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The assessment of crew performance capability under conditions of sustained intensive air operations
requires the use of specialized measures of operator workload which are matched to the nature of the
investigation and to the environment In which the workload evaluation must be conducted. In many cases,
the effects of severe combined stressors and of aircrew performance requirements on mental workload
cannot be studied in the laboratory, and must be addressed In high fidelity simulation or during
operational test exercises. This paper examines the advantages and limitations of traditional subjective
report and behavioral measures of workload for application in operational environments. In addition,
recent efforts at the U.S. Air Force Aerospace Medical Research Laboratory to develop improved field-
usable subjective and behavioral secondary task metrics are described.

INTRODUCTION /
The management of mental workload is of central importance to the successful design and deployment

of modern manned airborne weapon systems. Although the maintenance of an effective military force
requires the development of systems which incorporate the most sophisticated products available from
the engineering disciplines, such technical improvement is often achieved with a simultaneous growth in
the monitoring, supervisory and decision making responsibilities of the alrcrew. These information
processing requirements can jeopardize system performance by placing demands on the human operator
which approach, or even exceed, his finite mental capacities. To compound the problems induced by
complex system technology, workload may also be affected by the projected nature of the battle environ-
ment in which military aircrews are expected to function. Even when It can be demonstrated that an
aircraft system Is operable undir relatively benign conditions, the stresses produced by wartime
operations may catastrophically increase the likelihood of failures In human performance. Such
intensive battle environments threaten to compromise alrcrew capabilities In at least two ways.
Stressors such as fatigue, sleep loss, personal threat, and chemical, biological or nuclear agents may
reduce the perceptual, cognitive, and motor capacity of the Individual. At the same time, the dynamic
nature of modern combat and the rapidly changing tactical situation will increase uncertainty and add
to the operator's already high mental processing load.

The achievement of mission effectiveness under the circumstances outlined above requires careful
consideration of alrcrew capability during all phases of the aircraft development process and through-
out the operational life of the system. More specifically, the selection of appropriate crew station
design features or the optimization of deployment strategies depends upon the availability of accurate
and reliable methods to assess mental workload in a variety of evaluation environments. Unfortunately,
no widely accepted standards for workload measurement presently exist, and the choice of a workload
metric is often left to the discretion and experience of the individual scientist or engineer assigned
to a workload evaluation problem.

Workload science provides two major thrust areas which are contributing to the design of a
coherent workload assessment technology. The first Involves research directed toward the development
of a workloao theory or model which would accurately characterize the functional operation of the
human information processing system, and describe the nature of the capacities of this system which
limit performance. Although no universal consensus has been reached on these theoretical issues,
recent evidence offers strong support for a multiple capacity model (1, 2). A second line of workload
research is concerned with the development and application of specific measurement techniques. These
metrics can be classified by the type of human response used to make inferences about workload, and
include indices from the behavioral, physiological and subjective domeins. While guided to some
extent by theoretical trends, workload metrics have been selected and developed largely through
individual experiments demonstrating a correspondence between the measured index and some manipulation
of the parameters of one or more tasks that were hypothesized to influence processing demands.
Applicatlon of this general methodology has led to the identification of a variety of techniques
purported to assess workload, and recent reviews have provided an extensive catalogue of these
metrics (3).

SELECTING WORKLOAD MEASURES

Although a completely adequate model and a standardized methodology await future scientific
developments, several guidelines for the use of workload measures can be derived from our current
theoretical understanding of mental capacity and from a knowledge of the pructical constraints of
applied research. Such considerations indicate that no single measure is likely to be sufficient for
every evaluation environment or for addressing all workload questions. From a functional standpolnt,
little empirical support exists for a belief that one sort of metric will produce a "better" estimate of
workload than another. The ultimate purpose of any workload measure is to predict performance failure,
and an index which serves this function may be equally likely to be found in a physiological
parameter, a behavioral response, or a subjective report. However, these general types of measure, as
well as specific varieties within each class, have the potential for differing along several importdnt
dimensions. Listed below are seven such dimensions which are relevant to the selection of n
appropriate workload measure.
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Validity
Reliability
Sensitivity
Diagnosticity
Intrusiveness
Acceptability
Instrumentation Requirements

The simplest features that any metric should oossess are the classical properties of valdiy,
reiability and sensitivity. However, due to the multidimensionality of the phenomenon of-Td0d,
th tanards a one are insufficient. As noted earlier in this paper, although cognitive science
has not produced a universally accepted model of mental resources, recent research tends to support a
multiple capacity view of workload. This model holds that performance limitations can arise from
insufficient mental resource availability in any of a number of independent processes. The implication
for workload assessment is that different tasks performed by the operator will generate variable
patterns of load with respect to each resource. As a result, it is likely that workload measures will
vary in their diagnosticlty (2), or the degree to which they discriminate among workload on Individual
resources. In reality, this factor can be conceived of as a broad dimension with some metrics providing
indices of specific resource demands and others offering more global measures of workload.

