perform and was, therefore, leass susceptible to the '
signal/noise ambibuity produced by the task and less bothered by the induced task stress (5).

A later overview of all of the SAM spaca czbin flights was aimed at evaluating information input as
a factor in crew performance. We might have called the study "signal rate revisited”. In brief, we were
able to show that a constant, fairly high level of signal rate (500 signals per hour) resulted in a
rather remarkable increase in operator performance compared to low and/or variable work loads (6). Thus,
we have placed work/rest cycles, diurnal variations, etc., in the role of secondary or even more remote
factcrs in human performance, and we are left with information input as a critical variable. We can
infer that any factor affecting man's ability to process information; that is, fatigue, drugs, stress
(physicai and psychologic), etc., wiil be reflected in decremented performance.

One eas!ly recognized confounding facter in the work load/performance area is fatigue. Ordinary
fatigue has nerer shown up as a significant factor in the space cabin studies. However, operational E
requirements often impose aircrew problems related to change of sleep cycles, early awakening, and so
forth, in the face of increased pilotage demands. At times, tactical demands have raised the question :
of preflight and/or in-flight pharmacologic support. One such demand indicated the use of preflight J
sleep induction and inflight arousal via medications, Two research studies were designed to test the {
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effects such medication might have on performancae., Here, workload wac an approximation uf the tactical
mission. Performan:e was measurea using the Multi{-dimensional Pursuit Test diveloped by the USAY
School of iercspace Medi:ine years ago s# an aid to pilot selection. Preselection criteria and &
paychologic test battery were used as predictors. Heart rate and respiracion w<ere slso monitored. Tn
this instance, physiologic monitoring and psycholugic treasting did not reveal unor predict any systematic
chrnges related to the druz treatments.

The drug treatments involved the adwinistration of secobarbital (:hree grains) with the "in fligat"
adrinistration of d-ampethamine (5 milligrains) with appropriate controls. The results indicated a
hangover effect of three grains of s&cobarbital sean at the start of the mismsion 10 hours later and
atill prewvant at the end of the missfor 12 hours latar. The effects of d-cmpethanine are decreasad in
individuals taking secobsrbital (7).

A follow-on study using only 1l grains of secobarbital showed no apparent psychomotor hangover (8).
While thesu kind of iw-laboratory studias are needed, the cost of doing more than approximating the task
structure and workload requirements are usually prohibitive. However, we feel that the increased necessity
to conaider the use of pharmacvlogic agents by aircrew members will dictate more studies relating to
pilot performance, Vhat the laboratory lacks is some comparative atandard of laboratory tagk or task
system as it relates to acceptable performance standards for actual aircraft pilctage. In spite of the
long history of laboratory testing, we still cannot answer the question "Will this particular drug, or
instrument, or device impair or emhance the pilot's ability to perform his required duties?" Theoratically,
it should be possible to state with scientific confidence that performance on laboratory task "X" at a
certain level indicates that pilotage under the experimental conditions being evaluated would be difficult,
dangerous or impossible. We have not yet developed such criteria which can be applied tc the airborne
human. [owever, we try! :

Given the strong evidence of the critical nature of the relationship betwesn infc-mation proceasing
ability and aircrev performance, perhaps we should make a dedicated effort to evaluata information
praocessing ability as our laboratory task "X" and comupare thase results with simulated aircraft pilotage

performance.
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Abstract

A clarsification scheme is presented which summarizes a survey and analysis of alrcrew workload
asressment techniques ralevant to inflight test and evaluation considerations. Two dimensions consisting
of universal operator behaviors and worklcad assessment methodologies were used in tha classification
scheme. The universal operator behaviors were classified according to the Berliner, Angell, and Shearer
(1964) categories including parceptual, wediational, communication, and wotor processes; wheras the work-
load assessment methodologies were cataloged into 28 procedurss under the general categories of subjective
opinion, spare mental capacity. primary task, and phyriological measures. An applicability matrix based
on this classification scheme is presented which sumrarizes existing research on workload assessment
methodologies, and a bibliography of over 400 releva't references is provided as an appendix to this paper.
Procedures are described whereby this matrix can be used an a guide for selecting candidate aircrew work-
load assessment measures for inflight evaluation. A brief overview of the various workload assessment
techniques is presented along with a set of critical criteria that need tu be considered in evaluating the
feasibility of these measures for in~flight unvironments. It was concluded that no one single technique
can be recommended as the definitive measure of operator workload, but the rasulting classification scheme
and applicability matrix can aid the investigator in choosing among presently available techniques.

INTRODUCTION

One need only compare the cockpit of a modern jet fighter to its World War II predecessor to appreciate
the dramatic iucrease in cockpit complexity. Technological advances during the past 30 years have resulted
in sophisticated avionics and weapons delivery subsystems which are availabla to aid the aircrew in com-
pleting a specified mission. The ultimate mission success of today's modern fighter, however, still rests
on a common factor present in its World War II counterpart. This factor is the human operator. To be an
effective weapon, the modern fighter with all its advanced sensors and avionics must be compatible with
the capabilities and limitations of the aircrew operator.

During the design, development, and teat and evalua“ion of any new aircraft, care must be taken that
the new system does not place unreasonable demands on the aircrew by overwhelming them with too much
information and too little time to process that information. Such conaiderations are often characterized
as assessing the mental workload of the system operator.

When one reviews the research literature pertaining to mental workload, two conclusions are readily
apparent. Namely, there is no aingle, agreed upon definition of mental workload, and there is no single,
universal metric of it. Mental workload is a theoretical construct, and as such, might best be defined
operationally. Clearly, it is related to factors such as cperator stresa and effort, but these concepta
also require operational definitions. Reising (1972) provides an =xcellent over-riew of the difficulties
and complexities involved in defining and measuring workload.

Rather than provide a single definition, one must consider the various operational definitions used
in neasuring operator mental workload. The aystems engineer, for example, may emphasize operational
definitions based on time available to perform a task. Psychologists tend to emphaaize the information
procaossing aspects of mental workload and operationally define it in terms of measures related to channel
capacity and residual attention. Physiologiats on the other hand, emphasize considerations of operator
stress and arousal,

Purpose

The impetus for this report stemmed from a selective annotated bibliography of 83 references which
represent potential measurement techniques for assessment of operator workload in operatjonal environments
(Schifiett, 1976). This annotated bibliography categorized the various methods in terms of general ref-
erences, system anuiyocis, subjective techniques, psychomotor performance, information proceasing, physio-
logical measures, and combined methodclogies. Schiflett concluded that the majority of the methods were
developed for use in the design stage of sircrew aystems, thereby making them difficult and/or impractical
to use in the later stages of the operational test a2nd evaluation environment.

This project was undertaken to provide a more comprehensive survey and analysis of the presently
available workload assessment methodologzies and was epecifically directed toward the flight test and
evaluation enviromment.

Approach

To accomplish the goala of this project a comprehensive search of the scientific literature was con-
ducted including books, scientific journals, technical reports, and proceedings of technical meetings.
Computerized information retrieval, library searches and direct contacts with the scientific community
were used to locate relevant documents. Given the large pool of potential documents obtained by these
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combined search procedures, it was necessary to erdapt s set of general and specific criteria for inclusion
of a reference in the final bibliography of over 400 referencus appended to this paper. Details on the
search procedures as well as selection criteria are provided in Wierwille and Williges (1978).

following the selection of the appropriate workload literature, a user-oriented classification scheme
vhich combined workload methoiology with universal aircrew behaviors was used to generate a catalog of
presently available workload assessmant techniques. Specifically, this paper provides a description of
this classification schame and details the use of this scheme for the selection of potential measvres of
workload. In addition, an overview of the resulting catalog of methodologies is presented.

CLASSIFICATION SCHEME

An important prerequisite to developing a catalog of methodologles pertinent to operator workload in
a flight environment is a comprehensive classification schems. This scheme is necessary to form a basis
for selecting documents, to classify the citations listed in the bibliography, and to make possible the
construction of a usable analysis catalog. Consequently, the resulting ciassification scheme is central
to a meaningful analyeis of the workload literature applicable to aircrew considerations.

One dilemma that must be resolved in developing a classification ucheme is that of providing a scheme
with a meaningful organization of existing workload assessment methodologies. A second dilesma centers
around providing a classification human operator behaviors which are related to aircrew performance so
that accurate implications can be drawn from .he vast amount of workload resscrch that was not conducted
in a speciiic aviation-related context. To solve these dilemmas, the selected scientific litersture was
classified according to both the universal operator behaviors present in aircrew missiona as well as the
specific workload methodologies.

Universal Operator Beshaviors

The range of operator behaviors and their taxonomy have been investigated for several years. These
behaviors have been used to obtain an understanding of what functions an operator performs in a system
and as a busis for task analysis. One widely used listing of operator behaviors was developed by Berliner,
Angell, and Shearer (1964). This approach Sreaks operator behavior into four major processas (perceptual,
mediational, communication, and motor) as shown in Table 1. These four major processes are further sub-
divided into seven activities and then into 47 mutually exclusive operator behaviors. Because the terms
used in thia scheme are orthogonal, thia classification can be expected to yield good agreement among
investigators in determining specific behaviors for a specific aircrew problem. Consequently, the Ber! .ner,
et al. (1964) approach was used to classify operator behaviors in this report. To facilitate referencing
to this classification, a graduated numbering scheme as listed in Table 1 is used throughout.

Workload Methodologies

The second dimension of classification is the specific list of available methodologies that are
potentially applicable to aircrew workload assessment, The literature on workload is so diverse that
categorization on the part of the reader of thias literature is almost intuitive. It is, however. important
to select a categorization which groups the various workload techniques in a logical way, so that conflicts
and discrapancies on workload concepts are minimized.

The taxonomy of workload methods that evolved from the documents reviewed was found to be particularly
useful and logical. This listing of methodologies is presented in Table 2 along with a graduated numbering
designation. Basically, the various methods are grouped into four major categories (subjective opinion,
spare mental capacity, primsry task assessment, physiological measures) which are further subdivided into
28 individual techniques.

Literature Classification

The resulting two~dimensional classification scheme used the numerical iesignations of workload
methodologies given in Table 2 with a subset of the universal operator behaviors given in Table 1. Early
in the classification of documents according to this two-dimensional analysis it became evident that the
sclentific workload literature was addressed primarily to overall numan performance as compared to specific,
detailed aspects of performance. Consequently, the literature reviewed could be classified only according
to the four major processes and seven activities shown in Table 1 instead of the 47 mutually excluuive
behaviors. Even at this less-refined level of analysis, classification of the literature according to the
operator behaviors dimension appeared to be more subjective and unreliable than classification on the
second dimension of various workload methodologies.

Applicability Matrix

Following the abatracting and classification of the selected documents, all the references were
summarized into a two~dimensional, applicability matrix which indicated the potential use of each of the
28 workload assessment techniques across the seven universal operator behaviors. A four-point rating scale
was used to represent the amount of positive research evidence supporting the potential use of each work-
load technique for each operator behavior. These ratings included:

0: Workload method is unsuitable for assessing workload of the operator behavior cited. No
research or only negative research support.

1: Workload method is potentially suitable for assessing worklnad of operator behavior cited.
Some contradictory evidence exists; further research is needed.
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2: Workload method is suitable for assessing workload of the operator behavior cited.
No contrsdictory evidence exists; further research is needed.

3: Workload method is suitable for assessing workload of the operator behavior cited.
No contradictory evidence exists. Application is proven.

The complete applicability matrix resulting from this analysis is shown in Tcble 3.

It should be noted that the ratings in Table 3 are based on all the research reviewed and, as such,
represent data collected in laboratory simulator, field, flight simulator, and flight test environments.
This was done to provide an overview of all the available data so as to suggest potentially applicable
techniques for the aircrew test and evaluation environmment. Conceivably, none of the duta used for a
particular rating was from the flight test enviromment. Table 3, therefore, is not totally suggestive
of overall ratings of resesrch supporting the use of a technique in the flight test enviromment (research
of this type is, in fact, quite limited); rather it merely suggests a potentially applicable approach. To
complete the evaluations for possible selection of a workload assessment technique in the flight test ares,
one must carefully conaider the critical criteria for selection as well as the detailed evaluation of each

technique. Nevertheless, considerable judgment on the part of the authors was neceasary in several cases
in arriving at a rating.

SELECTING A WORKLOAD ASSESSMENT METHODOLOGY

The literature summarized in Tsble 3 could be used for a variety of purposes. For example, cells
resulting in 0 or 1 ratings cuvuld suggest areas for additional methodological research. Of primary
importance, however, is the use of the classification scheme and resulting applicability matrix as an aid
in the selection of a workload assessment methodology for aircrew flight test and evaluations.

Steps in Selecting a Method

The information summarized in the applicability matrix presented in Table 3 as well as the complete
catalog description of workload estiwatiou techniques presented by Wierwille and Williges (1978) can be ‘
used as a guide in selecting a workload assessment methodology in the following six step procedure:

Step 1. Specify tiie aircrew problem for which mental workload 's to be evaluated.

Step 2: Perform a general task analysi: --.'ag specific operator behaviors.

Step 3: Using the workload method applicability matrix (Table 3), calculate workload methods
weighting. Rank order the methods.

Step 4: Select the first N methods in ranking. Study each of the N methods in the workload
methodology literature review.

Step 3: Select the methud to be used.

Step U: Read referenced documents and plan the workload measurement experiment.

4
The first step is to define the particular aircrew problems for which of the mission, and particular :
aircrev task. The second step is to relate the aircrew problem to the universal operator behavior dimension
shown in Table 1. This may be done by examining a task anslysis which uses these terms or by having the
investigator directly assess which behaviors are required of the sircrew member during the task. With the
completion of Step 2, the aircrew p:.ulem dimension and the operator behavior dimension have been compressed

into a single dimension of specific operator behaviors which can be related to the seven universal operator
behaviors of the applicability matrix (Table 3).

et -
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To aid in the completio~ of Steps 2 and 3, a worksheet as presented in Table 4 is useful. The investi-
gator checks the top of the appropriate columns on the worksheet of the universal operator beshaviors which
are germane to the particular aircrew mission as determiued by Steps 1 and 2. This essentially applies
equal weightings to the various operator behaviors chosen., Alternatively, each dimension can be weighted
according to the importance attributed to each operator behavior present in a particular mission. For i
example, searching for and receivins information (1.1), information processing (2.1), and communication |
processes (3.) may be the central sparator behaviors in a particular mission. Rather than “checking” ;
these three dimensions on the worksheet, the invertigstor determines that cormunication procesaes are :
perhaps twice as important to the mission as the other two. Consequmtly, communicatioca processes are
-scighted as 2 on the worksheet, and the other twc operator behaviors are weighted as 1.
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In step 3, the matri: of Table 3 is used to determine the applicability rating of each workload )
assessment tectmique. This is done by entering the applicable ratings from Table 3 on the worksheet and :
adding the row of numbers for each workload technique, If the "check" approach is used, only the rating ;
values from Table 3 are added on the worksheet for each row and placed in the "SUM" column of the work- '
sheet. If a weighting ajsroach is used, the weighting is multiplied by each applicability rating number

of the corresponding row; and, subsequently, the rows are added and placed in the "SUM" column of the
worksheet.

Step 4 involves the rank ordering from highest to lowest score for each workload technique. The
techniques with the tighest scores are then selected. These N workload techniques are the wmost applicable
for the particular aircrew problem under atudy. Aleo as a part of Step 4, the investigator reads the work-

load catalog summary and the bibliography pertinent to each of the N particular techniques that had the
highest scores.
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It is difficult to state beforehand how large ™ should be. Most likely, it will be between 3 and §
for most workload problems. However, judgment on the part of the investigator must determine the value of
N.

Once the investigator has read the summary of each technique, it should be possible to select the
technique that is to be used. This is Step 5. Obviocusly, judgment again pleys a major role. More
specifically, practical aspects will have to be taken into consideration. Comparative difficulty of
implementation, cost of the experiment, and ability to meet space, weight, snd power requirements are some
cf the factors involved. A feasibility matrix for the selection of worklcad methodologies for in-flight
environments is found in Table 6.

Once the technique is selected, the invesiigator should obtain and read in detail the documents cited
in the bibliography relating to the specific technique., This will insure that available information is
used 1in conducting and carrying out the workload assessment experiment. Pitfalls and potential misappli-
cations might also be avoided.

SAMPLE APPLICATION

In this section the procedure for selection of one or more workload techniques will be demonstrated
by a sample problem. After a brief description of the enviromment associated with the sample problem,
the steps of the selection procedure will be described.

Background; The $S-3 Operator's Task

The SS-3 operator's position in the P-3 aircraft is ome of control and usage of the aircraft's non-
sonar sensors. Several sensor systems are available to the operator, and the corresponding support equip-
ment for them is quite complex.

The $S=-3 operator communicates with the remainder o{ the crew using an open-line intercom that is
commor. among the entire crew. Main communications are with the TACCO (tactical aircraft coordimation
officer) and the pilot; however, subatantial listening to the "problem being worked" is also performed
by the §S-3 operator.

3 The SS-3 operator is responsible for ESM (electronic support measures). ESM is essentially the

¢ passive evaluation and idertification of incoming radar signals. The corresponding emitters may be ships,
A : aircraft, or ground~based radars and may be either friendly or hostile. C.dinarily, many radar signals

9 are impinging on the aircraft. With the aid «f the aircraft's central computer and the MPD (multipurpose
data display) at the SS-3 position, the operator must scrt and evaluate them,

The $§S-3 position also contains the MAD which is designed to provide precise location information on
partly or fully submerged vessels at short ranges. The system determines anomalies in the eartih's
magnetic field resulting from large amounts of magnetic or paramagnetic material.

R T TR

In some updated P-3 aircraft, the IRDS (infrared display system) has been added. The IRDS operates
at intermediate ranges between those of the radar and the MAD. It provides a television-like raster-
Z scanned image to the SS-operator. This sensor not only provides directional information on a target or
contact, but also provides an infrared (heat seusitive) picture showing details of platforms such as
superstructures, rigging, anténnas, snorkels or periscopes. Positive identification of the comtact or
E target can often be made on the basis of these details.

- It is important to recognize that the ESK syctem, the RADAR, the IRDS, and the MAD are all tied into
the aircraft's central computer and appear in one form or another on the MPD before the 85-3 operator.

4 A large portion of the operator's workload involves updating the information, selecting modes, and per-

) forming "evaluation'" operations. The operator has before him, numerous command and date entry pushbuttons
as weil as a trackball (usable with either hand). The trackball zllows the positioning of cursors and
symbols on the MPD so that specific coordinates may be inputted in what appears as an analog or digitsl
mode.

S ie i kot 3

Application of the Procedure; An Example

Step 1. Adrcrew workload problem statement. The IRDS is being installed in updated P-3 aircraft.
: In making this addition, the mental workload of the §8-3 operator is going to be iacreased. It is desired,
; therefore, to determine the workload of the S5-3 operator both with and without the addition of IRDS.

There are two points in a tactical intercept mission where highest workloads may be presumed to occur:
first, when the S5-3 operator is attempting to transition from the radar to IRDS, and second, when the
3 operator is attempting to identify the target using the IRDS (having previously acquired it). For purposes
3 of ‘explanation, discussion wiil be limited to the second high-workload condit¢ion.

When the IRDS is in use, the 85-3 operator controls the position of the sensor, vectors the pilot to
the target, and keeps the TACCO appraired of details becoming visible on the IRDS display. As soon aa
positive identificarion is made by the 88-3 operator, the TACCO 1is informed.

Depending on the tactical situation the S§-3 operator performs ESM duties, and keeps the MPD and
aircraft computer updated on the tactical situstion. Furthermore the operator listens carefully to crew
communications over the intercom.

During the same time period, if the aircraft does not contain an IRDS, the S8-3 operator vectors the
pilot using the radar. Responsibility for positive identification is then transferred to the cockpit crew.
The ESM, MPD, computer, and communication tasks remain essentially the sace for the 85-3 operator during
this time period.
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Step 2. Determination of operator balwviors. Since the higher workloads are likely to occur with
the IRDS present in the system, and since a common workload methodology should be used for both IRDS-
present and IRDS-absent cases, the IRDS—present case will be used to determine operator behaviors and
weightings. In the IRDS-abgent case, only slight changes would occur, having tc do with target idenci-
fication.

In terms of the intercom task, the univercal operator behaviors category (Table 1) is 3. Communication
Processes. This is weighted with an importanca of & on a scale of 0 to 5, where 0 is "of no consequence"
and 5 is "absolutely critical” to mission succest. Whether the 85-3 operator is verbally vectoring the
pilot or providing details on the identification to the TACCO, the intercom task is very important.

The IRDS aspect of the task involves calculations of vectoring information and visual discrimination
of details in the scene. These two aspects should receive a top rating of 5 because the mission is depend-
ent on the SS-3 operator's abilities at directing and rapid ideantification. The task consists of 1.2
Identifying Objects, Actions, and Events, and 2.2 Problem Solving and Decision Making. Continuous tracking
would also be performed. But, because slight erroxs in pointing the IRDS sensor would probably not harm
identification (as long as the target remained in the field of view), the behavior 4.2 Complex/Continuous
Motor Processes could be given a weighting of 3.

For most situations, the MAD would not yet have come into operation in the scenario, so it would be
assumed that it is uot part of the task. Similarly, while the redar might be operating, it would probably
only be usea as a back-up (wvhen the IRDS is operating and target acquisition has already beem mede).

The ESM system would continue to operate and to provide information on radar emitters in the area.
Under the assumption that the P-3 is not itself under attack, the SS-3 operator would relegate ESM tasks
to a lower priority. The examination of radar contracts would primarily involve 1.1 Searching for and
Receiving Information, 2.1 Information Processing, and 4.1 Simple/Discrete Motor Processes. This would
be given a priority rating of 2. Obviously, a much higher priority would be given to ESM (probably 5)
1f the aircraft were under attack.

The SS-3 operator would also be performing data input duties to the MPD and computer to the extent
possible. However, these aspects would be of a bookkeeping and update nature, since p:imary communication
would be via the intercom. Nevertheless, the operator would perform the task to the extent possitle. It
involves 1.1 Sesrching for and Receiving Information, 2.1 Information Frocessing, 2.2 Problem Solving and
Decision Msking, 4.1 Simple/Discrete Motor Processes and 4.2 Complex/Continuous Motor Processes. When
the 1RDS idejitification task is being performed, MPD and computer updating might have an importance
weighting of ..

If the highest priority weighting stated above is used for each operator behavior, the weighting
would appear as shown in the first horizontal line of numbers of the worksheet for this example, as shown
in Table 5.

Step 3. Workload methods weighting and rank ordering. Having obtained the necessary universal
operator behavicr weighting for the specific S8-3 operator workload problem, it becomes possille to compute
the relative weightings of workload techiiques and to rank order them. This 1is done by multiplying each
number in the "Behavior Check ( ) or Weighting" row of Table 5 by the corresponding number in each row of
Teble 3. Each individual product is then entered in Table 5 in the appropriate workload methodology row
and operator behavior column.

All products in each row are then added, and the sum is placed in the right hand column. The workload
methodclogies exhibiting the highest sums are the ones mostc applicable to the $5-3/IRDS problem.

Step 4. Selection of N techniques; study of the techniques. The results of the gelection procedure
indicate that the following six techniques (ranked by numerical score with the highest first) are the most
appropriaste for the SS-3 operator workload problem:

2.1.1 Task Analytic; Task Component, Time Summation

1.1 Opininn; Rating Sceles

1.2 Opinion; Interviews and Questionnaires

2.2.1 Secondary Task; Arithemetic-Logic (Nonadaptive)

2.2.2 Secondary Task; Tracking (Nonadaptive)

4,1.8 Physiological; Pupillary Dilation
The initial selection of six techniques rather than some other number is arbitrary. Howevir, techniques
having scores substantially below the highest ranking score are not likely to result in ac:urate, reliable
assessment of operator workload, because the corresponding techniques are not fully proven.

It is worth noting that small changes in the weightings of importance of the universal operator
behaviors would probably not have changed the outcome of the selection procedure up to this point. Most
1likely the same six weightings might have resulted in a different set of techniques being selected,
particularly for the fourth, fifth, and sixth ranks.

After studying the six techmiques muore carefully using section 4 of Wierwille and Williges (1978), it

should become possible to select one or possibly two to be implemented. As a means of carrying the example
through the adventages and disadvantages of the six techniques will be briefly reviewed.
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The task-component, time summation technique is primarily snalytical. Howevar, it could be easfly
adaptad to the T&E enviromment by having SS-3 operators perform each sez2ll segment of each task .eparately.
These could be timed. Subsequently, time available could be determined from the mission scenario, and
asscssment of workload determined. The apparent drawbacks to suych a technique are its complexity and the
fact that S8-3 operators may be capable of performing simultanecus tasks because of their high skill level.

The two opinion techniques are clearly applicable. It is probably true that the technical training
of 88-3 operators is sufficient to make them highly reliable judges of their own mental workload. The
investigator would have to present and specify the problem carefully so that the operators would have a
clear picture of what is expezted. Because of their high level of motivation, it is probable thut accurate
assessment of maximum tolerable workload could be obtained.

The two secondary task techniques might also be applicable., Preference should probably he given to
the arithmetic-_ogic task, becauce the operator will have his left hand in use for the trackball and his
right hand in use for “he IRDS coatroller. Introduction of yet another manual control for tracking would
protably cause congesiion and severe intrusion. Even the arithmetic~logic task will to some degree cause
congestion because the operator is already using both hands, one foot, his voice, both ears, and his
vision (with at least two displays). If at all possible, the secondary task should in some way be inte-
grated inte the present task through programming. Perhaps the ESM contacts, properly attended by the
8§5-3 operator, could be scored as a secondary task. Since the operator would relegate this task to a low

priority anyway during the specified scenario, instructions to the operator would al-eady be similar to
his present method of operating.

The technique of pupil dilation is perhaps the least proven of the six; yet it holde promise. The
§S-3 operator's station in the aircraft is already somewhat isolated. A curtain can be drawn around the
open side of the station, and the side window can be blocked. Consequently, ambient lighting could be
maintained constant. A saall video camera could probably be inatalled at the upper and right hand corner
of the MPD. Alternatively, a commercially avajlable, headmounted pupillography system could be used.

It should be noted that gathering of pupil dilation information is complicated by eyelid droop when
the observer becomes tired. Normally S$5-3 operators are on duty for six to twelve hours. Care would
therefore have to be taken to fly short missions for data taking purposes.

Step 5. Workload methnd selection. It is believed that any of the initial six methods could be used
to assess the SS-3 operator's workload. Final selection becomes a matter of ease of implementation, costs,
and other matters of feasibillity as indicated later in Table 5, On the basis of these factors it is most
likely that an opinion approach could be most rapidly and easily iwplemented. It would therefore be the
recommended first choice. The task component, time summation technique, using experimentally derived task
element times would provide highly quantitative resuits. Therefore, it would be a good second choice.
However, a great deal of time and effort might have to go into the experiment and the data analysis.

Step 6. Study of documents; planning of experiment. Further study of documents referenced in the
appendix should make possible the construction of an opinion technique that has all the desired attributes
for the particalar SS-3 probiem under examination. The choice of vating scales, questionnaires, interviews
or som2 combination therenf would have to be made.

Preliminary plamning of the experiment should include a test of the rechnique on operators who would
not participate in the later data-taking session. These operators could aid in uncovering confusion terms
in questionnaires or rating scales, and in ironing out problems of terminology, instructions, and scoring.

The final experimental plan should be such that the experiment, when conducted, will yield statisti-
cally significant differences in experimental conditions if in fact there are differences. The most
prized result in significant differencea in workload levels. Under these conditions, definite conclusions
can be drawn regarding workload.

OVERVIEW OF WORKLOAD TECHNIQUES

This aection provides a brief overview of the various workload estimation techniques at the second
level of classification as shown in Table 2. Each procedure is described only in terms of its theory and
background, because of the brevity requirements of this paper. Hiwever, a complete description of method/
apparatus, areas of applications and examples, limitations, and suggesced RDT & E follow-up can be found
in Wierwille and Williges (1978). To provide an overall evaluation cf these various techniques, certain
critical criteria must first be considered in the Inflight environment.

The In-Flight Aircrew Workload Problem

Whenever an attempt is made to measure workload in-flight, a number of practical considerations become
important. These considerations deal primarily with the difficulties of introducing or adding anything
to the cockpit or crew station envircement. These practical conaideratinns go well beyond those involved
in ground simulsation and have far-reaching ramifications on workload technique agsessment.

Fhysical space. In wost aircraft, crew positions are carefully designed to take maximum advantage
of the space availsble. This space is usually limited by airframe and other design considerations in very
complex trade-offs. The introduction of any devic: having substantial size will compromise thc efficienmcy
of the original design. Needed controles or displays may be ubscured or made inaccessible. Crew comfort
might also be sacrificed by reducing the already limited freedom of movement available. Therefore, for
most airborne situations, desirability and practicality of the workload measurement equipuent increases us
the physical size of the equipment decreases. Aleo, there ies an upper-bound on tolerable size, which for
some situations might be as little as one-eighth cubic foot. Hownvar, a study of allowable size could
profitably be performed.
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Obviously, the physical size consideraticn ie not as severe in grourd simulatinn. Usually in this
‘ case & way can be found to "fit" another device into the simulation. Since the workload mearursment
i . apparatus need not be self-contained, supporting parts can be "hang” ourside the simuisted crew ststicm.

Portability and self-contairment. 1In general, it would be desirable to assess workload using a
single small package that can be easily added to the crew station. Prototypc and onerational aircraft
urually do not include power sources and telametry or recording equipment for optional equipment in the
: crew etation. Furthermore, present practice would probably not permit modifications of operational air-
! craft for powering und recording of worklvad mesasurement. The assumpiion, therefore, must be mude that a
i workload assessaent system must be largely nelf-contained if 1 is to be used in-flijht.

Inrrusion and safety. It is well known that many methods of workload measuremert tend to intrude on
trsks at hand (primary tasks). An aspect of intrusion that must be crasidered separately because of its
importance is that of safety.

Certain types of flight operations are 11 themgclves critical. Take-off, Isnding, ejection, and
any other type of system fallure, are ~xamples of critical operatioas. Two ty , of safety-related
intrusion may poasibly occur through introduction of workload measur:ment equ: "‘nt: obstruction and
: distraction. Obstruction involves the problem of having an extra physical obj...c vithin the spuze needed
i to deal with a critical operation. Distraction pertai s to the fact that the workload assessment may
draw the crew member's attention away from the critical situation. Unless backup crew stations sre avail-
able, it may be inadvisable to assess workload of certain critical operations in flight except by a
posteriori techniques which by their nature do not intiude.

Data transmission or recording. It is one problem to design a feasible workload task for in-flight
use--it is yet another to score the task and analyze the results. There appecar to be hree alternatives
in the area of Jdata analysis:

1. Perform in-flight analysis and record the processed data output in concise form for later use;
2. Record or store the unprocessed data for later playback and analysis; and
3. Telemeter or otherwise trausmit unprocessed data to a ground station for recording or processing.

Experimental controls. A problem that may arise when performing in-flight experiments is that of
] obtaining adequate experimenter contzols. The investigator or experimenter may not be on board when the
- workload assessment procedures are conducted. Consequently, radio contact may have to suffice, In those
cases vhere the experimenter remains on the ground, workload assessment should be obtained by a system
that is procedurally simple to operate. Also this system should be as "fudge-proonf” as possible so that
the effects of biases of the aircrew members are minimized.

Workload ascessment integration. Bucause some modern aivcraft incorporate computer graphic displays
with substantial computer capability, the possibility exits that certain workload assessment techniques
may te integrated into crew stations through software. Existing capabilities or near future capabilities
may be such as to permit special modes of operation of standard displays and controls that would permit
workload assessment. Scoring might he accomvlished by the on board computer and £he results stored in
condensed form for pust-flight readout. Not ali methods of workload assessment may de suitable for this
kind of integraticn; but initially, it appears that certain ones would be applicable A feasibility
study of the progrswming potential of new aircraft systems for worklcad measurement eppears to be a fruitful
erea of rcsearch.
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h In-flight workload ascessment summary. In~-flight neasurement of workload represents a challange well

g beyond that of ground simulation. Factors such as physical size, weight, intrusion 1elated to safety,

portability, and experimental control becomz extremely important. Techniques that work well on the ground

A may therefore prove infeasible for in-flight use, particularly during critical mission phases such as

' take-off, landing, or subsystem failure (degraded mode). Nevertheless, newer techniques are becoming

% available that can eliminate or at least minimize the in-flight problems, priacipally the inclusion of

;. - workload assessment as a software change in the aircraft's avionics system (using the existing computers
and graphice capabilities), and the use of microprocessors in self-contained miniaturized modules that

perform all functions involved in workload assessment.

Table 6 provides a summary of the seven critical c¢riteria used to evaluate each of the various workload
<. ' maasurement approaches for the in-flight enviromment. This matrix provides some perspective on the relative
’ ; feasibility of implementation, provided the measurement teshnique could otherwise be perfected. Details of

these feasibility considerations are provided in the descriptions of each method which follow.

WORKLOAD TECHNIQUES SUMMARY

1. SURJECTIVE OPINIONS

2 Subjective cpinions are a commonly used measure of workload in rlight test and evaluation. Often
. this measure is used in conjunction with other indices to provide a broader basis for evaluation and
comparison. A variety of techniques exist tor gathering subjective opinions. These include psychomet-—
rically defined rating scales, structured questionnaires with dichotomous or multiple choice responses,
open-end questionnaries, structured interviews, and unstructured interviews.

In workload assessment applicauions, primarily two general approaches have heen used, The more
systematic approach deals with the use of rating acale procedures for obtaining pilot opinions; whereas,
the second area deals with less structured approaches using a variety of interview and questionnaire
procedures. Often the terms rating scale and guestionnaire are used somewhat interchangeably in the
scientific literature. For the purposes of this review, rating scales will be used for procedures which
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represent subject opinions gathered by devices with psychometric scaling proparties, and questionnpaires
used 1u structured interviews will refer to procedures that are not based strictly on scaling considera-
tions. Consequently, questionnaires have been grouped with interviews for the purposes of this review.

]
;
i
.
,

1.1 Bating Scales. Over the last twenty years much work has been dedicated to the development of rating
g : acales for assesaing the handling qualities of aircraft. These scales ordinarily contain about ten

i categories with descriptors that are not readily subject to confusion. The most widely used of these

it scales is the Cooper-Harper scale (1969). It is accepted for use in handling qualities work and 1is

E? ; primarily used by test pilots. The descriptors of this scale pertain to the "flyability" of an aircraft.

Even though the scale does contain some reference to workload the descriptors would have to be modified
for use in workload applications. If this Cooper-Harper scale were used for workload assessament in its
o : present form, the assumption must be made that handling difficulty and workload are directly related.

E : Such an assumption may well be unwarranted.

Recently, some researci: has been directed toward the development and evaluation of workload-specific
rating scalas. Comparisons have been made between (he workload measurements obtained from rating scales
, and those obtained from primary task performance, secondary tasks, occlusion, and physiological measures
e (Micks and Wierwille, in press). Specifically, the rating scale proved to be a sensitive measure of work-
E load and resulted in little intrusion on the primary task. Additional research has been directed towarid
. developing a research-based, conjoint rating scale of workload for the F-18 aircraft (O'Conner and Buede,
I 1977; and Donnell and O'Conner, 1978) which was a direct outgrowth of the work of Helm (1975, 1976a, and
; 1976b).

With the czception of the conjoint measurement technique, most previous approaches have failed to
follow rigorous psychometric procedures in developing workload ratirng scales. Examples of the use of
ratings in this regard can be given both for flight simulator studiea (e.g., Johannsen, 1976; Kreifeldt,
. Parkin, and Rothschild, 1976; Murphy and Gurman, 1972; and Schultz, Newell, and Whitbeck, 1970) and
. flight tests (e.g., Baker and Intano, 1974; Helm, 1975, 1976a; Lebacqz and Aiken, 1975; and Stackhouse,
! 1973).