In addition to these theoretical properties, workload me'ric iso vary along pragmatic dimensions.
Regardless of the validity or sensitivity that a measure might rn;-,ess, its ultimate value depends on
whether it can be usefully employed in the particular situatlon in which a workload question must be
addressed. Workload metrics differ widely in their intrusiveness or propensity to interfere with ongoing
primary task behavior. While intrusion is of minor importance in workload research conducted under
controlled laboratory conditions, any sacrifice of performance efficiency may be Intolerable in potentially
dangerous system test conditions or when primary task performance measures are of Inturest. Metrics also
vary In the degree of ace that they enjoy and in the amount of instrumet.tatlon required
to obtain them. Again, hienNhe t-these factors pose problems in a laboratory environment, the
introduction of a workload measure which produces discomfort or distraction may prove to he of little
worth under field test conditions. Likewise, a measure which requires bulky or fragile equipment will
not be usable in situations such as flight test.

It should be noted that in some cases these dimensions are not independent. One possibility is that
sensitivity and diagnosticity are Inversely related so that highly diagnostic measures are likely to
be more sensitive to workload than those which provide a more general index. Taken together however,
the classification criteria offer a practical method for comparing workload metrics, and form a basis
for selecting a measure to meet the needs of specific workload assessment problems. The value of
characterizing metrics along these dimensions can be appreciated by consldering the trade-offs among
metric qualities that might be required to address the range of workload questions that arise in airborne
weapon systems. For example, an easily obtained, nonintrusive, simply instrumented metric having the
capability to assess workload across a large class of tasks with a moderate degree of sensitivity might
be needed to isolate the high workload segments of a f'ill mission operational system test. At the other
extreme, a completely different set of more complex an4 restrictive metrics with the capabilities to
identify mental resource loading patterns and to make ine discriminations among workload levels is more
appropriate in a laboratory or part-task simulation envlronacnt where the purpose is to isolate causal
factors and to select design options which alleviate woi oad.

Solutions to the problem of maintaining human pA fei ince capability under the conditions of
sustained intensive air operations will require the ua )f a number of measurement techniques which can
be employed to answer workload questions In a broad rarq-. (f testing environments. In some cases, these
questions can be addressed in the laboratory. For exr -e the heat stress produced by chemical defense
ensembles might be expected to impair the information sr,. 4sing capacity of the operator, thereby
increasing the workload of a flight control task. White .,e operator may be able to compen.ate and
maintain Lontrol performance under such stress, it is nec -ary to determine the degree to which
various ensemble designs limit capacity in order to predi,. his ability to engage in other duties or to
deal with unexpected mission events. Such well-defined pv,'blems can be fruitfully studied under
controlled part-task condiIons, and the scientist has a %ie selection of workload metrics from which
to choose that vary In diagnosticity and technical compley.i.

However, a number of crucial human performance issues :urrounding sustained operations are unamen-
.ble to basic investigation. Meaningful answers to question such as the maximum number of missions a
crew member should be expected to fly ove- a brief period of *ime depend upon a host of interacting
factors related to the man-machine interface and to the mullipie physlologlcal and psychological stresses
present in an actual operational environment. In these casts valid measurements must be obtained in
high fidelity simulation studies or during operational military ,.xercises. With respect to the classifi-
cation scheme described earlier, these testing conditions require metrics which are nonintrusive, highly
acceptable to operators, and which necessitate the use of minimal experimental equipment to collect
workload estimates. Unfortunately, as noted by Schiflett (4), .Dost available workload measures have
been developed for, and are most applicable to the laboratory environment, and are not designed to
provide these qualities.