1.2 Interviews ard Questionnaires. In contrast to the rather rigorous procedures available for the
development »f vating scales, the procedures used in interviews and questionnaires are not nesrly as
structured, Spwlication of these procedures to aircrew workload assessment range from completely open-
ended debriefi;y sessions after flights (Soliday, 1965), to self-reporting logs of streassful activities

P (Soutendam, 1977; Cantell and Hartman, 1967), to carefully chosen questionnaire items (Steininger 1977).
[ Recent work by Rohmert (1977) demorstrates procedures that can be e nloyed in using questionnaire develop-
v ment. This approach, called the "Frgonimic Job Description Questio...aire," was developed specifically for
i workload evaluations of air traffic control activities.

P If questionnaires and interviews are used in an unstructured or c~en-ended way, care still needs to

) be given to the appropriate topic areas and questions chosen for inclusion. If, on the othar hand, struc-
tured responges are used, the choice of response items (e.g., dichotomous or multiple choice) should be
constructed and tested much in the same manner as described for rating scales.

2, SPARE MENTAL CAPACITY

The largest body of research data dealing with the measurement of human operator worklcad is concerned
with the evaluation cf the concept of spare (residual or reserve) mental capacity. This con:ept is grounded
on the fundamental assumption of a single-channel, sampling model of the human operator (Knovles, 1%63; and
Roife, 1973b). The approach aseumes that an upper bound exists on the ability of the human cperator to
gather and process information. Spare mental capacity, then, is the difference between the total woritload
capacity of the operator and the capacity needed to perform the task. As spare mental capacity decreases,
the operator's workload increases until a point of overload is reached. At this point, the information
processing demands of the task exceed the operator's total workload capacity.

A variety of methods and procedures have been developed to measure, both directly and indirectly,
spare mental capacity. In addition, a great deal of laborstory research datas exist on empirical tests of
various ramifications of the single-channel concepts. For example, data are available on the possibility
of multi-channel processing; procedures for switching attention among channela; various points of conflict
or bottlenecks in the human information processing channel; and variations in the upper limit of an indi~
vidual's mental workload capacity due to factors of stress, emotional state, fatigue, and effort. Much
of this human performance resesrch is summarized by Kzhneman (1973) and will not be reviewed at this time.
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Essentially, three general methodological approaches have been advanced for measurement of workload

: using the generalized spare mental capacity paradigm. These approaches include task analytic, secondary

3 task, and occlusion procedures. Thegse methods are presented with the overall caution that even though the
¥ underlying single-channel, sampling model assumptions of the human operator is a viable concept, it is not
3 a totally unequivocal hypothesis in tzrms of supporting data,

2.1 Task Analytic. Task analytic'methods assess spare mental capacity by using mathematical/theoretical
methods from systems engineering. The data base used in these technigu=:. is most often obtainea through
laboratory and simulatior experiments rather than flight tests. Task analytic methods assume that all
task components, performed serially, require specified lengthse of time to complete. As long as the actual
time available for overall completion exceeds the sum of theoretical time durations for performing the
task components, spare mental capacity exists., However, when the actual time available is insuff:icient,
stress and task overloading occuv. Task anulytic methods coneist of either task component/time summation
computer models (Greening, 1978) or information-theoretic based procedures (Senders, 1970 and Baty, 1971).

2,2 Secondary Task. Most behavioral research approaches to estimating spare mental capacity have used
secondary task procedures. This approacii provides the human operator with an additional (secondary) task
to be performed only when the main (primary) task has been fully attended. Performance on the secoundary
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task thooretically decreases as the attentionsl demand of the primary task increases. Secondary task
performance, then, becomes 2n indivect measure of operator workload.

Choice of the secondary task and procedures used to administer it become central issues in considering
this method of worklocd assessment. Knowles (1963), for example, states that a viable secondary task for
vorkload assessment should not physically interfere with the primary task, require little of scoring.
Detailed reviews of the extensive .itevxture on secondary tasks are provided by Rolfe (1973b) and Levine,
Ogden and Eisner (1978).

2.3 Occlusion. In many cases where workloed is to be estimated the primary infurmation input to the
operator is visual. The octlusion method of workload estimation can be used in such cascs (Senders, et
al., 1967).

Occlusion is a time-shiring technique and as such is similar to the secondary task method. However,
in occlusion the time-sharing is accomplished by suppressing information inputs; that is, by giving the
operator time samples of visual information. Examples of automobile driver research using this technique
are found in Farber and Gallagher (1972) and Hicks and Wierwille (in press).

3. PRIMARY TASK MEASURES

It can be hypothesized that as the mental workload of a human operator increases, the performance
of that operator may change, ordinarily in the direction of degradation. If such a change does in fact
occur, its measurement would be an indication uf increased workload. This hypothesis underlies the
primary task performance method of assessing workload.

The use of primary task measures as a means of assessing workload was not particularly popular
during the 1960's and early 1970's, because initial indications vere that operators adapt to chauging
conditions, thereby holding performance constant. As Cooper and Harper (1969) put it, "In a specific
task, he (the pilot) is capable of attaining essentially the same performsnce for a wide range of vehicle
characteristics, at the expense of significant reductions in nis capacity to assume other duties, . ."

In this case they were referring to measures such as giide-slope error or flight path error in turbulence.

A somewhat more detailed examination of performance, however, might provide an indication of changes.
As a task becomes more difficult, an operator may summon more effort, thereby holding performance in a
specific variable or set of variables constant. However, to maintain this performance, the operator may
have to modify his strategy. By examining measures other than those involving system output, it may be
possible to detect this shift in strategy and thereby obtain a measure of workload.

Another concept in primary task measures was recently put forth by Albanese (1977). He suggests
that "successful mission completion” is a measure of workload. In this case, if an operator is able to
complete a mission successfully, there is no overload. On the other hand, if the operator cannot success-
fully complete the mission, an overload is presumed to have occurred. This rather broad concept has
distinct merit if an investigator is most concerned about the overload/monoverlord dichotomy. Primary
task measures properly chosen, will indeed make assessment of migsion success pussible. Measures such
a8 landing touch-down performance, aiming performance, seeker lock-on, and number of procedural blunders,
can be used. Suvccessful mission completion must be defined in terms of the measures.

3.1 Single Measures (Primary Task). A very large number of workload studies (Murphy, et al. 1974; Price,
1975; and Wickens and Kassel, 1977) have involved the ugse of one or more primary task measures, indi-
vidually on performance or as a precaution, while main interest was on some other method of assessing
workload (Kalsbeek and Sykes, 1967 and Trumbo, et al. 1967). 1In a few cases, the primary measures have
been taken specifically as a means of investigating level of workload (Brictson, 1974 a, b).

3.2 Multiple Measures (Primary Task). When a human operator performs a task in an actual system, several
subtasks are ordinarily involved. In such case¢s, a single measure of system perforiance, such as error,

may be inadequate. Considerations such as stores usage, accelerations experienced, anl operator percep-
tual style and strategy umay becowe important. In other situationa, it may be found that single measures

of the primary task do not exhibit adequate sensitivity to operator workload, because of operator
adaptivity., In cases such as these, multiple measures of primary task variables might be considered for
workioad assessment. Essentially, the use of multiple measures provides a more complete picture of operator
behavior and operator/system performance.

To obtain the maximum information, the multiple measures should first be subjected to a combined
analysis and i":en subsequently to individual analysis where appropriate. Techniques that can be used for
the combined snalysis include multiple-regression analysis, correlation analyeis, and various multivariate
analyses. These techniques provide a sound methodological apprnach for drawing valid conclusions regard-
ing syrtem performance and workload.

Ordinarily, when using multiple measures, the additional measures used are not simply a greater
number of those used in single measure analysis. Measures such as RMS accelerations, number of control
(stick) reversals, dominant spectral frequencies, and control surface zero crossings are typical of the
added meagures (Kreifeldt, et al. 1976). Usually, measures such ag these are intended to reflect strategy
changes instead of performance scores, because performsnce scores may not change at lower operator workloads

In several cases pultiple measures have been taken whiclh combine several totally different workload
assessment techniques. Primary task measures may be combined with any of the other methods: opinion,
spare mental capacity, and physiological measures (Clement, 1976; O'Donnell and Spicuzza, 1975; and
Simmons e: al. 1976). The fact tha* the units of these meusures differ does not present a problem in
the analysis. The scores can be normalized or similarly treated in the analysis. In fact, a few studies
have been performed with the purpose of determining which of several different workload techniquzs is
most sensitive. (See Wierwille and Hicks, in press.)
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3.3 Mathematical Modeling. Mathematlcal modeling of human operators in sysiaas has long been an area of

substantisl interest to researchers., Interest began in the ares of tracking and manual control system.

Subsequently, it has branched into areas of human operator decision processes, supervisory processes,
and team interactions.

Recently, a few of the researchers (Jex and Allen, 1970a; Baron and Levison, 1975; Wewerinke, 1976

workload. This has usually been done as an attendant examination, with prime interest being in model
stimulus-response accuracy (Phatak, 1973; and Watson, 1972).

Other recent studies have departed from the describing function aud optimal control models. Onstott
Rouse (1977b) employed queuing theory to study human interaction with computers.
(1977) postulate a model based on resource allocation.
however, results are preliminary.

Also Navon and Gopher
These models ali have scae bearing on workload;

4. PHYSIOLOGICAL MEASURES

One of the most widely researched uethods of assessing operator workload is the use of physiological

measures. The physiological methol generally involves the measurement and data processing of one or more
variables related to human physiological procesazes. The underlying concept in physiological monitoring
is as follows:

As operator workload changes, ‘nvoluntary changes take place in the physio-
logical processes of the human body (body chemistry, nervous system activity,
circulatory or respiratory activity, etc.). Consequently, workload may be

assessed by the measurement and processing of the appropriate physiological
variables.

In many cases, there is an underlying assumption that high workload levels are accompanied by
increased emotional stress. This stress is then measured by physiological recording and is related back

to workload. Stress in this case is assumed to act as an intermediate variable, causing physiological
changes.

In other cases, the underlying assumption involves changes in the state of "arousal." Arousal may
be considered as a state of preparedness of the body of level of activation of the human organism.
Roughly, one may think of arousal as the atate of excitedness. Here again, the assumption is that mental

vorkload changes are accompanied by changes in arousal level that can be measured by appropriate physio-
logical monitoring equipment.

It is worch mentioning that physiological measurcs of workload do not require the underlying assump-
tion that the human operator is a single—channel sampliug device. Instead, a rather global definitic I

workload may be assumed, in which mental workload is considered a conglomerate of behaviors, similar .o
those enumerated by Berliner, et al. (1964),

/.1 Single Physiologicul Measures. The majority of work on physiological monitoring for the sake of
+ :gessing workload has been performed using single measures. In several cases data on more than one
ucasure have been taken in z given experiment, but each measure has then been analyzed individually.
Such measures are considered here 15 single meagures. Although perhaps not stated explicitly by the
investigators, the objective of these studies has beeu to find a sinzle physiological measure that
accurately and reliably refleuts changes in operator mental workload.

In dealing with single mecasures (or any physiological measures for that matter), jt must be recognized
that operntor behavior other than mental workload may have an effect on the physiological measures.
Physical exertion, for example, may affect the measures being taken. Consequently, the range of potential
applica”?ms of a measure may be severely limited by the confounding effect of operator behavior in areas
other thau mental workload. In specific terms, a measure that varies with physical work as well as

mental work for exumple can only be used if physical work is held constant or ite manjifestations on the
meagure are known and taken into account.

A ceview of each of the phveiological measures as shown in Table 2 is beyond the sccpe of thia paper.

However, che reader is referred to a discussion of combined physiological measures in the following
cection 4.2 and Wierwille and Williges (1978). °

4,2 Combined Physiological Meauures. Certain investigators have taken the point of view inat single
physislogical measures may not provide adequate predictive information to allow assessment of workload.
They then proceed to analyze muliipic physiological measures in a combined analysis in an effort to
vetter assers and predict workload. The multiple physiological measurement philcsuphy is the saue
spproach taken by researchera as was discussed in Section 3.2 for multiple primary task measures.

As with primary task measures, a common class of techniques can be applied.
regression analyeis, correlation amalysis, and multivariate analysis. The rurpose in using (nese

statistical techniques is to provide the best prediction and d¥scrimination of workload ievels, hased on
the physiological measures at hand.

These include multiple-

Several reports and papers have been published describing multiple feature extraction tecimiyues
applied to multiple physiological messures (Spyker, et al. 1971; Stachouse, 1973; and Stackhouse, 1978).
The technique used is one of selecting a number of features for euch physiological measure and ther

performing a multiple regression. The best weighting of the most “ighly correlated features is then
used in the prediction equation.

and 1977; and Wickens and Gopher, 1977) involved in modeling have begun to examine the problem of operator

and Faulkner (1977) (also Faulkner and Onstott, 1977) worked with an urgency model of a:tention allocation.
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Storm, et al. (1976) have performed analysis of multiple compounds in the urine believed correlated
with varicus aspects of ajrcrew-membur stress. In genaral, while statistical analyses were not performed,
great care was takin in analyzing <rom a diagnostic point of view the directions and magnitudes of changes
in the levels of the compounda. Moreover, interactions were studied. A study of this type as well as
Storm and Hapenney (1976) gives a general imjuvession of the physiological changes that occur when Air
Force aviators unuergo high workload/stress conditions for extended periods of time. Brictson, et al.
(1974) and McHugh, et al., (1974) studied the effects of high workload conditions on the performance of
naval aviators in Ligh~parformance aircraft. The approach taken was one which combined stepwise multiple
regression of physiological, psychiatric, and perfcrmance measures in carrier landings.

The physiologicul measures in these studies on naval aviatora were primarily those taken from blood
samples and included serum cholestrol, serum uric acid, blood lactate, and pyruvate. Changes in the
levele of biochemical measures were analyzed as a function of alterations in levels of workload, sleep,
pacrformance; and mood.

4.3 Speech Pattern Analysis. Recently, there have been indicationa that inaudible changes take place in
speech when an individual is under stress. These changes generally are not detectable by an unaided
listener but can be elicited with the proper equipment, e.g., Psychological Stress Evaluator (PSE). The
underlying theory >f the PSE has to ao with pr e or absence of phyaiclogizal tremor of micro-tremor
in the human voice. In general this micro-tremor is present in an individual who is not under stress.
The tremor resuits in a frequency modulation effect of certain voice sounds that ias only detectable with
equipment. The tremor and frequercy modulatior of the voice become suppressed when an individual is
under stress, such as when attempting to deceive law enforcement personnel {(Kradz, 1974, and Dahm, 1974).

Older and Jenney (1975) analyzed voice communications of Skylab astronauts as a means of determining
situational stress. The scores obtained using a PSE were correlated with operational variables known to
represent varying degrees of stress. They found some statistically significant relationships, but
concluded that PSE usage was not sufficiently proedictive of mild stress as o warrant use in future
missions.

Simonov and Frolov (1977), following the work of Older and Jenney, 'ndertook to determine the emo-
tional state of cosmonauts and others via voice analysis, They indicated that the problem appears very
complex and that substantial further work is required.

Harris, et al (1977}, taking a somewhat different approach, ueing automatic voice recognition and
synthesis equipment, showed that a verbal arithmetic task produced less decrement in concurreat manual
tracking than did a keyboard arithmetic task. They point out that automatic voice recognition equipment
introduces an additional source of error that may be dependent on task difficulty.

It scems clear that extreme stress can be measured by voice analysis. At this time, however, the
usefulness of voice analysis for either mild stress or mental workload is unclear. Several investigators
appear on the verge of analysis of voice in regard to workload, but results are not presently available.

CORCLUSIONS

This survey of the workload literature has shown that several approaches are potentially useful for
the aircrew workload problem, but no one single technique can be recommended as the definitive measure
of operator workinad. Because of the multidimensionality of workload, it also appears unlikely that any
one single measure will ever suffice completely. Consequently, multiple measures i.cluding the dimensions
of subjective opinions, spure mental capacity, primary tasks, and physiological correlates should be
conridered. The claasification ~cheme and applicability matrix devcloped in this paper should provide
the investigator with an aid fo. ¢ .cosing among the presently available techninues.

RECOMMENDATIONS
This study of the workload literature has provided support for several recommendatinons, including
implicationa for future work. Four of the most prominent regearch recommendations are presented in

brief ; w..

Computerized Information Retrieval System for Workload Literature

This study cf the workload literature has been performed in a way that will allow computerizing of
the informatiou. The advantages of computerizing would be numerous. A user would be guided through
important citations based on the needs assuciated with a given aircrev workload estimation problenm.
More specifically, relevant references could be cross-filed according to:

1. The workload classification scheme.

2. Keyword or combinations of keywords (in title or in abstract).
3. Author or authors.

4. Workload category or subcategory.

If requested by the user, the system would alao provide a narrative summary on the N workload
techniques. to provide broad necessary background should the user not already have it.

Isprovement of Rating Scales for Workload Estimation

The twc major advantages of subjective opinion ratings are acceptance and lack of intrusion. Pilot
acceptance of opinion ratings has been good and is well documented in the handling quality domain.
Opinion ratings are geuerally not intrusive. However, with the exception nf the conjoint measurement
technique, most previous approaches have failed to follow rigorous paychometric procedures in developing
workload rating scales. Additionally, several other limitations of ratings also need to be considered.
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Adaptivity of the pilot, for example, represents a serious problem. Due to adaptivity, ratings may be
either too high or too low. A system that initially provides the impression of being awzward to use may
obtain higher ratings than it ghould, because the crew member adapts. Other problems irclude possible
emotional state, experience, and learning.

Given the widespread use and general applicability of rating scales as 2 technique of workload
assessaent, it is surprising that a rigorous workload rating scale has not been develoged. Research is
needed to determine the underlying sraling dimensions of mental worklosd and to develop an interval type
wetric characteristic of the conjoint measurement procedure. Recent approaches such as behaviorally
anchored responie scalas (BARS) may be useful in this regard. Objective anchor points such as semsntic
differential such as policy capturing might be applicable in determining the relative importance of
various dimensions used in subjective estimates of workload. Research is alao needad to compare the
utility of these various rating procedures and to specify the relisbility and validity of the resulting
scales.

Conparison of Methods of Workioad Estimation

This literature review has shown that little work has been done on experimental comparison of work-
load estimation mecthcds. To a great extent each research group in the workload estimation area tends to
advocate usually one or possibly two workload estimation techniquea. One group advocates time—estimation,
ancther critical tracking tasks, and still others specific kinds of physiological measures. While all
this work is tlearly important, particularly ir regard to development, evaluation, and optimisation of
various techniques unanswered.

Hicks and Wierwille (in press) have recently addreased this problem on sn initiai basis. They
compared five diffevcnt (specific) workload techniques in a moving-base driving simulator. Inrluded in
their comparison were rating scales, primary task measures, secondary task measures, occlusion, and heart
rate variability. It was found the: large differences in techuique sen:itivity existed when nperator
loading was adjusted under controlled conditions. Sensitivity in this context is defined as the
statistically rignificant differences in operator loading. High sensitivity low variance of the scores
atout the means. Iu adc¢ition, it was determined that the degree of intrusion varied with the technique,
with some being nonintrusive while others were highly intrusive.

A similar, more complete study needs to be performed for the aircrew workload estimation problem.
At present, the comparative seneitivity of aircrew workload estimation techniques is unknown. Because
sensitivity has generally not been high, such a atudy is vital. Selection of a technique without
comparative information may yield results indicating that there is no change in aircrew workload for two
or more different configurations when in fact there is a change. And, since an aircrew member's work-
load may already be high, failure to discriminate workload differences in a T4E situation may later
jeopardize mission success.

Update of Literature Search on Worklosd Evaluaticn Techniquea

Workload evaluatio. is at present a highly aciive research area. It is estimated that more than
one hundred resea~cher: in the United States, Burope, and elsewhere are immersed irn workload research
at this time. Because of the forthcoming results and the extreme diversity of this work, the workload

. search described here will need to be updated peridocially if it is to ramain curremt.

The updating of the search is very important since much of the work presently in progress has dire.t
bearing on the aircrew worklond problem. More specifically, while much of the earlier research on work-
load was of an exploratory nature or involved development of concepts and constructs, more recent work
has tended toward ‘:he practical with applications to aircraft and other human-operator systems probleas,
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TABLE 1

(After Barliner, Angell, and Shearer, 1964)

Classification of Universal Operator Behavior Dimension

Processes

Activities

i, Perceptual processes

2, Mesdiational processes

3. Coumunication processes

3 4., Motor processes

b“" L g
i

1.1 Searching for and receiving
information

1.2 Identifying objects, actions,
events

2.1 Information processing

2.2 Problem sol.ing and
decision-making

4.1 Simpie/Discrete

4.2 Complex/Continuocus
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Specific Behaviors )

1 Datects

2 Inspecta
3 Observes
4 Reads

5 Recaeives
6 Scans

7  Surveysa

Discriminates
Identifies
Locates
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Categorizas
Calcuiates
Codes
Computee
Interpolates
Itemizex
Tabulates
Translates
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Communicates
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Instructs
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Disconnects
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Moves
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Classification of Workload Methodologies Dimension

1.1
1. Subjective Oninion
1.2

2.1

2. Spare Mental Capacity

\2.3
3.1

3. Primary Task 3.2

4. Physiological Measures
4.2

4.3

Rating Srales

Interviews and Quostionnairas

Task Analytic

Secondary Task

Occlusion
Single Measures
Multiple Measures

Math Modeiing

GCingle Measures

Combined Physinlogical
Measures

Speech Pattern Analysia
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Task Component, Time Summation
Information-Theoretic

Nonadaptiva, Arithmetic/Logic
Nonadaptive, Tracking

Time Estimation

Masptive, Arithmetic/Logic
Adaptive, Tracking

Eye and Eyelid Movement

Pupillary Dilation

Muscle Tension, Tremor

Heart Rate, Hear Rate Variability,
Blood Pressure

Breathing Analysis

3ody Fluid Analysie

Handwriting Analysis
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TABLE 3

Applicability Matrix of Workload Methodologies Across

Universal Operator Behaviors

UNIVERSAL OPERATOR BEEAVIORS

Information

and Events

1.1 Searching for and Receiving
1.2 Identifying Objects, Actions,

Comaunication Processes

Making

Processes

Processes
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WORKLOAD METHODOLOGIES
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e e e

ml=l-ilolvlvlelmivlw|wl 2.1 Information Processing

il vlolvlw|ojwlw|w] 4.1 3imple/Discrete Motor

8
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3 8
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8 8
g ¥
: i

©
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1.1 Rating Scales 3 3 3 2 3
1.2 Intexviews snd Questionnaries 3 3 3 2 3
2.1.1 Task Component, Time Summation k) 3 3 3 3
2,1.2 Information-Theoretic 1 0 0 0 1
2.1.1 Nonadaptive, Arith./Logic 3 3 2 2 3
2,9.2 Nonadaptive, Tracking 3 3 2 2 2
2,2.3 Time Eatimation 0 0 0 2 1
2.2.4 Adaptive, Arith./Logic 0 [ 0 0 2
2.2,5 Adaptive, Tracking 1 0 0 0 2
2.3 Occlusion 1 1 1 0 0
3.1 Single Measure~Primary L 1 1 1 1
3.2 Multiple Measure~Primary L 1 1 2 0 L 2
3.3 Math. Modeling 0 0 1 1 0 L 1
4,1.1 FFF 1 1 1 1 1 0 0
4.1.2  GSR 1 1 L 1 0 1 1
4.1.3 EKG 1 1 1 1 0 2 2
4.1.4 MG 2 1 2 2 1 Z 2
4.1,5 EEC 0 0 1 0 0 0 0
4.1.6 ECP 1 1 1 1 1 1 1
4.1.7 Eye and Eyelid Movement 1 1 1 1 2 0 0
4.1.8 Pupillary Dilation 2 2 2 2 1 2 2
4,1.9 Muscle Tension, Tremor 1 1 1 1 1 2 2
4,1.,10 Heart Rate, Heart Rate 1 1 1 1 0 0 1

Variability, Blood Preasure
4.1.11 Breathing Analyeis 1 1 1 1 L 1 1
4.1.12 Body Fluid Analysis 1 1 1 2 1 1 2
4,1.13 Handwriting Analysis 1 1 2 2 2 0 0
4.2 Combined Physiological Measure 1 1 1 1 1 0 1
4,3 Speech Pattern Analysis 0 0 1 1 1 0 0
Weightings
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BEHAVIOR CHECK ¢v) OR WEIGHTING

Worksheset for Guide in Sslecting a Worlload Assessment Methodology
for Aircrew Tlight Test and Bvsluation

UNIVERSAL OPERATOR BRHAVIORS

Cosmunication Processes

Information
and Even’s

Processes

SUM OF BEHAVIOR WEIGHTINGS FOR EACH

Making

.

2.2 Problem Solving and Decision
4.1 Simple/Discrete Motor Processes

4,2 Complex/Continuous Motor

1.1 Searching for and Receiving
1.2 1I1dentifying Objects, Actioms,

2.1 Information Processing

1.1 Ratiny Scales

1.2 Interviews and Questionnaires
.1.1 Task t, Time Summation

2.1.1 [nformation-Theoratic

2.2.7 Nonadapt ve; Arith. Zlaozn:

2.2.3 Time Estimation

2.2.4 _ Maptive, Arith./logic

2,2.5 Adzptive, Tracking

2.3 Occlusion

3.1 Single Measure-Primary

3.2 Multiple Measure-Primary
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3.3 Math Modeling
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.1.2 GSR

+.1.3  EXu

1.1.4 MG

1.5 EEC

.1.6 ECP

'.1.7 Eye and Eyelid liovemant
4,1,8 Pupillary Dilstion
4.1,9 Muscle Tension, Tremor
4.1.10 Heart Rate, Heart Rate

Variability, Blood Pressure

£,1,i1 Breathing Anslysis
4.1.12 Body Fluid Analrsis
4.1.13 Handwrit Analysis
&, Coubined Physiologicsl Msasure
6.3 Speech Pattern Analysis
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TABLE 5

Worksheet for Guide in Selecting a Workload Assessment Methodology
for Aircrew Flight Test and Vvaluation

88-3/IRDS Addition Ex/mple

UNIVERSAL OPERATOR BEHAVIORS
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BEHAVIOR CHECK (") OR WEIGHTING 2 5 2 5 4 2 3
L. 1 Rating Scales 6 L5 5 8 6 < 65
1.2 Interviews and Questionnaires 6 15 € 5 8 6 9 65
2,1.1 Task Component, Time Summation 6 L5 € 5 12 6 ) 69
2.1.2 Information-Theoretic 2 0 4 0 0 0 )
2.2.1 _ Nonadaptive, Arith,/iogic 6 15 6 10 8 6 ) G
2.2.2_ Nonadaptive, Tracking 6 15 [ i0 8 5 5 53
2.2.3 Time Estimation 0 0 4 0 8 0 3 15
2.2.4 _ Maptive, Arith./Logic 0 0 0 0 0 4 3 10
2.2.5 _ Adaptive, Tracking 2 0 2 0 0 4 ] L
2.3 Occlusion 2 5 2 5 0 2 0 L6 |
3.1 Single Measure-Prisary 2 ) 2 5 4 2 3 23
3.2 _Multiple Measure-Primary 2 5 2 10 0 2 6 27
3.3 Math Modeli: g 0 0 2 5 0 2 3 12
4,1.1 FFF 2 5 2 5 4 0 0 18
4.1.2 GSR 2 5 2 5 0 2 3 19
4.1.3 __EXG 2 5 2 5 0 4 6 24
4.,1.4 EMG __]e 5 4 10 4 4 6 37
4.1.5 EEG 0 0 2 0 0 0 [1] 2
4.1.6_ ECP 2 5 2 5 4 2 3 23
4.1.7 Eye and Uyelid Movement 2 5 2 5 8 0 0 22
4.1.8 Pupillary Dilation 4 10 4 10 4 & 6 42
4.1.9 Muscle Tension, Tremor 2 5 2 5 4 4 6 28
4.1.10 Hesart Rate, Heart Rate 2 5 2 5 0 0 3 17

Variability, Blood Presaure

4.1.11 Brathing Anslysis 2 5 2 5 4 2 3 23
4,1.12 Body Fluid Analysis 2 5 2 10 4 2 6 31
4.1.13 Handwriting Analysis 2 5 4 10 8 0 0 29
4.2 Combined Physiological Measire 2 5 2 5 4 0 3 21
4.3 Speech Pattern Analysis 0 0 2 5 4 0 0 1]
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% . Feasibility of Workload Techniques for In-Flight Environments
FI CRITICAL CRITERIA
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WORKLOAD ASSESSMENT METHODOLOGY DEVELOPMENT
by

Billy M. Crawford
Systems Research Branch
Human Engineering Division
Wright-Patterson AFB OH 45433

The Worklosd Problem

During the developuent of advanced man-machine systems a rumber of important questicns must be re-
solved. Many of them relate to human performance or manning requirements. Yor example: How much atten-
tion is required by operator tasks? Which tasks can bs assigned to a single operator? How long can an
operator perform his task effectively without a rest breui” YFow much learring or traiuing is necessary?
What is the minimum crew size for a system? How will time ....3ure and other stresses affect task and
ultimately mission performance? All the foregoing questions relate to performance snd workload.

The designer/pianner, based on his appraisal of the possible contingencies, typically attempts to
mininize tha frequency, extent and seriousness of work overload situations. However, he can neither
personally nor vicariously, through others, rigorously assecss the workload, or potential workload without
a standard wetric for adequately defining and quantifying it. Even if he does identify particular periods
of potential workload excess, he dces not, except in extreme and obvious cases, have quantitative infor-
mation to assist in deciding which of the instances are the most critical and demanding and bence should,
within resources and technological limitations, be given priority consideration in design. Nor does he
have a criterion by which he can decide and demonatrate that the problem has been reasonably resolved.

In the development laboratories, alternative proposed designs or arrangements, or alternative proce-
dures, may be compared on the basis of speed, accuracy, or errors. However operationally significant
differences mey not be revesled simply because the subjects are able to, and do, master their resources
("try harder") and thus compensate for what would otherwise be real differences,

Work overload at the mental or "cognitive' level has been associated with increases in the United
States Air Force aircraft accident rate (Miholick, 1978). For example, during 1977 and 1978 "channelized
attention” or "distraction” were factors in 16 accidents involving the loss of 12 aircraft, 9 fatalities,
and a dollar loss of over 81 million dollars. "Task saturation" which results in intense concentration
on the task perceived to be most important at the expense of other critical performance requirements was
classified as '"channelized attention." "Distraction" was used to refer to occasions in which an unexcepted
task causes attention to be diverted to coping with the cause of the unscheduled task load.

If we are to make safe, economical use of human and material resources it is necessary to determine
efficient crew compositions, appropriate assignments of duties and responsibilities to crew members, and
effective allocations of functions and tasks among men, machines and computers (including software). In
addition, it is necessary to identify the critical periods in a task «r mission during which the operator's
performance is particularly prone to degradation or failure because of work-overload stress. Further, it
is necessary to provide improved, valid and quantitative methods for assessing equipment and system design,
and procedural alternatives; and for mission planning and survivability/vulnerability analyses, to locate
and quantitatively define the most critical aud demanding task segments. In a parallel view, it is
necessary to identify and quantitatively define those periods, if any, of sub-optimal workload stress sv
that the resources can be used elscwhere, or so that provisions can be made to preclude or alleviate
boredom, loss of "sharpness" oz alertness, etc., the effects of which can carry over to anl jeopardize
performance in subsequent tasks or mission perivds. Due to tue rapid advances in computer technology
and the more centralized role computers assume in advanced systems, emphasis probably should be on man-
computer interactions and information processing/decision-makirg functions which are not adequately
accounted for by conventional humen performance metrics, task analysis, time-and-wotion, and time-line
methods.

The principal objectives of a supportive workload research and development program should be (1)
establistlment of a set of theoretically~consistent component functions descriptive of the performsnce
of crew members in relevant system tasks; (2) development of quantitative (mathematical) expressions of
relationships between input-output parameters for the component functions and appropriate combinatioans
thereof; (3) integration of the results of (1) and (2) above into a task analytic/computer modeling
methodology; and (4) validation of the analytic/predictive methodology in a system design, development
and test effort. Examples uf approaches and meteds contributing to achievement of the above objectives
follow.

Adoption of a Workload Concept

Ryan (1947) addressed the problem of measuring the cost of sedentary, or "men:al," work some 30 years
ago in his text on the psychology of production., His concept of effort, presented in the same context, is
similar to the concept of workload as it is used today. Ryan identified four possible meanings for effort:

(1) energy consumption,

(2) cost of work (e.g., fatigue, loss of health, dissatisfaction, etc.),

(3) aspects of psychological functioning which describe the "experience of the worker as he performs
his job, and

(4) the rate of performance of an individual in relation to the maximum possible rate of performance
under the given conditions.
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€ Ryan indicated his preference for the latter (fourth) meaning of effort probably because it reguired
that task performance be not only ueasurad but also related to the capacity of the worker. Thea discussion
of topics which ensues is based upon the assumption that effective resolution of workload problems depends
upon the capability to measure, by a common metric, both task desands deriving from work situations and the

h inherent capabilities of the worker to meet them.

§

§
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Performance Theory Development and Application

in order to progress in an orderly, systematic manner, it is necessary to explain and relate per-
tinent facts in a logically consistent manner. Current human performance theo'y can serve that function
in a workload assessment program. The primary goal of human performance theory i{s to analyze human
capabilities in a manner which will permit (1) identification and description of basic, component func-
tions and (2) quantificstion of the limits of capacity in each component function. Theories which treat
the human as princ*~.:il: & Jaformation processor of limited capacity appear to be wmost appropriate,
Some of the rese- wiev<s shich have been associated with the development of such a theory are
revealed by the fo. ! ~ing “cvpes" of theories:

(1) Single Channci Thieory (Welford, 1952; Broadbent, 1958). The human is strictly a "serial"
priussor,

(2) Undifferentiated Capacity Theory (Moray, 1967; Kahneman, 1973). The human behaves much like
a time-sharing computer with task interference strictly a function of total demand rate rather
than specific to the nature of the processing tasks competing for capacity.

(3) Liwmited Capacity Central Mechanism Theory (Posner and Keele, 1970). Some, but not all, pro-
cesses rcquira the "central machanisa"; hence, parallel, as opposed to serial (Single Channel),
pracessing is sometimas possible.

An example of current theorizing based largely on the single channel concept is that of W. H.
Teichner. For the past several years various U.S. Govermment agencies sponsored efforts of Teichner
to develop a general theory of human performance. The goal was a systematic approach to prediction of
human peformance as a function of task variables and environmental factors (Teichner and Olsom, 1971).
Teichner drew heavily upon the available exparimantal paychology and physiology literature to identify
empirical relationships and develop mndels of simple tasks which could be combined into a more compre-
hensive model or theory or used in predicting performance in worxe complex tasks (Teichner, 1974).
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Based on observations uf people engaged in a large variety of work aituations, Teichner concluded
that the same general functions comprise the various human activities involved; hence, the feasibility
of modeling any human activity in terms of a finite set of generic subtasks. Teichuer and Olson held
that tasks always involve a transfer of information from an initial input to a final output. In other
words, the human i8 a system which functions through a seziea of comsunication links and subtaskas and
that system is the same whether flying an airplane or dialing a telephone, No matter how the man-machine
system context varies, at a given level of human system analysis the only differences will be in the
activity or dagree of loading of the subtasks.

S
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Teichner's theoretical aporoach is consistent with human engineering ard system analysis tradition
in referring to man and machine as components of msn-machine systems. Any operation on information
within a component, whether man or machine, is called a "process" whereas transfers of t:formation
between components are called "tasks."

Although both the maximum complexity and maximum capacity of the human are constant according to
Teichnerian theory, system capacity may be varied in a number of ways. TFor example, since operations
may be performed by different combinstions of available generic subtasks, it may be possible to replace
the limiting function in a serial process with a higher capacity subtesk. Or, the system may be
redesigned for parallel processing at the limiting stage by allocating the function to another component,
e.g., a machine or another person. Assuming the human is a single channel system, the maximum processing
rate can be no greater than the capacity of the lowest capacity stage in a sequence, of course.

LT

In developing his performance theory, Teicht ar bypassed the task taxonomy problem and went directly
: to empirical relationships and principles which rould be used to predict dependent measures. The theory
3 builds upon Donders' Law which is based on data obtained from attempts to measure the physiological time
1 of mental processes associated with discrimination and choice in 1868 (Woodworth and Schlosberg, 1955).