In an effort to provide answers to workload questions which arise in operational environments, the
U.S. Air Force Aerospace Medical Research Laboratory has begun the development and evaluation of two
workload measurement technqiues which are particularly suitable for use in high fidelity simulation or
field test conditions. The first of these is a workload rating method known as the Subjective Workload
Assessment Technique (SWAT) (5, 6).
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SUBJECTIVE MEASURES

Subjective measures, derived from the analysis of verbal reports or from more structured rating
scales, are the oldest and most widely used methods of assessing workload. The popularity of subjective
metrics is attributable to their inherent advantages over other approaches. Foremost among these is
ease of administration. Subjective metrics require a minimum of experimental apparatus and can be
obtained under almost any conditions with little or no intrusion on primary task performance. Further-
more, these metrics take advantage of the ability of humans to integrate perceptions over flaxible
periods of time. As a result, subjective metrics can be focused to assess the workload of a single brief
event or of a prolonged segment of task activity. Finally, subjective metrics are potentially applicable
across a wide-range of operator tasks and assessment situations.

Unfortunately, while subjective metrics offer a number of ideal characteristics for workload
estimation in operational environments, they also suffer from several deficiencies which limit their
utility. A general problem with these measures has been a lack of standardization. Possibly because of
the ease with which subjective metrics can be constructed, the workload literature contains almost as
many different scales and checklists as there are subjective workload studies. This state of affairs
makes it difficult or impossible to compare data collected in different experiments. A second problem
with traditional subjective measures is the dilemma that arises when both sensitivity and usability are
considered in the construction of a scale. If a subjective scale is designed to permit the user to make
fine discrimations among levels of perceived load, it will tend to include a large number of scele points
and will be liberally annotated with descriptors to insure reliability, However, such scales are often
awkward to apply and require a large amount of time to collect a single rating. A final and more serious
drawback of subjective approaches for assessing workload is the low level of quantification that they
provide. Typically, subjective scales permit only an ordinal level of measurement to be achieved. That
is, ratings can be interpreted as higher or lower than one another, but no rigorous determination can be
made of the magnitude of any difference in ratings. This problem restricts the wange of statistical
treatment that can be applied to the data and seriously limits the type of conclusion that can be drawn
from an experiment.

SWAT was specifically designed as a candidate standardized metric which would overcome many of the
p~oblems traditionally associated with subjective approaches. The technique Is based on a current
conceptualization (7) in which the perception of workload arises from three major factors: Time Load or
the degree of temporal compression and overlap among tasks; Mental Effort or the perceived com-pex-iy and
difficulty of the Information processing required to perform an activity; and Psychologic Stress or the
combined emotional and physical factors which can otherwise affect the operator s performance capacity.
In SWAT these factors are represented individually on the three-part rating scale presented below.

I. Time Load

1. Often have spare time. Inteiruptions or overlap among activities occur infrequently or not
at all.

2. Occasionally have spare time. Interruptions or overlap among activities occur frezvently.

3. Almost never have spare time. Interruptions or overlap among activities are very frequent,
or occur all the time,

IT. Mental Effort

1. Very little conscious mental effort or concentration required. Activity is almost
automatic, requiring litle or no attention.

2. Moderate conscious mertal effort or concentration required. Complexity of activity is
moderately high due to uncertainty, unpredictability, or unfamiliarity. Considerable
attention required.

3. Extensie mental ei.ort and concentration are necessary. Very complex activity requiring

total attention.

11. Psychological Stress

1. Little confusion, risk, frustration or anxiety exists and can be easily accommodated.

2. Moderate stress due to confusion, frustration or anxiety. Noticeably adds to workload.
Significant compensation is required to maintain adequate performance.

3. High to very intense stress due to confusion, frustration or anxiety. High to extreme
determination and self-Lontrol required.

- An immediately apparent feature of the SWAT rating scale is the ease with which relatively detailed
measures can be obtained. Considering all possible combinations of ratings on time, effort and stress,
the scale yields 27 discriminable points. Nevertheless, the operator can select any of these points
merely by making simple choices from the three levels of each dimension. The primary advntage of SWAT
however, is the multidimensional scaling method that is used to transform ordinal ratings on the three
dimensions to single values on an overall interval level scale of workload. This scaling tehnlque is
bastd on a type of fundamental measurement known as simultaneous conjoint measurement (8). In order to
develop a unitary scale using conjoint measurement, an expression of the internal model used by operators
to combine the three dimensions is obtained from a ranking of the 27 combinations. These data are then
tested against a series of mathematical axioms to establish the combinatorial rule which governed the
original orderir . Several possible composition rules can be specified using this procedure. However,
a simple additi. rule has proven to be sufficient to describe the data obtained in applications of SWAT.
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Once the combinatory rule has been determined, conjoint scaling procedures are applied to assign numerical
values to each of the combinations which fit the rule, preserve the original ordering of the data, and
insure interval scale properties.