4 Donders' Law simply states tuat cholze reaction-time (CRT) is composed of simple reaction time (a constant)
- stimulus categorization time, and response selection time.

: Teichner initially modified Donders' Law as foilows: (1) Stimulus identification time was included
in simple reaction-time; (2) Stimulis code~to-response coda translation time (Tq_,) was substituted for
the respnnse selection component; (3) Stimulus code~to~stimulus code translation time (Tg4_g) was added to
account for tasks in which it was necessary to transform cne stimulus ccde to another before selecting a
response; and (4) another componant (c) was added to cover time required to select the motor program for
executing the response. The resulting equation was:

CRT = a + Tg_g + Tgr + ¢
in which "a" includes both stimulus encoding time und nevral transmission time.
Teichner adopted a responte criterion wmodel proposed by McGill (1963) and Grice (1968) in order to

account for empirical evidence that the "a component' of the above equation depends upon stimulus
intensity and duration (Teichner and Krehs, 1972).
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Teichner proposed to use coding theory and informstion metrics to quantify S-S translation. Two
examples of S-S translation are compression and classification. Compression is exemplified as follows:
Assume a four massage, binary source encoded thus: 0001, V0l0, 0100, and 1000 with equal probahilities
of occurrence. Compression could be achieved by recoding, e.g., 0¢, 01, 10, 11, with no change in
message probability. The average value of the original, or source code (Lg), is 4 bits per message as
compared to 2 bits per message for the recoded massages (L:). In coding theory, the average compression
for a sequence of symbols is called the compression coefficient and is reprusented by the equation:

m = Lo/Lg. Tha value of stimulus compression is in its effect on the S-R translacion process. Because
there is less information in the compressed message, the S-S translation should involve less time and
error. Obviously the loss resulting from the compression procesgs must be less than the gain at the S-R

stage for it to be worthwhile,

"
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The seccnd form of 5-S translation identified by Teichner is classification which results in a
reduction in tiie number of messages S-S classification is exemplified as follows: Assume a measage set
of four, e.g., Fi, F2, Bl and 82, This message set may be sorted into F (fighter) and B (bomber), a case

of four-to-two sapping.

It can be seen that the cost effectiveness of S-S translations as described above is assessible in
tomds of changss in the information transmission rate (R) achieved for CRT tasks. The cost effective-
neis index for compression (CEc) is CE. = R/m. CEc is the rate of information processing per unir of
compraesion. The cost effectiveness of reduction in messages through classification (CEr) is expressed 3
us follows: CBr = R/H./Hg where Hg 1s the amount of information in the original message set and H; is
the amount of informaticn in the aet after classification.

stk il

The game cost effectiveness concepts may be applied to the S-R translation process, in which case
the recoded message is a response and is defined by a response code. Again, the impact of reduction or
compression is expected to be greater speed and accuracy of response selection.

el

Teichrier clearly distinguishes between response selectlon and response execution. It is assumed
that responces are always defined symbolically by response codes. Only sfter the appropriate response
code has been matched with the stimulus code does the associated motor response bagin. The ensuing
responac execution may entail a series of sffector selections whether the response modality is limb :
movement, body movement, or speech. Execution time will depend on factors such as distance travelled, ;
amount and direction of force exerted, etc.
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Teichner's thinking toward a completo: theory, or model, of performance is represented by the flow
diagram in Figure 1. The "a" component of fiis equation for CRT derives from a combination of sensory
register of his equation for CRT derives from a combination of sensory register and scanner functioning.
The flow diagram shows that the response criterion applied by the scanner derives from long-term j
stimulus memory (LTM-S) which also establishes operating levels for activating systems and acanner rate.
LTM-S also provides for selective tuning of the register so that thresholds of "energy cells" for expected
stimuli will be lower than for unexpected stimuli. Sensory register properties are derived from Hubel

and Wiesel (1962).
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Teichner hypothesized that the human component obtains information transmission rates consistent
with syatem demsndas by making speed-accuracy tradeoffs in the following manner. At the input stage,
with experienze at a task, an indivicual learns what stimuli to expect, how much atimulus evidence is
required to respond, what sampling rate is required, and makes sensory register/scanner adjusiments
coneistent with task demands relative to speed and accuracy. Depending upon the operations involved,
a range of speed-accuracy variations may be available at the S-S and S-R translation stages. And,
finally, at the output atage the response criterion may be adjusted upward or downward to favor either
accuracy or speed depending upon the information transmission demands of the system.

Habituation is handled in a way consistent with Sokolov's (1963) neurcnal model. When a novel
stimulus passes to the S-S translation stage and cannot be mutched with a relevant event in LTM-S, the
responsive register cell is tuned toward increasingly high threshold levels on successive occasions.

! When a stimulua event is detected by the scanner machanism, a corresgonding unit of shoit term memory

3 (STM) is activated for a duration of time (e.g., 30 seconds) during which comparison can be made with
LTM-S in support of the S-S translation. Teichner suggests that several available models are consistent
with the latter process (Norman, 1970; Saunders, Smith and Teichner, 1974).

The importance of Teichner's theorizing tc workload assessment rests largely in its potential impact
on task analysis. Treditional human engineering task analyscs provide an overwhelming amount of detail
almost totally unrelatable to available theoretical concepts and principles. Part of the difficulty is
attributable to the fact that the conceptual frames of reference tend toward anatomical rather than
functional task descriptions. Teichner's goal was to systematize the description of operator tasks and
performance at a generic level consistent with both the environment/performance literature and the
operational situation. An attempt to verify the applicability of a portion of Teichner's theory for a
system simulation will be summarized in a later section.

;
b
3
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Theory Testing via the Divided Attention Paradigm

Data, such 28 that obtained by W. E. Hick (1952), relating reaction time to the amount of information
transmitted, and to the degree of stimulus~response compatibility (Garvey and Knowles, 1954), caused the
idea that independent associative links exist between each stimulus and response to be replaced by the
concept of a mediating limited capacity central mechanism (or system). The single channel interpretation
of this system (Welford, 1952, ard 3roadbent, 1958) holds that a signul entering the system dominates the
entire channel from the time it was selected until the reaponse is initiated. Any other contending
gignals are either filtered out or held in atore and gated into the channel after the response to the
previous signal. Increase in response time for each unit of information transmitted provided meaaures

of the proceasing demands a signal places on the limited capacity system. j
f
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However, additional research, principally task interference studias, suggested ¢ need to wodify the
single channel concept. While the eingle channel, or serial processing, model requires that the time to
perform two tasks simultaneovsly should equal the total of the times required to perform each task alone,
sometimes it is found to be much iess (Keele, 1967), This suggests that in such instances some cosponents
of the separate tasks may be processed in parallel and, hence, do not require exclusive use of a single
channe). mechanism. Attempts to account for this apparent parallel, rather than serial, processing led to
the two alternate theories.

One of the alternatives is the general, undifferentiated capacity theoiry which holds that inter-
ferences between tasks occurs only when the total number of non-specific "processing units" is =xceeded
by the demand. That is, task interference is not apecific to the peculiar nature of competing task
components, or operationa, involved, but simply reflects an "overdraw" on the available pool of capacity
units. Moray (1967) modified this interpretation somewhat by hypothesiring a limited capacity processor,
similar to a time-sharing computer, which allocates from its undifferenticted processing capacity amouats
consistent with the demands of operations performed on the aignal.

The second alternative to a single channel theory derives from the proposition that some, but not
all, operations performed by the human information processing system are chauneled thrrugh the limited
capacity central mechaniem (Posner and Keele, 1970). Thus, overations which do not require the mechanism
may proceed in parallel without ever interfering. While it has been suggeated that the limited capacity
mechanism may be either a single channel or a parallel processing system which proceases multipla signals
with reduced efficiency (Kerr, 1973), it may be that there are several limited capacity mechanisms each
of which is peculiar to a particular type of signal, sensory mode, or operation. It has been suggested
that the amount of interference between operations depends upon overlap between factors such as verbal
or spatisl demands (Erooks, 1967; Allport, et al, 1972). Perhaps, after the faghion of Spearman's theory
of intelligence, there are central mechanisms peculiar to each of several "specific factors" whereas
operations of a "general" nature are proceased in parallel. (Incidently, Teichner preferred a serial
processing wodel and was confident that he could account for any apparent contradictions before his
theoretical development was complete.)

Divided attention effects produced by requiring subjects to sttempt two tagsks simultaneously provide
an excellent bagis for evaluating hypotheses generated by any of the three variations of limited caupacity
theory. This fact has been recognized by several theorists., The result has been a proliferation of
secondary tasks beyond the rather large number produced by engineering psychologists during the 1950'a
and 1960's, During the latter era, numerous researchers tailored secondary tasks for compatibilicy with
primary tasks and used them to evaluate the efficiency of alternative procedural or man-machine interface
designa. Although the results were valuable to the apecific applications, they made few contributicns
to a basic understanding or quantification of human performance capabilities and limitations because of
the lack of standard methods and metrics. There were obvious practical reasons for that deficiency which
have been identified and Ciscussed by Knowles (1963).

There is also some justification for using a variety of secondary tasks in exploring issues derived
from the limited capacity mechanism theories. However, the Sternberg task and associated model of in-
formation processing stages hold a great deal of promise as a more or less standard approach to both
theory testing and reserve capacity measurement (Steinberg, 1969). In additlcan to its power in theory
testing and development, which has' been demonstrated by the late George Briggs and his associates,
pramarily under sponsorship by the USAF Aerospace Medical Research Laboratory and the Offlce of Scientific
Research (Briggs, et al, 1969, 1970, 1972), the task prcvides a method for assessing reserve capacity for
a variety of workload situatfons, Although relatively simple and readily learned, the Sternberg task
facilitates manipulation and control of three key functions in information processing/decision making
tasks: (1) input, (2) central processing, and (3) output. Both input and output are readily quantified
in information metrics—-a common measure to biologista/meurophysioclogists, behavioral scientists, com-
munications and computer system engineers and, hence, potentially » boon to effective system engineering
including associated man-machine tradeoffs and functions allocation. Moreover, the Sternberg task is
amenable to variations in stimulus (e.g., visual, suditory, tactile) and response (manual, vocal) mode
making it adapteble to a variety of dual tagk situations.

The Sternberg task is a choice-reaction task which facilitates manipulation of the loading at
Stage 2 (Central Proceesing) while holding the requirements on the other stages constant, Stage 2
loading is varied by changing the number of "positive set' items (e.g., letters, digits, tones) the
gubject must maintain in memory. In performing the task, a subject listens, or watches, for a stimulus
cue, or memory "probe," while majntaining a readiness to respond via a response device '"yes" or "no"
depending upon whether the cue "mitches" or "does not match" an item stored in memory.

In applying the Sternbarg task to the study of divided attention effects, the Sternbexrg task is
first administered alcme o cbtain "baseline" data for 3 or wore different "memory loads," we.g., 1, 2,
3 and 4 items. The resultant data (using correct responses only since incorrect responses arve held to
a "negligible" level) is used to plot reaction time (on the ordinate) against memory load (on the
abscissa). A linear equatica is fitted to this data plot to obtain a straight line with a particular
slope and y axis intercept value. Thus, the intercept reflects time required for Stage 1 and Stage 3.
The slope of the iine reflects central processing time, i.e., Stage 2. Then, by requiring subjects to
perform the same Sternberg task simultaneously with a second task, which is treated as the primary or
nriority task, one can acquire information relative to the nature and amount of workload imposed by
the second task. For example, if the slope of the equation for the Sternberg data plot changes between
the baseline and dual task conditions, the second task imposes significent demands on Stage 2 or central
processing. If the intercept changes, the demands of the second task occur at Stages 1 and/or 3. The
amount of chunge iavolved can be quantified in terms of the information metrics, vits and bits/sec., to
obtain an indirect Indicat®on of workload associated with the task under study.

Tue utility of the Stcrnberg task is readily apparent from a review of the research program pursued
by Briggs and his associates at Ohio State and New Mexico State Universities, Brigg's research centered
around efforts to isolate divided-attention effects within one or more of the four possible stages of
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th: Swith (1968) task paradigm: (1) encoding processes, vhich entail registering, sampling and
preprocessing of stimulus information; (2) central processing (detailed analysis of sampled information
for stimulus identification and definition); (3) response decoding, and (4) response conirol and emecu-
tion. The assence of the ressarch progray results are, perhaps, summarized wost concisely by tracing
the progressive expanaion of the function proposed by Sternberg (1969) for describing the relationship
betwaen choice-reaztion time (CRT)1 and the size of the positive somory sst. (The reader should recall
that the Sternberg technique requires that a subjact first memorixe a set >f items of size i{. Then, at
a later time, an item, or "probe: is presented and the subject responds as to whether the item is, or 1
not, & wember of the wmemorised, or "positive: set. The major dependent messure is the time (CRT) from
presentation of the "probe" item until the response ia executed.)

Sternberg expressed the function so:

RT = a + b(¥)

Data collected by Swanson and Briggs (1969) showed a logerithmic relationship betwaen CRT and memory
ioad which led to the postulation that response time is a function of central proceasing uncertainty
(He)y & metric from information or communication theory (Saannon, 1949). Hence, Sternberg's expression

wvas modificd to read:

RT = a + b(H)

Subsequantly, Swanson .nd Briggs (1969) demonstrated that the intercept constant (a) was linearly
velated to the amount of information transmitted (H;), a communication theory metric of reaponse accuracy;
thus, the sxprescion became:

RT = ¢ + d(H,) + b(B.)

An experiment by Briggs and Blaha (1969) suggested that b could be expressed in terms of the number
of displayed items to be classified (D) and the equation was modified again, thus:

RT = ¢ + d(Hy) + e(H) + £(H:D)

Briggs and Swanson (1970) next varied the response load (R) in an experiment. The results showed
that it could be partialed out, thus quantifying still another component of performance and the expres-

sion was now:
RT = 1 + j(He) + h(R) + e(He) + £(H.D)

By relating this resultant equation t> the Smith information processing paradigm, Briggs (1972)
nade estimates of the time required for specific functions of the human information processing system.

For example:

Preprocessing .ime: 180~280 wmsc

Stimulus sampling rate: 6.5 bita/sec
Recoding (Teichner's s-s trarslation): 25 bitas/asec
Transfer from long-term memory to active memory: 39 bits/sec
Stizulus clasajification: 16 bits/sec
Response Decoding: 6 bits/sec

This is the type of quantitative information and generic classification scheme wnich iz needed to permit
the desired state-of-the-art advance in analytic/predictive wethodology to effectively compleament task
and time line analyses during system design. Of course, a great deal of thenry development and testing

remains to be done.

In 1974, Bigge: Johnson and Shinar took a atep toward integrating the Sternberg/Smith information
processing paradigm with fundamer.tal decision-making research by using a Bayesian decision expreasion
to account for the sequence of decisions made by a subject in & classification task. Thus, the link
has been established between timple choice behavior and more complex decision processes to suggest
something of the potential for expanding and validating basic performance theory applicable tv critical

command-control-communication system design issues.

Workload Asseasment as an Aid to Design

Queations concerning the lmpact of digital avionics for pilot workload have provided an opportunity
for preliminary tests of both performance theory and the divided attention paradigs in an applied setting
(Crawford, Pearson and Hoffman, 1978). The opportunity developed as follows:

The evolution of compact digital computers has mnde possible the development of digital avionics
infcrmation systems. Such systems promise a number of advantages to both aircraft designers and users.
Por example, when interfaced with multipurpose cathode ray tube displays and multifunction switches,

1See Woodworth and Schlosberg (1955) for a review of Donders  clasaic research on simple and disjunctive
reaction time in 1868,
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digital computation and atorage capalilitier can be used to veduce the number of dedicated instruments
compating for cockpit panel area. Information which is not required by the pilot on a continuous or
frequent basis can be stored and presented 'mn demand c.ither automatically, as related programmed mission
gvents transpire, or in response t5 manual control sctions (Zipoy, Premsalaar, Gargett, Belyea and Hall,

1970). And with reduced demands for panel space, it will be sasier to locate the multipurpose controls
and displays in prime reach and viewir; areas.

However, exparienced pilots are troublad by the prospect of possible added activity--both mental and
physical--required to gain access to information which is normally on dedicaed instruments. Should the
demand for such activities occur during peak operator workload, the impact on mission success might not
be offset by the increased calculating power, speed, or accuracy afforded by the digital processor.

Hence, a study was planned to avaluate the impact of multipurpose control/display tasks on the pilot's
reyerve capacity. Of partucular interest was the question as the whether or not the maintenance of know-
ladge of procedures associated with multifunction keyboard operation reduced the operstor's reserve
capacity for waking choices or decisions such as might be required to handle contingency situations during

a mission. Another purpose of this study was to inveatigate the compatibility of keyboard operations with
continuous flight control tasks,

A computer-based simulator was used to present and score the task situations investigated (Brandt and
Wartluft, 1975). Of the three different tasks involved, two, flight control and cowmunications/IFF
switching functions, represented actual tasks in aircraft systems. The third was a variation of the
Sternberg task which served as a test to measure cognitive reserve capacity under various primary task
conditions, All three tasks were implemented within a fixed~base cockpit simulator.

The front panel of the cockpit was equipped with three CRT-type displays. The center display was
used to present information concerning basic flight parameters in a moving tape format. The cockpit also
contained a throttle with afterburner switch (left side panel) and a center-mounted joystick control which
were used, in combination with the displayed flight information, to "fly'" various maneuvers. Printed
computer outputs of simulator performance data included both mezan absolute and root mean square error
relative to specified control values based on "fly to" instructions for altitude, heading, bank angle,
pitch, indicated airspeed, vertical velocity, angle-of-attack, and g-load.

Between the front instument panel and left side panel was a multifunction keyboard (MFK). This
MFK, in combination with the CRT on the upper left of the froat panel and a numerical entry keyboard,
which was also located on the instrument panel (lower left), was usSed to simulate a multifunction inter-
face with digital avionics subsystems. Subsystems, functions and states were displayed on the CRT to
complement the feedback afforded by back-projected legends on the MFK push button faces.

The Sternberg task procadure used in this study was as follows: At the start of an experimental
session, the experimenter read to the subject a set of I, 2, 4 or 6 letters of the alphabet. The subject
was asked to retain the set in memory during the succeeding block of trials. The four sets used were as
foilows: A, AH, AHJQ and AHJQSX. (Such sets are referred to as ''positive sets.") During the block of
trials the subject was presented (via a cassette tape player connected to his headset) a series of test
stimuli or "probes" to which he was to make one of two responses: (1) '"yes," the test stimulus matches
the positive set, or (2) '"no," it does not match, and, hence, is a member of a negative set. Ihe negative
set included the 9 letters, B, C, E, F, G, I, L, R and Y. Negative and positive stimuli occurred with
equal probability (.5). Lerters within the two sets also occurred with equal likelihood. The average
inter-stimulus interval was 5.5 seconds and ranged from 3 to 7 seconds. '"Yes" was indicated by the sub-
Ject's pushing forward on a thumb awitch on the joystick continller used for flight control; "no" was
indicated by moving the thumb switch backward, i.e., toward the cubject.
automatically to the nearest millisecond.
scored "no response."

Reaction times were scored
If a subject did not respond witain 2 seconds the trial was

Central processing uncertainty (H.) values for this study are: 1.00, 1.50, 2.00 and 2,31 bits for

the 1-, 2-, 4-and 6-item nmemory sets respectively, Because there is always & 2-cheice response, response
uncertainty (Hy) = 1.0 bit in each instance (Attneave, 1959).

Four male subjects were used in the study. They were paid volunteer university student. with an age

range of 20-24 years. During the experiment a nominal cash incentive system was implemented to encourage
performance. The amount of the incentive was based on the subject's relative standing in the group with
respect to task performance criteris for each sessiuvn, For dual task conditions the incentive value was
weighted so as to emphasize priority for the flight control task when it was present. The incentive was
weighted in favor of the MFK task when it was paired with the Sternberg task.

Prior to the experiment prop:r each subject was trained on all three tasks. Training sessions lasted
two hours and were scheduled 2-4 times per week. Each subject was trained until task performance measures
appeared to asymptote. Then each subject was tested under six different conditions: threa single con-
ditions and three dual task conditions: Flight control, MFK and Sternberg choice-resction task, alune;
and flight control plus MFK, flight control plus Sternberg task snd MFK plus Sternberg task. When the
Sternberg task was combined with MFK, it occurred only during periods when the subject was awaiting
instruction for an MFK task of a piven difficulty level. This was consistent with the interest in mea-
suring cognitive loads associated with anticipation of MF¥ tasks rather than actual performance of them.
The single task conditions preceded the dual task conditions for all subjects.

The four levels of MFK task difriculty investigated were quantified in terms of the number of bits

of information transmitted via the keyboard in performing the tasks. The average value for each level was:
T1-7 bits; II-11 bits, III-17 bits and IV-26 bits.

The type of maneuver "flown" was the independent variable for the flight control task. Although
seven maneuvers were flown, preliminary analyses showed that not all maneuvers were discriminable in terms
of the weighted tracking error scores. Hence, the maneuvers were combined into two groups labelled "easy"
and "difficult." "Easy" maneuvers included straight and level flight and level turns, "Difficult”
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maneuvers were climbing and diving turns. The error scotres (X) were comprised aa follows: X = (0.01) A
altitude + (0.1) & airspeed for straight and level and stall, X = (0.01) A altitude + (0.1) A airspeed +
(1.1) A g-load for straight and level turns, and X = (0.005) & vertical velocity + (0.1) A airspeed + (1.0)
A g-load for turning dives and climbs. The delta values represent average error, i.e., deviation from the
prescribad "fly to" value for the given flight parameter, per unit of time on the task. Altitude was mea-
sured in feet, airspeed in L.iots and vertical velocity in feet/minute. The flight parameter combinations
and associated weights for each maneuver type were based on pilot opinion and research findings summarized
in a separate report (Woodruff, 1972). MFK performcnce on multifunction keyboard tasks was measured in
terms of task time and errors. The dependent measure for the Sternberg task was reaction time. Errors
and faflures to respond within two seconds were also recorded.

L I R N AP

A simple analysis of variance (repeated-mcatures design) was applied to the ucores for the flight
control single task condition. The difference butween easy and difficult conditions was statistically
significant (p < .05). The mean and standard deviations for the easy condition were 1.0$% and 0.17.
Correspording values for the difficult condition were 5.11 and 1,51.

ETr e D R

The effect of MFK task difficulty proved significant statistically (p < ,001). Mean task times
(seconda) and standard deviations (in parentheses) for the four difficui*y levels were: I1-3.97 (0.32);
11-5.95. (0.53), II1-7.43 (0.68), IV-9.87 (0.83). The average rate of infcrmaricon transmission via
the MFK syrtem varied from 1.8 bits/sec. to 2.6 bits/sec. across the four levels of MFK task difficulty.

The method of least squares was used to fit a straight line to the Sternberg data. The result is
reflected by the following regression equation for the single task, or baseline, condition:

RT = 549 + 118(H.)

Although mean flight control errcr was greater when the flight control task was combined with MFK
taske, the differences were rot statistically significant. Similarly, MFK task times increased under dual
task conditions, but the differences were not statistically aignificant. Flight control error scores were
virtually identical for flight control alone as compared to flight control with the Sternberg task. The
Strnberg task had no statistically significant iwmpact on MFK task time.

The method of least squares was used to fit linear equations to Sternberg response time data for each
dual task condition. This permits comparison of intercept and slope values with those obtained for the
Sternberg task baseline condition, for the purpose of localizing divided sttention effects within the four
gtage information processing model.

Preliminary analysis showed no significant diff:rences between levels of MFK tagk difficulty in terms
of slopes and intercepts. Hence, a single regreasion equation was derived for the combined MFK levels.
Equations for the resultant three dual task conditicns are as follows:

Sternberg with MFK "Rehearsal" RT = 617 + 118(H,)
Sternberg with Easy Flight Control RT =~ 694 + 98(Hc)
Sternberg with Difficult Flight Control RT = 855 + 31(H.)

F-tests (Snedecor and Cockran, 1967) indicate that (1) slopes and intercepts for the flight control
conditions differ significzatly from those for the baseline condition, and (2) the intercept value varies
significantly between the baseline and MFK implicit rchearsal conditionm.

Iuterpreted in the traditional manner, the preceding results indicate that the effect of MFK "impicit
rehearsal” is in the input or output stage of information processing only. Following the empirical evi-
dence and logic of Briggs, et al (1972), the effect is probably in the input stage. The difference in
intercept values amounts to a 12X averasge increase in input-output time attributable to MFK "implicit
rehearaal."”

T TR I A

Active flight control, on the other hand, appears to impact both input and central processing as
evidenced by differences form baseline in both intercept and slope values for the regression equation.
Moreover, there is an increase in input-output time (28X and 55X for easy and difficult flight control,
respectively) and an increase in central processing rate. The central procesaing rate for the baseline
condition 1s 8.47 bits/sec. as compared to 10,20 bits/sec. and 32.26 bits/sec. for the easy and difficult
flight control conditions respectively. This increase in central processing rate under the dual task
condition is consistent, with results obtained by Lyons and Briggs (Briggs, et al. 1972). It was attributed
to the subject's conducting fewer or less complete tests of the probe stimulus under the greater loading
conditions. This appareni switch in mode of operation in the central processing stage may prove to be a
valuable aid to identification of significant workload changes.
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The observed variations in Sternberg task response accuracy suggested the appropriateness of further
3 information analyses, i.e., calculation of the sverage amount of information transmitted (which would
: reflect all the data, including erroneous responses and no responses. These values {oxr the baseline and
E two levels of each dual task condition are presented below.

AVERAGE INFORMATION TRANSMITTED (Ht) IN BITS FOR STERNBERG TASK

. H
? Condition 1.00  1.50 ¢ 2.00 231
s Baseline .85 .85 .88 41
§ Basy MFK .86 .85 .94 42
K pifficult MFK .84 .88 .86 32
Easy Flight Control .82 .17 .79 .27
; Difficult Flight Control .72 .72 79 .26

i“ . SN T g .. e xlezzas e iy Al v +.e PO PRI PTG T P RPN R NCWEEIRE T e | =




These data clearly indicate that the S-item memory set (H. = 2.31 bits) produced an overload situation
for avery task condition.

Effective Uncertainty Reduction. Since perfect performance is represented by Hy = 1.00 bit in each
instance, the above tabled values were taken to represent percentage of the information reduction task
effectively accomplished by the subjects. An information reduction task is defined as one in which the
amount of uncertainty associated with the response is luss than that associated with the stimulus (Coombs,
Daves and Tversky, 1970). Thus, using the measures of central processiny time, a set of "effective
uncertainty reduction rates" were derived and plotted graphically as shown in Figure 2. Note the consis-
increase in efficiency as Hc goes from 1.00 to 2.00 bits with the overload effect at H; = 2,31 for all
conditions. Further study of Figure 1 suggests that cognitive reserve capacity is reduced by 20, 31, 45
and 54 percent by the four primary taske (easy MFK 'rehearsal," control), respectively.
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With regard to the design issue addressed by the foregoing study, it appears that tasks imposed by
multifunction switch concept places demands on the operator which may detract from the value of digital
processing capabilities in avionics systems. The concept necessitates the concentration of uncertainty,
normally distributed among the various dedicated instrument control/display interfaces, at a single
interface. Hence, uncertaiaty which is normally removed via separate controls and displays for each
subsystea/function has to be eliminated via keyboard actions on each occasion that the operator interacts
with the wultifunction system. Thus, while the digitally-based MFK system is relatively efficient in

terms of action and information transmission rates, the tasks are generally more cowplex and take longer
than corresponding ones for dedicated instruments,

ridiidc it ot T

The MFK flight control simulation and data appeared to provide a good opportunity for evaluating the
practicality of general functions incorporated by Teichnerian performance theory. Ome of the more complex
MFK task sequences was selected for that purpose. The task iavolved the transmission of 40 bi:s of
information via 13 steps or key actiona. Tiechner's theoretical components were then "mapped on'" to the
MFK task sequence. Then a second laboratory simulation was generated by using cards with symbols on them
to model the same set of theoretical task components included in the MFK task sequence, The card-symbol
simulstion was used to generate a set of performance data using students at the University of New Mexico.
: Although this effort was only exploratory and has not been formerly documented, reasonably good agreement

between task time means and variances was obtained for the twn sequences. Mean task time for the card
task vas 8.3 seconds as compared to 8.7 for the MFK task.

s

As a further step toward integration of performance theory, part-task simulations of operator
workloads and system performance, a computer programmed model of the 4L-bit MFK task components was
; developed using Systems Analysis of Integrated Networks of Tasks. (SAINT will be discussed in more
A detail in a subsequent section.) Close agreement was obtained betwecn empirical data from the cozkpit

simulstor and SAINT modeling output. One hundred-sixty interactions of the computer model produced a
mean task time of 8.8 seconds,

Real-time gimulations of operational tasks, as described above, are an essential part of the theory
developnent and testing process which musc precede the achievement of an adequat: analytic, descriptive
and predictive data base to effectively support workload allocation in man-machin: systems.

Physiological Correlates of Perforimance

TR YRR T R ST

Another line of research promising significant insights into the basis of human workload capabilities
and limitations at the neurophysiological level as well as providing intevmediate workload assessment aids
involves the measurement of physiological correlates of performance. In 1934, Luckiesh and Moss, lighting
experts, reported data on the relationship between heart rate and illumination level for a veading task.
The data ghowed decrements in mean heart rate ag a function of tack duration; moreover, the lower the
lighting level, the greater the decrement. Luckiesh and Moss, interpreted the finding as indicative or
§ the greater amount of effort required under low light level condltiuns. However, M. E. Bitterman (1948)
in reviewing the lighting research literature completely discredited this notion of Luckiesh and Moss in
the following words: ".... everything we know about cardiovascular functioning would lead to quire the
opposite conclusion, i.e., that heart rate is directly rather than inversely related to the cost ut work.
Heart rate 1s positively correlated with metabolic rate which we know to be a direct index of energy
expenditure, and Hadley (1941) has found a positive correlation between heart rate and muscular tensicwn
3 which Dr, Luckiesh himgelf accepts as an indox of exertion in visual work.'
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Whether Bitterman was correct or not in his criticism of Luckiegh and Moss, it is interesting to
aote that they might have had a basis for appeal in the research of a physiologist, Darrow, who took an

apparertly corroborative position in 1939--five years uafter Luckiesh and Moss published, but prior to
Bitterman's review.

VSO TP

Darrow (1939) reported data to support his postulation that both noxious stimuli and mental activity
involving "associative processes' are accompanied by cardiac acceleration in contrast to atteution to
sengsory atimuli requiring "no extensive association of ideas" which ia accompanied by cardiac deceleration.

Twenty-six years later, Lacey (1965), having reviewed a large number of related experimental findings, i
3 rephrased and expanded Darrow's postulation by suggesting that behavioral arousal, electrocardiacal

F arousal, and autonomic arousal are different fcrms of arousal and that the associated activation processes i
reflect the intended aim or goal of behavior as well as its intensive dimension. In elaborating, Lacey

noted that an increasing number of psychophysioclogical experiments demonstrated that different stimulus

situations reliably produce different patterns of somatic response. Listening to auditory stimuli, looking

at pictures, tapping telegraph keys, warm and cold stimuli--each condition produces a different pattern
of somatic responses (Davis, ec al, 1955; Davis. 1957). To illustrate, receptinn of external stimuli,
with no motor response required, produces a heart rate decrease concomitant with the move "typical"

increase in other autconomic responses, e.g., palmar conductance (Lacey, 1959; Lacey, et al, 1963; Obrist,
1963).
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Without going into a detailed review of evidence cited by Lacey with regard to underlying physio-
logical mechanisms and the complex nature of relatiomships between the cardiac responee and coctical
activity, perhaps it will suffice for the purpose of this general discussion to usc Lacey's findings as
an indi:ation of tke potential value of physiolegical corrclates of behavior as a relatively unobtrusive,
objective technique for analyzing task performance at the cognitive level and obtaining guidance with
respect to the stage, or stages, at which work overload occurzs for ar ' given individual, or group of
individuals.

Lacey and associates began by presenting eight "stressor-situations" in different ordars to three
samples of aubjects. The situatione could be ordered along a continuum in that some required only
attentive observations of the enviromment, e.g., looking at sit intermitt>ntly presented light, while
others involved increasingly greater amounts of internal cognitive functioning--retrieval of inforwmation
from memory and problem solving activity, as in mental arithmetic. The results consistently showed thut
sengory intake was associated with cardiac deceleration and restraint of systolic blood pressure whereas
tasks at the other end of the continuum (internalized cognitive processing) produced iarge :ncrease in
heart rate and blood pressure- On the other hand, respiratory rate and palmar conductance showed the
non-specific or nondiscriminant, actuation pattern consistent with Cannon-based "arousal" or "activation
theory.”" Thus_ depressor-decelerative processes are associated with facilitation of environmental intake;
pressor-accelerative processes with filtering out irrelevant stimuli which interfere with central cogni-
tive functioning. This finding was supported by Obrist (1963) using a different sample of subjects and
different stimulus situations. Confirmatory evidence was obtained from additional studies which showed
(1) atrention to visual and auditory stimuli to produce cardiac deceleration while respiratory rate
increased, (2) "thinking" to produce cardiac acceleration, anc (3) the more "analytic" the child, the
greater the acceleration (Kagan and Rosman, 1964; Kagan and Lewid, 1965; Lewis, et al, 1965). Moreover,
in reaction time experiments, Lacey has found that the greater the cardiac deceleration in anticipation
of the stimulus, the faster the wotor response.

In summary, Jacey concludes that different fractions of autonomic, electroencephalographic, and motor
response are mediated separately by mechanisms which are clearly dissociable although they may be closely
related. He suggests that the biological utility of the dissociation resides in the capability of the
different fractions of responsa to influence cortical and subcortical functioning different, sometimes
opposing, ways.

Kibler (1967), in an Aerrspace Medical Research Laboratory study effort, sought to bridge the gap
between applications and laboratory research on the different cardiac response-stimulus situation
relation “ips by means of a vigilance experiment. The resultant data showed a positive relationship
between tne extent of stimulu~oriented cardiac deceleration and detection efficiency during a 1 1/2 hour
vigil, The study was regarded as a significant step voward developing an independent meagure of alertness
during vigilance taskc. Subsequently, an unpublished pilot study by Crawford and Bachert, also of the
Aerospar~ Medical Research Laboratory, showed a trend toward increased cardiac daceleration, and reduc:d
sinns axrchythmia (the tendency of the .ormal heart rhythem toward irregularity), as a function of decreased
signal-to-noise ratios, produced by adding cluiter to a simulated airborne digitized radar return display.

In the iaboratory, Kalsbcek (1971) has found significast reduction in sinus arrhythmia as a function
of increases in the signal rate in a perceptual motor task. Kalsbeek (1968) also reported data indicative
of reduced arrhythmia as a function of increased task demands in a fiight control simulation.

Cerdiac data obtained from Navy carrier pilots flying missions over Soutkeast Asia showed average
heart rates to be substantially higher during launch and recovery taan during bcmb cuns (Plattner, 1967).
These results were interpreted to mean bombing was - less demanding task than take-off and launch, which
was somewhat surprising to the reszearchers although not necessarily to all pilots. It 1s conjectured
that analysis of the specific stimulus-situations involved in accordance with Lacey's theoreticai position
might have reverscd the interpretation.

Some attempis to use cardiac respiuse measurement, in combination with a battery of other physio-
logical correlates of performance, huve proven less than satisfactory. Ome possible explanation for
difficulties recognized in at lesst one such attempt is the fcilure to differentiate between actual
workload ané performance, i.e., removal of flighit instrument information vroduced a decrement in flight
control performance, waicli was interpreted as an overioad conditioa; but it also 1educed the informationm
load, which if effectively processed would have resulted In improved performance. Careful, accurate data
collection and araiysis is also essential to effective use of physiological data vithin theoretical
rontexts as posed by Lacev,

Nevertheless, the evidence with regard to cardiac response "s{tuational-specificity,” is judged to
be sufficient to warrent further investigaticun of tne measure under carefully controlled conditions
employing the Sternberg task and information processing paradigm to acsess relationships between increasing
dednands cf the various "stages," stimulus input, central processirg, etc., as well as the transformation
proceszses (classification, conservation, condensation, creatiom, .cc.) ot different demand levels. The
ultimate potential advantages to this program are st least twc-foid: (1) Increased validity oi the per-
formsnce thenry develnped and (2) a relatively unobtrusive, objective workload assessment technique for
use during actual system operations and during system simulations to precisely identify crew fuuctions
which 1squire automsted aiding via digital processing capabilities.