In practice, the application of SWAT to workload assessment in simulator or field tests proceeds in
two stages. Prior to using the scales for event scoring, operators are asked to rank the 27 combinations
of time, effort, and stress levels along a global dimension of workload. This is accomplished using
27 separate note cards on which the scale combinations are printed. In addition to providing input for
the conjoint measurement and scaling algorithms, this one-hour procedure serves to familiarize the
operators with the rating scales and verbal descriptors. A flexible feature of this scale development
phase is that, depending upon the agreement among rankings, an overall nmerical scale can be developed cr
separate scales can be produced foi subgroups or individual operators. In a typical second stage of
applying SWAT, the ordinal rating scales are employed by operators following a period of task performance
to assign values of one, two, or three to each of the dimensions of time effort and stress. These ratings
are then transformed to a single interval level numerical value by referring to the derived scale
generated during the scale development phase.

Initial evaluation studies of the SWAT methodology have shown it to be sensitive to the workload
generated by a variety of laboratory experimental tasks including both a manual control task (9) and a
short term memory task (10). In addition, active duty USAF fighter and refueling aircraft pilots have
participated in scale development exerclses and have used the rating scales to provide workload estimates
in simulation studies. In all cases, the SWAT procedures were highly acceptable to the operators and
they were able to use the rating scale with little or no difficulty. Specific system problems addressed
with SWAT have ranged from a comparison of the workload induced by the use of different missile systems
for air-to-air combat, to a unique application in which SIAT was used in a projective fashion to predict
the workload associated with various system modifications (11).

The latter study was performed as part of a USPF program desioned to explore methods of enchancing
future fighter aircraft systems using improved sersors, avlonlcs and crew station design features.
Once a set of enhancement options had been derived, a formal methodology was developed to comparatively
assess their tactical worth, cost realism, and crew compatibility in order to guide the investment of
resources on the development of prototypes and on simuiatlon. SWAT was selected to predict the effects
of each of these options on pilot workload. Nine experienced USAF pilots from an operational fighter
wing completed the SWAT scale development pt:ase and were then presented with an aIr-to-ground attack
mission scenario and a description of a current baseline aircraft system and an advenced verison of the
baseline system. The pilots were asked to provide SWAT ratings for the mission utilizing the baseline
systems with one and two crew members, and for the advanced baseline system utillizinj each of six
enhancement options: an advanced n vigation sytem (ADV NAV), an automated terrain following/terrain
avoidance system (TF/TA), a wide field of view head up display (WFOV HUD), a helmet mounted dlsplay/-
sight (HMD/S), and up-front control panel (IFB/UFC), and a voice actuated control system. These
enhancements and their potential effects on the mission were presented to the pilots using verbal
briefings and graphic materials rppresenting displayu, controls, mission poflles, and the functional
operation of each option. The SVAT workload scores obtained in this study are shown in Figure 1.

FIGURE 1
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Since the SWAT scores were expressed as interval level numerical values, they were usable in a multi-
attribute utility analysis along with predicted cost and system performance model results to permit
quantitative screening of the options and to select an optimal subset for further exploratory research.

In addition to a variety of operational applications such as that described above, current
developmental work with SWAT includes an effort to increase the number of rating points on each of the
dimensions without sacrificing the ease with which the scale developar-nt and event scoring phases are
accomplished. Furthermore, an attempt has been made to improve the sensitivity of the scale develop-
ment process through the design of a method for characterizing operators in terms of six prototypical
weighting strategies on the time, effort, and stress dimensions.

BEHAVIORAL MEASURES

Although appropriately designed subjective measures offer many desirable features for workload
assessment in operational environments, several arguments can be made for the employment of workload
metrics in these situations which are based on an evaluation of some aspect of an operator's overt
task behavior. Typically, a behavioral metric is expressed in terms of some quantitative index of the
speed or accuracy of performance. Because of the objective nature of such data, behavioral metrics
are not likely to be influenced by extraneous motivational factors such as preference or by misinter-
pretation on the part of the subject or the experimenter. In addition to the relative immunity of
these indices from contaminating factors, the fact that behavioral measures are derived from human
performance provides a rational argument for their use in workload assessment. Since the goal of any
workload index is to predict performance degradation, a metric which is based on performance might be
expected to provide more useful insights to the phenomenon than other less direct methods.