Evoked potential measurement appears to be another technijue with reasonable promise for facilitating
performance theory and workload assessment developments., Instrumentation for obtaining average evoked
potentials involves the attachment of electrodes to sppropriate areas of the scalp in the same manner as
required to produce an EEG. The continuous electrical activity so obtained ia zonducted through an
amplifier to an averaging computer. A stimulus may then he presented, simultareously averaged by the
zomputer. The resultant measure of the nonrsndom activitv is the average evoked response {Chllders and
Perry, 1969‘.

et g R N Lo . A » dadeGdviad s takoand A R R TR AT T N TE AP RT. SRR Y,

ok i B a b Pt L i

e T aah




f
1

>
L X
{",
?‘*9

LR R

T T L T R LT

&

KA

T T

T

T TR

LEaisaty =

T R W 7 W S T T

[ P P S SOy PRIV S AR PRRA Y RPN ek < ahinlnd o - el o it e i AL A NS R i T i b ik

This response-~averaging technique, which & hances the aignal-to-noise ratio, also accurately
identifies specific psychological variables with components of the EEG. A stimulus initiates a series of
physiological processes related to both perception and preparation for an overt behuvioral response.
Analysis of the electrical activity between stimulus and response can provide usetul infcrmation concerning
factors such as the timin;, process speed and anatomical location of physiological events associated with
the psychological process:s involved. Cognirive and motivational as well as timlus and response variables
may be included in the experimental situations achieved via this arrangement (Vauvghan, 1968).

Theoretical issues related to the limiting central mechanism and serial vs. parallel processing
appear to be most amenable to investigation via evoked potential methodology. The value of evoked
potential measures as an aid to ucsessment of workload under operational or system simulation conditions
is yet to be established. However, Weissman (1969) in promoring the use of average evoked potentials for
assessing the level that the technique has no equivalent when it comes to minimizing interference with
the subject., Hence, evoked potential measurement must be considerei possibly as an unobtrusive method
for workioad assessment under flight test or operational conditionms.

It has been suggested that a complete battery of psychophysiolegical instruments might include the
measurenent of heart rate, electrical activity of the brain, muscle activity, skin resiatance, blood
pressure, sinus arriaythmia, average evoked potentials, urinalysis, parotid fluid, pupillary respunse,
mecabolic rate, oxygen uptake and ventilatory rate (Gartner aad Murphy, 1976).

However, because of the prevalent interest in cognitive or information processing/decision making
activities, the EKG and FEG domains currently have the greatest appeal as primary sources of psychophysio-
logical data and continued exploratory development.

Analytic/Predictive Methodology

The final thrust of a comprehensive workload assessment development effort wust include the incorp:-
ration of the results of proiucts of the thrust areas into analytic and predictive methods. First tha
performance theory and quant.tative functional relationships between human input~output parameters will
have to be reflected in task analytic proceduras. The purpese of task and analysis is to provide the
basic building blocks for sulsequent human engineering analyses during system design and development,

Task analysis entails the specification of tasks to be accomplished by human operators including the
behavioral requirements: of tle tasks, kinds of discriminations to be made, decision making, motcr responses,
etc. From the task analysis estimates of error rates, time line projections and perscnrnel aptitude and
training requirements must b: made.

Task analytic methodolozy as it exists today represents little more than the cvude beginning wade
some 25 or 30 years ago. Ciltically needed research required to appropriately expanc #nd validate
esential behavioral information has not been forthcoming. Consequently, job analysea are expncted tu do
more than they possibly can. Although analysts continue to break work into smaller elements to produce
the expected documentation, it is largely a reductionistic effort without sufficient regard to the mean~
ingfulness of the behavioral elements (Bryan and Regan, 1963).

It 1is suggested that emphasis should be upon implementation of system wodels (mathematical ans com-
puter simulation models) as aralytic/predictive tools during system design. It has been said that the
sign of maturity in systems analysir. will be the development of useful models (Shapevc and Bates, 1959),
The SAINT methodology promises to ve a useful vehicle in achieving the desired advaace in systema
analysis (W ‘tman, Seifert and Duket, 1975). (SAINT was referenced briefly in the earlier discuuvsion of
gimulation w..ich was primarily concerned with real-time, man-in-the-~loop simulations).

SAINT consists of a syabol set for modeling systems and a comruter program for analyzing the models.
SAINT includes the conceptual framework for representing systems which include discrete task elements,
continucus state varizbles and interactions between thet.. SAINT is not a maodel. It simply provides a
framework within which any quantitatively expressed model, or models, iay be desrribed and exercised.
And, since it was designed for addressing human performance, in particular, withia gystens contexts, it is
potentially an ideal vehicle for integrating generic behaviorel functions such as are advocated within
human performsnce theory. The resultant computer models of systems concepts could, then, readily
evaluate the probability and source of system/task demands wliich exceed operator, or crew, workload
handling capability.

In applying SAINT, systems are represented as graphical networks of task-activities with which one
or more operators interact. Each task is described with respect to how its performauce relates to other
tasks within the system of inte~ast. The graphical analysis is then input to the SAINT conputer program
for automated performance asse: uent. Using Monte Carlo techniques, the SAINT program permits simulation
of probabilistic task performance and precedence relationshipe while collecting estimates of system
performance at the same time, Capabilitics are included for simulating continuous or discrete syscem
state variables and their response to discrete control task execution and for dynamic modification of both
operator and system characterigtics as dictated by internal or external cimulated "events'" (Kupermen and
Seifert, 1975). Thus, this computer modeling technique permits fast time evaluation of human engineering
design alternatives, and other human factors, e.g., skill level, training and motivation, within system
contexts. MHowever, it is just as dependent on a valid scientific base as conventional task analytic
methodology.

Preliminary atteampts have been made to apply SAINT to current USAF system design problems. For
example, a SAINT model of the cockpit simulator used to investigate mult?function switching and multi-
purpose displays for the Digital Avionics Information System Advanced Development program was developed
(Kuperman and Seifert, 1975). Model networks were developed for both conventional dedicated avionics
subsystem iustruments and the multipurpose controls and displays. Exercise of the model provided
estimates of performance within the limits of available empirical data. Concluaions of the {nvestigators
included: (1) The SAINT simulation technique3 are readily appiiceble to predictive modeling of new
concepts of man/machine interaction. (2) The techniques are appropriate to the etudy of the theories of
human performance and to evaluation of experimental metrices for their implementation.
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QUANTITATIVE MILITARY WORKLOAD ANALYSIS
by

Richard A. Albanese
USAF School of Aerospace Medicine
Brooks AFB, Texas, 78235, USA

INTEODUCTION

A central goal of a military workload analyst is to understand the determinants of mission success
in a militsry setting. The emphasis is on the human determinants of mission success with particular
consideration to how the human uses the system he is given to accomplish the mission at hand. In quanti-
tative workload analysis the final goal in many instances is to provide various numerical measures of
mission poarformance. For example, when exsmining a bombing mission, a workload analyst using mathematical
wmodels right attempt to estimate the probability that bombs would land on target. Specifically, he might
attempt s statement such as: "The estimated circular error probahle is 250 feet given the present work-
load conditions." Other measures he might estimate include summary statistics such as anticipated loss
rates against specific enemy defensive configurations, and rates of overall success against enemy targets,
and these summary statistics will he of particular interest below.

A workload analyst studies the system under consideration to determine its capabilities and, when
appropriate, he dasigns system changes or modifications with a view to improving system performance. The
main purpose of this paper 1s to suggast that the workload analyst attempt to evaluate his p.oposed design
modifications within the framework of a quantitative cr se=i-gGuantitative cost/benefit tradeoff. This is
perticularly aprroprizte when the analyst has developed relevant metrics describing system performance
both with and without the system modificatior.

A vorkload snalyst can suggest a wide variety of system changes ranging from hardware modifications
to changes in syetem operating procedures. Whatever the changes suggestead, a workload study in the mili-
tary setting can be represented by a cost/benefit table as shown in Figuxe 1.

In Pigure 1, the basic or ummodified system has effectiveness e, vulnerability v, and cost per systea
c. Subsequent discussion will provide definitions of e and v. System modifications can improve the
sffectiveness of 4 system from the point of view of making the system more capable of inflicting losses on
the enemy. However, improving the fighting effectiveneas of the system can increase or decrease the sys-
tem's vulnerability, just as decreasing a system's vulnerability can either decrease or increase the
systen's fighting effectiveness. In Figure 1, e;, v}, and c¢) are the effectiveness, vulnerability and
system's cost of the basic military system with system modification #1. The symbols e,, v;, and c, are
used in a simjilar manner for the system with modification #2.

Perhaps most readers will agree that composing the table in Figure 1 is a step forward, but, of
course, still rewmaining is the question of how to use the assembled data for actual decision making.
Should an investment of money be made, and if so could modification #1 or modification #2 be purchased,
or should one simply recommend that more elements of the basic system be procured? Analytical scenario
modeling can be a decision aid in this circumstance, and this will be described in the following section.
The method or meihods whercby a quantitative tradeoff table such as that shown in Figure 1 can be developed
will be described briefly in the section of this paper following the next concerning analytical scenario
modeling.

ANALYTICAL SCENARIO MODELING

In this section, system mission effectiveness, e, and system mission vulnerability, v, will be
defined in the context of analytical scenario modeling. For the purpose of illustrating the usefulness
of analytical scenario modeling, a simple example from among a class of combat models called Lanchester
models, will be employed. This class of models was developed by Lauchester, an aeronautical engineer, in
about 1914, and is extremely simple in conception and approach (1, 2).

Consider two opposing forces, Blue force versus Red force. The rate of attrition of the Blue force
shou)d be proportional to the number of Red systems available, that is

dB/dt = ~ v X R Eq. 1.

vhere B is the number of Blue force systems or elements, R is the number of Red force elements, and r i
the constant of proportionality which reflects Red's ability to reduce Blue force. Similarly, the equiv-
alent differential equation for the attrition of the Red force is where b is o constant of proportionality

dR/dt = - b X 3 Eq. 2.
which measures Blue force's ability to reduce the Red force. If the Blue force is identified as the
analyst's side, the proportionality constant b can be identified with system effectiveness e, and,
similarly, the proportionality constant r can be identified with Blue force system vulnerability v. Thus
the following equations obtain.

dB/dt = - v X R Eq. 3.
and

dR/dt = - e X B Eq. 4.
and these equations provide quantitative definitions of effectiveness and vulnerability. These equations

are easily solved to provide B and R as functions uf time t. These solutions are shown below for the
interesting but highly simplified case where e and v ore conatants.




B(t) = (1/2Ve) {(Ye By, + Yv Rolexp(-vev t) +

(Ve Bo - v Ro)exp(+/év t)} Eq. 5.
R(5) = (1/2/%) ((/& By + W Ro)exp(-Yev t) +
(W R ~ Ye Bo)exp(+/ev t)} En. 6.

In these equations, By and Ry are the sizes of the Blue force and the Red force, respectively, at time

t = 0 at the start of combat (prior to any losses). These last two equations describe force attrition
during a battle. Far more complex attrition models are often developed to study force adequacy and
tactics., The suggestion made here is that such attrition models or analytical sccnario models be adapted
and employed in workload tradeoff analyses. The concept is to compare design alternatives against pre-
dicted combat outcomes, and to choose that system modification which optimizes desired outcomes. This

] concept will be illustrated in the following by using equations #5 and #6.

A natural military goal is to reduce the enemy while minimizing one's own losses. This military
goal can serve as an outcome metric which can discriminate between differing system modifications. Other
outcome metrics can be defined such as minimizing one's own losses while reducing the enemy in the shortest
time possible, However, for the purposes of the present illustration the simpler metric of minimizing
loases alone will be employed.

Examining equations #5 and #6, it can be noted immediately that Blue unit will ultimately domirate
the Red unit if the quantity ve B, is greater than the quant:il".; YV Ry (since (/v Ro - Ye By) 1a then a
negative quantity in equation #6). If /e By is greater than vv Ry, R will be zero at time t = ti vhere

et ——.ij..r.qal
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¢ - (1/2Vev)In((Ye Bg + V¥ Ro)/(ve By - Vv Ro)) Eq. 7.

and, using this critical time, maximum Blue force losses can be calculated using the following formula:

T A

Losses = B, ~ ((eB? - vR3) /e)% Eq. 8.

Similerly, if ~ Ry is greater than Ye B, Red force will ultimately dominate Blue force, and B will be
zero at time t = tg having lost all B, systems.

These last equations will now be employed to accomplish an example tradeoff analysis. A hypothetical
cost/benefit table is shown in Figure 2. In this table, the fact that /;OB = /4 x 250 = 500 is less than
v Bo = /2 x 400 - 565, cartainly motivates the Blue analyst to recommend changes. Modification #1 allows
Blue to defeat Red while sustaining loss of 177 Blue elements. The cost of modification #1 is 37.50
million dollars which is a sum which would allow procurement of 37 additional urmodified systems. Since
Y4 x 287 is greater than v2 x 400, the Blue force augmented by 37 elements, would defeat the Red force,
but in so doing the Blue force would sustain a loss of 201 systems. Thus, modification #1 would be pre- 9
ferred over the equivalent Blue force augmentation.
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: Now consider modification #2. This modification allows Blue force to win with a loss of 142 units. b
4 The cost of modification #2 is 125 million dollars. With this money, 125 additional unmodified systems 3
i can be procured to form & force of 375 fighting elements. With this size force, Blue force defeats Red ;
force while sustaining losses of only 92 systems indicating that equivalent augmentation of the unmodified
, force would be preferable to purchasing modification #2. More complex mathematical models would allow

3 consideration of purchases of vartous combinations of modifications #1 and #2. Putting these more compli-
] cated situations aside, and simply using what has been computed above, it can be concluded that if 125

million dollars were available, aupmentation of the basic force should be accomplished without modifying ;
the individual elements of the force. However, if 37.5 million dollars are available for use, modification ‘
#1 will minimize losses, 4

It has thus been illustrated how analytical scenario models cun be used in workload analysis tradeoff )
studies. These models can help workload analysts define their earned raturn on inveatment and can help :
with decisions concerning modification alternatives. Admittedly perhaps the simplest scenario model has
been employed here to illustrate scenario model usefulness. It is anticipated that real-world decisions :
would employ simulations which are far more complex and extremely well tested. Nonetheleas, from the !
above very simple example, the workload analyst should be prepared to realize that in some instances it :
may be preferable to procure more of an unmodifiec system than to proceed to a modified system.

CONSTRUCTION OF QUANTITATIVE TRADEOFF TABLES

3 In this section, the construction of quantitative tradeoff tables as shown in Figures #1 and #2, will

be briefly discussed. These tables can be constructed using three different types of data sets. A duta

set of type #1 consiets of data derived on the military systems of interest and including the precice

effectiveness and vulnerability figures needed to complete the tradeoff table. Type #1 data sets are

rarely encountered in practice. These data sets can be developcd from records of actual combat or they

§ can be developed from records of realistic practice or training encounters where different systems are :
3 employed or compared. Thia data type, when it is available, provides the best and most direct data for "
tradeoff studies. ;

i
A data set of type #2 consists of data derived from the actual milirary systems of intereat in the !
tradeoff study; however, the perfurmance measures available from these systems are not the desired effec~ i
tiveness and vulnerability measures. Often in this setting the available data are indirect measures of ’
i

mission performance, or measures of human operator workload stress during mission performance, from which
the likelihood of mission failure can be inferred. For example, when the concern is with a bombing mis~ ;

sion, instead of rutaining the numbers of enemy targets destroyed per unit time by the competing systems,
this data type right provide circular error probable figurer from which enemy target destruction would
have to be inferred, Still more indirect data concerning the bomber performance would be data that
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related to aircrew siress during the performance of trial missions. Huch measures are, for example,
voice stresa measurements, galvanic skin responses, cortisol secretion and the like. It is clear that
with dcta sets of type #2, the workload analyst faces a problem ol extrapolating from the available
performance measures to measuras that ara morte relevant to & military decision in a tradeoff setting.

A data gut of type #3 consists of data derivad from systems which are aot the military systems of
interest or concern in the tradeoff deliberations, but are other military systems currently in the
inventory, or are, as is oiten the csse, laboratury simulatiors of the real systems under consideration.
Thus data sets of type #3 also pose serious extrapolation problemc. In this case, “he extrapolation
problem is one of relating data from one system to the relevant performance measure applicable to another
system.

As discussed above, data sets of type #3 and type #3 renuire that the worikload analyst extrapolate
between mesaures, or between military systems, or both. i  extrapolation can be done via experimentation
or via the use of experimentation coupled with the application of matrematical models. The use of mathe-
miiical models in military workload analysis has been outlined in a previoua publication wherein a coarse
classification of availabls: modeling techniques is provided.

SUMMARY

The above discussion has suggested that military workload analyses proceed in the setting cf quanti-
tative or saai-quantitative tradeoff analysis. This setting is already quite familiar to the hardware
engineer, but may be a novel sdetting for the human factors workload specialist. The term semi-quantitative
analysic is employed to recognize the fact that it will nnt always be possible to precisely quantitate
effectiveneas and vulnerabil’ty as well as one would wish.

The methods describud in this report rely heavily on mathematical modeling techniques. This is seen
in the suggestion to employ analyticel scenario modeling in the tradeoff study, and is also geen in the
suggestion to employ marhematical models in the construction of the tradeoff table from data sats that are
aot directly applicable, While mathematical models can be extremely us~f:l1 and cost effective In appli-
cation, they must be used with sober caution., Mathematical models are best employed with an attitude
which conslders the mathematical models. not as a replacement for traditional methods, but as an adjunct
to commonly employed methods of analysis and deliberation. Mathematical models should in no way diaplace
the direct use of experience and the direct consideration of empirical data. Rather, mathematical models
should be used to enhance ani highlight the utility of available data sources. The analyst's dictum "never
believe your mathematical model" is a wise rule which is simply a statement of caution intending to remind
the analyst that mathematical models are as fallible as any other human-contrived decision aid.