Possibly the strongest support for the use of behavioral workload metrics comes from recent
studies which have revealed considerable dissociation among workload measures (2). These data indicate
that physiological, subjective, and behavioral metrics generally differ in the type of information that
they provide. While most physiological and subjective measures appear to be general scalar indices of
loading and may be insensitive to demands made on specific mental resources, beha- ioral measures tend
to sacrifice global sensitivity for greater diagnostic capability. Thus, if a workload question dotrznds
the prediction of residual performance capacity on a number of different tasks, a behavioral measure may
offer more meaningful results.

A well-known conceptual framework upon which behavioral workload measures are based portrays the
human operator as a limited capacity information processing device. According to this general model,
workload may be defined as the degree to which the operator's capacity is occupied by mental activities.
Overload, and resulting performance decrement, occurs when capacity is insufficient to meet task demands.
Since the momentary capacity of the operator is unknown and submaximal workload levels cannot be inferred
from his or her performance on the primary task of interest, an indirect measure can be obtained by
evaluating the amount of spare capacity available under a given set of task conditions. Although the
general concept of spare capacity was derived from an early single channel model of the information
processing system (12), this notion can also accommodate more complex models which propose multiple
resources (2).

The behavioral approach to assessing spare capacity involves the use of the secondary task tech-
nique. In this method, operators are given an additional information processing task to perform in
conjunction with the task of interest. The rationale underlying the use of secondary tasks Is that by
applying an extra load which produces a total information processing demand that exceeds the operator's
capacity, workload can be measured by observing the difference between single and dual task performances.
Normally, when secondary tasks are used as workload measures, performance on the primary task is
emphasized and secondary task performance is observed as an index of the workload of the primary task.

Although the secondary task technique offers an objective and diagnostic method of assessing
workload, three specific problems are encountered when traditional laboratory secondary tasks are
considered for use in high fidelity simulation or operational environments. One practical problem is
the physical instrumentation of the secondary task. In a flight environment, and to a lesser extent
in a simulator, introducing or adding any extra equipment to a crew station may be unacceptable. The
space required for electronic data recording and experimental control equipment as well as display and
input devices may not be available in an already crowded cockpit. Even when stifficlent space can be
reserved, the possibility of obstruction or distraction caused by the additonal instrumentation can
limit the feasibility of using a secondary task.

second problem with the implementation of secondary tasks is the possibility of intrusion on
primary flight duties. As noted by Gopher and North (13) primary task decrement appears to be the

rule rather than the exception with the secondary task paradigm. Although some minimal level of loss
in performance quality might be tolerable in an operational environment, task interference can easily
complicate the interpretation of test data in situations where measures of all performance variables
may be unavailable. Of course, a more serious consequence of primary task intrusion in a flight test
environment is the potential for compromising flight safety. A related factor which limits the use of
secondary task measures is operator acceptance. As noted by Ogden, et al (14), a secondary task is
likely to produce misleading data if the operator fails to integrate it with his normal duties,
Acceptance is a potential problem with all common laboratory tasks because they are obvious artificial
additions to the crew station and have little face validity or congruence with the general performance
situation. Such test conditions might lead the operator to neglect the secondary task or, because of
its novelty, allow it to assume an artificially high priority. Thus, lack of operator acceptance can

become a major contributor to primary task intrusion as well as a source of measurement error.

An analysis of the problems associated with the practical use of traditional laboratory secondary
tasks prompted the development of a program of research at the U.S. Air Force Aerospace Medical Research
Laboratory to explore the feasibility of designing an embedded secondary task methodology for simulation
and flight test environments. The concept of the embedded secondary task is based on the hypot~iesls



6-6

that instrumentation limitations, task intrusion, and poor operator acceptance can be minimized by
designing secondary tasks which are fully integrated with system hardware and with the crew member's
conception of his mission environment. By their nature, such tasks would be realistic components of
crew station activity, yet their performance could be manipulated and measured independently of the
primary activities of interest.

Several classes of alrcrew activity such as stores management or threat monitoring are potential
candidates for isolation and use as embedded tasks. The crew station behavior that was chosen for an
initial evaluation of the embedded task concept was radio communication. The communication activities
which were expected to be most useful for this purpose are those initiated by a message sent from
another aircraft or a ground controller to a pilot whose workload is to be assessed. Upon detection
and identification of a relevant message, the pilot must engage in a sequence of verbal responses andradio switching activities in order to meet the demands of the communicated request. Such tasks

closely resemble the nonadaptive discrete secondary tasks used in numerous workload studies and
have many properties of good measurement tasks. Communications call upon a wide variety of information
processing abilities and can be varied along several dimensions of complexity. Furthermore, Ao
auxiliary crew station equipment is necessary to control the experiment or to collect performance data.
The opportunity for obstruction or peripheral interference is also minimized since the auditory channel
is not shared by other tasks and verbal responses are generally unique to radio communications
activities, while switch actions can be dealt with by the pilot's free hand. Most importantly,
communications tasks are an integral part of a pilot's inflight duties. As a result, lengthy training
requirements are eliminated and high face validity Is achieved, Additionally, the realistic nature
of the activity makes artifical task interactions improbable because the pilot has predetermined
priorities assigned to communications and other cockpit functions. This feature makes communications
activities especially suitable for use as secondary tasks since pilots consider them to be Important,
but will normally devote less attention to communications as more crucial tasks become difficult to
perform.

In a preliminary evaluation of realistic communications for use as embedded secondary tasks,
Shingledecker, et al (15) interviewed operational A-10 pilots to obtain sample radio communications
tasks from a typical air-to-ground attack misison. Each task was specified in terms of an input
message and the detailed verbal and manual responses required of the pilot. Thirteen tasks associated
with identification friend or foe (IFF) demand, threat alert, traffic control, waypoint passage,
jammed communications, and strike clearance were selected for analysis. Examination of these tasks
revealed a problem with the embedded secondary task technique which does not exist in standard
laboratory tasks. While the use of realistic tasks offers many advantages, this quality also makes
the tasks unamenable to precise expP-4mental control of task demand. Traditional secondary tasks are
designed to impose constrained and ily describable require.ents on the performer. Thus, task
parameters are easily varied and can ue selected to permit precise control of loading. In contrast,
realistic communications are complex processing tasks which vary along multiple dimensions. As a
result, no obvious scheme can be employed to choose sets of tasks with equivalent task demand
characteristics. Furthermore, excessive use of repeated task presentations must be precluded since
this method of controlling task demand could sacrifice face validity. In order to resolve this dilemma,
an attempt was made to scale the workload of the A-10 communications tasks. The purpose of the effort
was to derive estimates of the loading associated with each task so that they could be combined in a
realistic scenario in order to produce controlled levels of subsidiary task demand. Since no single
a priori approach to workload evaluation was expected to produce a superior quantitative estimate,
three techniques were used to provide alternative measures for later comparison to performance data.

Because workload associated with communications tasks was assumed to be partially determined
by task information transmission requirements, the first staling approach was based on information
theoretical measures. The tasks were analyzed by subdiviion into activities requiring perceptual
decisions and those requiring manual and verbal action decisions. Each decision was then reduced to aI: bit measure under strict assumptions of equiprobability of alternatives and independence of sequential
actions. Information transmission demands were then calculated for each task to obtain scale values.
A second scaling technique was used to generate more comprehensive estimate of loading by deriving
weights for information processing activities not accounted for in the first effort, and adding them
to the information theoretical scale values. In order to derive weights for the demands of information
gathering activitlei, memory requirements, and instructiontl complexity, 15 messages which varied
along these dimensions were extracted from the sample tasks and arranged in a paired-comparisons format.
Forty A-7 and A-10 pilots were asked to examine each of the 105 pairs and to indicate which of the
the two entailed the greater workload. An interval scale was derived from the data using Thurstone's Law
of Comparative Judgment. The scale values for the 15 messages were then used to produce weights for
the extra processing activities by generating a set of simultaneous equations where the summed effects
of each activity were set equal to the total scale value. A second hybrid scale was derived by
selectively adding the weighting factors to the normalized bit scores for each of the original tasks.
The final scaling approach tapped the subjective component of workload. Thirty pilots were asked to
examine each of the 13 complete communications tasks and to rank them according to workload. An extension
of Thurstone's technique was used to derive the third set of a priori estimates. The three scaling
techniques were found to generate fairly consistent estimates of the workload produced by the communica-
tions tasks. Kendall's coefficient of concordance revealed a significant level of agreement among the
information theoretical, hybrid, and subjective scale values (W = .929, p. < .01).