CONCLUSION

This report has discussed a method of tradeoff analysis as applied to workload analysis in the military
environment. It is suggested that workload studies be performed in a tradeoff setting which allows the
analyst to estimate the return on investment he has earned through his propcsed system modifications.

The methodologies described employ mathematical modeling techniques, and it is reinforced that these
techniques are an adjunct t., and not a replacement of, more traditional mathods of workload analysis.
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VISUAL PERPORMANCE: A METHOD TO ASSRESS WORKLOAD i
IN THE FLIGRT ENVIRONMENT
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W R. Simmons, M. Sanders, and K. Kimball
; United States Army Aeromedical Research Laboratory
Fort Rucker, Alabama, 36362, USA

INTRODUCTTION

Operator workload for the task of vehicle manipulation perhaps could bm defined as the sum of sen-
sory inputs, psychomotor responses, and cognitive processes. Sensory inputs to the operator are util-
ized to direct control manipulation, sbtain feedback as to degree of effectiveness of the control
movemer.cs, and to monitor system status. This input workload is combined with the psychomotcr workload
requi’ed to move the vehicle controls as dictated from the sensory inputs and feedback modes. More
simply stated, workload measurements can be derived by objectively measuriag the input and/or ouf:put of
the operator.

é The ability to manipulate an aircraft, as well as a tank, car, or any other vehicle, is directly
related to inputs or cues the operator receives from the enviromment. Of these perceptusi inmmts
(tactile, visual, auditory, etc.) required to fly an aircraft, visual cues are considered vital. E.
Hartman has even estimated that vehicle operators acquire over 90X of their required iuformacion
+ visually. Processing and integrating these visual cues allow the pilot to detect the aircraft's rvela-
tive stability, ground referances, and provide feedback from hia control functione. Durins;; flight
conducted under instrument meteorological conditions (IMC), lack of cues from the enviromrent outside
the aircraft requires the pilot to obtain the necessary visual information from instrument displays.
As a consequence, there exists the need, independent of visual conditions, to determine what cues or
visual workload are required to achieve maximum pilot efficiency with miminal fatigae-induced errors
and safe mission accomplishwent.

R
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3 A grear. variety of apparatus and techniques have been developed for the study of visual performance/
y vorkload (2, 3, 4). One of the earlier devices was a smoked-drum Yymograph attached to the sclera of th:
eyebsll via fine wire and barbed hooks., During the 1930's, electrooculography (EOG) techniques were
developed which utilized electrodes placed around the eyes of the facial structure to monitor differ-
ential voltages as the eyeball was rotated (5).

3 The earliest documented technique for measuring the vital performance of pilots was to simply
record pictures of the operator's face while he scanued the instruments (6). Inprovements of this
method were accomplished by arranging mirrors on the instrument panel and photographing the total
arrangement. Documentation of eye movement was obtalned by means of a camera nounted behind the
pilot. During analysis a photo interpreter scanned the film to determine which mirror reflected the
eye of the pilot at various times during the flight (7).
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This technique was further refined by Mackworth (8;. His approach was to mount a lighitweight
moving picture camera beside the operator's head along with a series of mirrors which reflected a dot
representing the eye's motion. This dot was superimposed on photographs cf the scene directly in front
of center line of the head. More recently this same "corneal reflection" technique has been utilized
by the US Army Aeromedical Research Laboratory in the study of Army pilot visual performance during
helicopter flight (9, 10).

The correal reflection technique is possible because of the amoo’h spherical front surface of the
cornea. An incident beam of light can be partially reflected forming a bright spot or "highlight" on
the cornea. The angle of the refiected light depends upon the angl: between the incident light ray and
a plane tangent to the reflecting surface. Sinc: the cornea forms an eccentric bulge on th: nearly
spherical eyeball, the angle of this tangential plane on the cornea at any one point chauges ac the eye
rotates around ita center during eye movement., As a rezult, the position of the highlight iollows the
direction of movement of the cornea. The reflected beam is easily photographed on film. By mcunting
a camera lans on subject's head slightly above and between his eyes, the subject's normal visual field

3 can be recorded and the highlight can be superimposed on the scene to give a constant eye reference to
k the eye's highlight, the area of visual concentration and the percentage of time for eye stabilization
¥ during any flight maneuver can be recorded.

Past research has demonstrated two major advantages of the corneal reflection tachnique for study-
ing eye movement. First, the method is convenient for large acale testing of subjects in that it
requires minimal training. Second, these studies have reported no significant interferance with normal
eye movement (11, 12). This laboratory utilizes motion picture film to record the visual performance
data. Figure 1 is a picture >f the oculomotor lense and peripheral equipment. The total methodology
3 is outlined in USAARL Report No. 77-4 (13).

Investigations which have been devised to collect data related to visual performance can be divided
into three categories: (1) subjective opinions nf visual performance, (2) objective visual performance
data during fixed wing flight, and (3) objective data during helicopter f1 3ht. Studies by Siegel and
MacPherson (14), Clark and Intano (15), Simmons, et al. (16) have analyzed the opinions of aviators as
to which instruments they felt were utilized to fly selected maneuvers. However, these findings do not
agree vith the research results cf Frezell, et al. (10), Sanders (12), and Simmors, et al. (13). These
investigators have reported a very poor agreement between subjective data and actual pilot visual per-
formance. Additional studies by Milton, Jones, and Fitts (6), Fitts, et al. (7), and Diamond (17) have
utilized equipment to obtain vbjective visual performance data of aviators during flight maneuvers in
several fixed wing aircraft. Although these investigations provided useful information as to visual
performance during fixed wing flight, data obtained during this work cannot easily be generalized to
rotavy wing flight because of the extreme aerodynamic differencea between airplanes and helicopters.




Sunkes, et al. (18), Sterm and Byuum (19), Frezell, et al. (9, 10) have recorded visual performance
in helicopters during selected visual flight rules (VFR) flights. Additionally, two reports (20, 21)
investigated a number of maneuvers utilizing both the interview technique as well as inflight recordings
of visual performance of two aviators under instrument flight rules (IFR) conditions. These efforte
have provided some needed information as to the frequency, duration, and sequence of fixations during
helicopter operations.

Although these studies have provided useful information for the visual performance data bass, much
investigation -emains to be accomplished before a reliable visual performance/workload model can be
established fo. safe helicopter flight. The pupose of this veport is to sttempt *o combine the visual
performance investigations being performed at the US Army Aeromedical Research Laboratory into one mode
for predicting visusl workload.

THEORY

Several meacurementa of visual performance derived from data collected via the corneal reflection
technique contribute to the total relationship of v?sual workload. In simple terms, oculomotor activity
can be divided into two categories: (1)} movement of the eye during which minimal informatlon gathering
occurs and, (2) tixation, a period of relatively no movement during which information transfer ie felt to
be the greatest (1). The movement activity is defined as the visual link value or the visual path
traveled from one aresa of interest to another. On the other hand, the visual nonmovement term, visual
fixation, is defined as stationary eye movement within a designated area for at least 100 milliseconds.
Other visual terms which could be included are thc total number of areas that are concentrated on (or
fixsted), the length of time of each fixation (or dwell time), and the frequency that areas of interest
are fixated.

If one assumes that the major input mode is the fixatinn period, two possibilities exist. Viasual
workload could be a function of the time required for informatjion to be transferres duriug fixation; or,
workload could be related to the frequency of visits to an area of interest, Since from a previous
investigation (22) neither term was found to adaquately describe visual activity independently, both
comprise this input mode workload and shouid be combinad. Thus, a formula utilizing these two terms
would reflect the workload cost of all areas that were fixated by an operator during vehicle manipulaticn.

{
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This formula would appear as: CF, = (T/LT4N/IN)/2. CF, represents the "cost factor" of an area of
interest. "T" is lapse time epent fixated on the area divided by total time (IT) while "N" is the
frequency of fixations of the area divided by the total number of fixations (IN). If these two values
are divided by 2, the CF is in percentage of workload. If the CF values of several arcas of interest
lend themselves to being combined into common zones of interest, the CF valuyes are simply sumned to-
gether (CFg + CPyq + CFg2 + CFaq +..uutuuut).

Based on our experience, the visual inpute required to manipulate an aircraft can be divided into
three broad categories: (1) basic vehirle control, (2) barrier avoidance, and (3) navigational tracking.
The first requirement takes precedence over the latter two. Urler this category of basic vehicle control,
visurl workload can be further separated into three major zones of common areas visual interest. Again,
the highest pricrity zoue containa visual cues which provide information relating the basic vehicle
stability about its three major axes of pitch, yaw, and roll.

AT K Y TR T AT, 8 T TR T T T A T

1 The second zone of common areas of visual interest include the input information which supports the
first areas but pyrovides for more precise vehicle control. Informatisn such as vehicle speed, altitude,
and rates of acceleration would be provided from this zone.

TR P

The last zone would be comprised of vehicle status information. Theee cues would provide operator
visual feesback as to the operational condition of the vehicle. Examples of such types of information
would ba provided from engine o0il temperature, fuel preasure, or electrical gauges. As long as there
vere no malfunction of the vehicle as annunciated b one of these instruments, this zone of visual inputs
would have the lowest priority of being monitored.

To summarize, the CF tl.cory provides a method of combining numerous blocks of visual data to provide
& more concise picture of input workload of vehicle operators. 1The CF value computed for Zone 1 should
be an indicator of basic workload required to perform the task successfully. Zone 2 will also provide
supportive data of the basic workload based on time available after Zone 1 requirements are met.

It should, however, be quickly pointed out that maximum visual performance of an area or zone of
areas could indicate high visual workload. On the other hand, thie same performance could reflect a
high percentage of nonworkload (free time) in which the particular zone was fixated because it was
centrally locatad. This could be demonstrated by similar visual workload in the centrai viewing field
of a boat operator on a large lake and a helicopter pilot during nap~of-the-earch maneuvers. However,

1 by establishing conditions which provide measurements of the baseline for the maximum time utilized and
the minimum time required to maintain vehicle stebility, these "free time' pariods can be estimated. An
example of this can be reviewed in USAARL Report No. 78-6, Visual Performance/Workload of HRelicopter
Pilots During Imstrument Flight (22).

o

The remainder of this report all deal with the data base which the US Army Aeromedical Research
Laboratory has obtained during helicopter and fixed wing maneuvers in attempting to establish a visual
workload model. These typea of data not only provide the needed information to test the CF theory, but
also will provide information to improve and refine the theory to provide operational answers for safer
military airbornme operations.

ArPLICATION

Initially, a study was designed to investigate the visual performance of helicopter pilots during actual
fligkts under inatrument flight corditions (IFR) (22). This study was unique because the aviators were
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forced by the test conditions to receive any and all visual cuca to manipulate the aircraft from the

instrument panel. This limited visual field allowved investigators to analyse which cues were fixated and
derive what information was required by the pilots. During VFR this extraction of visual parformance data
would be very difficult because of the lack of precise definitions as to the quality of possible VFR cues.

Visual performance via the corneal reflection technique was collected from two groups of subject
pilots. Subject groups were categorized on ~he basis of flight experience, with one grouvp having over
2,000 more flight hours than the other. All subjects flew the same instrument flight profile comprised
of aight basic maneuvers. The results of the study are summarized by Figure 2. IQS identifies the pilots
with the mcst flight experienced while SQA rapresents the low time pilots. 2), Z; and Z; dosignate the
three sones of instruments following the previously aiscussed method of clessification. Table 1 is the
listing of thoss instruments comprising each zone.

Since Zone 1 is the most critical indicator of visua’ wor'load, the data reflect that the expeurienced
pilota had more workload to complete the miasior than did the less experienced pilots. This could be
further interprated to mean that: (1) the IQA could spend less time in this flight enviromment before
becoming fatigued, or (2) the IQA would most likely make more flight ecrors soorer than the SQA pilots.
These results appear to contradict the common philouophy that experienced pilots should have been the
bef.ter combat-prepared pilots. Therefore, the data were re~examined more closely for other possible
explanations. In attempting to asteblish other gioup differences, it was concluded that although the IQA
group did have rthe most totai flight time, they were all currently holding job positions as injtrument
flight instructors. For this reason they, in fact, had less current "hands-on" experience than the SQA
group who wers all recent graduates of flight school aud thereford¢ had just completed a very concentrated
block of "hands-on" flight experience.

To further test this line cf thought, a single subject was selected who currently had 2,500 hours of
flight experience but who had not flown for the past three veara (23). His initial flight test results
(NQA) are reflected by Figure 3. The results indicate a significantly higher level for his visual work-
load in Zone 1 to perform the same misaion as the previoas subjects. This subject was then given 14 hours
of refresher training by the laboratory's .ustructor pilot. Figure 4 presents the results of his leat
flight (NQA) on tke same profile compared again to the initial SQA subject group. It is apparent that
his worklcad to prrform the mission has besen reduced tc a similar level as that of the SQA group. These
rasul:s would seem to indicate that utilizing the CF method of calculating visual workload aided in
identifying differing visual worxload as a function of aviator's current proficiency.

This same method was again a;vessed during a second investigation which compared the visual workload
associates with flight of a fixed wing aircra‘t, during instrument conditions, compared to the original
rotary wing instriment flights (24). AU-2) fixed wing alrcraft was flown over the same flight profile
as in the helicopter instrument flight. Two subject groups were again utilized. However, for this
investigation, the firac group were current instruccov pilots (ICA) which compared to the IQA group in
the helicopter report. Tae second group consisted of noncurrent U-21 pilots. (NCA) who had not flown the
U-21 for at least 3 years prior to the tast flight. The purpose of this investigation was twofold in
that 1t allowud a comparison of visual workload as a function of vehicle stability (i.e., rotary wing
versus fixed wing wiucraft) while further testing the curremncy versus axperience question.

Figure 5 repuesents comparison of the two U-21 subject groups. The results indicate, as have past
findings, that the noncurrent aviators (NCA) experienced more visual workload than did the current aviators
(ICA). However, a confounding variable was that the NCA subjects were all curremt in the UH-1 helicopters.
Because of this variable, the level of difference between subject grops is perhaps not as significant as
would ve anticipated, Neverthelesas, the CF visual workload theory wezs affectively utilized to indicate
the visual workload asanciated with aviator current proficiency.

Tau ICA sub,acts of the U-21 stud; were then compared to the IQ. aviators from the helicopter instru-
ment report. A representation of this ccaparigon is referenced by Figure 6. Again, if the CF theory ia
an indication of cost or workload associated with the manipulation of a vehicle, the results would demon-
strate that the UH-1H helicopter requires more visual workload on the primary Zone 1 instruments than did
the U~21 fixed wing aircraft. These findings would be predicted by subjective data and the relative
ratings of the stability of the visual data and the relative ratings of the stability of the two vehicles
by other test agencies. However, the implications of the visual data are that i’ the helicopter stability
Jwau improved, then tha crew could remain on station or in combat longer before becoming fatigued.

This same method of teating could be implemented to test future generation of helicopters to determine
relativa stability. If such aircraft did impose less visual input work to manipulate, they would provide
a better platform for combat utilization.

To further expand the line of thought that the CF therry could reflect in some part the visual workload
associated with the atability of che vehicle, a study has been completed. This investigation coapared two
groups of subjects with qualifications similar to the original SQA and IQA groups of the helicopter study
(25). The two groups were; however, tested in an UH-1 flight simulator which was developed for the US
Army to duplicate the flight, engine, and system characteristics of the UH-1 helicopter.

The results are summarized in Pigure 7. The conclusions that can be drawr from these results are
that the UH~1 simulator does, i general, have the same visual workload pattern as the UH-1 helicopter.
However, becauss the visual workload in Zone 1 is higher for the simulator, the vehicle is less stable
than the UH-1 helicopter. An expansion of the CF of Zone 1 can be seen in Figure 8. The three instru-
ments that comprise this zone are indicated by AR for the artifical horizon, RMI for radio magnetic
compass, and T-B for turn and bank indicator. From the major difference of the two vehicles as saen on
the workload of the RMI, the indication would be that the UH-1 simulator is less stable mainly on the
yav axis. In addition, the inter-group subject d!fferences in the simulator reflected the same results
as had been reported in the UH-1 helicopter study.
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CONCLUSIONS

In summary, this paper has attempted to addrers a method of aseessing workload requirements imposed
on one of five possible operator sensory channels. Siuce the demsnd of this visual input channel is
estimated, as praviously stated, to be 90X of the total iaput demands for vehicle manipulation, any theory
which allows even a psrtial but precire description of the workload could aid future hardware desigus,
training, snd miseion delineation. These dats will further be useful in determining an approach to reduce
operator fatigue in the flight environment.

The current CF theory, although not the final answer, allows a more concise picture of visual work-
load than the classical methods which normally consist of the permutation of seemingly unrelated visual
data points. The appli-ation saction of this report demonstrated how the US Army Asromedical Research
Laboratcry has collected and is continuing to expand a data base describing pilot visual performance ia
the military euvirocument. Such data are considersd invaluable to expand and test the current CF theory
as well as providing an objective method to be utilized in answering current operational questions and
problems. The examples vere brief descriptions of studies which are already published in their entirety
or are in the process of being completed. The implications from the results suggast that the CF theory
is a valuabie tool in testing and determining what the visual workload level should be for combat profi-
cient pilots, how long pilots with varying degress of proficiency could be axpected to fly in the combat
enviromment, and aircraft design requirements (such as stability), to reduce Lhe onset of fatigue-induced
errors. Additionally, the CF theory can be utilized to test and determine varying mission related work-
load, as well as the workload required by special equipment such as the night vision goggles, navigation

squipment, and experimental flight displays.
The ability to measuras visual input workload and/or psychomotor control is recognized as an invaluadble

tool required to validate instrument panel design, develop training and proficiency requirements and, in
general, provide a more effective hslicopter oystem for mission accomplishment.

TABLE 1

INSTRUMENT CLUSTERS WITHIN EACH ZONE

ZONE 1 1. Attitude Indicator AH
2. Radio Magretic Compass RMI
3. Turn and Slip Indicator T&B
ZONE I1 1, Altimeter ALT
2. Airspeed Indicator AS
3. Vertical Velocity iIndicator VsI
ZONE III 1. Aidrcraft Monitoring Gauges TORQ, RPM, ELEC,
OIL, FUEL
2, Spe