The results of the scaling efforts which showed high Internal consistency among a priori estimates of
the workload associated with communications tasks indicated that it was possible to construct or select
tasks with controlled levels of task demand. In order to determine whether the A-10 communications tasks
could be successfully embedded into an airc,ew task complex and used to produce sensitive measures of
workload, an experiment was conducted in an austere simulation environment. In this study subjects were
required to perform eight conmunications tasks simultaneously with a rudimentary flight control task.
The communications panels from the A-1o aircraft were installed in a fixed-base cockpit along with a joy-
stick and a cathode ray display for presentation of the control task. The panels were wired for recording
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and timing of switch actions, and.a communiations system was constructed to permit presentation of radio
calls and recording of a subject's verbal responses.

Six paid civilian subjects participated in the study. Following familiarization with the cockpit
displays and controls and with the communications tasks, each subject received approximately three hours
of single task practice on the control and communications tasks. A final hour of training was devoted to
dual task practice. The primary control task was a single axis compensatory task in which the stability
of the controlled element could be varied to manipulate demand. During testing the subjects performed
each of the eight communications tasks both singly and in combination with the control task at a low and
a high level of instability (60% and 95% of a subject's maximum control capacity). Several specialized
time and accuracy measures were collerted for each communications task. However, in order to permit
meaningful comparisons among tasks, a common measure of total task performance time was used as the
predicted index for workload assessment.

Multivariate statistical analyses of the data revealed significant effects of both control task
demand and of the type of communications task performed (p < .01). Planned comparisons performed on the
differences between single task performance and dual task performance with the two levels of control
task difficulty indicated that four of the eight communications tasks provided sensitive indices of
workload. In addition, for two of these tasks, the control task loading effects, were displayed
primarily in the pr.rformance of the embedded secondary communicatlons task (see Figure 2).

FIGURE 2
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The agreement between communications task performance and the workload estimates computed in the
previous scaling effort was also assessed. A significant correlation was obtained with the information
theoretical scale (r = .64, p -.05) indicating that this method would be useful in constructing additional
tasks.

The results 6f the studj deccribed above indicate that embedded radio communications tasks represent
a viable approach to workload assessment in complex simulation and operational test environments. Further
research is required in a high fidelity simulation setting using oper.tional pilots as subjects in order
to insure that these tasks do not produce significant interference with primary flight duties. A favor-
able outcome of such a study would permit the development of a general methodology for constructing
embedded communications tasks which could be used by field level human factors specialists to create
workload assessment techniques tailored to specific aircraft, missions, and crew stations.

CONCLUSIONS

Like other military activities, the achievement of mission effectiveness during sustained intensive
air operations is dependent on the optimization of a number of crucial system and tactical parameters.
However, because of its unique combination of physiological and psychological stres.ses, this combat
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environment creates an especially sensitive link between the performance of the human operator and
mission success. To maximize the operator's capability under such extreme conditions, intelligent
decisions must be made with respect to crew station design variables and personnel deployment strategies.
In some cases, appropriate models of human performance and available data bases on the sensory,
perceptual, cognitive and motor capacities of the human operator can be used to guide these decisions.
In many other situations, these decisions must be made on an empirical basis, and appropriate measures
of performance capability must be employed.

The multidimensional nature of mental workload and its status as . major determinant of human
performance make measures of this phenomenon essential to investigations of complex crew performance in
stressful environments. However, since many of the workload questions which arise in sustained military
operations must be addressed in situations which emulate these conditions as closely as possible,
considerable care must be taken in the selection of a metric. Subjective ratings and behavioral
secondary task measures are among the oldest and most commonly used methods of assessing workload.
While each of these traditional techniques offers distinct advantages for application to a range of
workload problems, neither approach is optimally suited for use in high fidelity simulation or
operational test environments. The SWAT and embedded task techniques described in this paper r,present
attempts to refine subjective and behavioral workload assessment methodologies in order to improve the
match between workload metrics and field testing requirements.
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DISCUSSION

(Papers 5 and 6)

DR C E BILLINGS (US)

The extremely cogent presentations which we have heard provide an excellent unifying concept of
workload. I am concerned, however, as to whether there is not circular reasoning with respect to
task selection? I wonder if there is not an indirect approach using drugs such as hypnotics and
ethanol. These substances can be employed to change performance in an extremely predictable
manner and it would be possible to determine whether their effect on workload is as you would
predict. Are we at the point at which pharmacological manipulation offers an indirect validation
technique?

AUTHOR'S REPLY (DR C A SHINGLEDECKER (US))

No, the reasoning is not circular. Workload is an intervening variable which mediates the effects
of a variety of factors on human performance. Since workload cannot be measured directly to
provide a criterion for the selection of metrics, indirect methods must be used to establish
validity. Most cormonly, empirical validity is determined by observing the effects on a measure
of several variables which we expect will impact workload in a particular fashion. This can be
done by manipulation of task demands or, as you have suggested, by pharmacolugical manipulation.
The case for validity is further bolstered when we can show that a measure also predicts
performance decrement in operational behaviours which are directly related to system performance.

DR A F SANDERS (NL)

I congratulate Dr O'Donnell and Dr Shingledecker on their approach to the problem of the measurement
of workload, particularly with regard to physiological measures. We have been investigating
the value of the P300 of the cortical evoked response as a measure of workload in automobile
driving. We found that the P300 did not correlate with difficulty of manoeuvres in driving. Does
Col O'Donnell consider that the P300 is a real integrated measure of cognitive workload !n a wide
variety of situations? I would also like to ask Col O'Donnfll and Dr Shingledecker whether you
think that your subjective measures of workload will be valid for a wide variety of types of task?

AUTHOR'S REPLY (COL R D O'DONNELL (US))

I will comment on the P300 and on the physiological measures in general. Your ?oint is very
well taken that the validations of the physiological measurements have been laboratory
validations. It is now time to take them out into the field. I strongly suspect that the P300
will saturate very rapidly and that it will not be appropriate for very very high stress situations
in the field. However, that is why we have many measures. There are also different ways in which
to use the P300. I am sold on the P300 as a laboratory measure, I still have questions as to its
value in the field.

AUTHOR'S REPLY (DR C A SHINGLEDECKER (US))

Regarding the generality of the subjective technique, we have approached this area of measurement
without preconceptions. We developed the general methodology and then used it In very basic
laboratory tasks in which the demand was varied. We find that our subjects, which included aircrew
and operators,are able to use it for various different kinds of tasks. It is certainly
questionable whether it is warranted to compare SWAT scores of pilots landing a particular aircraft
with the scores of subjects carrying out a simple try.king task in the laboratory. However, I do
believe that subjective measures, because they provide a general perceptual impression, are
probably one of the most generalised matrices available for use.

DR J SMIT (NL)

What is the real difference between the 'conventional' secondary task method and your embedded
secondery task method? As far as I can see it is only a matter of acceptance by the subject.

AUTHOR'S REPLY (DR C A SHINGLEDECKER (US))

As I described them, the differences between the two methods are in their potential for primary
task intrusion, instrumentation requirements, and operator acceptance. The major problem with
traditional secondary tasks is that it is extremely difficult to maintain the instructed task bias
that is essential to the method. The embedded task approach minimises this problem by using a
secondary task which is already incorporated into the operator's concept of his work environment
and which holds a lower priority in his task hierarchy than the primary task of interest.

DR C E BILLINGS (US)

With deepest apologies to John Rolfe, who was pretty much the father of the secondary task concept,
I believe that we are at a point where this terminology should be abandoned. If one looks at the
flying task, or indeed at any reasonably decent simulator analogue of it, one finds a considerable
number of tasks whose importance varies at different points in the mission. It is possible to
apply this technique to any task except that of keeping the aeroplane in the air. It is even
possible that it will work with the latter task as well, particularly when it is being carried out
automatically. The prioritisation of the tasks varies with the situation. Thus one is not worried
about weapons configuration/weapons management in a situation in which there are no threats or one
is not close to the target. Nor is one worried about cormunications when one is trying to stay
alive because one is being chased by another aircraft carrying missilesl Thus priorities of tasks
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change rapidly from moment to moment except perhaps in the sterile environment of the laboratoryl
I believe, therefore, that the primary, secondary, tertiary tasks approach should be abandoned.
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